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Preface to ”Crosstalk between Depression, Anxiety,
Dementia, and Chronic Pain: Comorbidity in
Behavioral Neurology and Neuropsychiatry 2.0”

Depression, anxiety, cognitive impairment, and pain are prevalent mental symptoms

experienced across a broad spectrum of diseases. Advances in neuroscience have significantly

contributed to our understanding of these distressing symptoms. State-of-the-art brain research,

employing preclinical, clinical, and computational approaches, is dedicated to unraveling the

complex nature of these symptoms and their underlying mechanisms. In line with this progress,

this reprint presents a compilation of the most recent studies published in the Special Issue titled,

“Crosstalk between Depression, Anxiety, Dementia, and Chronic Pain: Comorbidity in Behavioral

Neurology and Neuropsychiatry 2.0”.

Masaru Tanaka

Editor
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“To learning much inclined, who went to see the Elephant (though all of them
were blind) that each by observation might satisfy the mind”

—John Godfrey Saxe

—Tittha Sutta

Medical sciences have been steadily paving an exploratory path toward understanding
the mechanisms of mental suffering, such as depression, anxiety, cognitive impairment,
and pain. Such progress in contemporary research is certainly appreciable, and its tempo
appears to be gaining increasing impetus. Indeed, state-of-the-art biotechnology, informa-
tion science, and imaging techniques may help reveal novel findings in mental illnesses. It
is no coincidence that this Special Issue, just titling common symptoms typical to not only
psychiatric disorders but also common illnesses, collected 15 research papers, including
seven preclinical studies, three clinical studies, one computational medicine, and four
review articles covering interdisciplinary topics, including psychotherapy. This editorial
introduces original research and review articles published in the Special Issue “Crosstalk
between Depression, Anxiety, Dementia, and Chronic Pain: Comorbidity in Behavioral
Neurology and Neuropsychiatry 2.0”, the second volume of the Special Issue “Crosstalk
between Depression, Anxiety, and Dementia” [1]. We discuss ongoing projects to benefit
from this current driving force in behavioral neurology and neuropsychiatry.

Recent advancements in neuroscience have enabled researchers to probe the brain in
larger regions, at the cellular level, and with increased receptor specificity [2–6]. Research is
focused on finding scientific frameworks for understanding the neuropathophysiology of
mental illnesses, exploring the molecular regulation of higher-order neural circuits and neu-
ropathological alterations, which may lead to prefrontal cortex (PFC) dysfunction, eliciting
the symptoms of mental illnesses [7–13]. The deficit in control and motor inhibition [14–16],
in motor imagery or in the suppression of ongoing action [17], or in emotion perception,
reactivity, and regulation [18–20], which depend on aberrant neural activity in the PFC as-
sociated with serious impulsivity problems, are characterized in neuropsychiatric disorders.
Furthermore, functional alterations in the PFC affect the memory and learning abilities of
psychiatric and brain-damaged patients. This evidence suggests that PFC dysfunctions
cause impairment of aversive learning and emotional memory circuits, which might be
transversal across many psychiatric disorders in humans and neurologic patients [21–23].

Experimental medicine employs in vitro systems as well as a wide variety of organ-
isms [24–26]. The data collected using laboratory animals have led to significant leaps
in understanding the effects of endogenous neuropeptides, neurohormones, and metabo-
lites [27–31]. The initial step in animal research is to engineer typical animal models
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representing a certain human disease. Animal models are an essential tool to bridge the
knowledge of data- and hypothesis-driven benchwork and its application to clinical bed-
side management. Nevertheless, assessing the validity of an animal model remains the
greatest challenge. Model validity is determined by construct, face, and predictive validities.
Construct validity ensures that a disease phenotype in modeling animals is induced by the
currently understood pathomechanism of a disease.

Gene manipulation is one of the most popular methods to construct animal models
of Alzheimer’s disease (AD). The authors in this Special Issue employed transgenic mice
models: amyloid precursor protein (APP) 23 transgenic mice that overexpress human APP
with the Swedish mutation (KM670/671NL), triple-transgenic mice of AD (3xTg-AD) that
harbor a Psen1 PS1M146V mutation and the co-injected APPSwe and tauP301L transgenes
(Tg(APPSwe,tauP301L)1Lfa), and the pyruvate dehydrogenase lipoamide kinase isozyme 1
K465E gene knock-in mice. Those models have good face validity, which ensures that the
signs exhibited in the models resemble those of human diseases. Particularly, the 3xTg-AD
model displays that the accumulation of tau and amyloid plaques in the brain increases
with age.

Muntsant and Giménez-Llort revealed an increasing APP level in genetic load- and
aging-dependent manners, correlating with cognitive impairment and anxiety-like behav-
iors [32]. Giménez-Llort and colleagues investigated the chronological and behavioral
aging of APP23 transgenic mice. The survival curves were better in male than in female
APP23 mice and wild types. Age-related differences were observed, and variables related
to stress, thigmotaxis, frailty, and cognition were more prominent in male APP23 mice in
12-, 18-, and 24-month-old time points compared to those of the wild-type counterparts.
Muntsant and colleagues investigated the genetic and aging interactions of 3xTg-AD [33].
The study revealed an increased APP level in a genetic load-dependent manner, convergent
synaptophysin and choline acetyltransferase levels, cognitive impairment coupled with
the activation of the hypophysis–pituitary–adrenal axis, anxiety-like behaviors elicited by
genetic load, and systemic organ injuries, showing the presence of the genetic- and aging-
dependent vulnerability and compensation in AD [34]. Castillo-Mariqueo and colleagues
conducted longitudinal and cross-sectional studies to assess physical and behavioral vari-
ables in 3xTg-AD, concluding that the transgenes modify functional trainings, especially
in survival, physical resistance, and motor learning [35]. Santana-Santana and colleagues
studied the impact of gender and the pyruvate dehydrogenase lipoamide kinase isozyme
1 K465E knock-in gene on behaviors by comparing homozygous, heterozygous, and wild-
type mice. The difference between gender and the transgenic mice was observed in an
anxiogenic environment during the middle age of the mice. The male transgenic mice
showed increased anxiety. The authors concluded that various negative emotional valence,
such as anxiety, were elicited by the interaction of sex and PI3K/Akt signaling [36]. Further-
more, gene manipulation is applied to construct animal models of other neuropsychiatric
pathogenesis, including neurodevelopmental disorders and the decreased resilience of
neuroplasticity as a pathogenesis of neuropsychiatric disorders [37,38].

Surgical intervention can simulate vascular dementia, the second most common neu-
rocognitive disorder. Employing bilateral carotid artery stenosis in mice, Lee and colleagues
reported that pro-inflammatory cytokines, rho-associated protein kinase, and mRNA lev-
els of blood–brain barrier-related tight junction proteins were decreased; smooth muscle
alpha-actin positive vessels were increased, cortex cell rearrangement was decreased, and
microtubule-associated protein-2-positive neural cells was decreased in the hippocampus,
simulating the clinical pathology of vascular dementia [39]. Thus, this model ensures high
face validity.

Environmental risk factors also generate a disease phenotype. The chronic social
defeat stress model is an ethologically valid animal model that exhibits behavioral and
physiological phenotypes such as anxiety- and depression-like behaviors and the downreg-
ulation of serotonergic gene expression. Smagin and colleagues investigated the chronic
effects of lithium chloride on anxiety-like behavior and the expression of serotonergic genes
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in the midbrain raphe nuclei of mice. The chronic lithium chloride administration elicited
anxiolytic- and anxiogenic-like behaviors and the higher expression of serotonergic genes in
the midbrain raphe nuclei. The authors concluded the increased expression of serotonergic
genes occurs with the activation of the serotonergic system and elevated anxiety [40].

Health resilience has drawn increasing attention to one of the etiological factors of ill-
nesses from molecular to social levels. Less mitochondrial stress resilience, the disturbance
of thiol homeostasis, and contemporary lifestyles may reportedly contribute to the patho-
genesis of neurological and psychiatric diseases, multiple sclerosis, and mental illnesses,
respectively [41].

The prevalence of hypertension in schizophrenia (SCZ) patients and psychosis-related
disorders reaches nearly 40%. Spontaneously hypertensive rat is an animal model of SCZ.
Correia and colleagues reported that antipsychotics haloperidol and clozapine increased
total lipids and decreased phospholipids in spontaneously hypertensive rats [42]. The
findings are in line with those of SCZ patients. Thus, the spontaneously hypertensive
rat model possesses high predictive validity that ensures translational ability between
animal models and human disease. However, SCZ develops from heterogenic insults in
the early neurodevelopmental stage, confirming the presence of various subgroups of SCZ.
Vitamin D deficiency is highly prevalent in patients with SCZ; however, little is known
about how vitamin D deficiency affects the disease course of SCZ, especially cognitive
function. Gaebler and colleagues assess the correlation between the serum 25-OH-vitamin
D levels, anticholinergic drug exposure, and neurocognitive functions in patients with SCZ,
reporting a positive correlation of vitamin D levels with cognitive processing speed and a
negative correlation of vitamin D levels of anticholinergic drug exposure [43]. Cognitive
function, including memory and learning, is sustained by synaptic plasticity, which governs
the fine-tuning of the synaptic strength and efficacy of the synaptic transmission. Carnosine
is an endogenous anti-aging dipeptide, highly concentrated in brain and muscle tissues.
Caruso and colleagues conducted a systematic review and a meta-analysis, concluding that
a dose of 500 mg–1 g/day carnosine/anserine for 12 weeks improved cognitive function
and verbal memory but not depressive symptoms [44].

Deep brain stimulation is a surgical procedure used to treat Parkinson’s disease,
essential tremor, epilepsy, and dystonia, which is reportedly beneficial for treatment-
resistant depression. Vila-Merkle and colleagues studied the therapeutic mechanisms of
deep brain stimulation of the infralimbic cortex by electrophysiological recordings in the
β-carboline FG 7142-induced anxiety model. The model exhibits the predominance of
certain frequency bands during the anxiogenic state and the activation of subnetworks
with specific oscillatory patterns. The study reported that the deep brain stimulation of
the infralimbic cortex reversed the oscillatory pattern, restoring the communication of the
amygdala–hippocampal network [45].

An increasing number of studies have focused on the fact that the tryptophan (Trp)–
kynurenine (KYN) metabolic system not only plays a role in the pathogenesis of diseases
but also serves as a potential biomarker for environmental health [46,47]. The Trp–KYN
metabolic system refers to a group of endogenous bioactive metabolites arising via the
KYN metabolic pathway from an essential amino acid Trp. The metabolic system adds
more implications of their versatile biological activities than the traditionally used term,
the Trp–KYN pathway that produces a group of simply categorizing neurotoxic and neu-
roprotectant KYN molecules. Indeed, KYN metabolites exhibit a wide range of bioactive
properties, frequently showing a Janus-like face depending on their concentration and
environment and possibly influencing the bioenergetic resilience of mitochondria [41,48].
Tanaka and colleagues featured the Trp–KYN metabolic system with special emphasis on
its interaction with the immune system, including the tolerogenic shift towards chronic
low-grade inflammation, to explore the linkage between chronic low-grade inflamma-
tion, KYN metabolites, and major psychiatric disorders, including depressive disorder,
bipolar disorder, substance use disorder, post-traumatic stress disorder, SCZ, and autism
spectrum disorder [49–51]. In parallel, the role of diet in maintaining mental health has
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been explored [52]. Furthermore, the link between air pollution and the pathogenesis of
depression has been proven [53]. Novel therapeutics for neuropsychiatric conditions are
under extensive study [54,55].

Furthermore, the Trp–KYN metabolic system and its metabolites have been discussed
as a target of potential therapeutic molecules for cognitive impairment as well as for
headaches [56,57]. Tanaka and colleagues discussed the involvement of the Trp–KYN sys-
tem in chronic pain, addressing the components of the pain pathway, the components-based
pain mechanisms, and central and peripheral pain sensitization arising from psychosocial
and behavioral factors, which have been in a discounted trend in contemporary clinical
nosology [50]. Pharmacotherapy and surgical intervention have their limits due to the
development of drug intolerance and contraindications. Balogh and colleagues highlighted
evidence in philosophically-rich interpretations and counseling techniques of existential–
phenomenological psychotherapy and meaning-centered counseling techniques, and re-
viewed its effectiveness in the negative-emotion-management of terminally ill patients.
The authors concluded that phenomenological psychotherapy might potentially play a
synergistic role with the currently prevailing medication-based approaches for treating
depression and anxiety [58].

Myalgic encephalomyelitis/chronic fatigue syndrome is a fatiguing medical condition
caused by heterogeneous pathogenesis; thus, it is a challenging task to subgroup for
personalized treatment. Simonato and colleagues revealed that interleukin-17A, fatty acid-
binding protein 2, and 3-hydroxykynurenine were higher. However, KYN and serotonin
were lower in myalgic encephalomyelitis/chronic fatigue syndrome patients, concluding
that the clinical traits and serum biomarkers associated with inflammation, intestinal
function, and Trp metabolism deserve to be explored for the development of personalized
treatment [59].

Indeed, “personalized medicine” indicates “precision medicine”, which focuses on
identifying an effective therapeutic approach based on the patient’s phenotypes. Artificial
intelligence leverages computation and inference to augment logical insights into artificial
intelligence, enabling the system to reason and learn, thus potentially empowering clinical
decision-making. The Research Domain Criteria Initiative attempts to reconceptualize
mental disorders with multidimensional data. Komatsu and colleagues reviewed the appli-
cation of economic and machine learning frameworks to neuroscience to present neural
mechanisms of cognitive processes, such as decision-making, the translation of machine
learning approaches to clinical sciences, and the identification of functional connectivity
as disease classifiers for schizophrenia, bipolar disorder, depression, anxiety disorders,
and autism spectrum disorder. The authors proposed artificial intelligence algorisms as
tools for precision psychiatry, which potentially surpass the International Classification of
Diseases and Diagnostic and Statistical Manual of Mental Disorders [60].

Clinical, experimental, and computational medicines have witnessed notable advances
in understanding pathogenesis, making precise diagnoses, and exploring novel treatments
for neuropsychiatric disorders. Research Domain Criteria is an ongoing initiative that
allows a multidimensional and intersectional approach to link mental illnesses, as extreme
conditions that deviate from healthy norms, to genomic, neuroscience, and behavioral
sciences across reified International Classification of Diseases and Diagnostic 11 and Statis-
tical Manual of Mental Disorders 5. Thus, the endeavor potentially provides an alternative
taxonomy that complements the current system. Meanwhile, computational medicine
seeks to advance healthcare by analyzing, modeling, simulating, and visualizing biolog-
ical systems and medical conditions in a virtual environment in an attempt to improve
preventive, diagnostic, prognostic, predictive, and therapeutic measures. Such in silico
approaches employ artificial intelligence, machine learning, and deep learning to analyze
patient datasets and bioinformatics databases, apply computational algorithms, and utilize
big data analytics tools at molecular, cellular, and organism levels. Accordingly, science and
medicine have been unintermittingly advancing, firmly reinforcing the interdisciplinary
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translatability and synthesizability of individual research, and thus hopefully leading to a
future paradigm shift in diseases and medicine.

The blind never see the elephant, but together they might attain a closer image.

“the Elephant is very like a wall, spear, a snake, a tree, fan, rope”

“Though each was partly in the right, Additionally, all were in the wrong!”

“Additionally, prate about an Elephant Not one of them has seen!”

—in memory of Dr. Mutsuo Shimizu
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Abstract: Vitamin D deficiency is a frequent finding in schizophrenia and may contribute to neu-
rocognitive dysfunction, a core element of the disease. However, there is limited knowledge about
the neuropsychological profile of vitamin D deficiency-related cognitive deficits and their underlying
molecular mechanisms. As an inductor of cytochrome P450 3A4, a lack of vitamin D might aggravate
cognitive deficits by increased exposure to anticholinergic antipsychotics. This cross-sectional study
aims to assess the relationship between 25-OH-vitamin D-serum concentrations, anticholinergic
drug exposure and neurocognitive functioning (Brief Assessment of Cognition in Schizophrenia,
BACS, and Trail Making Test, TMT) in 141 patients with schizophrenia. The anticholinergic drug
exposure was estimated by adjusting the concentration of each drug for its individual muscarinic
receptor affinity. Using regression analysis, we observed a positive relationship between vitamin D
levels and processing speed (TMT-A and BACS Symbol Coding) as well as executive functioning
(TMT-B and BACS Tower of London). Moreover, a negative impact of vitamin D on anticholinergic
drug exposure emerged, but the latter did not significantly affect cognition. When other cognitive
items were included as regressors, the impact of vitamin D remained only significant for the TMT-A.
Among the different cognitive impairments in schizophrenia, vitamin D deficiency may most directly
affect processing speed, which in turn may aggravate deficits in executive functioning. This finding is
not explained by a cytochrome P450-mediated increased exposure to anticholinergic antipsychotics.

Keywords: schizophrenia; vitamin D; anticholinergic drugs; antipsychotics; pharmacokinetics; cogni-
tion; processing speed; BACS

1. Introduction

Schizophrenia is a severe mental disorder characterized by multiple disturbances of
perception, emotion and cognition [1]. It represents a multifactorial disease with high
heritability, typically manifests in early adulthood and is associated with functional impair-
ment, reduced life expectancy and socioeconomic burden [2]. Symptoms can be categorized
into positive symptoms such as delusions and hallucinations, negative symptoms such as
affective flattening and social withdrawal as well as cognitive symptoms [1].

Cognitive dysfunction is a core element of schizophrenia and one of the major fac-
tors contributing to long-term disability in this patient cohort [3]. Cognitive deficits in
schizophrenia particularly comprise deficits in processing speed, attention/vigilance, social
cognition, verbal learning, visual learning, as well as working memory, reasoning/problem
solving and other aspects of executive function (such as abstract thinking and cognitive
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flexibility) [4–6]. However, current treatment options for this symptom domain are still in-
sufficient. Remarkably, cognitive deficits typically manifest early in the disease course—i.e.,
before the diagnostic criteria are fulfilled—and persist despite successful pharmacological
treatment of positive symptoms [7]. Neurobiological correlates of cognitive dysfunction
may be impairments of dorsolateral prefrontal cortex function and its interactions with other
brain regions [5], altered hippocampal activity [8] and bottom-up consequences of early
sensory processing deficits [9–13]. Given the multifactorial nature of schizophrenia and its
heterogeneous clinical phenotype, several factors may be ethiopathogenetically relevant for
the emergence of cognitive dysfunction in this disorder with their individual contributions
varying from patient to patient [14,15]. These factors may also include iatrogenic effects
such as the prescription of antipsychotics with high anticholinergic potency [16].

Schizophrenia and other severe mental disorders are associated with lower levels of
vitamin D [17]. Given the abundance of vitamin D-receptors in the human body, a lack of this
hormone may have consequences going far beyond its well-known role in calcium homeosta-
sis. Indeed, vitamin D deficiency is linked to a generally higher mortality with a significant
contribution of cardiovascular diseases and cancer [18]. Therefore, it may be one of the factors
leading to reduced life expectancy in this vulnerable patient cohort [19]. Moreover, there is
growing evidence for vitamin D deficiency as a risk factor for the development of schizophre-
nia [7] and its aggravating impact on psychopathology [20,21]. In particular, neonatal vitamin
D deprivation is associated with increased risk of developing schizophrenia [22,23]. Accord-
ingly, as adults, rodent models of developmental vitamin D deficiency exhibit a phenotype
mimicking some aspects of schizophrenia and show altered dopaminergic neurotransmis-
sion [24]. In contrast, in rodent models of adult vitamin D deficiency, there is evidence for
a predominant dysfunction of glutamatergic and GABAergic circuits [25,26] and affected
animals particularly show cognitive deficits [27,28]. Similarly, a growing number of human
studies suggest a contribution of vitamin D deficiency to cognitive deficits in adult patients
with schizophrenia and also other mental disorders [29]. However, there is limited knowl-
edge about the clinical profile of vitamin D-related cognitive deficits and their underlying
molecular mechanisms. Converging evidence suggests that vitamin D reduces exposure
to many different drugs—including antipsychotics [30]—particularly by induction of the
Cytochrome P450 (CYP) isoenzyme 3A4 [31–33]. Accordingly, vitamin D deficiency might
lead to a decreased elimination, i.e., an increased exposure to anticholinergic antipsychotics,
which in turn may increase cognitive dysfunction in this patient cohort. In the present study,
we therefore aimed to characterize the neuropsychological profile of cognitive deficits in
schizophrenia related to vitamin D deficiency and address the potential contribution of a
vitamin D-mediated reduction of anticholinergic drug exposure.

2. Material and Methods
2.1. Participants and Neuropsychological Assessment

Serum concentrations of 25-OH-vitamin D and neuropsychological assessments were
obtained from 141 in- and out-patients with schizophrenia. Sociodemographic and clinical
characteristics of the patients are given in Table 1. For the different neuropsychological
tests, the number of patients who completed them varied slightly (between 130 and 139;
see Table 2). In- and out-patients with schizophrenia were recruited at the Department of
Psychiatry, Psychotherapy and Psychosomatics of RWTH Aachen University Hospital and
four academically associated psychiatric hospitals (Alexianer Hospital, Aachen; ViaNobis
Gangelt; LVR Klinik Langenfeld, LVR Klinikum Düsseldorf). The data were obtained in the
framework of an interventional brain imaging study with preregistration (NCT02435095).
The study was approved by the ethics committee of the North Rhine medical association
(AEKNO) and the ethics committee of the RWTH Aachen University Hospital (EK 156/16).
We obtained written informed consent from all participants after a complete description
of the study. The intended sample size with respect to the primary outcome (gray matter
change) of 574 patients could not be achieved and therefore the trial was stopped. All data
presented here were obtained before any intervention.
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Table 1. Sociodemographic and clinical characteristics of the sample.

Characteristic Mean Std

Biometrics
Age [Years] 33.1 11.4
C (25-OH-Vitamin D3) [ng/mL] 14.5 8.9
Duration of disease 4.9 7.1
Cognitive Performance
TMT-A [s] 35.3 15.3
TMT-B [s] 95.9 49.6
BACS—Verbal Memory 37.8 12.5
BACS—Working Memory: Correct Answers 17.6 4.4
BACS—Working Memory: Longest Sequence 6.3 1.6
BACS—Motor Speed 64.0 17.6
BACS—Fluent Speech Category 18.1 5.2
BACS—Fluent Speech Letter 20.1 7.9
BACS—Symbol Coding 44.9 13.5
BACS—Tower of London 15.0 4.2
Positive and Negative Syndrome Scale (PANSS)
Positive Symptoms 16.1 6.9
Negative Symptoms 17.8 6.6
Global Symptoms 32.8 10.9

N %

Gender
Female 40 28.4
Male 101 71.6

BACS = Brief Assessment of Cognition in Schizophrenia.

Table 2. Correlation analysis.

C(25-OH-Vitamin D) a C(Anticholinergic) a

TMT−A (in s)

Pearson’s r ** −0.373 0.169

p-value <0.001 0.097

N 133 61

TMT−B (in s)

Pearson’s r ** −0.336 0.174

p-value <0.001 0.092

N 130 60

Verbal Memory

Pearson’s r 0.175 −0.124

p-value 0.020 0.173

N 139 60

Working Memory
Correct Answers

Pearson’s r 0.131 −0.048

p-value 0.062 0.358

N 139 60

Working Memory
Longest Sequence

Pearson’s r 0.204 −0.022

p-value 0.008 0.434

N 139 60

Motor Speed

Pearson’s r 0.107 −0.122

p-value 0.108 0.184

N 136 57
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Table 2. Cont.

C(25-OH-Vitamin D) a C(Anticholinergic) a

Fluent Speech Category

Pearson’s r 0.195 0.001

p-value 0.011 0.496

N 137 59

Fluent Speech Letter

Pearson’s r 0.136 −0.044

p-value 0.056 0.370

N 138 59

Symbol Coding

Pearson’s r ** 0.280 −0.070

p-value <0.001 0.299

N 139 59

Tower of London

Pearson’s r ** 0.274 −0.103

p-value <0.001 0.220

N 137 59
** Correlation remains statistically significant after Bonferroni correction for multiple testing. Given p-values in the
table are uncorrected. Corrected p-values are given in the main text. a C (25-OH-vitamin D) and C (anticholinergic)
were log-transformed, as the curve fitting revealed a logarithmic relationship.

The study employed the following inclusion criteria: diagnosis of schizophrenia
according to DSM-5, age of 18–65 years, written declaration of consent, subjects being
contractually and mentally capable to attend the medical staffs’ orders and MRI capability.
Exclusion criteria comprised: relevant somatic diseases, which could have an impact on the
conduct of the study based on clinical judgement of the treating physician (e.g., epilepsy,
cancer), prior to insufficiently documented drug therapy with antipsychotics, magnetic
metals in and on the body, cardiac pacemakers and body piercings, pregnancy or lactation,
hospitalization of the patient ordered by the court or public authorities, relationship of
dependence or employment to sponsor or investigator and simultaneous participation
in another clinical trial. Trained psychiatrists confirmed the diagnosis of schizophrenia
according to DSM 5 criteria using the structured clinical interview for DSM disorders (SCID)
and performed the clinical ratings and neuropsychological assessments. As a structured
interview, the SCID was used to minimize interviewer bias. For neuropsychological
assessments, the Brief Assessment of Cognition in Schizophrenia (BACS) as well as the Trail
Making Test A (TMT-A) and B (TMT-B) were employed [34–36]. The BACS is a cognitive
battery that was designed to assess multiple cognitive domains affected in schizophrenia in
relatively a short time (about 30 to 40 min). It contains seven tests in total, assessing verbal
memory, working memory (Digit sequencing), semantic (naming of animals) and lexical
verbal fluency, processing speed (Symbol coding Test) and motor speed (Token motor test)
as well as reasoning and problem solving (Tower of London Test). In both parts of the
TMT, study participants have to connect 25 circles distributed over a sheet of paper as
quickly as possible without lifting the pen or pencil from the paper. In Part A, the circles
are numbered from 1 to 25, and the numbers should be connected in ascending order. In
Part B, the circles include both numbers (1–13) and letters (A–L); which again should be
connected in an ascending pattern (concerning the size of the number and the alphabetical
order of the letters), but alternating between numbers and letters (i.e., 1-A-2-B, etc.).

2.2. Quantification of Vitamin D Levels and Anticholinergic Drug Exposure

Within this study, blood samples were taken throughout the year between August 2015
and March 2020. A part of the vitamin D and drug concentrations used for this analysis were
already used previously [30]. According to the study protocol, all patients underwent blood
sampling for the analysis of vitamin D levels. If patients were already under antipsychotic
treatment, we also obtained blood samples for therapeutic drug monitoring. For clinical
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and organizational reasons, time-points of blood sampling slightly varied from patient to
patient. Ideally, for therapeutic drug monitoring, blood samples should be collected just
before intake (providing trough levels) and at steady-state conditions of the respective drug
(i.e., after more than 4 elimination half-lives under the same dose). In case these conditions
were not met, hospital charts were reviewed to identify accurate drug concentrations
obtained during the clinical routine within a maximum temporal window of 2 months
before or after the determination of vitamin D concentrations. Drug concentrations that
were still outside the steady state conditions, for which the dose or time of intake could not
be determined or which were obtained during the drug absorption phase (i.e., before the
expected time of maximum concentration, Tmax) were excluded from the further analysis.
If blood samples were not immediately collected before the next drug intake (a typical
clinical situation is given for antipsychotics, which are taken as a single dose in the evening,
but blood is withdrawn in the morning), expected trough levels (Cmin) were calculated
using the drug’s half-life (t1/2) and the following exponential function [37]:

Cmin = C(t) ∗ e−ke ∗(tmin−t)

with C(t) as the drug concentration measured at time t, tmin as the time at Cmin, and ke
as the elimination rate constant (ke = ln2/t1/2). From the final set drug through levels,
dose-adjusted drug concentrations were calculated by dividing them by the given daily
dose (C/D) [in (ng/mL)/(mg/day)]. If the date of TDM differed from the date of neu-
ropsychological testing, d0, (i.e., drug levels had to be retrieved from the hospital charts),
drug levels at d0 were estimated by multiplying the dose-adjusted drug concentrations
with the dose given at d0.

From the total sample, 75 quality-controlled serum concentrations of different antipsy-
chotic drugs obtained from 61 patients were available: amisulpride (N = 12), aripiprazole
(N = 8), clozapine (N = 9), olanzapine (N = 16), quetiapine (N = 8) and risperidone (N = 22).
The remaining patients either were not yet medicated at the time of assessment or serum
concentrations did not fulfil our quality criteria. Among those 75 serum levels, 62 were
corrected using the equation above.

For aripiprazole, clozapine, olanzapine, quetiapine, and risperidone, serum concentra-
tions of their respective main metabolites were also determined, i.e., dehydroaripiprazole,
norclozapine, desmethylolanzapine, norquetiapine, and 9-OH-risperidone. All drug and
metabolite concentrations were analyzed in the same laboratory by Liquid Chromatog-
raphy with tandem mass spectrometry (LC-MS/MS) [38]. For vitamin D levels (25-OH
Vitamin D), chemiluminescent immunoassays (CLIA) were applied [39].

To control for potential pharmacokinetic confounding variables, we screened all
patients for the co-prescription of drugs with known inducing or inhibiting properties on
the major cytochrome P450 isoenzymes CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6 (only inhibitors are known) and CYP3A4 according to the suggestions by the US
Food and Drug Administration [40]. We identified two patients receiving the CYP1A2-
inhibitor fluvoxamine and one patient receiving the CYP2D6-inhibitor fluoxetine as a
co-medication, respectively. The latter patient was not included in any pharmacokinetic
analysis, as there was no TDM data available meeting our quality criteria. To assess the
impact of the two remaining patients who were under co-treatment with fluvoxamine, we
conducted a sub-analysis for which we removed these patients (see Section 3).

For the estimation of anticholinergic exposure, drug serum concentrations were first nor-
malized to the upper level of the therapeutic reference range TRRmax. For risperidone, the con-
centration of the active moiety (parent compound + active metabolite 9-OH-risperidone) was
used instead of the pure concentration of the parent compound, as the TRR is typically de-
fined for the active moiety [37]. Normalized concentrations were adjusted for each drug’s
anticholinergic potency by division by the drug’s M1 muscarinic receptor dissociation
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constant Kd and multiplication with the corresponding dissociation constant Kd of the
reference substance chlorpromazine, i.e.,

C(Anticholinergic) =
C(Drug x)∗Kd(Chlorpromazine)

TRRmax(Drug x)∗Kd(Drug x)

Dissociation constants (Kd) were obtained from the NIMH Psychoactive Drug Screen-
ing Program (PDSP) Database [41] Chlorpromazine, which is typically considered the first
antipsychotic drug [42] and is often used to compare antipsychotic potency (chlorpro-
mazine equivalent dose) [43], was chosen as a reference substance due to its broad receptor
profile including affinity for muscarinic M1 receptors [44]. If a patient received more than
one antipsychotic drug, the respective measures of anticholinergic drug exposure were
added to each other.

2.3. Statistical Analysis

In order to assess the different relationships between the variables of interest, we con-
ducted four main regression analyses:

(1) In the first regression analysis, we assessed the impact of vitamin D on cognition.
Thereto, for each of the 10 cognitive items, we separately calculated a bivariate
regression model with the respective item as the dependent variable and the 25-OH-
vitamin D concentration as the independent variable, yielding 10 regression models
in total.

(2) In the second analysis, we investigated the influence of anticholinergic drug exposure
on cognition. As in the first analysis, we calculated separate bivariate regression
models for each cognitive item, which served as the dependent variable, and the
adjusted anticholinergic drug concentration served as the independent variable.

(3) In the third analysis, we assessed the relationship between vitamin D levels (independent
variable) and anticholinergic drug exposure (dependent variable) in a single bivariate
regression model. To control for potential confounders, we conducted two additional
sub-analyses. In the first one, we added the number of cigarettes per day as a second
independent variable to the regression model. In the second one, we removed the two
patients receiving a co-treatment with the CYP1A2-inhibitor fluvoxamine.

(4) In a stepwise forward regression analysis, we used one of the three following cognitive
items as the dependent variables in separate sub-analyses: TMT-A, TMT-B and the
Tower of London. The remaining two cognitive items, the number of cigarettes per
day as well as the log-transformed vitamin D and anticholinergic levels served as the
independent variables. The independent variables with the most significant impact
on the respective dependent variable were sequentially added to the model until no
further significant improvement of model fit could be achieved.

(5) As a further exploratory analysis, we assessed the impact of vitamin D on an alternative
measure of cognition derived from a five-factor model of the positive and negative
syndrome scale (PANSS) [45,46]. This five-factor model includes a “positive”, “negative”,
“cognitive”, “emotional/depressed” and “excited” factor, with the cognitive factor being
composed of item 2 of the positive symptom subscale, item 5 o the negative symptom
subscale and item 11 of the general psychopathology subscale (P2N5G11).

For all regression analyses, in order to verify the linear relationship between the
dependent variable and the predictors, individual scatter plots were subjected to a curve
fitting analysis, which revealed that some variables had to be log-transformed to establish
a linear relationship. In such cases, the respective variables were log-transformed before
entering the regression analysis (see Section 3). Gaussian distribution and homoskedasticity
of residuals were confirmed by inspection of histograms and Q-Q-plots. If more than
one predictor was included in the analysis, absence of multicollinearity was verified by
variance inflation factor (VIF), which was required to be below 4. For each of the five
main analyses, we used one-tailed p-values corrected for multiple comparisons using the
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Bonferroni correction. Patients with missing values were not included in the respective
regression model, i.e., there was no imputation of missing values. Statistical analysis
and data visualization were performed using SPSS 28 (IBM, Armonk, NY, USA), RStudio
(RStudio Team (2021). RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA, USA, Available online: http://www.rstudio.com) and GraphPad Prism 5
(GraphPad Software, San Diego, CA, USA).

3. Results

Sociodemographic characteristics of the sample are given in Table 1. Only 22% of
patients exhibited sufficient vitamin D levels (>20 ng/mL), i.e., 78% of patients exhibited
vitamin D insufficiency (11–20 ng/mL) or deficiency (≤10 ng/mL). For a visualization of
the distribution of vitamin D levels, see Figure 1.
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Figure 1. Distribution of 25-OH vitamin D-levels in our sample. Note the high proportions of patients
following below the threshold of vitamin D insufficiency (≤20 ng/mL) and deficiency (≤10 ng/mL).

Confirming the primary hypothesis, we observed a general positive relationship
between vitamin D levels and cognitive performance; i.e., patients with lower vitamin D
levels exhibited more pronounced cognitive impairments (see Table 2). The curve fitting
revealed that each of the different cognitive items could be best described as a function
of the logarithm of the 25-OH-vitamin D-concentration (see Figure 2). After a Bonferroni
correction of multiple comparisons, the impact of vitamin D on four cognitive items
remained statistically significant including the TMT-A (p < 0.001) and the BACS Symbol
Coding Test (p = 0.004) as measures of processing speed as well as the TMT-B (p < 0.001)
and BACS Tower of London Test (p = 0.006) as measures of executive functioning with the
former operationalizing cognitive flexibility and the latter planning and problem solving.
Corresponding Pearson correlation coefficients addressing the correlation between the
respective cognitive items and the log-transformed 25-OH-vitamin D-concentration as well
as uncorrected p-values are provided in Table 2.
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Figure 2. The relationship between 25-OH vitamin D-levels and cognition. Scatter plots and estimated
regression curves are shown for the four cognitive items for which vitamin D’s impact remained
statistically significant after Bonferroni correction of multiple comparisons. Curve fitting indicated
that each of the different cognitive items (y-axis) could be best described as a function of the logarithm
of the 25-OH-vitamin D-concentration (x-axis).

Only at a trend level, a negative relationship between the estimated anticholinergic
drug levels and each of the cognitive items emerged. Similar to the first regression analysis,
a best curve fit could be achieved when applying a logarithmic function. However, even
without correction for multiple testing, none of the regression models reached statistical sig-
nificance. For detailed statistics, see Table 2. Whereas the negative effect of anti-cholinergic
substances of cognition is consistent with the data, the significance of such effects seems
lesser than the positive vitamin D effects.

We observed a negative association between 25-OH-vitamin D-concentration and
anticholinergic drug exposure. Curve fitting revealed a best fit for logarithmic transfor-
mation of both the independent and dependent variable (see Figure 3). This association
reached statistical significance (standardized beta = −0.235; p = 0.034; N = 61), confirming
the pharmacokinetic relationship between vitamin D and (some) anti-cholinergic drugs.
Since smoking is known to induce the cytochrome P450 isoenzyme CYP1A2, we subse-
quently included the number of cigarettes per day as a second predictor to assess the
effect of this potential confounder on anticholinergic drug exposure. This covariate did not
show any association with the dependent variable (standardized beta = −0.014; p = 0.913;
N = 61), whereas the effect of vitamin D remained significant (standardized beta = −0.235;
p = 0.036; N = 61). To control for further pharmacokinetic confounders, for all patients we
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assessed the prescription of co-medication with known inducing or inhibiting properties
on the major cytochrome P450 isoenzymes. We identified two patients who received the
CYP1A2-inhibitor fluvoxamine and one patient receiving the CYP2D6-inhibitor fluoxetine
as a co-medication, respectively. Since for the latter patient, there was no TDM data meeting
our quality criteria available, this patient was not included in the analysis. When excluding
the two patients who were under co-treatment with fluvoxamine, the effect of vitamin D
on anticholinergic drug levels remained significant (Pearson’s r = −0.256; p = 0.025; N = 59).
We therefore decided not to exclude these two patients from the further analyses.
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Figure 3. The relationship between 25-OH vitamin D-levels and exposure to anticholinergic antipsy-
chotics. Scatter plot of the association between 25-OH-vitamin-concentration (x-axis) and antipsy-
chotic drug concentrations adjusted for anticholinergic potency (y-axis). Curve fitting revealed a best
fit for a log-transformation of both the dependent and independent variable.

For the stepwise regression analysis, we selected the TMT-A, TMT-B, and the Tower of
London Test performance as the dependent variables, as those were the only three items—
besides the Symbol Coding Test—which remained significant after correction for multiple
testing. Since the Symbol Coding Test is a further measure of processing speed—just as the
TMT-A—we decided to exclude it from the analysis in order to minimize the number of
statistical tests. The sub-analyses revealed that for none of the three investigated cognitive
scales, anticholinergic drug exposure or the daily number of cigarettes was included in the
model. For the TMT-A, the best model fit could be attained (R2 = 0.418) when including the
Tower of London Test performance (standardized beta = −0.477; t = −4.434; p < 0.001) and
the log-transformed 25-OH-vitamin D concentration (standardized beta = −0.319; t = −2960;
p = 0.003). For the TMT-B, the final model (R2 = 0.339) included the TMT-A (standardized
beta = 0.352; t = −2.638; p = 0.006) and the Tower of London Test (standardized beta = −0.304;
t = −2.278; p = 0.014). Finally, for the Tower of London Test performance (R2 = 0.339),
the TMT-A (standardized beta = −0.422; t = −3.389; p < 0.001) and the TMT-B (standardized
beta = −0.283; t = −2.278; p = 0.014) were included in the model.

Thus, after regressing out the respective other tests, only for the TMT-A, the inclusion
of log-transformed 25-OH-vitamin D concentration resulted in a significant improvement of
model fit. This effect remained also significant after Bonferroni correction (p-corrected = 0.045).

Further, we investigated the relationship between vitamin D concentration and an
alternative measure of cognition, namely the cognitive component of a five-factor model of
the positive and negative syndrome scale (PANSS) [45,46]. Again, lower 25-OH-vitamin
D levels were associated with greater cognitive impairment, and curve fitting revealed
a logarithmic relationship between the dependent (i.e., the cognitive) variable and the
independent variable (vitamin D concentration). (Standardized beta = −0.144; p = 0.046;
N = 139) (see Figure 4).
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Figure 4. The relationship between 25-OH vitamin D levels and the cognitive component of the
PANSS five factor model derived from items P2, N5 and G11 of the PANSS. As for the other cognitive
variables, curve fitting indicated that the cognitive component (y-axis) could be best described as a
function of the logarithm of the 25-OH-vitamin D concentration (x-axis).

4. Discussion

A significant proportion of patients with schizophrenia suffer from vitamin D defi-
ciency, which may contribute to somatic comorbidity and psychopathology, particularly
cognitive symptoms. The present study thus confirmed prior evidence for vitamin D
deficiency as a factor contributing to neurocognitive dysfunction in schizophrenia and
provided a characterization of the neuropsychological profile of vitamin D-deficiency-
related cognitive deficits. We detected a strong association between vitamin D serum
concentrations and processing speed as well as executive functions in patients suffering
from schizophrenia. However, a stepwise regression analysis revealed that vitamin D
deficiency most directly affected processing speed, while its impact on executive func-
tioning may be better explained as a consequence of the former effect, i.e., its effect on
processing speed. Cognitive dysfunction in schizophrenia comprises a well-defined set
of cognitive domains, including processing speed, attention/vigilance, visual and verbal
learning, and social cognition as well as working memory, reasoning/planning and other
executive functions [4]. There is still controversy about the existence of a hierarchy of
the different cognitive symptom domains and their causal relationship. However, several
studies suggest a pivotal role of deficits in processing speed [47], which may contribute to
other cognitive deficits such as working memory deficits and executive dysfunction [48].
Interestingly, our present findings suggest that vitamin D deficiency primarily affects this
important cognitive domain. Previous studies addressing the neuropsychological profile
of cognitive deficits related to vitamin D deficiency have yielded inconclusive results: In
a cross-sectional study assessing cognitive performance in 20 patients with first episode
schizophrenia and 20 healthy controls, vitamin D deficiency was associated with lower
scores of a summary measure of different cognitive tests in patients with schizophrenia,
only [49]. For the individual tests, only verbal fluency was significantly correlated with
vitamin D levels, but not processing speed. However, insufficient power due to the small
sample size (N = 20) may have biased the results. Based on the relationship between
vitamin D and the TMT-A (yielding the highest effect size), a post hoc power analysis of
our own data indeed suggests a minimum required sample size of 40 patients given an
expected power of 80% and a one-tailed alpha-level of 0.05. For the different cognitive
tests that were significantly correlated with vitamin D concentrations in our own dataset,
the post hoc power analysis estimated a power of 99.8% for the TMT-A, 99.2% for the
TMT-B, 96.2% for the BACS Symbol Coding Test and 95.3% for the BACS Tower of London
Test, respectively, given the respective sample sizes and a one-tailed alpha-level of 0.05.
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Accordingly, in a larger sample of 225 patients with psychotic disorders, Nerhus et al.
observed that a low vitamin D status was significantly associated with decreased process-
ing speed and verbal memory [50]. Similar to the present study, the strongest association
was observed for processing speed. In a randomized, double-blind, placebo-controlled
clinical trial, 47 patients with therapy-resistant schizophrenia and low vitamin D levels
were randomly assigned to a vitamin D supplementation or placebo group [51]. After eight
weeks, the vitamin D group demonstrated a significant increase in vitamin D levels and a
trend towards improved cognition, particularly for attention and verbal memory. Notably,
the authors applied the Montreal Cognitive Assessment (MOCA), which does not include
an explicit test for processing speed [52]. Larger clinical trials are desirable to draw further
conclusions on the effectiveness of vitamin D supplementation on cognitive symptoms
in schizophrenia. As a neural correlate of improved cognitive performance, there is first
evidence for an amelioration of hippocampal volume loss in schizophrenia mediated by
vitamin D [53], but there is still limited knowledge on the molecular mechanisms of vitamin
D’s neurophysiological effects. A potential mechanism that we wanted to address in this
study is grounded in vitamin D’s impact on drug metabolism. Indeed, vitamin D has been
demonstrated to increase metabolism and elimination of many different drugs including
antipsychotics [30]—particularly CYP3A4 substrates. Since there is converging evidence
for a negative impact of antipsychotics with high anticholinergic potency on cognition [16],
we assessed whether the effect of a low vitamin D status on cognition in schizophrenia
might be mediated by a reduced metabolism of anticholinergic antipsychotics. Several
in vitro studies demonstrated CYP3A4 induction by vitamin D in different cell lines in-
cluding primary human hepatocytes [54–56]. Human in vivo studies revealed that the
supplementation of vitamin D is associated with increased elimination of the statin and
CYP3A4 substrate atorvastatin [33]. Moreover, blood concentrations of the immunosup-
pressants tacrolimus and sirolimus—both of which are substrates of CYP3A4—show a
cyclic seasonal variation, which is anti-correlated to the well-known seasonal variation of
vitamin D levels [32]. Similarly, intestinal CYP3A4 expression was demonstrated to be pre-
dicted by genetic polymorphisms of the vitamin D receptor [57]. beyond CYP3A4, there is
preliminary evidence suggesting that vitamin D also has inducing properties on the isoen-
zymes CYP2B6 and CYP2C9 —with probably minor quantitative contribution, though [54]
as well as p-glycoprotein (p-gp), a renal efflux pump of xenobiotics [58]. Accordingly,
vitamin D deficiency might lead to a decreased elimination, i.e., an increased exposure to
anticholinergic antipsychotics, which in turn may increase cognitive dysfunction in this
patient cohort. However, even though we observed a significant negative relationship
between vitamin D levels and the exposure to anticholinergic antipsychotics, this find-
ing could not explain the robust effects of vitamin D on the cognition observed in this
study. Several animal studies have suggested a neurotrophic effect of vitamin D promoting
neurogenesis and enhancing synaptic function in the hippocampus [59,60]. Accordingly,
a human study suggested an amelioration of hippocampal volume loss in schizophrenia
mediated by vitamin D (see above) [53]. Cognitive dysfunction in schizophrenia may also
be related to inflammatory processes [61–63]. Indeed, increased serum concentrations
of C-reactive protein (CRP), a peripheral marker of inflammation, were associated with
worse cognitive performance in patients with schizophrenia [64]. Notably, vitamin D has
been found to regulate the production of proinflammatory cytokines and the proliferation
of proinflammatory cells, respectively [65]. Accordingly, such anti-inflammatory proper-
ties may represent a mechanism that might explain its potential benefits for cognition in
schizophrenia. Statins may constitute a further candidate drug group to modulate inflam-
matory processes in schizophrenia [66]. Other potential molecular targets of pro-cognitive
pharmacotherapy may be N-Methyl-D-Aspartate (NMDA) receptors, metabotropic gluta-
mate receptors and the kynurenine pathway [67–69]. Cognitive deficits in schizophrenia
are likely multifactorial and may require different treatment approaches for the individual
patients. The identification of pathophysiologically specific molecular markers (e.g., [70,71])
obtained from easily accessible biomaterial or brain imaging endophenotypes and com-
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bined with machine learning algorithms may serve as a basis for the establishment of
precision medicine in psychiatry [72].

Several test batteries have been employed to study cognitive deficits in schizophrenia
(for an overview see [73]). An ideal test battery should cover most cognitive domains
affected in schizophrenia within an appropriate time frame, which should be tolerable for
most patients and economic for staff members administering the tests. Among the different
test batteries that were used in the literature, the MATRICS Consensus Cognitive Battery
(MCCB) and the Brief Assessment of Cognition in Schizophrenia (BACS) represent two
well-validated and reliable instruments meeting the abovementioned criteria. The BACS,
which was used in the present study, is particularly short (around 30 min for completion)
while covering most of the cognitive domains that are impaired in patients with schizophre-
nia. It comprises seven tests in total, examining verbal memory, working memory (Digit
sequencing), semantic (naming of animals) and lexical verbal fluency, processing speed
(Symbol coding Test) and motor speed (Token motor test) as well as reasoning and problem
solving as an aspect of executive function (Tower of London Test). It was shown to be as
sensitive to cognitive impairment in schizophrenia as more extensive test batteries. Since
the battery is specifically designed to measure treatment-related changes of cognitive symp-
toms, it provides alternate forms for some of the tests in order to minimize practice effects.
Moreover, it is available in nine languages and norms are also available. In the present
study, besides the BACS, we additionally administered The Trail Making Test (TMT)-A and
-B, as both tests require a minimum time for completion but provide an additional measure
of processing speed (TMT-A) as well as a measure of cognitive flexibility (TMT-B). The TMT,
which was originally introduced as a part of the Army Individual Test Battery [74], repre-
sents one of the most popular neuropsychological tests employed by many different test
batteries [75] and patients with schizophrenia have been demonstrated to exhibit significant
performance deficits for both tests [76].

As stated above, a good alternative to the set of tests used in this study (BACS and
TMT) may be the MCCB. It comprises 10 tests selected by experts within the framework of
the NIMH Measurement and Treatment Research to Improve Cognition in Schizophrenia
(MATRICS) based on more than 90 tests nominated for inclusion [77]. Notably, the TMT-A
and the BACS Symbol Coding Test (both assessing processing speed) as well as an animal
naming test comparable to the one which is part of the BACS are included in this battery.
The remaining seven tests examine attention/vigilance (Continuous Performance Test—
Identical Pairs), working memory (WMS–III Spatial Span; University of Maryland Letter-
Number Span), verbal memory (Hopkins Verbal Learning Test—Revised), visual memory
(Brief Visuospatial Memory Test—Revised), reasoning and problem-solving (Neuropsycho-
logical Assessment Battery—Mazes) as well as social cognition (Mayer–Salovey–Caruso
Emotional Intelligence Test—Managing Emotions). Accordingly, while there is a substantial
overlap between the assessed cognitive domains and administered tests of the MCCB and
the set of tests employed in this study, the MCCB provides tests for attention/vigilance,
visual memory, and social cognition that are not assessed explicitly by the BACS or TMT,
whereas our set of tests provides additional measures of motor skills (Token motor test)
and cognitive flexibility (TMT-B). Another advantage of our approach is the lower amount
of time required for completion (around 30 to 40 min as compared to 60 min for the MCCB).
Future studies should also investigate the relationship between vitamin D and tests of
attention/vigilance, visual memory and social cognition, as provided by the MCCB.

5. Limitations

A major limitation of the present study is its cross-sectional and non-interventional
nature. Accordingly, the correlations reported in the present study may in principle reflect
pure epiphenomena, but not necessarily a causal relationship. Moreover, the true causal
relationship may also be reverse, i.e., cognitive deficits may also lead to lower vitamin
D levels. Due to the inability to perform everyday activities, patients with cognitive
deficits may spend less time outdoors and therefore may be less exposed to sunlight.
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This hypothesis has been also stated for elderly persons with cognitive deficits. However,
according to our hypothesis, animal studies [59,60,78,79] and first randomized controlled
clinical trials [51] have provided some preliminary evidence for a direct causal impact of
vitamin D on cognition, Further randomized controlled clinical trials (RCTs) comparing
the effects of vitamin D supplementation in comparison to a placebo group are warranted.
Ideally, such studies should apply therapeutic drug monitoring during the course of
the treatment in order to control for vitamin D’s negative impact on antipsychotic drug
exposure. From a more preventive perspective, screening for vitamin D deficiency and
supplementation studies may be also relevant for persons who are at a high risk for
schizophrenia [80].

Our inclusion and exclusion criteria may have caused some degree of selection bias.
Such as many other studies on patients suffering from severe mental disorders, for ethical
and legal reasons, we only included subjects being contractually and mentally capable to at-
tend the medical staffs’ orders and understand the study procedure. Moreover, we excluded
patients whose hospitalization was ordered by the court or public authorities. As a conse-
quence, patients with less severe psychopathology may be overrepresented in our study
cohort. Moreover, due to the fact that the study was part of a larger brain imaging trial,
we only considered patients who met the MRI safety criteria which are—however—not
relevant for the data that were the basis of this study.

6. Conclusions

Cognitive dysfunction is a core symptom domain of schizophrenia associated with
long-term disability, but limited treatment options. In the present study, we observed a
significant association between serum concentrations of vitamin D—which are insufficient
in many patients with schizophrenia—and cognitive performance, particularly processing
speed. This relationship could not be explained by the negative impact of vitamin D on
the exposure to anticholinergic antipsychotics—given its inducing effects on cytochrome
P450 isoenzymes—particularly CYP3A4. Considering vitamin D’s well-established effects
on physical health, the growing evidence for its effects on mental health and cognition as
well as the frequency of vitamin D insufficiency in schizophrenia, screening for vitamin D
insufficiency and its compensation by supplementation may be beneficial for this vulnerable
patient cohort.
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71. Rog, J.; Błażewicz, A.; Juchnowicz, D.; Ludwiczuk, A.; Stelmach, E.; Kozioł, M.; Karakula, M.; Niziński, P.; Karakula-Juchnowicz, H.
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Abstract: Longitudinal approaches for disease-monitoring in old animals face survival and frailty
limitations, but also assessment and re-test bias on genotype and sex effects. The present work
investigated these effects on 56 variables for behavior, functional profile, and biological status of
male and female 3xTg-AD mice and NTg counterparts using two designs: (1) a longitudinal de-
sign: naïve 12-month-old mice re-tested four months later; and (2) a cross-sectional design: naïve
16-month-old mice compared to those re-tested. The results confirmed the impact as (1) improve-
ment of survival (NTg rested females), variability of gait (3xTg-AD 16-month-old re-tested and
naïve females), physical endurance (3xTg-AD re-tested females), motor learning (3xTg-AD and NTg
16-month-old re-tested females), and geotaxis (3xTg-AD naïve 16-month-old males); but (2) worse
anxiety (3xTg-AD 16-month-old re-tested males), HPA axis (3xTg-AD 16-month-old re-tested and
naïve females) and sarcopenia (3xTg-AD 16-month-old naïve females). Males showed more func-
tional correlations than females. The functional profile, biological status, and their correlation are
discussed as relevant elements for AD-pathology. Therefore, repetition of behavioral batteries could
be considered training by itself, with some variables sensitive to genotype, sex, and re-test. In the
AD-genotype, females achieved the best performance in physical endurance and motor learning,
while males showed a deterioration in most studied variables.

Keywords: Alzheimer’s disease; aging; survival; anxious profile; functional profile; motor perfor-
mance; frailty; training; gait; kyphosis

1. Introduction

Specific motor skills impaired in old age include a broad and varied spectrum that
involves a reduction in gait speed, loss of strength and muscle mass, and decline of bal-
ance [1–3]. However, aging has become increasingly recognized as a potentially modifiable
risk factor for chronic disease and frailty [4,5]. The deterioration of motor performance re-
lated to cognitive dysfunction in Alzheimer’s disease (AD) has recently gained importance
in clinical research [6–9]. Particularly, gait impairment and its association with cognitive
impairment [10] could shed light on potentialities to distinguish AD [1]. Inclusive, higher
levels of Aβ and tau are associated with more significant memory decline, but not with
changes in executive function [11]. The study by Sperling points out that these results
could explain why some clinically active patients presented elevated tau and Aβ levels [11].
Thus, Aβ and tau proteins can serve as markers of cognitive impairment; however, they are
insufficient and cannot detect all cases of dementia, especially in the early stages [11,12].
For this part, gait speed, for example, is longitudinally associated with cognitive decline,
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dementia, and falls in older adults [13,14], with slower gait associated with increased
fall risk and poor baseline cognition [6]. However, motor dysfunctions and deterioration
remain poorly explored. Consequently, functional and cognitive decline comorbidity is a
warning sign for increased disability [8], a growing public health problem [15], and it is
already present at preclinical stages of Alzheimer’s disease [5].

On the other hand, aging is a frequent risk factor for different diseases, including
dementia [16]. Recently, in a review of the literature that examined the pathophysiological
basis and biomarkers of AD and other neurodegenerative diseases, it was pointed out that
the predisposing factors for neuroinflammation are aging, metabolic diseases, hypertension,
cerebrovascular accidents, depression and depression, dementia, among others [17]. In
addition, healthy aging would be associated with chronic inflammation, contributing to a
greater vulnerability to anxiety and depression [17]. Thus, cause–effect relationships can
become bidirectional in the pathogenesis of multifactorial diseases, leading to a disease-
prone state [18]. Age-related deficits in the ability to process contextual information and
regulate responses to threat, addressing that structural and physiological alterations in the
prefrontal cortex and medial temporal lobe determine cognitive changes in advanced aging,
which may eventually cause patterns of cognitive dysfunction seen in patients with AD
and mild cognitive impairment (MCI) [19].

Furthermore, it is known that AD is characterized by high heterogeneity in the dis-
ease’s manifestation, progression, and risk factors [20]. Such a high phenotypic variability
is considered one of the most significant obstacles in early diagnosis and clinical trial
design [20]. Therefore, there is great interest in identifying factors driving variability
used for patient stratification [20,21]. Additionally, the impact of sex on the disease varies
throughout its progression [22,23]. It is important to identify the role of sex differences
in the cognitive dimension if potentially more precise diagnoses and treatments should
emerge [24,25], but few studies have reported differences in the psychomotor functional
dimension of the disease.

In the last decade, at the translational level, the impact of interventions on age-related
disability, frailty, and the onset of AD has been investigated in animal models to develop
clinically relevant measures that provide indications for the approach and management of
disability, frailty, and illness [26,27]. In addition, genotype and sex differences in cognitive,
emotional, and locomotor performance have been studied at the preclinical level to assess
the effects of promising interventions before their application in clinical settings [28–30].

Recently, our laboratory has developed a study method to identify psychomotor
impairments and deficits at different stages of Alzheimer’s disease [31]. Previously, we
reported a functional impairment phenotype in male mice’s gait and physical performance
of the 3xTg-AD transgenic model in the initial, intermediate, and advanced stages of the
disease. The results showed that 3xTg-AD mice show a significant functional impairment
in the quantitative variables of gait and exploratory activity, movement limitations, and
muscle weakness related to functional decline in the different stages of severity of the
disease intensify with increasing age. In addition, signs of frailty accompany functional
deterioration, and sarcopenia is evident in an advanced stage of AD, with differences in
the morphological characteristics of muscle fibers and the number of fat cells [31].

Furthermore, we differentiate the disorders and postural patterns into two types of
kyphosis (postural and structural) that differ in severity and limit the exploratory activity.
In addition, the results indicated that the presence of bizarre gait patterns accounts for
behavior similar to anxiety when 3xTg-AD mice face novelty situations and recognition
of places, with circling and backward movements being the most frequent, in an already
frailty setting [32,33].

The present study was designed to investigate the impact of two factors, sex, and
repeated test, assessing the behavioral outputs of 3xTg-AD mice and mice with normal
aging in longitudinal and transversal experimental designs. According to our previous
work, a battery of psychomotor tests: gait, exploration, muscle strength, motor learning,
physical endurance, and frailty status, was used [31]. In addition, phenotype of frailty

28



Biomedicines 2022, 10, 973

and biological status (HPA axis and sarcopenia index) was also included [32,33]. Thus, in
the first place, we studied the sex factor by characterizing the psychomotor phenotype
of middle—(12 months) and old—(16 months) age females, that in the 3xTg-AD mice
corresponds to two neuropathological stages of the disease [31], as compared to that
of aged-matched males. On the other hand, long-term studies provide better insights
for assessing interventions with preclinical validity, but the administration of behavioral
batteries is not exempt from carryover effects. In addition, behavioral batteries and repeated
tests can be considered behavioral stimulation [34]. Therefore, we aimed to investigate
the effects of repeated tests on the behavioral performance of animals assessed in two
scenarios: 1) in a longitudinal design, with within-subjects analysis of a set of 12-month-old
animals re-tested four months later, at 16 months of age; and 2) in a transversal design,
when comparing 16-month-old animals that had (re-tested) or not (naïve) that experienced
the battery of tests.

2. Materials and Methods
2.1. Animals

A total of 191 male and female mice were included for the survival analysis, and
ninety-six of them, homozygous 3xTg-AD (n = 54) and non-transgenic (NTg, n = 42)
male and female mice of 12 to 16 months of age in a C57BL/6J background (after em-
bryo transfer and backcrossing of at least ten generations), established at the Universitat
Autònoma de Barcelona, were included in the experimental study. As previously described,
the 3xTg-AD mice harboring transgenes were genetically created at the University of
California at Irvine [35]. Animals were kept in groups of 3–4 mice per cage (Macrolon,
35 cm×35 cm×25 cm) filled with 5 cm of clean wood cuttings (Ecopure, Chips, Date Sand,
UK; uniform cross-sectional wood granules with 2.8–1.0 mm chip size) and nesting ma-
terials (Kleenex, Art: 08834060, 21 cm×20 cm, White). In all cases, standard home cages
covered with a metal grid to allow the perception of olfactory and auditory stimuli from
the rest of the colony. All animals were kept under standard laboratory conditions of food
and water ad libitum, 20 ± 2 ◦C, 12 h light cycle:dark with lights turned on at 8:00 a.m. and
50–60% relative humidity. The study complied with the ARRIVE guidelines developed by
the NC3Rs and aimed to reduce the number of animals used [36].

2.2. Experimental Design

A longitudinal and a transversal study were carried out to evaluate the anxious-like
and functional profiles of male and female 3xTg-AD and NTg mice. Biological variables
(corticosterone and sarcopenia) of animals at the end point (16 months of age) were also
included. For this purpose, animals were randomly assigned into two experimental batches
(see Figure 1, Experimental design)

2.3. Behavioral Assessment and Biological Status

The assessment consisted of four consecutive evaluation steps conducted during
5 days, as follows: Day 1, bodyweight, phenotype scoring system, and frailty; Day 2,
gait and exploration; Day 3, geotaxis, muscle strength, and rotarod; Days 4–5, rotarod.
The procedures and protocol were based on the protocol used by Castillo-Mariqueo and
Giménez-Llort [31]. Assessments were performed under dim white light (20 lx) in the light
cycle (10:00 a.m. to 1:00 p.m.). Behavioral evaluations were carried out in a counterbalanced
way by two independent observers, blind to the genotype. Animals were habituated to the
test room 30 min before the start of the tests.

2.3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis

Survival curves were analyzed considering the cohort of siblings from the same litter
of mice included in the study, from birth to 16 months of age. A total of 191 male and
female mice, NTg and 3xTg-AD were included in this analysis (NTg males = 49; NTg
females = 58; 3xTg-AD males = 50; 3xTg-AD females = 34). All animals were weighed and
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evaluated with the phenotype scoring system that includes four subtests and scores: ledge,
grip, gait, and kyphosis [37,38]. Individual measures were scored from 0 (the absence
of the relevant phenotype) to 3 (the most severe manifestation) [37]. The measures can
be analyzed individually or combined into a composite phenotype score [39,40]. On the
other hand, frailty was assessed using an adaptation of the MCFI by Whitehead [41],
which includes 30 assessment items from the clinical setting. The 12 elements with the
highest incidence previously reported by our laboratory were selected [42]. Their incidence
was reported through an absence (0), presence (1) score. The clinical evaluation included
physical aspects, injuries and wounds, alopecia, piloerection, body and tail position, tremor,
and urogenital alterations.
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Figure 1. Experimental design. Longitudinal design: the first group was assessed in the behavioral
battery at the age of 12 months and again when the animals reached 16 months of age. Transversal
design: the second group was housed in standard conditions without manipulation until they were
tested at 16 months of age, so they could be compared to re-tested 16 months old animals.

2.3.2. Quantitative Parameters of Gait, Neophobia, and Exploration

The quantitative parameters of the gait and exploration were recorded by filming the
spontaneous gait of the mice for 1 min. Later the videos were analyzed using KINOVEA
0.8.15 free software according to the Castillo-Mariqueo and Gimenez-Llort protocol [31].
Stride length, stride length variability, speed, and cadence were included according to the
methodology used by Wang et al. [43]. The examination included observation of body
position, limb support, and movement. In addition, neophobia (immediate fear of a new
place) was assessed by means of the corner test [44] and the recording of freezing (latency
of movement), the number of explorations on the horizontal axis (visited corners), the
latency and number of explorations on the vertical axis (rearings).

30



Biomedicines 2022, 10, 973

2.3.3. Muscular Strength—Hanger Test and Geotaxis

The muscle strength was measured in the forelimbs using the hanger test. Three trials
were performed to observe the tendency of a mouse to instinctively grasp a rack or bar
when suspended by the tail. In the first and second trials, grip strength was assessed by
holding the animal with its front legs for 5 s at the height of 40 cm. In the third trial, the
animal is suspended for 60 s in a single attempt to assess muscular endurance. This test
allows discriminating grip strength and muscular endurance according to the suspension
times used by mice [45]. A box with sawdust is placed under the animal to prevent a
possible fall in each trial. The bar used is graduated in 5-cm blocks to obtain the distance
covered when the animal moves through the bar. The latency and movement distance are
recorded. Geotaxis was measured using a 10 cm×12cm grid. A single trial registered the
time it took for the animal to reach the vertical position from an inverted position at a 90◦

angle on the grid.

2.3.4. Motor Performance: Learning and Physical Endurance—Rotarod

Six micro training cycles were carried out during three consecutive days with a
previous learning session and psychomotor coordination. The animals were trained in
the Rotarod apparatus (Ugo basile®, Mouse RotaRod NG) according to a training volume
established in our previous research laboratory investigations [31]. An incremental intensity
of 5 to 48 rpm was applied according to individual tolerance with a maximum duration of
360 s in each microcycle with a 1-min recovery between trial.

2.3.5. Biological Status: HPA Axis and Sarcopenia Index

The animals were euthanized and the muscle tissues were necropsied. Plasma from a
blood sample was obtained by centrifugation and stored and −80 ◦C until corticosterone
analysis. Corticosterone content (ng/mL) was analyzed using a commercial kit (Corticos-
terone EIA Immunodiagnostic Systems Ltd., Boldon, UK). Absorbance was read at 450 nm
with Varioskan LUX ESW 1.00.38 (Thermo Fisher Scientific, Massachusetts, MA, USA) [42].
The weights of the quadriceps and triceps surae muscles of the right lower extremity of
each animal were recorded and kept for future analysis. The sarcopenia index [46] was
applied to obtain an indirect measure of sarcopenia as a biological marker of frailty.

2.4. Statistics

Statistical analyses were performed using SPSS 15.0 software. Results were expressed
as the mean ± standard error of the mean (SEM) for each task and trial. The variables
recorded were analyzed with Student t-test, Chi-squared or Fisher’s exact test, one-way
ANOVA, and multiple regression analysis (MRA). The split-plot ANOVA design with
factors genotype (G), sex (S), previous experience either as a re-test (R) in the longitudinal
approach or as naïve (N) in the transversal approach, were included. Their G×S, G×R, and
S×N factor interactions were also studied. Post hoc comparisons were run with Bonferroni
corrections. Pearson’s correlations were made to analyze the functional correlations with
(1) corticosterone, (2) sarcopenia index, and (3) phenotype score system. The survival curve
was analyzed with the Kaplan–Meier test (Log rank). In all cases, p < 0.05 was considered
statistically significant.

3. Results
3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis

Figure 1 shows the data obtained for survival, frailty score and postural and structural
kyphosis. Thus, the animal cohort was analyzed from birth to 16 months (16 months NTg
and 16 months 3xTg-AD). Only siblings from the same litter belonging to mice meeting the
end-points were considered. Log rank analysis showed statistically significant differences
dependent on genotype and sex (G, χ2 (1) = 20.044, p < 0.001; S, χ2 (1) = 33.531, p < 0.001),
see Figure 2A. In this way, it was possible to observe that females of both genotypes have
higher mortality than males, and that of them the NTg is even higher (days of average
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survival: Males, NTg = 445.05 ± 15.75, CI: 414.16–475.94; 3xTg-AD = 505.57 ± 13.04,
CI: 480.01–531.13. Females, NTg = 343.60 ± 15.39, CI: 313.42–373.78; 3xTg-AD = 442.76 ± 18.40,
CI: 406.69–478.83). In addition, the female NTg cohort reached 79% (46/58) of mortality
and 3xTg-AD the 50% (17/34) with ages 11 to 13 months having the greatest death. For
their part, NTg males reached 37% (18/49) and 3xTg-AD 24% (12/50), with 15 to 16 months
being the age of greatest death. During the follow-up of the animals that started the battery
at 12 months, 20 deaths were detected, the NTg males had 29% (4/14), the 3xTg-AD males a
20% (4/20), the NTg females a 35% (7/20), and 3xTg-AD females 31% (4/13), see Figure 2A.
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In terms of frailty score, G effect were identified, the score is higher in NTg animals in
naïve 12 months (frailty score, G, F (1, 62) = 11.159, p = 0.001), see Figure 2B. In addition,
the severity of kyphosis has been identified, thus, in males, a higher prevalence of postural
kyphosis has been observed, being higher in the case of NTg mice (severity, Fisher’s exact
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test df (15) = 24.403, p = 0.023. G effect, Fisher’s exact test df (3) = 11.842, p = 0.004).
In the case of females, the highest prevalence of cases was also postural kyphosis, and
this increased in 3xTg-AD mice at 16 months, being the structural type disorder in this
group the one with the highest prevalence attributable to age (severity, Fisher’s exact test
df (12) = 22.900, p = 0.008. 3xTg-AD naïve 16 months vs. re-test 16 months, Fisher’s exact
test df (3) = 16.137, p = 0.001), see Figure 2C.

Table 1 shows the phenotype scoring system obtained in males and females. Specifi-
cally, at naïve 12 months, differences were detected in the gait, kyphosis, and total score,
with G effect in kyphosis and total score showing the high deterioration in the NTg group
(kyphosis, G, F (1, 62) = 13.329, p = 0.001. Total score, G, F (1, 62) = 4.078, p = 0.048). In
addition, there is an interaction of the G×S in gait, with 3xTg-AD females and NTg males
presenting a lower (gait score, G×S, F (1, 62) = 7.776, p = 0.007). At the 16 months re-tests,
the difference in gait score is maintained without significant differences in the other parame-
ters (gait score, G×S, F (1, 44) = 10.709, p = 0.002). In contrast to naïve 16 months, differences
were observed in genotype and sex in the clasping score and gait, being measured the
genotype differences only in males and sex between the 3xTg-AD group (clasping score,
F (2, 30) = 4.646, p = 0.017; male 3xTg-AD naïve 16 months vs. male NTg naïve 16 months,
p = 0.019. G, in male group, T student t = −2.836, p = 0.012. S, in 3xTg-AD group T student
t = −2.138, p = 0.046). If we consider the change between the groups after the re-test, we
have detected differences in the different scores of the phenotype scoring system. The main
differences were detected in the total score, kyphosis and ledge score (re-test, total score,
F (1, 141) = 15,972, p < 0.0001. Kyphosis score, F (1, 141) = 14.596, p < 0.000 and G,
F (1, 141) = 5.159, p = 0.025. Ledge score, F (1, 141) = 10.435, p = 0.002). In addition,
differences in total score, gait, kyphosis, and ledge score were detected between males,
with effect of previous experience and genotype (total score, F (5, 80) = 3.449, K= 0.007,
3xTg-AD naïve 12 months vs. 3xTg-AD re-test 16 months, k = 0.031; R, F (1, 80) = 13.002,
p = 0.001. Ledge score, R, F (1, 80) = 7.447, p = 0.008. Gait, F (5, 80) = 4.303, p = 0.002,
3xTg-AD re-test 16 months vs. 3xTg-AD naïve 16 months, p = 0.003; 3xTg-AD re-test 16 m
vs. NTg naïve 16 months, p = 0.003; R, F (1, 80) = 7.461, p = 0.008; and G, F (1, 80) = 5.560,
p = 0.021. Kyphosis score, F (5, 80) = 3.269, p = 0.010; R, F (1, 80) = 6.310, p = 0.014; and
G, F (1, 80) = 5.225, p = 0.025). In females, differences were found in total score, kyphosis
and gait with effect of previous experience and genotype (total score, F (4, 60) = 2,800,
p = 0.034; R, F (1, 60) = 4.517, p = 0.038; G, F (1, 60) = 4.767, p = 0.033. Kyphosis score,
F (4, 60) = 3.375, p = 0.015, 3xTg-AD naïve 12 months vs. 3xTg-AD re-test 16 months, p = 0.050;
R, F (1, 60) = 7.791, p = 0.007. Gait score, F (4, 60) = 2.909, p = 0.029; G, F (1, 60) = 5.632, p = 0.021).

Table 1. Phenotype scoring system.

Phenotype
Scoring System

Naïve 12-Month-Old Re-Test 16-Month-Old Naïve 16-Month-Old
Statistics

Males Females p-Value Males Females p-Value Males Females p-Value

Clasping
score

NTg 0.52 ± 0.16 0.43 ± 0.08
n.s.

0.67 ± 0.20 0.69 ± 0.17
n.s.

0.25 ± 0.06 NR
g* n.s.

AD 0.56 ± 0.17 0.62 ± 0.24 0.79 ± 0.19 0.30 ± 0.15 0.67 ± 0.18 * 0.26 ± 0.12

Ledge
score

NTg 0.40 ± 0.15 0.48 ± 0.14
n.s.

0.60 ± 0.09 0.68 ± 0.11
n.s.

0.31 ± 0.12 NR
n.s. R**

AD 0.25 ± 0.08 0.48 ± 0.13 0.58 ± 0.16 0.51 ± 0.07 0.22 ± 0.09 0.41 ± 0.14

Gait
score

NTg 0.21 ± 0.15 0.33 ± 0.12
G×S**

0.20 ± 0.13 0.38 ± 0.15
G×S**

- NR
s# G*, R**,

r&&, r$$
AD 0.26 ± 0.10 - 0.64 ± 0.13&& - 0.03 ± 0.03 0.44 ± 0.24

Kyphosis
score

NTg 1.07 ± 0.16 1.0 ± 0.25
G**

1.30 ± 0.15 1.38 ± 0.15
n.s.

0.72 ± 0.21, s$$ NR
n.s. G*,

R***, r&
AD 0.30 ± 0.13 0.43 ± 0.20 0.95 ± 0.26 1.37 ± 0.27 & 0.47 ± 0.17 0.67 ± 0.28

Total
score

NTg 2.21 ± 0.37 2.24 ± 0.39
G*

2.77 ± 0.37 3.14 ± 0.45
n.s.

1.28 ± 0.23 NR
n.s. R***, r&

G*AD 1.37 ± 0.30 1.52 ± 0.33 2.96 ± 0.58 & 2.18 ± 0.32 1.39 ± 0.28 1.78 ± 0.44

Statistics: ANOVA, G, genotype effect, G** p < 0.01, p < 0.05, n.s. p > 0.05. R, Re-test effect, R*** p < 0.001***,
R** p < 0.01**, p < 0.05*, n.s. p > 0.05. G×S, genotype and sex interaction effect, G×S** p < 0.01**, p < 0.05*, n.s.
p > 0.05. Bonferroni post hoc test: g, genotype, g* p < 0.05*; s, sex; $ expressed genotype differences between sex,
s$$ p < 0.01$$; & expressed differences between re-test groups, r&& p < 0.01&&, p < 0.05&; $ expressed genotype
differences between re-test group, r& p < 0.05&, and r$$, between sex differences. NR indicates the absence
of the group.

33



Biomedicines 2022, 10, 973

In bodyweight at 12 months was high in 3xTg-AD, and at 16 months it decreased in
females. In addition, males naïve 16 months weighed more than re-test males at the same,
see Tables S1–S3.

3.2. Quantitative Parameters of Gait, and Neophobia and Exploration

Quantitative parameters of gait are shown in Figure 3. For naïve 12 months, statistically
significant differences were observed in all quantitative gait variables. Stride length showed
differences in G and S, with the longest stride length in NTg males and 3xTg-AD in females.
This interaction was also observed in gait speed, high in NTg mice. At the same time,
the variability of gait presented differences associated with S, with females showing less
than males’ variability and, therefore a gait with more homogeneous steps in its trajectory.
Additionally, a genotype-dependent difference was observed in cadence, where NTg mice
show better performance in this variable with marked differences between males. In the
re-test at 16 months, this group registered a gait performance that shows the interaction
between the G×S effect in stride length and speed, with the performance of 3xTg-AD
females being the one with the best performance in both variables. The re-test of this
group at 16 months showed differences in cadence, increasing its performance in the
group of 3xTg-AD mice of both sexes and decreasing in the NTg group, see Figure 3A–D
and Tables S1–S3.

On the other hand, mice at 16 months did not show significant differences in quan-
titative variables of gait. Differences could only be observed between the re-test and a
naïve group of males at 16 months in stride length, cadence, and speed, where the re-test
NTg mice presented a high performance in speed and cadence compared to the naïve NTg
mice, 3xTg-AD re-test, and naïve, but lower performance in stride length than naïve mice.
In addition, differences were detected between the 3xTg-AD males and females in the
variable’s variability and gait speed, with the 3xTg-AD naïve and re-test females showing
less variability than the 3xTg-AD males. This difference was also present in gait speed,
with a better performance of re-test females followed by naïve 16 months females over
3xTg-AD males in both conditions, see Figure 3A–D and Tables S1–S3.

For its part, the neophobia and exploratory activity presented sex differences in the
ratio visited corners/rearings, being higher in females of both genotypes, see Figure 4.
This difference was maintained at re-test 16 months, with the higher ratio in females. In
addition, the ratio in MRA of the groups showed an interaction between G×S, indicating a
lower performance in 3xTg-AD re-test males at 16 months and higher in re-test females,
see Figure 4B and Tables S1–S3.

As in gait, no significant differences were detected in exploratory activity between the
naïve 16 months group. However, in contrast to the re-test males at 16 months, the naïve
males presented high vertical activity than the re-test, see Figure 4C,D. Between the group
of 3xTg-AD mice, S effect was identified in vertical activity, where naïve males presented
higher activity. Movement latency was also lower in naïve males, but the same was not
observed in 3xTg-AD females, see Figure 4A and Tables S1–S3.

3.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity: Geotaxis

Lower muscle strength can be observed in the resistance distance in the 3xTg-AD
animals at the age of 12 months, which, despite not showing statistical differences, shows
a trend with less strength in the 3xTg-AD males. No statistically significant differences
were detected in the rest of the variables, although a worse performance of the animals was
observed, see Table S1. At 16 months re-test and 16 months naïve, no significant differences
were detected.

On the other hand, significant differences in geotaxis were detected. The group of
3xTg-AD male took longer to complete the test in the re-test 16 months group in contrast
to the 12 months and naïve 16 months group, see Figure 5A. Notably, at 16 months in
the re-test group, an interaction was observed between the G×S of the animals, showing
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more significant latency in 3xTg-AD males and NTg females. G×S interaction was also
observed between the group of naïve 16 months 3xTg-AD mice. In addition, there was an
interaction between the G×R was detected among male mice at 16 months in contrast to
naïve mice of the same age, with the test time being shorter in naïve mice, see Figure 5A
and Tables S1–S3.
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Figure 3. Quantitative parameters of gait. (A) Stride length, (B) variability of stride, (C) speed, (D)
cadence. Statistics: ANOVA, G, genotype effect, G** p < 0.01**, G* p < 0.05*. S, sex effect, S* p < 0.05*.
G×S, genotype and sex interaction effects, G×S* p < 0.05*. R, re-test effect, R* p < 0.05*. N, naïve
effect, N* p < 0.05*. a, aging, a** p < 0.01**. Bonferroni post hoc test: g, genotype; s, sex; $ expressed
genotype differences between sex, and # expressed sex differences between genotypes. The symbol
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(C) rearing latency, (D) vertical activity. Statistics: ANOVA, S, sex effect, S* p < 0.05; G×S, genotype
and sex interaction effects, G×S* p < 0.05*. N, naïve effects, naïve at 16 months vs. re-test 16 months,
N** p < 0.01**, N* p < 0.05*. N×S, naïve and sex interaction effects, N×S* p < 0.05*. Bonferroni post

hoc test: s, sex; and # expressed sex; differences between genotypes. The symbol
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Figure 5. Geotaxis and motor learning—rotarod. (A) Geotaxis, (B) latency, (C) trial’s learning.
Statistics: ANOVA, G, genotype effect, G* p < 0.05. S, sex effect, S** p < 0.01, S* p < 0.05. R, Re-
test effect, naïve 12 months and re-test 16 months, R** p < 0.01**, R* p < 0.05*. G×S, genotype
and sex interaction effects, G×S** p < 0.01**, G×S* p < 0.05*. G×R, genotype and re-test effects,
G×R** p < 0.01**, G×R* p < 0.05*. Bonferroni post hoc test: g, genotype, s, sex, r: re-test naïve
12 months vs.16 months, and n, naïve 16 months vs. re-test 16 months; $ expressed genotype, and

# expressed sex differences between genotypes. The symbol
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3.4. Motor Performance: Learning and Physical Endurance—Rotarod

The learning and motor performance tests in the Rotarod showed significant differ-
ences associated with different factors depending on the test or the group studied, see
Figure 5. Among the males, significant differences were detected in learning and the
number of trials between naïve and re-tests at 12 months and 16 months. In females,
differences were detected in 3xTg-AD of 12 months and 16 months re-test and naïve, see
Figure 5B,C and Tables S1–S3. In turn, for motor learning, the S effect plays an important
role since females manage to learn earlier than males and spend more time on the wheel
during the test at 12 months. At the re-test 16 months, the S effect was maintained in the
number of trials, but in learning the G effect and G×S became important. In the same way,
when performing MRA in the groups naïve at 12 months and re-test at 16 months, the S
effect was the one that marked the statistical difference, see Figure 5B,C and Tables S1–S3.
Nevertheless, there were no significant differences between the naïve 16 months group.
However, between the re-test 16 months group vs. the naïve 16 months, differences were
detected between males, where the R and G effects were significant. In addition, significant
differences were also detected between the 3xTg-AD group, where the differences in S and
R effects were the ones that obtained significance, see Figure 5B,C and Tables S1–S3.

At the same time, it is possible to differentiate physical endurance according to the
interaction of G and S in the naïve 12 months, re-test 16 months, and naïve 16 months
groups, see Figure 6. The NTg males have a physical endurance similar to that of 3xTg-
AD females, followed by NTg females and finally 3xTg-AD males, whose performance
is low and does not improve with training. This difference persisted in the re-test at
16 months. In males, differences were also detected in the physical endurance and each
training days, with significance in the age of the NTg animals and the effect of Re-test in
3xTg-AD and the NTg (see Figure 6A and Tables S1–S3). In addition, on the first day of
training, it was observed that 3xTg-AD males showed differences in R and aging effect
among naïve mice (see Figure 6B, and Tables S1–S3). On the second day of training, the
difference in G at 12 months and the effect of aging in the naïve 3xTg-AD group stand
out. The changes observed on the third day of the test were recorded at 12 months, where
the G has statistical significance and the R only in NTg group. For females, physical
endurance was higher in the 3xTg-AD group. The re-test 16 months group had high
latencies (see Figure 6A and Table S2). Differences were observed on Day 1 and Day 3,
with differences was in the 16 months re-test NTg group and aging effect in the 3xTg-AD
group (see Figure 6B and Table S3).

On the other hand, differences in genotype and sex were detected in the 12 months
group (see Figure 6A and Table S1). In the 3 days of training, differences in effect were
detected, with G distinction only on the second day (Figure 6B, and Table S1). Additionally,
at 16 months in the re-test group, differences in G×S were recorded in physical endurance
(see Figure 6A and Table S2). Days 2 and 3 showed differences in G×S, with no signif-
icant differences on the first day (see Figure 6B and Table S2). The re-test of this group
corroborated the differences in G×S of the batch at 16 months (see Figure 6B and Table S2).
However, at 16 months, groups of naïve mice did not show significant differences in this
test. Yet, when comparing the re-test and naïve mice at 16 months, significant differences
were detected between the group of males in physical endurance and the performance of
Days 1 and 3 (see Figure 6A,B and Table S3). In addition, among the group of transgenic
mice, differences in sex and re-test were detected between the groups, with the performance
of the females being higher (see Figure 6A,B and Table S3).
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S** p < 0.01**, S* p < 0.05. R, re-test effect, naïve 12 months vs. re-test 16 months, R*** p < 0.001***,
R** p < 0.01**, R* p < 0.05*. G×S, genotype and sex effects, G×S** p < 0.01**, G×S* p < 0.05*. S×R,
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Furthermore, considering MRA between the groups, we can differentiate the effect
of G, S, and R in the day-by-day and trial-by-trial tests, Table S4 shows the statistical
differences from Figure 6C. The MRA analysis between males on Day 1 showed differences
in G and S, see Figure 6C. It was observed that the NTg retest males improve with the
repetition of the trials as well as the 3xTg-AD, but these do so to a lesser extent, and
both the 12 months and 16 months naïve males have lower performance than retest. On
Day 2, the genotype effect was observed here. The naïve 12 months NTg mice and the
retest 16 months show a high latency in the test that increases with the execution of the
trials. Naïve 16 months 3xTg-AD mice show the best performance within this group. In
addition, the MRA trial-by-trial showed the differences in each trial and the animals’ G and
R differences. Here, it is highlighted that the first day plays an important role in the retest
and then the differences of genotype. Also, among the females, significant differences were
recorded in MRA trial by trial, with the 3xTg-AD retest of 16 months being the ones with
the highest performance during all the test days. On the first day of training, differences in
performance were obtained between the naïve 12 m NTg females and their retest 16 months,
with a higher latency between the 16 months 3xTg-AD retest (Figure 6C). The second day
of training did not record differences between the females, but on the third day, the highest
performance of the 3xTg-AD retest 16 months was observed again.

Additionally, it is possible to differentiate females from males in the 3xTg-AD group,
with females showing better performance in all tests. Thus, on Day 1 the mice differ in
S and R. On the second day, the differences obtained on Day 1 are maintained, but the
difference in the gender factor increases between the groups. On the third day, it is only
possible to differentiate the gender factor between the groups. Specifically, the differences
between the different factors have been identified in each trial. Thus, we can highlight
specific differences be-tween the groups as detailed below on supplementary data for males
and females. In addition, differences between 3xTg-AD males and females were detected
in the following trials (see Figure 6C and Table S4).

3.5. Biological Status: HPA Axis and Sarcopenia Index

Higher differences were found in the corticosterone level in the re-test group compared
to the naïve group (corticosterone, F (6, 70) = 9.817, p < 0.001 post hoc: male 3xTg-AD naïve
vs. female 3xTg-AD naïve p < 0.001, male NTg naïve vs. male NTg re-test, p = 0.001). In
addition, between group of males, the interaction of N had a lower level of corticosterone
in the naïve group (N, F (1, 47) = 25.163, p < 0.001). In the 3xTg-AD group of animals, S
effect and S×N interaction effects were differentiated (S, F (1, 42) = 16.456 p < 0.001. S×N,
F (1, 42) = 4.243, p = 0.046), see Figure 7A.

The weight of the quadriceps and triceps sural muscles showed statistically significant
differences (quadriceps, F (6, 70) = 3.203, p = 0.008. Triceps surae, F (6, 70) = 7.126, p < 0.001,
post hoc: male naïve 3xTg-AD vs. female naïve 3xTg-AD, p < 0.001; female naïve 3xTg-AD
vs. female re-test 3xTg-AD, p = 0.022). In addition, differences in the N effect were detected
in male group, so, the muscle weight being greater in the naïve group in both muscles
(quadriceps, N, F (1, 46) = 8.965, p = 0.005. Triceps surae, N, F (1, 46) = 7.267, p = 0.008).
In the group of 3xTg-AD mice, differences in S and N were detected in the triceps surae
muscle, the quadriceps muscle did not show significant differences in this analysis (triceps
surae, S, F (1, 44) = 14.955, p < 0.001. S×N, F (1, 44) = 6.998, p = 0.012), see Figure 7B,C.

In the sarcopenia index, significant differences were observed in sarcopenia index-
triceps surae (sarcopenia index, F (6, 70) = 3.158, p = 0.008, post hoc: male naïve 3xTg-AD
vs. female naïve 3xTg-AD, p < 0.001; female naïve 3xTg-AD vs. female re-test 3xTg-AD,
p = 0.022), see Figure 7E.

Furthermore, corticosterone levels were correlated with different variables, detecting
a different correlation between males and females. In males, a negative correlation with the
muscle weight of the quadriceps and triceps surae stands out, and a positive correlation
with the variables, phenotype scoring system, frailty score, cadence and physical endurance
on the first day (quadriceps, r2 = (-) 0.141, p = 0.008; triceps surae, r2 = (-) 0.098, p = 0.03).
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Figure 7. Biological status: HPA axis and sarcopenia index. (A) HPA axis, (B) quadriceps muscle
weight, (C) triceps surae muscle, weight, (D) sarcopenia index—quadriceps, (E) sarcopenia index—
triceps surae. Statistics: ANOVA, S, sex effect, S** p < 0.01**. N, naïve, naïve 16 months vs. re-
test 16 months, N*** p < 0.001***, N** p < 0.01**. S×N, sex and naïve effects, S×N** p < 0.01**,
S×N* p < 0.05*. Bonferroni post hoc test: s, sex; n: naïve, naïve 16 months vs. re-test 16 months; and #

expressed sex differences between genotypes, s###, p < 0.001### . The symbol
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effect in females: a** p < 0.01**. The symbol ⦸ indicates the absence of the group, and m, months. indicates the absence

of the group, and m, month.

Phenotype scoring system, r2 = 0.182, p = 0.002; frailty score, r2 = 0.119, p = 0.016; Ca-
dence, r2 = 0.092, p = 0.036; Physical endurance day 1, r2 = 0.190, p = 0.002), see Figure 8A–F.
In females, a positive correlation between corticosterone with performance in the rotarod
on total, the second and third day were detected (physical endurance—total, r2 = 0.143,
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p = 0.039; physical endurance Day 2, r2 = 0.157, p = 0.03, physical endurance Day 3,
r2 = 0.168, p = 0.024), see Figure 8G–I.
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Figure 8. Functional corticosterone correlations in males and females. Pearson’s Correlations anal-
ysis of corticosterone in males and females. Meaningful, Pearson’s correlation in males between
corticosterone and (A) quadriceps, (B) triceps surae, (C) phenotype scoring system, (D) frailty score,
(E) cadence, and (F) physical endurance Day 1. Meaningful, Pearson’s correlation in females be-
tween corticosterone and (G) physical endurance—total, (H) physical endurance Day 2, (I) physical
endurance Day 3. Statistics: Pearson r2, **p < 0.01, *p < 0.05.

In different way, only in male, functional correlations with sarcopenia index were
detected. Thus, sarcopenia index-quadriceps correlations with physical endurance Day 1
and Day 2 (sarcopenia index-quadriceps—physical endurance Day 1, r2 = 0.190, p = 0.002.
sarcopenia index–quadriceps—physical endurance Day 2, r2 = 0.084, p = 0.048). In ad-
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dition, sarcopenia index–triceps surae correlation with the number of horizontal explo-
rations (visited corners) (sarcopenia index–triceps surae—corners, r2 = (−)0.099, p = 0.029),
see Figure 9A–C.
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Figure 9. Functional correlations with sarcopenia index. Meaningful, Pearson’s correlations analysis
of sarcopenia index. Meaningful, Pearson’s correlation between sarcopenia index quadriceps and
(A) physical endurance Day 1, (B) physical endurance Day 2. Sarcopenia index, and triceps surae
and (C) horizontal exploration—visited corners. Statistics: Pearson r2, **p < 0.01, *p < 0.05.

On the other hand, males and females had a negative correlation between phenotype
score system and functional variables. In the case of males, a negative correlation was de-
tected between stride length and the phenotype scoring system (stride length—phenotype
scoring system, r2 = (−) 0.178, p = 0.003). In females, a negative correlation is observed
with physical endurance—total (phenotype scoring system, r2 = (−) 0.208, p = 0.011),
see Figure 10A,B.
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Figure 10. Functional correlations with phenotype score system. Pearson’s correlations analysis of phe-
notype score system. Meaningful, Pearson’s correlation between phenotype score system and (A) stride
length in males, and (B) physical endurance—total in females. Statistics: Pearson r2, **p < 0.01, *p < 0.05.
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Genotype Factor (G) Sex Factor (S) Re-Test Factor (R) Naïve Factor (N)

Phenotype
scoring system
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
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3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 
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  Naïve 16 m males 3xTg-
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groups 

Stride length: 
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at 16 m  

Exploration 
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Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  
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males at 16 m 
Vertical exploratory activity: 
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Exploratory activity (ratio): 
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16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

deficits 3xTg-AD group
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Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

3xTg-AD males at 16 m in the
re-test

Kyphosis

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 
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re-test group 
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Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

3xTg-AD males increased the
severity in the re-test at 16 m
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Table 2. Cont.

Genotype Factor (G) Sex Factor (S) Re-Test Factor (R) Naïve Factor (N)
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parameters of gait
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  Naïve 3xTg-AD females 

at 16 m 
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and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 
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and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 
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index 

 
  Triceps surae and 
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3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
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Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

3xTg-AD males at 12 m, and
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

in the re-test at 16 m
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tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

16 m naïve NTg and 3xTg-AD
Cadence:
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

3xTg-AD males at 12 m and
16 m Re-test
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

3xTg-AD and NTg Re-test
group at 12 and 16 m
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In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Naïve 16 m NTg and 3xTg-AD
males had a lower cadence than

age-matched re-tests

Speed:
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group at 12 and 16 m 
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re-tests 

Speed: 
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3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 
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Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Re-test and naïve 16 m
3xTg-AD females

Variability of stride length:
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Re-test and naïve 16 m
3xTg-AD females

Stride length:
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Re-test 3xTg-AD males at 12 m
Cadence:
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In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Naïve 16 m males 3xTg-AD
and NTg
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In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 
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[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Naïve 3xTg-AD and NTg
males at 16 m

Vertical exploratory activity:

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve 3xTg-AD and NTg
males at 16 m

Exploratory activity (ratio):

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve 3xTg-AD and NTg
males at 16 m

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve 3xTg-AD
females at 16 m

Geotaxis

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve 3xTg-AD
females at 16 m

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Re-test 3xTg-AD in the re-test
group compared to their

performance at 12 m.

Motor learning
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Latency 3xTg-AD males
Re-test at 16 m
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Latency and trials females at
12 m in both genotypes.

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Females at 16 m re-test group
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Latency re-test 3xTg-AD
males at 16 m
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Latency re-test 3xTg-AD
females at 16 m
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

N trials among males in
re-test group
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

N trials among females in
re-test group
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phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Latency naïve 3xTg-AD male
and females at 16 m

Physical
Endurance
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4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

3xTg-AD males at 12 m and
16 m in the re-test group.
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In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
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indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Day 2, 3xTg-AD males
in all groups
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According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
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4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 
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  Latency and trials females 
at 12 m in both genotypes. 
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Sarcopenia 
index 

 
  Triceps surae and 
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  Quadriceps and triceps 
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Re-test at 16 m. 
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sarcopenia index naïve 
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Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

3xTg-AD females at
12 m and 16 m
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Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Day 2–3, 3xTg-AD females at
12 m and 16 m
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NTg re-test males at 16 m

Biomedicines 2022, 10, x FOR PEER REVIEW 20 of 31 
 

Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 
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parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Re-test at 16 m male groups in
1st training day
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Re-test at 16 m female group
in 1st and 2nd day
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

16 m naïve 3xTg-AD males
than 3xTg-AD Re-test at this age.

HPA axis
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

3xTg-AD re-test at 16 m
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve females at 16 m
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 

Naïve Re-test males at 16 m
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Quantitative 
parameters of 

gait 

Speed:  
 3xTg-AD males at 12 m, 

and  
  in the re-test at 16 m 
  16 m naïve NTg and 

3xTg-AD  
Cadence:  

 3xTg-AD males at 12 m 
and 16 m Re-test 

  3xTg-AD and NTg Re-test 
group at 12 and 16 m 

  Naïve 16 m NTg and 
3xTg-AD males had a lower 
cadence than age-matched 

re-tests 

Speed: 
 Re-test and naïve 16 m 

3xTg-AD females  
Variability of stride length: 

  Re-test and naïve 16 m 
3xTg-AD females    

Stride length: 
  Re-test 3xTg-AD males at 

12 m 
Cadence:  

  Naïve 16 m males 3xTg-
AD and NTg  

  3xTg-AD male in all 
groups 

Stride length: 
  Naïve 3xTg-AD and NTg 

at 16 m  

Exploration 
and neophobia 

 
Exploratory activity (ratio): 

  NTg and 3xTg-AD 
females at 12 m  

 

Freezing: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Vertical exploratory activity: 
  Naïve 3xTg-AD and NTg 

males at 16 m 
Exploratory activity (ratio): 
  Naïve 3xTg-AD and NTg 

males at 16 m 
  Naïve 3xTg-AD females at 

16 m 

Geotaxis   
  Naïve 3xTg-AD females 

at 16 m 

  Re-test 3xTg-AD in the re-
test group compared to their 

performance at 12 m. 
 

Motor learning 
  Latency 3xTg-AD males 

Re-test at 16 m  

  Latency and trials females 
at 12 m in both genotypes. 
  Females at 16 m re-test 

group 

  Latency re-test 3xTg-AD 
males at 16 m 

  Latency re-test 3xTg-AD 
females at 16 m 

  N trials among males in 
re-test group 

  N trials among females in 
re-test group 

  Latency naïve 3xTg-AD 
male and females at 16 m  

Physical 
Endurance 

  3xTg-AD males at 12 m 
and 16 m in the re-test 

group.  
  Day 2, 3xTg-AD males in 

all groups  
  Day 3, 3xTg-AD males at 

12 m 

  3xTg-AD females at 12 m 
and 16 m  

  Day 2–3, 3xTg-AD 
females at 12 m and 16 m 

  NTg re-test males at 16 m 
  Re-test at 16 m in all 
group in 2nd and 3rd  

training days  
  Re-test at 16 m male 

groups in 1st training day 
  Re-test at 16 m female 
group in 1st and 2nd day 

  16 m naïve 3xTg-AD 
males than 3xTg-AD Re-test 

at this age.  

HPA axis  
  3xTg-AD re-test at 16 m 
  Naïve females at 16 m 

 
  Naïve Re-test males at 16 

m  
  Naïve females at 16 m 

Sarcopenia 
index 

 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females     

 

  Quadriceps and triceps 
sura muscles naïve males 

Re-test at 16 m. 
  Triceps surae and 

sarcopenia index naïve 
3xTg-AD females re-test 

females at 16 m  
Survival   High mortality, mostly among NTg female mice, rescued in longitudinal designs 

Naïve females at 16 m

Sarcopenia index
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Correlation’s 
interactions 

In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations 
between corticosterone and phenotype score system, frailty score, cadence, and physical endurance Day 1. 

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 
3. 

Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 
1 and 2. 

In females, negative correlations were detected between sarcopenia index–triceps and horizontal activity. 
Negative correlations in males were identified between phenotype score system and stride length, and in females’ 

phenotype score system and physical endurance—total. 
According to the factors, genotype (G), sex (S), re-test (R) and naïve (N), a summary of the main 
results of this study is presented. It also includes the correlation’s interactions. The symbol  
indicates increase,  indicates decreases, and m, month. 

4. Discussion 
Recently, we developed a battery of psychomotor tests that include gait, neophobia 

and exploration, muscle strength, motor learning, physical resistance, and frailty status 
[33]. The results, in males, indicated that 3xTg-AD mice exhibit a more significant func-
tional impairment in the quantitative variables of gait and exploratory activity than age-
matched NTg counterparts with normal aging. The presence of movement limitations and 
muscle weakness was determinant for the functional decline related to the stages of se-
verity of the disease that worsened with age. In addition, we detected the presence of signs 
of physical frailty, which accompany the functional deterioration of these animals. The 
signs of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the pre-
sent study was designed to investigate, for the first time, several aspects: (1) from a gen-
der-medicine perspective, the impact of this functional impairment in 3xTg-AD females 
as compared to males; (2) the long-term effects of repeated test, either in longitudinal (the 
same set of animals at 12 and 16 months of age) or transversal (two different sets, pre-
tested or naïve, at 16 months of age) designs, both in pathological and normal aging sce-
narios; 3) to include a phenotype of frailty and physical deterioration that may find a func-
tional correlation with the biological status (HPA axis and sarcopenia), with nuances in 
male and female animals.  

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis 
4.1.1. Survival 

The survival curves on the cohorts of 191 animals allowed us to record higher mor-
tality in females, being the group of NTg females the one that presented the highest num-
ber of deaths between 8–12 months of age. Interestingly, only females under the longitu-
dinal design survived and achieved 16 months of age, while the group of naïve NTg fe-
males perished before reaching that old age, suggesting that repeated testing might have 
some protective effects. These results agree with our previous reports in these colonies, 
where high mortality rates associated with increased frailty were reported in females, and 
NTg exhibited increased mortality from 12 months of age [42]. In the case of 3xTg-AD 
mice, females that reached old age were survivors who overcame the disease’s advanced 
neuropathological stages and exhibited lower behavioural differences with their NTg 
counterparts except for cognitive AD-hallmarks [47]. We have also described that, in male 
3xTg-AD mice, an increase of mortality rates is associated with impairment in the neuro-
immune-endocrine system compared to their females counterparts or the NTg genotype 
[48–50]. Noteworthy, we have recently reported survival bias and crosstalk between 
chronological and behavioral age in an APPswe model, where age- and genotype-sensi-
tivity tests defined behavioral signatures in middle-aged, old, and long-lived mice with 
normal and AD-associated aging [51]. Therefore, the present work provides further evi-
dence on sex and genotype-dependent differences in life expectancy and supports the key 
role of frailty and compensatory mechanisms as previously reported by our and other 
laboratories using different models of AD [29,49–52]. 
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4. Discussion

Recently, we developed a battery of psychomotor tests that include gait, neophobia
and exploration, muscle strength, motor learning, physical resistance, and frailty status [33].
The results, in males, indicated that 3xTg-AD mice exhibit a more significant functional
impairment in the quantitative variables of gait and exploratory activity than age-matched
NTg counterparts with normal aging. The presence of movement limitations and muscle
weakness was determinant for the functional decline related to the stages of severity of
the disease that worsened with age. In addition, we detected the presence of signs of
physical frailty, which accompany the functional deterioration of these animals. The signs
of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the present study
was designed to investigate, for the first time, several aspects: (1) from a gender-medicine
perspective, the impact of this functional impairment in 3xTg-AD females as compared
to males; (2) the long-term effects of repeated test, either in longitudinal (the same set of
animals at 12 and 16 months of age) or transversal (two different sets, pre-tested or naïve, at
16 months of age) designs, both in pathological and normal aging scenarios; (3) to include a
phenotype of frailty and physical deterioration that may find a functional correlation with
the biological status (HPA axis and sarcopenia), with nuances in male and female animals.

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis
4.1.1. Survival

The survival curves on the cohorts of 191 animals allowed us to record higher mortality
in females, being the group of NTg females the one that presented the highest number of
deaths between 8–12 months of age. Interestingly, only females under the longitudinal
design survived and achieved 16 months of age, while the group of naïve NTg females
perished before reaching that old age, suggesting that repeated testing might have some pro-
tective effects. These results agree with our previous reports in these colonies, where high
mortality rates associated with increased frailty were reported in females, and NTg exhib-
ited increased mortality from 12 months of age [42]. In the case of 3xTg-AD mice, females
that reached old age were survivors who overcame the disease’s advanced neuropatho-
logical stages and exhibited lower behavioural differences with their NTg counterparts
except for cognitive AD-hallmarks [47]. We have also described that, in male 3xTg-AD
mice, an increase of mortality rates is associated with impairment in the neuro-immune-
endocrine system compared to their females counterparts or the NTg genotype [48–50].
Noteworthy, we have recently reported survival bias and crosstalk between chronologi-
cal and behavioral age in an APPswe model, where age- and genotype-sensitivity tests
defined behavioral signatures in middle-aged, old, and long-lived mice with normal and
AD-associated aging [51]. Therefore, the present work provides further evidence on sex
and genotype-dependent differences in life expectancy and supports the key role of frailty
and compensatory mechanisms as previously reported by our and other laboratories using
different models of AD [29,49–52].

4.1.2. Frailty

In the present work, the frailty results showed genotype differences between males,
with NTg being the ones with the highest score. Only 12 of the 30 MCFI parameters were
included as the incidence of the other indicators was very low or null. Kane and Brown [29]
reported that 3xTg-AD male mice have a higher frailty index (FI) than NTg mice and
3xTg-AD females, and it was associated with their higher mortality ratios. Their study also
indicated an increase in the frailty associated with age. On the other hand, in the present
work, functional correlations in males found that their corticosterone levels correlated
with frailty score and phenotype scoring system, both measures of functional decline.
These results could indicate less deficit accumulation or functional capacity at the time of
measurement in 3xTg-AD mice [53]. Therefore, it is plausible that other factors contribute to
the survival/mortality of animals, and a complex multifactorial scenario be specific for each
sex and biological age/stage of disease. In addition, in female C57BL/6 mice, greater frailty
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from 17 months of age with higher mortality at 26 months has been recently described in
contrast to the non-fragile mice that reached 29 months of life [54]. These data have made
it possible to identify that the prevalence of frailty in female mice increases throughout life
and accurately predicts mortality [54]. Additionally, the animals’ bodyweight presented
genotype differences that coincide with previous data [33] but the re-test decreased the
weight in males, probably due to the training carried out at 12 months of age.

4.1.3. Kyphosis

On the other hand, the severity of kyphosis was differentiated into postural and
structural [31,32]. Here, genotype differences between males have been detected that
corroborate previous reports, with greater severity in 3xTg-AD mice [31]. In females, here
described for the first time, the severity of kyphosis increased with age and was more
significant in the 3xTg-AD mice at 16 months in the re-test group, where the structural type
predominates. The differences detected in males corroborate our other recent reports [32].

4.1.4. Phenotype Scoring System

Kyphosis is also one of the scores included in the phenotype scoring system [39,40],
which has recently been functionally differentiated by a severity classification that allows
more information to be collected in contrast to other variables, such as those associated with
gait and exploratory activity [32]. Thus, in the phenotype scoring system, we detected that
kyphosis at 12 months of age was more significant in NTg of both sexes, a significance that
was not reproduced at 16 months in these animals, which corroborates our differentiation
of severity in the presence of kyphosis since the postural condition can be positionally
modified. In addition, in the gait score, an increase in functional impairment was detected in
3xTg-AD males and females, which appears in the re-test group at 16 months. This variable
makes it possible to discriminate a significant impairment of movement and exploratory
activity since bizarre behaviours may occur that interfere with movement [31]. The deficits
detected in the quantitative parameters of gait will be discussed in the following section.

4.1.5. Clasping

Finally, the presence of increased clasping in naïve 3xTg-AD mice at 16 months can
also be highlighted. It was related to a more significant involved or progression of the
disease [55,56]. The present results also suggest that repeated tests exerted protective
effects in this respect. Lalonde [55] described brain regions and genes affecting limb-
clasping responses. In the C57BL/6 strain, age-dependent locomotor deficits, including
hindlimb clasping, are associated with a decreased number of dopaminergic neurons in
aged mice, with reduced dopamine levels in the striatum [57]. Interestingly, alterations
in the dopaminergic system described in 3xTg-AD mice and other AD models may also
explain the presence of increased clasping.

4.2. Quantitative Parameters of Gait, and Neophobia and Exploration
4.2.1. Stride Length

Quantitative parameters in the gait analysis indicated that stride length was shorter in
re-tested (16-month-old) male mice compared to age-matched naïve animals, and that this
variable correlated with the gait phenotype score system. Interestingly, re-tested 3xTg-AD
mice had the shortest stride length among the males compared to the naïve. In addition,
differences in genotype and sex were observed at 12 and 16 months in the re-test group
with greater stride length at 12 months in 3xTg-AD females and re-test in NTg males. In
addition, the stride variability in females was lower than that of males, and the 3xTg-AD
in all groups had the best performance, so their movement had more homogeneous steps
throughout the trajectory. Previously, in our study in male 3xTg-AD mice of 6, 12, and
16 months of age, no differences in stride length or variability were detected, although a
trend to increase stride length with age was observed in the case of 3xTg-AD mice while
remained stable in the NTg genotype [31]. However, in another study at 6 months of
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age, increased stride length was reported in 3xTg-AD mice with no sex difference [58]. In
addition, at 16 months of age, the gait of 3xTg-AD has been described as normal, without
differences in genotype and sex [59,60]. According to the results, we propose that using the
variability of the stride can help discriminate the trajectory of the movement during the
gait analysis similar to humans where recently the variability was identified as a marker of
cortical-cognitive dysfunction in AD patients [61,62].

4.2.2. Speed

A significant decrease in speed in the male 3xTg-AD mice in all groups was observed.
This decrease may be associated with a progressive functional decline in the 3xTg-AD male
mice and coincides with the findings at 13 months of age we have previously reported [33].
Cadence had a lower performance in the 3xTg-AD males at 12 months of age. However,
it increased at 16 months in the re-test group, differing from naïve at this age. Thus,
cadence and speed are the variables with the highest sensitivity to discriminate genotypic
differences in male mice and differentiate changes in gait attributable to pathological aging
in the 3xTg-AD genotype. In the case of 3xTg-AD females, speed in-creases slightly in the
16-months re-test group and was higher than in males in all groups. At the clinical level,
the identification of early changes in gait is of great relevance for identifying psychomotor
disorders that in the case of AD may be related to the timing of steps and gait speed [63].
Additionally, corticosterone levels were positively correlated with a cadence in males.

4.2.3. Neophobia and Exploration

The neophobia response, expressed as freezing, of 12 and 16-month-old naïve male
mice was lower than in re-test mice in both genotypes, and statistically significant when
contrasted with 16-month-old naïve mice. In females at 16 months of age, re-tested and
naïve, a higher freezing was observed than in 16-month-old naïve females, albeit did not
reach the statistical significance.

This neophobia emotional response is a characteristic of the 3xTg-AD model that is
ac-companied by reduced immediate exploratory behaviour in a novel environment, as
we first described in these animals in the open field test and the corner test already at the
early ‘premorbid’ age of 2.5 months and worsened with the progress of the disease [64]. In
addition, it corresponds to more sensitive ethological behaviours of the 3xTg-AD phenotype
that has been reported in several other studies [31,33,42]. In addition, the horizontal
exploratory activity did not report statistically significant differences.

However, in the vertical exploratory activity (number and latency of rearings), dif-
ferences between the re-test male mice at 16 months and the naïve of the same age were
more statistically significant than the activity in naïve mice. In addition, the ratio (visited
corners/rearings) in the re-test male mice of 12 and 16 months increased in the re-test but
differed from the females at both ages, being lower in males at 12 months in both genotypes.
At 16 months in re-test, NTg male’s ratio was high than NTg females, and in 3xTg-AD case,
the ratio was increased in females 3xTg-AD. This decrease in activity over time, which is
also observed in NTg mice, has been previously described as due to normal aging [64], with
3xTg-AD mice exhibiting less activity in most cases, which is attributed as a pathological
trigger similar to BPSD that appear later in NTg mice due to normal aging [64]. In addition,
in males was observed that correlated horizontal activity with triceps sural weight.

4.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity—Geotaxis
4.3.1. Muscular Strength

Muscular strength is associated with global cognitive function in older people [65]. In
addition, skeletal muscle mass index and physical performance (timed up and go test and
grip strength) have decreased in older adults with AD [66]. Our results have not detected
significant differences, although, at 12 months, it seems that females have a superior
performance in grip strength and muscular endurance. Previously, we have reported that
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13-month-old 3xTg-AD mice in natural isolation have preserved muscular strength [33] and
that muscle strength and endurance would be associated with aging [31]. The laboratory of
Brown also reported that at 6 months, 3xTg-AD mice have a deficit in grip strength [58], but
at 16 months these results are not reproduced [59]. Additionally, the reduction in muscle
weight and the appearance of sarcopenia may not yet be evident in the loss of muscle
strength and resistance, or aging in this variable has greater importance than the distinction
of the effects of the pathology in humans [67–69].

4.3.2. Geotaxis

On the other hand, geotaxis showed differences between the males, with the 3xTg-AD
re-test at 16 months being the ones that obtained a worse performance and the 3xTg-AD
naïve females at 16 months. In addition, females take longer to pass the test, which
is reflected in the differences in GxS in the 16-month-old re-test and naïve group. The
usefulness of this test has been previously described [70]. Specifically, the geotaxis has
allowed us to differentiate the animals’ postural positioning and balance strategies to pass
the test and thus detect a possible functional deficit [31,33]. Therefore, 3xTg-AD re-test
males and naïve females at 16 months show the most significant deterioration in this task.

4.4. Motor Performance: Learning and Physical Endurance—Rotarod

The motor performance showed superior performance in females of both genotypes.
The motor learning tests and the number of trials reached the maximum values of the test
in the re-test at 16 months. The increased performance may be due to pretraining done at
12 months, which can produce cognitive improvements with a long-term wheel of activity.
In 16-month-old naïve 3xTg-AD males and females, lower latency and high number of
trials were observed to achieve motor learning. Male 3xTg-AD mice have the most inferior
performance in all tests.

As in motor learning, females have a high physical endurance. The 3xTg-AD females
in the re-test group at 16 months achieved the highest performance over the male 3xTg-AD
naïve and re-test, and female 3xTg-AD naïve 16-month-old females, and with similar
performance to the NTg males of the same age. In addition, all groups increased their
performance with training from Day 1 to Day 3, which is evident to a greater extent on the
third day of training, and the effect of the re-test is observed at 16 months with an effect
on different days for males and females, being in males on the first day of training and in
females on the first and second day of training. Additionally, it was possible to distinguish
the effect of aging in the naïve male NTg in contrast to the naïve at 12 months and re-test
at 16 months. In addition, among the 3xTg-AD group, the sex differences between the
16-month-old re-test mice are distinguished from Day 1 to Day 3 of training. The 3xTg-AD
males present the lowest performance among all groups, although with the training in the
first day increased de physical endurance at 16 months in re-test group, on the following
days, their performance is below 3xTg-AD naïve for 16 months.

The motor performance of 3xTg-AD mice has been reported in different studies. The
performance in coordination and motor learning of 3xTg-AD mice has been highlighted
over the performance of NTg mice, and these results are observable from 6 months and
are reproduced at 16 months [58–60]. It has even been mentioned that 3xTg-AD females
perform better than males at these ages [58,59]. In our laboratory, only reproduced the
results of Stover et al. and Garvock-de Montbrun et. al. at 13 months, where the 3xTg-AD
male mice presented a higher performance than the NTg, but in the latter, the weight factor
interfered in the results [33]. Decreased motor function is also associated with aging, as
reported in C57BL/6 mice of different ages [71–73]. In addition, we have differentiated the
conceptualization of motor performance into motor learning—latency and motor learning—
trials learning, since after physical exercise, the animals must manage to stay on a moving
wheel in a coordinated manner. Consequently, in the first trials, physical endurance has
a workload associated with an anaerobic exercise that progresses to aerobic exercise as
the trials and their respective recovery times are replicated. In humans, the decrease in

48



Biomedicines 2022, 10, 973

endurance exercise performance and its physiological determinants with aging appear
to be mediated mainly by a reduction in the intensity (speed) and volume of exercise
performed during training sessions [74]. Under this hypothesis, in their study, Pena et al.
reported that 3xTg-AD mice improve their maximum latency in rotarod when subjected to
aerobic exercise [75].

These results are accompanied by correlations with corticosterone levels and behave
differently between males and females. In the case of males, corticosterone correlates
positively with physical endurance on the first day of training, and in the case of females, it
correlates positively with total physical endurance and physical endurance on the second
and third days. On the other hand, a positive correlation was also detected in males
between index-quadriceps sarcopenia and rotarod performance on the first and second
days. A negative correlation was also detected between total physical endurance and
the phenotype score system in females. Therefore, these interactions could explain the
differences in performance between the groups studied.

4.5. Biological Status: HPA Axis and Sarcopenia Index
4.5.1. Corticosterone

Corticosterone levels differed between groups due to sex and re-test factors, but not
genotype. Males exhibited lower corticosterone levels in naïve mice of both genotypes, with
similar levels between 3xTg-AD and NTg in the re-test group. On the contrary, in females,
higher plasma corticosterone levels were observed in the 3xTg-AD re-test, and naïve
females had similar levels that exceed the NTg re-test. It is also possible to distinguish that
naïve 3xTg-AD females had higher levels than their male counterparts. The results agree
with the sexual dimorphism reported by Muntsant et al., with higher plasma corticosterone
levels in females [42], and also with plasma levels similar to the intervals described by
Giménez-Llort et al. [76]. Additionally, corticosterone levels showed functional correlations
with different variables depending on sex. In males, the correlation was inversely associated
with the muscle mass of the quadriceps and triceps surae, and positively with frailty and
gait cadence indicators. On the other hand, higher corticosterone levels correlated with
higher performance on the first day of training in physical endurance. In females, the
correlation with corticosterone was related to physical endurance performance with greater
significance on the second and third training days. These results could indicate chronic
stress if there is a long-term activation of the HPA axis in the case of females [77]. A
report suggested that the combination of emotional and physical stress in a period of 5 h
of exposure severely affected memory in NTg mice and increased the alterations in 3xTg-
AD mice as a consequence of the reduction in the number dendritic spines and increase
in the Aβ levels [50]. Additionally, the elevated corticosterone may precede cognitive
impairments in genetically vulnerable 3xTg-AD females [78,79] and may, in turn, be related
to frailty [80].

4.5.2. Sarcopenia

Furthermore, we have observed that the quadriceps and triceps surae muscles have a
greater weight in naïve male mice, whereas in 3xTg-AD females, a lower weight is observed
in the triceps surae muscle with significant differences with the group of 3xTg-AD females
and re-test and males of this genotype. These differences in naïve 3xTg-AD females are
also observed in the sarcopenia index of the triceps surae muscle. In humans, sarcopenia is
closely related to dementia, particularly AD, and may be involved in the pathophysiological
process of AD [68,81]. On the other hand, poor muscle function but not reduced lean
muscle mass drives the association of sarcopenia with cognitive decline in old age [67,82].
Sarcopenia, low grip strength, and slow walking speed were significantly associated with
mild cognitive impairment in the community-dwelling elderly [80,83]. Therefore, our
results can be helpful to study what occurs in human pathology through a translational
approach to motor dysfunction at different levels of disability [31].
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Moreover, in the case of males, the weight of the quadriceps and triceps surae muscles
negatively correlated with plasma corticosterone levels. A positive correlation of the
quadriceps sarcopenia index with physical endurance Days 1 and 2 was also found. In
the case of the sural triceps sarcopenia index, it correlated negatively with the number of
corners visited in the exploratory activity. These correlations were not found in females.

Finally, the study’s limitations were given by the high mortality rate of NTg females
that resulted in the lack of 16-month-old naïve group. Therefore, the genotype differences
between 3xTg-AD and NTg females could not be contrasted. However, the analyses were
carried out to detect the sex differences between the 3xTg-AD group. In future research,
it would be interesting to compare the results of this study with NTg females since their
functional profile may differ from males in physical or biological variables, such as in
3xTg-AD females.

5. Conclusions

From the results, it is possible to highlight that the high mortality rate in females, and
among them that in the NTg group, was prevented in the group of females behaviorally
assessed at 12 months of age, and these females were able to reach the age of 16 months
completing the longitudinal design. In addition, higher corticosterone levels were detected
in females and lower muscle weight of the triceps surae, which could indicate sarcopenia
and alteration of the HPAaxis, which was more significant in the naive group at 16 months.
Additionally, there were genotype-sensitive variables such as the phenotype scoring system,
frailty and kyphosis in which the group of 3xTg-AD males showed physical deterioration.
In turn, the motor learning and physical endurance variables were sensitive to re-testing,
with 3xTg-AD females achieving the best performance when repeating the behavioral
battery at 16 months. In addition, the females exhibited a better performance in gait, where
their stride was homogeneous and straight. Additionally, females exhibited less severe
scores in physical variables, such as kyphosis, which could explain males’ more significant
deterioration in some motor tests. On the other hand, males showed deterioration in most of
the variables studied. For their part, the correlations could explain the differences obtained
between males and females, being positive in females between corticosterone and physical
endurance, and the case of males between sarcopenia index and physical endurance as
well as corticosterone with physical variables. The present results highlight the complexity
of experimental scenarios in neurodegenerative diseases, such as Alzheimer’s disease,
confirming not only the different impact of factors depending on genotype, sex, and
age but their interplay with the methodological approach. They provide evidence that
genotype, sex and age-dependent impact of behavioral assessment, as well as the repetition
of behavioral tests, should not be underestimated. Conversely, and most importantly,
the ability of behavioral assessment and repeated tests to modify the behavioral outputs
indicates that they could be considered functional trainings that modify survival, anxiety,
and functional profile (physical endurance and motor learning) of old male and female
3xTg-AD mice and also NTg mice counterparts with normal aging.
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Abstract: Patients with vascular dementia, caused by cerebral ischemia, experience long-term cogni-
tive impairment due to the lack of effective treatment. The mechanisms of and treatments for vascular
dementia have been investigated in various animal models; however, the insufficient information on
gene expression changes that define pathological conditions hampers progress. To investigate the
underlying mechanism of and facilitate treatment development for vascular dementia, we established
a mouse model of chronic cerebral hypoperfusion, including bilateral carotid artery stenosis, by
using microcoils, and elucidated the molecular pathway underlying vascular dementia development.
Rho-associated protein kinase (ROCK) 1/2, which regulates cellular structure, and inflammatory
cytokines (IL-1 and IL-6) were upregulated in the vascular dementia model. However, expression of
claudin-5, which maintains the blood–brain barrier, and MAP2 as a nerve cell-specific factor, was
decreased in the hippocampal region of the vascular dementia model. Thus, we revealed that ROCK
pathway activation loosens the tight junction of the blood–brain barrier and increases the influx
of inflammatory cytokines into the hippocampal region, leading to neuronal death and causing
cognitive and emotional dysfunction. Our vascular dementia model allows effective study of the
vascular dementia mechanism. Moreover, the ROCK pathway may be a target for vascular dementia
treatment development in the future.

Keywords: animal model; behavior test; biomarker; blood–brain barrier; cognitive dysfunction;
inflammation; memory dysfunction; neuronal cell death; Rho-associated protein kinase; vascular dementia

1. Introduction

Vascular dementia is the second leading cause of dementia after Alzheimer’s disease
(AD), and accounts for 30% of dementia cases in Asia. According to TOAST (trial of ORG
10,172 in acute stroke treatment), classifications of major stroke mechanisms, both in the US
and Asia, exhibit a higher risk of ischemic stroke and vascular dementia [1–3].

Vascular dementia, unlike dementia caused by AD, is accompanied by extracranial
stenosis or intracranial stenosis and it arises from hemodynamic insufficiency in the brain.
While cerebral hypoxic damage is considered the main pathogenic factor in vascular de-
mentia, the mechanism of vascular dementia has not been elucidated in prior research [4–6].
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Vascular dementia is mediated by several mechanisms, including oxidative stress, altered
cytokine and chemokine levels, and mitochondrial dysfunction [7]. The development of
bilateral carotid artery stenosis is accompanied by gradual decreases in the cerebral blood
flow. Once vascular insufficiency occurs, inflammatory factor levels increase and changes
occur in the cytoskeleton [8]. The decrease in cerebral blood flow due to bilateral carotid
artery ligation leads to excessive reactive oxygen species (ROS) [9] and inflammatory cy-
tokine production in ischemic blood vessels, leading to antioxidant system inhibition [10],
an inflammatory environment [11–13], and a low energy state, resulting in cell damage
and mitochondrial dysfunction [14,15]. This was observed as cognitive decline due to
nerve damage in the white matter [16], corpus callosum, and hippocampus [17] in both
humans and animals. Inflammation is insufficient to explain the pathogenesis of vascular
dementia. Additionally, the role of Rho-associated protein kinase (ROCK), an important
marker of cytoskeletal changes, has been reported in some ischemia models, but has not
been well-studied in vascular dementia.

In the present study, we aimed to elucidate the molecular mechanism underlying
vascular dementia development by using an established animal model [18]. The bilateral
carotid artery stenosis (BCAS) model is well-known in vascular dementia research and
is considered sufficient for representing clinical vascular insufficiency in the brain [19].
In order to implement an accurate disease model, we generated a BCAS model and con-
firmed, by behavioral analysis, that it represented early vascular dementia. Then, using this
model, we investigated the pathogenesis and underlying mechanisms of vascular dementia
based on the putative pathways of hypoxia-induced inflammatory blood–brain barrier
(BBB) disruption, ROCK-induced cytoskeletal changes caused by vascular insufficiency,
cell apoptosis, and structural changes in the cortex, corpus callosum, and hippo-campus.

2. Materials and Methods
2.1. Animals

All experimental procedures were performed at the Experimental Animal Center of the
Soonchunhyang Institute of Medi-Bio Science (SIMS, Cheonan, South Korea). All animal
experiments were performed in compliance with the Institutional Animal Care and Use
Committee of Soon Chun Hyang University (IACUC No. SCH 20-0065) and the Guidelines
for the Care and Use of Laboratory Animals specified by the National Research Council.

The experimental mice were housed in room with a 12-h light–dark cycle (7:00 a.m.–
7:00 p.m.), with a temperature of 23 ◦C ± 1–2 ◦C and with a humidity of 50 ± 5%.

2.2. Experimental Design

Female Balb/c nude mice (nine weeks old) were obtained from Orientbio (Seongnam,
South Korea). After a one-week habituation period, we prepared a BCAS model in the
10-week-old mice. We designated the normal type (NT) group as the control group and
designated the vascular dementia (VD) group as the experimental group. The experimental
design was based on a previously reported study and was performed using microcoil
implantation (SWPAO. 08 × 0.18 × 0.5 × 2.5, Samini Spring/Sawane, Shizuoka, Japan)
(Figure 1A) [4]. Briefly, the mice were anesthetized with isoflurane (Hana Pharm, Seoul,
South Korea). Mice were then fixed on the microscope (in the supine position), and a
midline incision was made over the cervical region to expose their common carotid arteries
(CCAs), which were then freed from their sheaths. We next carefully affixed microcoils
to the carotid artery [20]. Finally, the wound was sutured with 6–0 silk. All processes
were performed on a heating pad (25–26 ◦C). The mice were monitored for weight, body
temperature, and paralysis twice weekly after surgery until stabilization occurred. Vascular
dementia modeling was confirmed with behavioral analysis when mice were 16 weeks old.
Molecular analyses were subsequently performed (Figure 1B).
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of the maze box) and the correct alteration/total number of entries was recorded. The light 
intensity was set to 390 lx. 

2.3.2. Barnes-Maze Test 
The Barnes-maze test (Gaon-Bio, Yongin, South Korea) evaluates learning, memory, 

and cognitive flexibility. The apparatus for this test was a circular black platform, 90 mm 
in diameter (18 holes). The experimental design was as follows. Block 1 included a training 
phase (three minutes to find and enter the escape route). Block 2 included a probe phase 
(removing the escape box and evaluating the time spent in the quadrant where the escape 
box had originally been located). Each mouse was placed in the middle of the apparatus. 
The time spent in each quadrant (i.e., the target zone, the target hole, and the error zone) 
were recorded. This experiment was repeated every day for four days. The light intensity 
was set to 390 lx. 

2.3.3. Passive Avoidance Test 
The passive avoidance test (Harvard Apparatus, Holliston, MA, USA) is a test of 

long-term memory based on fear. The mouse was placed in a light compartment in the 
main box and was allowed a search time of 1 min. After 1 min, the door was opened, and 
the mouse entered a dark compartment. After the mouse entered the dark compartment 
for 2 s, the door was closed. The mouse was given an electric shock for 5 s. This experiment 
was repeated for four days. The light intensity in the box was set to 390 lx. 

Figure 1. Modeling vascular dementia in a bilateral carotid artery stenosis (BCAS) mouse model.
(A) The third rotation of the microcoil around the total carotid artery, after which the microcoil was
tied. Blood vessel color change due to decreased blood flow due to microcoil ligation. (B) Schematic
representation of the BCAS surgical strategy.

2.3. Behavior Tests

All behavioral analyses were performed at the Experimental Animal Center of Soon-
chunhyang Institute of Medi-Bio Science (SIMS, Cheonan, South Korea) and were con-
ducted in a custom-made chamber (Scitech Korea, Seoul, South Korea) to reduce experi-
mental deviation. White noise was present at a level of approximately 60 dB. Additionally,
all experimental data (with the exception of the passive avoidance test) were analyzed using
Smart v3.0 software (Panlab, Barcelona, Spain). Passive avoidance tests were con-ducted
using a shut-avoidance program (Panlab, Barcelona, Spain). Statistically significant differ-
ences were confirmed using unpaired t-tests after conducting the experiments in triplicate.

2.3.1. Y-Maze Test

A Y-maze (Gaon-Bio, Yongin, South Korea) was used to assess short-term memory
and the locomotor activity index. The experimental time was eight min for each subject.
Each mouse was initially placed in arm A (among zones A, B, and C, as well as the center
of the maze box) and the correct alteration/total number of entries was recorded. The light
intensity was set to 390 lx.

2.3.2. Barnes-Maze Test

The Barnes-maze test (Gaon-Bio, Yongin, South Korea) evaluates learning, memory,
and cognitive flexibility. The apparatus for this test was a circular black platform, 90 mm in
diameter (18 holes). The experimental design was as follows. Block 1 included a training
phase (three minutes to find and enter the escape route). Block 2 included a probe phase
(removing the escape box and evaluating the time spent in the quadrant where the escape
box had originally been located). Each mouse was placed in the middle of the apparatus.
The time spent in each quadrant (i.e., the target zone, the target hole, and the error zone)
were recorded. This experiment was repeated every day for four days. The light intensity
was set to 390 lx.

2.3.3. Passive Avoidance Test

The passive avoidance test (Harvard Apparatus, Holliston, MA, USA) is a test of
long-term memory based on fear. The mouse was placed in a light compartment in the
main box and was allowed a search time of 1 min. After 1 min, the door was opened, and
the mouse entered a dark compartment. After the mouse entered the dark compartment
for 2 s, the door was closed. The mouse was given an electric shock for 5 s. This experiment
was repeated for four days. The light intensity in the box was set to 390 lx.
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2.3.4. Open Field Test

An open field test (Gaon-Bio, Yongin, South Korea) was used to assess motor activity
and anxiety. Specifically, a 45 × 45 × 40-cm square open field was used for this test. The
experimental time was 10 min for each subject. Each mouse was placed in the middle of
the field. The center and peripheral zones were set to light intensities of 390 lx.

2.3.5. Light and Dark Test

The light and dark test (Domestic) was used to assess locomotor activity and anxiety.
The mice were placed in a 45 × 45 × 40 cm diameter square box with a black partition. The
experimental time was 10 min for each subject. The large chamber was open and brightly
illuminated (390 lx), while the small chamber was closed and dark. Each mouse was placed
in the dark box. After 5 s, the door was opened. The experimental zones were maintained
with the light and dark zones. The light intensity was set to 390 lx in the light zone.

2.4. Reverse-Transcription Quantitative Real-Time PCR

After being harvested, the frozen left hemisphere of each mouse (200 mg) was prepared
and homogenized. To determine the mRNA expression levels of the target genes, total RNA
was extracted from the mouse brain tissue using an easy-BLUE™ Total RNA Extraction Kit
(iNtRON, Daejeon, Korea) according to the manufacturer’s protocol. The concentration
and quality of the isolated RNA were determined using a NanoDrop spectrophotometer
(NanoDrop Technologies, LLC; Wilmington, DE, USA). Next, cDNA was synthesized using
2 µg total RNA with an All-in-One 5 × First Strand cDNA Master Mix (CellScript, Madison,
WI, USA), and quantitative real-time PCR (qRT-PCR) was performed using TOPreal™
qPCR 2X PreMIX (Enzynomics, Daejeon, Korea) according to the manufacturer’s protocol.
Rock1, Rock2, Occludin, Claudin-5, Il-6, Il-1β, Mcp-1, Ccrr2, and VCAM-1 mRNA transcript
levels were detected using the CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA).

2.5. Immunohistochemical Staining

The paraffin-embedded sections were dewaxed with xylene and dehydrated with a
graded alcohol series. Subsequently, sections were incubated in 3% (w/v) H2O2 for 2 min
and washed with PBS three times for 5 min each. Next, antigens were retrieved with
10 mM sodium citrate buffer. The sections were treated with peroxidase for 10 min in
blocking solution to block endogenous peroxidase, and then in 5% goat serum for 10 min to
block non-specific antibody binding. Overnight incubation with rabbit anti-alpha smooth
muscle actin (α-SMA) polyclonal antibody (1:300; abcam, Boston, MA, USA) or rabbit anti-
microtubule-associated protein 2 (MAP2) polyclonal antibody (1:500; GeneTex, Irvine, CA,
USA) was performed in humidified boxes at 4 ◦C. Phosphate-buffered saline (PBS) was used
as a negative control. Staining was then developed with a 3,3′-diaminobenzidine (DAB)
solution for 3 min. Tissues were rinsed in PBS three times, for 5 min each time, between
each step, and then stained with hematoxylin. Sections were subsequently mounted,
dehydrated, coverslipped, and examined under a Motic Easyscanone (Houston, TX, USA).
Immunohistochemistry was analyzed with an Motic Digital Slide assistant system (Motic
China Group Co., Ltd., Xiamen, China).

2.6. Luxol Fast Blue Staining

Luxol fast blue (LFB) staining was performed on brain sections to visualize myelin
tracts in the corpus callosum. After rehydration in distilled water, the sections were stained
with LFB solution for 2 h at 60 ◦C followed by differentiation in 0.05% lithium carbonate
solution and 70% ethanol for 45 s to 2 min until the gray matter was colorless while the
white matter stained blue and was sharply defined. The sections were then washed in
distilled water, dehydrated, cleared, and coverslipped.

58



Biomedicines 2022, 10, 446

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad,
Inc., San Diego, CA, USA). Data are presented as means ± standard deviations (SD). For
comparisons involving more than two groups, all analyses were performed at least in
triplicate and statistical differences were analyzed via unpaired t-tests. Two-sided p-values
of <0.05 were considered statistically significant.

3. Results
3.1. Behavior Testing Results

In the NT group, short-term spatial memory measurements were obtained using the
Y-maze test [16,21,22]. However, BCAS mice showed repetitive behavior with memory
impairment, entering the same arm repeatedly (Figure 2A). We found that the percentage
was lower in the VD group than in the NT group (NT 48.2% vs. VD 34.6%; p < 0.05, Figure 2B,
Table 1). Moreover, the total number of arm entries during the test was considerably greater
in the NT than in the VD group (NT 48.1% vs. VD 34.6%, p < 0.04, Figure 2B, Table 1). The
higher percentage of alternation triplets in the BCAS model demonstrated a tendency for
these mice to explore new environments; thus, our study conclusively confirmed a protocol
for building and evaluating a BCAS mouse model [21].

Table 1. Y-maze tests and animal assignments.

Group No. of Mice Mean Value

Y-maze
(Alternation triplet)

NT 9 47.22
VD 9 33.29 *

Y-maze
(Total arm entry)

NT 9 48.13
VD 9 34.61 **

Values are means ± standard deviations. * p < 0.05 and ** p < 0.01 represent the tendency and significant
difference, respectively.

The Barnes-maze test was used to assess spatial learning and memory impairment
(Figure 3A) [23,24]. Repeated experiments were conducted over the course of four days to
determine if the location of the food was remembered through several instances of repeated
learning. In the NT group, the distance and time to find the target was decreased on the
last day as compared to the first day, whereas the time to find the target was increased in
the VD group (Figure 3B,C, Table 2). During exploratory trials, the VD group animals spent
a statistically significant less amount of time in the target quadrant (where the escape box
had previously been located; NT 38.84% vs. VD 14.7%, p < 0.01, Figure 3D, Table 2). Based
on comparison of the time required to find the target hole (NT, 6 s vs. VD, 18.7 s, p < 0.01,
Figure 3E, Table 2), we concluded that VD group mice found it difficult to locate the target
hole, despite repeated training.

Table 2. Barnes-maze tests and animal assignments.

Group No. of Mice Mean Value

Barnes-maze
(Time spent in target quadrant)

NT 9 38.84
VD 8 14.74 **

Barnes-maze
(Time to the find target hole)

NT 17 6.060
VD 9 18.73 ***

Values are means ± standard deviations. ** p < 0.01 and *** p < 0.001 represent the tendency and significant
difference, respectively.

The passive avoidance test was used to evaluate negative learning and long-term
memory by repeatedly evoking entrapment. When the mice remembered the stress induced
by the electrical shock in the text box, the time spent in the test box differed between the NT
and VD groups (Figure 4, Table 3) [16,22,25]. In the VD group, memory was not established,
despite repetitive learning, whereas in the NT group, memory was maintained over time.
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On day three, we found a statistically significant difference between the VD and NT groups
(VD 265.7 s vs. NT 107.4 s). Thus, BCAS modeling could induce mice to step into the electric
shock box more frequently, confirming that fear avoidance and hippocampus-dependent
contextual memory were degraded in these model mice.

Table 3. Passive avoidance test and animal assignments.

Group No. of Mice Mean Value

Passive avoidance
NT 9 38.84
VD 8 14.74 **

Values are means ± standard deviations. ** p < 0.01 represents the tendency and significant difference.
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experimental data. The start zone is the blue box. (B) Differences in the alternation triplet percentage
between groups (left). Differences in the total number of arm entries between groups (right). Data are
expressed as means ± standard deviations (SD). (* p < 0.05; ** p < 0.01).
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Figure 3. Barnes-maze test (NT [normal type]: control group, VD [vascular dementia]: BCAS
[bilateral carotid artery stenosis] model group). (A) Recorded experimental data. The target zone was
designated via a red circle and the error zone was designated via a blue circle (left: NT, right: VD).
(B) Differences between groups for the distance to the target (by day). (C) Differences between groups
for latency to the target (by day). (D) Differences between groups in the percentage of time spent in
the time quadrant ** p < 0.01. (E) Differences between groups in the time spent to find the target hole
in the time quadrant *** p < 0.001. Data are expressed as means ± standard deviations (SD).

In the open field test (an anxiety test for mice), the NT group spent more time in the
peripheral area than in the central area (Figure 5A) [26,27]. In the peripheral zone, the VD
group moved a shorter distance than did the NT group (Figure 5B, left, Table 4). In the
central area, the NT group showed a longer movement distance than did the VD group
(Figure 5B, right, Table 4). Total movement distance was only slightly different between the
VD and NT groups (Figure 5C, Table 4). The light/dark transition test confirmed that mice
in the VD group were less anxious than the NT mice, given that mice demonstrate more
anxiety in bright light (Figure 5D, Table 4) [28,29] (NT 22.1 vs. VD 12.5, p < 0.0113).

61



Biomedicines 2022, 10, 446

Biomedicines 2022, 10, 446 8 of 21 
 

Values are means ± standard deviations. ** p < 0.01 and *** p < 0.001 represent the tendency and 
significant difference, respectively. 

The passive avoidance test was used to evaluate negative learning and long-term 
memory by repeatedly evoking entrapment. When the mice remembered the stress in-
duced by the electrical shock in the text box, the time spent in the test box differed between 
the NT and VD groups (Figure 4, Table 3) [16,22,25]. In the VD group, memory was not 
established, despite repetitive learning, whereas in the NT group, memory was main-
tained over time. On day three, we found a statistically significant difference between the 
VD and NT groups (VD 265.7 s vs. NT 107.4 s). Thus, BCAS modeling could induce mice 
to step into the electric shock box more frequently, confirming that fear avoidance and 
hippocampus-dependent contextual memory were degraded in these model mice. 

 
Figure 4. Passive avoidance test. Negative memory was evaluated based on the mean latency time 
(s) to enter the electric shock box. (NT [normal type]: control group, VD [vascular dementia]: BCAS 
[bilateral carotid artery stenosis] model group). Data are expressed as means ± standard deviations 
(SD), ** p < 0.01. 

Table 3. Passive avoidance test and animal assignments. 

 Group No. of Mice Mean Value 

Passive avoidance 
NT 9 38.84 

VD 8 14.74 ** 
Values are means ± standard deviations. ** p < 0.01 represents the tendency and significant differ-
ence. 

In the open field test (an anxiety test for mice), the NT group spent more time in the 
peripheral area than in the central area (Figure 5A) [26,27]. In the peripheral zone, the VD 
group moved a shorter distance than did the NT group (Figure 5B, left, Table 4). In the 
central area, the NT group showed a longer movement distance than did the VD group 
(Figure 5B, right, Table 4). Total movement distance was only slightly different between 
the VD and NT groups (Figure 5C, Table 4). The light/dark transition test confirmed that 
mice in the VD group were less anxious than the NT mice, given that mice demonstrate 
more anxiety in bright light (Figure 5D, Table 4) [28,29] (NT 22.1 vs. VD 12.5, p < 0.0113). 

These behavioral analyses confirmed that the BCAS animal model demonstrated 
clinical characteristics of human vascular dementia. 

Figure 4. Passive avoidance test. Negative memory was evaluated based on the mean latency time
(s) to enter the electric shock box. (NT [normal type]: control group, VD [vascular dementia]: BCAS
[bilateral carotid artery stenosis] model group). Data are expressed as means ± standard deviations
(SD), ** p < 0.01.

Table 4. Open field, light and dark test, and animal assignments.

Group No. of Mice Mean Value

Open field
(Distance in periphery zone)

NT 9 3192
VD 8 3050

Open field
(Distance in center zone)

NT 11 477.6
VD 10 504.8

Open field
(Total distance)

NT 12
NSVD 9

Light and dark
(Transition)

NT 13 22.15
VD 7 12.57 *

Values are means ± standard deviations * p < 0.05 represents the tendency and significant difference.

These behavioral analyses confirmed that the BCAS animal model demonstrated
clinical characteristics of human vascular dementia.

3.2. Increases in ROCK Expression in the Brains of VD Model Mice

Next, to identify the specific mechanism associated with induced vascular dementia,
we isolated the brains of the VD model mice and used RT-qPCR to determine mRNA
transcription levels of ROCK in the NT and VD groups to identify the mechanisms causing
ischemic brain injury in VD mice. ROCK regulates actin cytoskeletal reorganization and
interaction with tight junction (TJ) proteins in endothelial cells. ROCK mRNA levels
were higher in the VD group than in the NT group (Rock1: 1.00 [NT] vs. 17.48 [VD],
p = 0.0003; Figure 6A, Table 5; Rock2: 1.00 [NT] vs. 15.01 [VD], p = 0.0006, Figure 6B,
Table 5). Therefore, BCAS statistically significantly increased Rock expression, suggesting
that TJ protein redistribution occurred in BCAS-induced brain injury.

Table 5. List of the experimental groups (Rock1/2).

Group No. of Mice Mean Value

Rock1
NT 9 1
VD 9 17.48 ***

Rock2
NT 9 1
VD 9 15.01 ***

Values are means ± standard deviations. *** p < 0.001 represents the tendency and significant difference.
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group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis] model group). (A) Smart 3.0 
analysis program data (left: NT, right: VD). (B) Differences in the distance moved between the pe-
ripheral zone (NT, 3192.1 cm; VD, 3050.2 cm) and the central zone (NT, 483 cm; VD, 521.8 cm) (C) 
Differences between groups in the total distance moved in the open field test. (D) Differences be-
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Table 4. Open field, light and dark test, and animal assignments. 

 Group No. of Mice Mean Value 

Open field 
NT 9 3192 

VD 8 3050 

Figure 5. A depiction of the open field test and the light and dark test (NT [normal type]: control
group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis] model group). (A) Smart
3.0 analysis program data (left: NT, right: VD). (B) Differences in the distance moved between the
peripheral zone (NT, 3192.1 cm; VD, 3050.2 cm) and the central zone (NT, 483 cm; VD, 521.8 cm)
(C) Differences between groups in the total distance moved in the open field test. (D) Differences
between groups in the number of transitions in the light/dark transition test, * p < 0.05. Data are
expressed as means ± standard deviations (SD).
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Figure 6. Rock mRNA expression in the brain of bilateral carotid artery stenosis (BCAS) mice. (NT
[normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis] model
group). (A,B) mRNA expression of ROCK1/2 was determined by quantitative real-time polymerase
chain reaction in the two groups (NT, VD) after BCAS. *** p < 0.001. The results are expressed as
mean values and the error bars represent standard deviations.

3.3. Reduction in TJ Protein Expression in the Brain of VD Model Mice

Increased expression of ROCK in VD mice indicated a decrease in TJ-related proteins.
In brain vascular endothelial cells, TJs form barriers that limit cell permeability. After BCAS,
the mRNA expression levels of Occludin and Claudin-5, which encode proteins in-volved in
TJs, were statistically significantly reduced in the BCAS group as compared to the NT group
(Occludin: 1.00 [NT] vs. 0.69 [VD], p = 0.0745, Figure 7A, Table 6; Claudin-5: 1.00 [NT]
vs. 0.58 [VD], p = 0.0300, Figure 7B, Table 6). BCAS disrupted the BBB through decreased
endothelial adhesion junction protein expression and increased ROCK expression. The
decrease in the expression of Occludin and Claudin-5 indicates the collapse of the BBB
structure, which is likely to increase inflammatory reactions.
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Figure 7. Quantitative real-time polymerase chain reaction analysis revealed that bilateral carotid
artery stenosis (BCAS) induced decreased mRNA levels of Occludin and Claudin-5 in the VD group.
(NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis]
model group). (A,B) Relative mRNA expressioin levels of Occludin and Claudin-5. * p < 0.05. The
results are represented as mean values and the error bars represent standard deviations.

Table 6. Occludin and Claudin-5.

Group No. of Mice Mean Value

Occludin
NT 9 1
VD 9 0.69

Claudin-5
NT 9 1
VD 9 0.58 *

Values are means ± standard deviations. * p < 0.05 represents the tendency and significant difference.

3.4. Increased Expression of Adhesion Molecules and Pro-Inflammatory Cytokines in VD Mice

Vascular cell attachment molecules-1 (VCAM-1) control the occurrence and amplifica-
tion of tissue inflammation during ischemic brain damage. Many inflammatory factors are
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elevated in brain diseases when the BBB is damaged. Inflammatory factors bound to white
blood cell ligands by cell adhesion molecules migrate to the injured brain tissue [30–33]. In
this study, the change in mRNA expression in the pro-inflammatory milieu of the BCAS
model was confirmed by RT-qPCR. VCAM-1, Il-6, Il-1β, Mcp-1, and Ccr2 were statisti-
cally significantly higher in the VD group than in the NT group (VCAM-1: 1.00 [NT] vs.
2.82 [VD], p < 0.0001, Figure 8E, Table 7; Il-6: 1.00 [NT] vs. 116.7 [VD], p < 0.0007, Figure 8A,
Table 7; Il-1β: 1.00 [NT] vs. 20.08 [VD], p < 0.0058, Figure 8B, Table 7; Mcp-1: 1.00 [NT] vs.
4.12 [VD], p < 0.0635, Figure 8C, Table 7; Ccr2: 1.00 [NT] vs. 1.69 [VD], p = 0.3846, Figure 8D,
Table 7). These results suggested that increased inflammatory reactions occur through the
expression of high levels of adhesion molecules and pro-inflammatory cytokines associated
with pathological conditions in the VD group.
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Figure 8. Upregulated expression of adhesion molecules and pro-inflammatory cytokines after BCAS
(NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis]
model group) (A–E) Relative mRNA expression levels of IL-6, IL-1β, Mcp-1, Ccr2, and VCAM-1.
** p < 0.01, *** p < 0.001, and **** p < 0.001. The results are presented as mean values and the error
bars standard deviations.
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Table 7. Pro-inflammatory cytokines.

Group No. of Mice Mean Value

Il-6
NT 9 1
VD 9 116.7 ***

Il-1β
NT 9 1
VD 9 20.08 **

Mcp-1 NT 9 1
VD 9 4.12

Ccr2
NT 9 1
VD 9 1.69

Vcam-1
NT 9 1
VD 9 2.82 ****

Values are means ± standard deviations. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 represent the tendency and
significant difference, respectively.

3.5. Vasoconstriction and Apoptosis in the VD Group

α-SMA induces chronic angiopathy in obstructive vascular diseases, including is-
chemic stroke. The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay detects DNA fragments generated during cell apoptosis. In the VD mouse brains,
α-SMA and TUNEL were confirmed by immunohistochemistry (IHC). The VD group
showed statistically significantly higher α-SMA (Figure 9A, Table 8) and TUNEL (Figure 9B,
Table 8) staining than the NT group. These results suggest that BCAS can induce brain
damage by increasing α-SMA expression in the hippocampus, as well as by inducing an
increase in vasoconstriction and apoptosis.

Table 8. α-SMA and TUNEL.

Group No. of Mice Mean Value

α-SMA
NT 3 0
VD 1 0.165

TUNEL
NT 1 0.187
VD 1 0.451

Values are means ± standard deviations.

3.6. Changes in Brain Structure in the VD Group

The cerebral cortex is a collection of neurons located on the surface of the cerebrum.
The corpus callosum consists of thick bundles of nerve fibers that connect to the cerebral
hemispheres, allowing interhemispheric conduction of signals [34,35]. In the VD group,
irregularities in cortical arrangement (Figure 10A,B) and decreased MAP2-positive neurons
(Figure 10C,D) in the cornu ammonis (CA1) region of the hippocampus were confirmed.
LFB staining appeared uniformly throughout the corpus callosum in the NT group, but
was not uniformly found in the VD group (Figure 10E,F, Table 9) [36]. The corpus callosum
thickness was reduced in the VD group as compared to the NT group [37]. These results
suggest increased cortical, hippocampal, and corpus callosum damage in the VD group,
due to decreased cerebral blood flow.
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Figure 9. Immunoreactivity of alpha smooth muscle actin (α-SMA) and results of a terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL) assay in the hippocampus in the NT and 
VD groups (NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery 
stenosis] model group). (A,B) Left: representative photomicrographs of α-SMA in TUNEL immu-
noreactive cells. Right: quantification of α-SMA through TUNEL immunoreactivity.  

  

Figure 9. Immunoreactivity of alpha smooth muscle actin (α-SMA) and results of a terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay in the hippocampus in the NT
and VD groups (NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid
artery stenosis] model group). (A,B) Left: representative photomicrographs of α-SMA in TUNEL
immunoreactive cells. Right: quantification of α-SMA through TUNEL immunoreactivity.
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staining in the brains of the VD group. NT [normal type]: control group, VD [vascular dementia]: 
BCAS [bilateral carotid artery stenosis] model group). (A,B) H&E staining in the NT and VD groups. 
(C,D) MAP2 IHC in the NT and VD groups (hippocampal cornu ammonis [CA1] region). (E,F) My-
elin staining. Coronal sections of paraffin-embedded brains from the NT and VD groups were 
stained with Luxol fast blue. All images are of the cerebral cortex (left) and the hippocampus (right). 
(G) Thickness of the corpus callosum in NT and in VD mouse tissue, obtained using Image J soft-
ware. 
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 Group No. of Mice Mean Value 
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VD 2 163.9 
Values are means ± standard deviations. 

Figure 10. Hematoxylin and eosin (H&E), immunohistochemistry (IHC; MAP2), and Luxol fast blue
staining in the brains of the VD group. NT [normal type]: control group, VD [vascular dementia]:
BCAS [bilateral carotid artery stenosis] model group). (A,B) H&E staining in the NT and VD
groups. (C,D) MAP2 IHC in the NT and VD groups (hippocampal cornu ammonis [CA1] region).
(E,F) Myelin staining. Coronal sections of paraffin-embedded brains from the NT and VD groups were
stained with Luxol fast blue. All images are of the cerebral cortex (left) and the hippocampus (right).
(G) Thickness of the corpus callosum in NT and in VD mouse tissue, obtained using Image J software.

Table 9. Corpus callosum.

Group No. of Mice Mean Value

Corpus callosum NT 3 216.2
VD 2 163.9

Values are means ± standard deviations.
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4. Discussion

Chronic hypoperfusion has two effects. First, a hypoxic injury phenomenon is induced,
which can cause BBB collapse, which results in inflammation and cytokine changes. It
is already established that an ischemic dementia model can elucidate the mechanisms of
neuronal death and dysfunction after ischemia. In the present study, we established a
vascular insufficiency model (a BCAS model) using a microcoil [38–40]. The low ischemia
was induced by occlusion of the common carotid and vertebral arteries, resulting in in-
flammation and BBB disruption in the absence of motor weakness. Results from our study
identified behavioral deficits in the VD model. The results of the Y-maze and Barnes-maze
confirmed that spatial learning, short-term memory, spatial cognitive ability, and cognitive
ability were adversely affected by BCAS in the VD group [41–44]. As a confirmation of
early vascular dementia, we found that cell changes in CA1 levels in the hippocampus
occurred at 6 weeks post-BCAS. Changes in the nucleus and cell rearrangement in the
brain cortex, corpus callosum, and white matter tract were similarly confirmed [16,45]. We
then investigated the pathogenesis and mechanisms for vascular dementia according to
the putative pathways of hypoxia-induced inflammatory BBB disruption: ROCK-induced
cytoskeletal changes due to vascular insufficiency, apoptosis, and structural changes in
the cortex, corpus callosum, and hippocampus (Figure 11), and showed gene expression
changes that reflected these events. BBB disruption is a pathological hallmark of ischemic
brain injury [46]. However, the mechanism underlying this process remains unclear. In our
study, we found that increased Rock and inflammatory factors accompanied BBB disruption
(Figures 6–8). Our findings suggest that ROCK, adhesion molecules, and pro-inflammatory
cytokines are important physiological and pathological modulators.
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Figure 11. Schematic representation of vascular dementia.

Ischemic brain injury is accompanied by increased inflammation as well as increased
BBB permeability [47]. In the ischemic brain, inflammatory mediators stimulate cerebral
endothelial cells to induce inflammatory responses [48,49]. Expression of the VCAM-1
adhesion molecule has been comprehensively studied as an indicator of inflammation in
models of cerebral ischemia [50]. Our results indicated an increase in VCAM-1 levels after
the BCAS group. Additionally, the major pro-inflammatory cytokines evaluated in this
study were Il1, Il6, and Mcp1 [47,51]. These cytokines are initiators of the inflammatory
response and promote the expression of adhesion molecules [52], suggesting that pro-
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inflammatory cytokines upregulated adhesion molecules and aggravated brain injury in
the VD mice in our study [53].

The BBB is required for the structural stabilization of TJ proteins as structural com-
ponents that maintain cerebrovascular integrity and BBB function [54,55]. Activated ROCK
and pro-inflammatory cytokines correspond to vascular endothelial damage [51,56]. We
found an inflammatory response that was upregulated by higher vascular permeability in
the ischemic-injured brains of the VD group (Figure 8A–E).

The cerebral cortex is the largest site of neural integration in the central nervous
sys-tem, and plays an important role in memory, language, and consciousness. When the
blood supply to the brain is reduced due to narrowing of the brain arteries, the brain tissue
suffers ischemic damage. [41,44,57]. In the BCAS group, we confirmed that the cortical cell
arrangement was altered and demonstrated irregular cell shapes. These results suggested
damage to the cortex, which is responsible for cognitive function (Figure 10A,B).

MAP2, a cytoskeletal microtubule-associated protein distributed in the hippocampal
region which is responsible for learning and memory processes, plays an important regula-
tory role in maintaining neuronal plasticity and differentiated neuron morphology. The
statistically significant decrease in MAP2-dependent neuronal plasticity and structural
integrity in the hippocampal CA1 region of the VD group seen in this study suggests a
detrimental effect on the ability to learn new facts and store memory (Figure 10C,D).

The corpus callosum is a myelinated structure that acts as a bridge between the
brain hemispheres and is responsible for signal transmission. Damage to the corpus
callosum disrupts contact between the two hemispheres, leading to various impairments
(e.g., language and cognitive functions). Myelin staining of the corpus callosum was
decreased in the VD group and was not uniform, as compared with the NT group. The
corpus callosum thickness was also decreased in the VD group, suggesting a decrease in the
corpus callosum myelin and cognitive decline in the VD model group [58] (Figure 10E,F).

Many previous studies of cognitive disorders used a model of acute ischemic con-
ditions, such as middle cerebral artery occlusion. This model focused on acute neuronal
injury and death after an abrupt decrease in cerebral blood flow or complete cessation of
cerebral perfusion. Occlusion of the cerebral arteries quickly induced the neuronal cell
loss in the hippocampus, directly resulting in cognitive impairment. However, this model
cannot represent patients with other causes of VD, such as large artery atherosclerosis, an
etiology more common than acute cerebral ischemia. Our study used one of the models of
chronic progressive hypoperfusion of the brain. Many previous studies investigating novel
treatments for VD failed because the pathogenesis of VD was unclear and appropriate
animal models had not yet been developed. Our study reveals the parallel effect of the
ROCK pathway and inflammation on VD development, confirmed through behavioral tests.
Our results demonstrated the potential of ROCK, pro-inflammatory cytokines, and the
BBB status to be early markers of vascular dementia. Moreover, the potential improvement
in vascular pathology through ROCK inhibitors or stem cell treatment warrants further
investigation. Thus, our findings indicate directions for further research into early- and
later-stage vascular dementia research and may ultimately inform medical guidelines.

5. Conclusions

Vascular dementia is chronic, presenting with persistent hypoperfusion injury [59].
Chronic hypoperfusion injury causes a long-term decrease in blood flow, resulting in
cognitive impairment rather than in severe neurological impairment in the brain. We found
that the BCAS VD mouse model established in this study reflects clinical characteristics
of the vascular dementia disease course. More specifically, we confirmed the underlying
molecular mechanism of vascular dementia to be as follows: In vascular dementia, an
in-crease in ROCK levels leads to a decrease in TJ proteins (Occludin, Claudin-5) that form
part of the BBB, which regulates vascular permeability, by inducing restructuring of the
cytoskeleton. This induces neuroinflammation through the BBB, with increased vascular
permeability, and an inflammatory environment in which pro-inflammatory cytokines
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and chemokine levels (e.g., VCAM-1, IL-6, IL-1β, MCP-1, and CCR2) are increased. This
causes damage to the (1) hippocampus, which is responsible for learning and memory;
(2) the cerebral cortex, which is responsible for long-term memory; and (3) the corpus
callosum, which functions in interhemispheric integration, which explains the decrease
in cognitive function and memory in the BCAS group. Our study showed pathological
changes leading to early vascular dementia and causing it to become chronic. This can
mimic the pathological phenomenon seen in patients with early vascular dementia.
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Abstract: Patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) differ
for triggers, mode of start, associated symptoms, evolution, and biochemical traits. Therefore, se-
rious attempts are underway to partition them into subgroups useful for a personalized medicine
approach to the disease. Here, we investigated clinical and biochemical traits in 40 ME/CFS pa-
tients and 40 sex- and age-matched healthy controls. Particularly, we analyzed serum levels of
some cytokines, Fatty Acid Binding Protein 2 (FAPB-2), tryptophan, and some of its metabolites via
serotonin and kynurenine. ME/CFS patients were heterogeneous for genetic background, trigger,
start mode, symptoms, and evolution. ME/CFS patients had higher levels of IL-17A (p = 0.018),
FABP-2 (p = 0.002), and 3-hydroxykynurenine (p = 0.037) and lower levels of kynurenine (p = 0.012)
and serotonin (p = 0.045) than controls. Changes in kynurenine and 3-hydroxykynurenine were
associated with increased kynurenic acid/kynurenine and 3-hydroxykynurenine/kynurenine ratios,
indirect measures of kynurenine aminotransferases and kynurenine 3-monooxygenase enzymatic
activities, respectively. No correlation was found among cytokines, FABP-2, and tryptophan metabo-
lites, suggesting that inflammation, anomalies of the intestinal barrier, and changes of tryptophan
metabolism may be independently associated with the pathogenesis of the disease. Interestingly,
patients with the start of the disease after infection showed lower levels of kynurenine (p = 0.034)
than those not starting after an infection. Changes in tryptophan metabolites and increased IL-17A
levels in ME/CFS could both be compatible with anomalies in the sphere of energy metabolism.
Overall, clinical traits together with serum biomarkers related to inflammation, intestine function,
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and tryptophan metabolism deserve to be further considered for the development of personalized
medicine strategies for ME/CFS.

Keywords: ME/CFS heterogeneity; cytokines; intestinal permeability; tryptophan metabolism; kynurenine
pathway; 3-hydroxykynurenine; kynurenine; serotonin; biomarkers; personalized medicine

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a multisystem
condition characterized by chronic fatigue, post-exertional malaise, unrefreshing sleep,
cognitive changes, autonomic disturbances, flu-like symptoms, abdominal complaints, and
intolerance to stress, noise, light, heat, or cold. Females are more frequently affected, and
over half of cases happen after infection [1].

Several pathogenetic mechanisms have been proposed. Some disease manifestations,
such as flu-like symptoms, indicate an inflammatory/immune basis [2]. An immune basis
for ME/CFS is also suggested by evidence showing increased cytokine levels in plasma and
cerebrospinal fluid and T-cell dysfunction and by imaging data pointing to an involvement
of the microglia [3,4]. Furthermore, studies on the intestinal microbiome have found loss
of microbial diversity and signs of increased bacterial translocation across the intestinal
barrier that could also contribute to systemic inflammation [5,6].

Other disease manifestations like low exercise tolerance or the propensity to produce
an excess of lactic acid during exercise hint at a metabolic basis for ME/CFS, as is also
suggested by the presence of mitochondrial abnormalities [7,8].

Joining the realm of immunity with that of energy production, it has been recently
shown that subsets of T cells isolated from patients with ME/CFS are unable to redirect
energy metabolism towards aerobic glycolysis during activation [9]. Along the same line,
poor performance during exercise could be linked to sub-optimal venous return caused by
immune-mediated autonomic dis-regulation of small vessels [10].

A large body of research, based on neuroimaging, has addressed brain changes in pa-
tients with ME/CFS. The most consistent findings have been the recruitment of additional
brain regions during cognitive tasks, brain stem anomalies suggestive of inflammation,
and a reduction of fluorodeoxyglucose uptake, indicative of hypometabolism (reviewed
by Shan et al. [11]). Brain serotonin status has also been considered, but results have been
discordant, with some studies demonstrating activation of this system [3,12], while others
indicate inhibition [13]. Serum levels of tryptophan, precursor and direct determinant of
brain serotonin [14], have also been studied, but the results are again contrasting with some
authors showing higher levels in ME/CFS [15], while others found no change [16]. Interest
in tryptophan metabolism in ME/CFS is justified by the fact that tryptophan metabolites
along both the serotonin and the kynurenine pathways have a role in depression [14], sleep
regulation [17] and Irritable Bowel Syndrome (IBS), frequent comorbidities in patients
with ME/CFS [18]. Measurements of tryptophan to kynurenine metabolites and their
ratios seem thus promising in the current growing interest of developing clinically useful
biomarkers of several diseases [14,19].

Patients diagnosed with ME/CFS, while displaying a platform of shared symptoms,
may differ for triggers, mode of start, associated symptoms, disease evolution, and bio-
chemical traits [15,16,20,21]. For this reason, attempts are underway to partition them into
different phenotypes, most recently looking at metabolic peculiarities [22], the first stage of
developing possible personalized strategies for treatment.

The scope of this work was to study clinical and biochemical traits of a cohort of
patients from North-East Italy and to compare them with a group of healthy volunteers. In
detail, we examined clinical data and measured serum levels of some cytokines, of a group
of tryptophan metabolites via serotonin and kynurenine and of an index of altered intestinal
permeability in 40 patients with ME/CFS and in 40 sex- and age-matched healthy controls.

76



Biomedicines 2021, 9, 1724

ME/CFS is emerging as a significant health issue worldwide, with an estimated prevalence
of 0.8% [23], undefined pathogenesis, and no acknowledged treatment. We thought that
combining clinical information with the measurement of variables reflecting different
pathogenetic mechanisms could help to identify subgroups and facilitate a personalized
approach to patient care.

2. Materials and Methods
2.1. Patients

From 1 January 2017 to 31 June 2018, 70 consecutive patients with unexplained fatigue
were seen at the site of a charitable health care center near Padova (Italy) (Table S1). At
visit 1, information was collected about diseases in the family, medical history, medication,
menarche, menstrual cycle, bowel habits, smoking, alcohol consumption, use of contra-
ceptives, duration of illness, and level of physical activity using the Bell scale [24]. Fatigue
and associated symptoms were then investigated using the Canadian Clinical Criteria [25],
and patients were asked to grade symptom intensity on a scale from 0 (no symptom)
to 6 (maximum intensity). Patients received a physical examination. The evidence thus
obtained was discussed by an internist, a pediatrician, and a geneticist, and a decision was
made about the diagnosis of ME/CFS, following accepted exclusion criteria [1]. Forty-five
patients were diagnosed with ME/CFS.

Afterward, contact with patients was maintained through periodic visits and, after
the start of the COVID-19 pandemic, through phone calls or e-mail.

2.2. Case-Control Study

Patients were asked to take part in an investigation with the scope of studying serum
levels of some cytokines, tryptophan metabolites, and a marker of increased intestinal per-
meability in ME/CFS. Forty patients were accepted. Of the five who did not, a 67-year-old
female, with 22 years of disease duration, died of pancreatic cancer during recruitment, one
patient declined to participate, and 3 patients could not be contacted. Forty healthy controls,
matched for sex and age (26 females and 14 males; median age 33 years with interquartile
range 22–46 years), were recruited among patient’s friends, school companions, medical
students, and other hospital personnel. Inclusion criteria for the healthy control group
were the absence of any current or past psychiatric, neurological, or other known medical
conditions. Informed consent was obtained from patients and controls, and approval for
the study was obtained from the Ethics Committee of Policlinico Universitario, Padova,
Italy (Protocol Number 4776/AO/19). Experiments were conducted in accordance with
the Declaration of Helsinki.

Patient blood samples, collected after an overnight fast, were allowed to clot at room
temperature for 45 min and then were centrifuged for 10 min at 3500× g. Serum was
aliquoted and stored at −80 ◦C. Aliquots were used just once after thawing. Blood samples
from healthy controls were obtained within 2 weeks of the respective patient and processed
in the same way. Blood collection was terminated by 1 December 2019.

2.3. Follow-Up

After blood sample collection, contact with patients was maintained through periodic
visits and, after the start of the COVID-19 pandemic, through phone calls or e-mail. During
May 2021, patients were requested to answer a questionnaire with both multiple choice
and open questions concerning their feelings about their current condition and prevailing
symptoms. When needed, patients were also contacted by phone. During 2021, we also
checked by phone the health status of the controls used in this study.

2.4. Biochemical Assays

Serum cytokines were measured with ELISA. To obviate the variability between
lots, sera from patients and controls were tested using the same kit [2]. ELISA kits were
from Thermo Scientific, Monza, Italy (IL-4, IL-10, IL-17A, IL-18, IFN-γ) and RayBiotech,

77



Biomedicines 2021, 9, 1724

Peachtree Corner, GA, USA (IL-18). The above cytokines were chosen based on existing
evidence and on the fact that for all patients’ serum levels of IL-1α, IL-1β, IL-2, IL2R, IL-6,
IL-8, TNF-α, and TGF1β had already been measured at the EU-certified Central Laboratory
of Padova University Hospital.

Fatty Acid Binding Protein 2 (FABP-2), an index of increased intestinal permeability [5],
was measured by ELISA (myBioSource, Dan Diego, CA, USA).

The serum concentration of tryptophan and tryptophan metabolites pertaining to
the Kynurenine Pathway (kynurenine, 3-hydroxykynurenine, kynurenic acid, quinolinic
acid) and the Serotonin Pathway (serotonin and melatonin) were studied (Figure 1). Tryp-
tophan, serotonin, and kynurenine were determined using a standard method in the
lab [26,27] consisting of an HPLC system coupled with fluorometric and UV-Vis detectors.
3-hydroxykynurenine, kynurenic acid, quinolinic acid, and melatonin were quantified by
LC-MS/MS on a Varian system composed of a binary Prostar pump, 410 autosampler, and
MS320 triple quadrupole mass spectrometer equipped with Electro Spray ion source. The
instrument was operating in multiple reaction monitoring modes, working in positive
ion mode except for the quinolinic acid that was analyzed in negative mode. LC analysis
was performed using an Agilent Eclipse XDB C8 column (3 × 150 mm, 3.5 µm) and a
gradient elution with (A) water 1% formic acid and (B) Acetonitrile (0 min: 95% A; 5 min:
30% A; 8.3 min: 10% A; 10 min: 10% A; 11 min: 95% A; 15 min: 95% A) at a flow rate
of 400 µL/min. The quantification of the kynurenines was computed using alfa-methyl
tryptophan as an internal standard. The following ratios were used as indirect indexes
of the activity of the enzymes involved in the different metabolic steps of the kynurenine
pathway: kynurenine/tryptophan as an index of tryptophan 2,3-dioxygenase (TDO) and
indoleamine 2,3-dioxygenase (IDO) activity; 3-hydroxykynurenine/kynurenine as an index
of kynurenine 3-monooxygenase (KMO) activity; kynurenic acid/3-hydroxykynurenine as
an index of the kynurenine aminotransferase (KAT) activity. Finally, the ratio kynurenic
acid/quinolinic acid was calculated as an index of neuroprotection [14].
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2.5. Statistical Analysis

Data were reported as median and interquartile range (IQR, for continuous data), or
frequency and percentage (categorical data). Among patients, comparisons between two
groups were performed using Mann–Whitney test (continuous data) and chi-square test
or Fisher’s test (categorical data). In the matched case-control analysis, serum cytokines,
FABP2, and tryptophan metabolites were compared between cases and controls or post-
infection and non-post-infection cases using Quade’s rank analysis of covariance with BMI,
sex, and age as covariates. Correlation between continuous variables was assessed using
Spearman rank correlation coefficient. Adjustment for multiple testing was not performed
due to the exploratory purpose of this study. All tests were two-sided, and a p-value
less than 0.05 was considered significant. Statistical analysis was performed using R 4.1
(R Foundation for Statistical Computing, Vienna, Austria) and SPSS 27 (Chicago, IL, USA).

3. Results
3.1. Patients

The analysis included 40 patients with ME/CFS (14 males and 26 females, median
age 33 years, disease duration 6 years) (Table 1). Thirty-one patients had already re-
ceived a diagnosis of ME/CFS from other colleagues. For nine patients, ME/CFS was a
new diagnosis.

Table 1. ME/CFS patient characteristics.

Variable All (n = 40)

Age, years a 32 (23–46)

Males 14 (35%)

Disease duration, years a,b 6 (3–12)

Symptom start:
Slow (months) 18/40 (45%)
Fast (weeks) 22/40 (55%)

ME/CFS, fatigue, or fibromyalgia in the family 13/38 d (34%)

Immune diseases in the family 17/38 d (44%)

Symptom score (0–6): a

Fatigue 6 (5–6)
PEM 5 (5–6)

Unrefreshing sleep 4 (4–5)
Pain 4 (3–5)

Cognitive anomalies 5 (4–5)
OI/POTS 4 (4–5)

GI abnormalities 4 (3–4)
Flu-like symptoms 4 (3–5)

Bell scale score (0–100%) a,c 30 (25–50)

Bowel habit: a

Normal 23/38 d (61%)
Styptic 10/38 d (26%)

Diarrheic 5/38 d (13%)

Abdominal pain—IBS e 23/40 (58%)
Data expressed as n (%) or a median (IQR). PEM—post-exertional malaise; OI—orthostatic intolerance; POTS:
postural orthostatic tachycardia syndrome; GI—gastro-intestine; IBS—irritable bowel syndrome. Data were not
available in b 1, c 4, and d 2 patients; e diagnosed according to the Rome IV criteria [28].

Nine patients had severe ME/CFS with a Bell score ≤ 25%. The other patients had a
serious disease with a Bell score of 26–65% (Table 1).
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ME/CFS started with an infection in 19 patients (47.5%). Infections mostly regarded
the upper airways. Three patients developed ME/CFS after Lyme disease and one patient
after acute giardiasis during a trip to a tropical country.

All patients fulfilled the criteria for the diagnosis of ME/CFS; some of them, however,
presented peculiarities that could not be discounted. These rare manifestations included
differences in the way ME/CFS started, the presence of symptoms suggestive of immune
disease (dry eyes, oral aphthae), neurological anomalies (jerks, paresthesias, hypersomnia),
signs suggestive of autonomic dysregulation (livedo reticularis, acrocyanosis) and hyper-
laxity (Table 2). Some patients presented anomalies at the muscle biopsy that could not
be attributed to known diseases (Table 2). Finally, some presented genetic abnormalities
whose importance is unclear (Table 2).

Table 2. Symptoms, laboratory data, and genetic abnormalities present in a minority of patients.

Variable Number of Patients (%) Notes

Disease start

After a neoplasia 2 (5) Meningioma, Hodgkin lymphoma
After a vaccine 1 (2)

Symptoms, signs, and
laboratory data

Skin hyperlaxity 4 (10)
Livedo reticularis 2 (5)
Dry eyes/mouth 2 (5)
Oral aphthae 2 (5)
Paresthesias 3 (7)
Jerks 2 (5)
Hypersomnia 2 (5)

Bouts of fever, flu-like symptoms,
increase in CRP and serum
amyloid A

2 (5) Response to colchicine, canakinumab

Muscle biopsy anomalies 1 (2)
Thickened basal membrane of small

vessels, glycogen accumulation
within myocytes

Serum cytokines above normal *

IL-1α 2 (5)
IL-2 9 (22)
IL-6 2 (5)
IL-8 1 (2)
TNF-α 7 (17)
TGF-β 13 (32)

Genetic abnormalities

CASQ1 gene mutation 1 (2)
N227I, heterozygous. Muscle biopsy:

thickened vessel basal membrane, fibrils
of unknown nature around myocytes.

15q13.3 duplication (340 BP) 1 (2)

Ehlers–Danlos syndrome 1 (2)

Myotonia congenita 1 (2)
BP—base pairs; CRP—C reactive protein; * measured in 39 patients.

3.2. Follow-Up

Median follow-up was 41 months (IQR 32–47) (Table 3). Most patients (57%) reported
worsening of symptoms during follow-up, with fatigue (49%) and cognitive problems (28%)
as the prevailing symptom (Table 3). For 18% of patients’ symptoms remained unchanged.
Twenty-two percent of patients reported improvement. No differences were found during
follow-up between patients starting or not starting with an infection.
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Table 3. Follow-up clinical information of the 40 ME/CFS patients.

Follow-Up, Months a 41 (32–47)

Symptom evolution during follow up:
Unchanged 8/40 (20%)
Worsened 21/40 (52%)
Improved 11/40 (28%)

Prevailing symptoms during follow-up:
Fatigue 20 (50%)
PEM 7 (17%)
Unrefreshing sleep 2 (5%)
Pain 6 (15%)
Cognitive anomalies 12 (30%)
OI/POTS 1 (2%)
Abdominal pain/IBS b 1 (2%)
Flu-like 1 (2%)

Data expressed as n (%) or a median (IQR). PEM—post-exertional malaise; OI—orthostatic intolerance; POTS—
postural orthostatic tachycardia syndrome; IBS—irritable bowel syndrome. b: diagnosed according to the Rome
IV criteria [28].

Two of the patients who improved (17 and 21 years old, both females, disease duration
1 and 8 years) had recurrent bouts of fever, muscle pain, and flu-like symptoms. During
such periods, serum levels of C reactive protein (CRP) and amyloid A increased slightly.
Patients also had modest increases of IL-4, TNF-α, IL-17A, and IFN-γ. IL-1β, IL-18, and
IL-33 were within normal limits or undetectable, and no mutations were found in genes
related to the pathogenesis of autoinflammatory syndromes (MEFV, MVK, TNFRSF1A,
NLRP3, and NLRP12). One patient responded rapidly to colchicine, the Bell scale grading
increasing from 30 to 100% in a few days. The other, who responded partially to colchicine,
was treated with monthly canakinumab (IL-1β antagonist), with dramatic results (Bell
scale grading went from 20 to 90% within hours after the first dose, post-exertional malaise
and brain fog disappeared, and orthostatic intolerance improved markedly). Since no
alternative diagnosis emerged, we have retained these patients in the ME/CFS cohort. Both
patients have continued treatment, and the improvement is still persisting after 2 years.

3.3. Case-Control Study
3.3.1. Intestinal Permeability

In the case-control analysis (Figure 2), serum levels of FABP-2 were significantly higher
in ME/CFS patients than in controls (F1,72 = 24.022, p < 0.001, ηp

2 = 0.255). No correlation
was found between FABP-2 levels and bowl habits or intestinal complaints.

3.3.2. Cytokines

Thirty-nine patients had baseline measurements of several serum cytokines. In most
cases, cytokine concentrations were within normal limits. The cytokines more frequently
increased were TGF-β, IL-2, and TNF-α (Table 2).

In the case-control analysis (Figure 2), serum levels of IL-17 were higher in ME/CFS
patients than in controls (F1,73 = 5.901, p = 0.018, ηp

2 = 0.075), while no differences between
ME-CFS patients and controls was found concerning IL-4, IL-10, IL-18, and IFN-γ. In
both ME/CFS patients and controls, serum cytokines were not correlated with clinical
characteristics nor with any of the other variables measured in this study (data not shown).

3.3.3. Tryptophan Metabolites

As shown in Figure 1, tryptophan can be metabolized through the kynurenine (95%)
and the serotonin pathways (2%). With respect to controls, ME/CFS patients had dif-
ferences in the serum concentration of metabolites pertaining to both pathways when
controlling for the possible confounding effect of age, sex, and BMI (Figure 3).
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Serum levels of tryptophan tended to be lower in ME/CFS patients than in controls
(F1,75 = 3.979, p = 0.05, ηp

2 = 0.050). Concerning the serotonin pathway, serum levels of
serotonin were lower in ME/CFS patients (F1,75 = 4.169, p = 0.045, ηp

2 = 0.053), while no
difference was seen for melatonin (Figure 3). Concerning the kynurenine pathway, ME/CFS
patients had lower serum levels of kynurenine (F1,75 = 6.657, p = 0.012, ηp

2 = 0.082) and
higher levels of 3-hydroxy-kynurenine (F1,74 = 4.499, p = 0.037, ηp

2 = 0.057) (Figure 3). No
differences were seen for quinolinic and kynurenic acids.

Considering the kynurenine/tryptophan ratio, no difference was found between
ME/CFS patients and controls. In contrast, patients with ME/CFS had higher
3-hydroxykynurenine/kynurenine (F1,75 = 6.025, p = 0.016, ηp

2 = 0.074) and kynurenic
acid/kynurenine (F1,75 = 6.072, p = 0.016, ηp

2 = 0.075) ratios (Figure 3).
No differences were observed between ME/CFS patients and controls for the neuropro-

tective ratio kynurenic acid/quinolinic acid (Figure 3; F1,75 = 2.967, p = 0.089, ηp
2 = 0.038).

Mode of symptom onset (infectious vs. non-infectious), the evolution of the clinical
picture (improved, unchanged, worsened), symptom frequency, and intensity did not
correlate with any of the measured biomarkers (data not shown).

3.4. Comparisons between Post-Infectious and Non-Post-Infectious ME/CFS Patients

Patients with post-infectious ME/CFS reported more frequently a fast start (p < 0.0001)
and a higher Bell score (p = 0.02), and a tendency to be older (p = 0.05) than patients with
non-post-infection ME/CFS (Table 4). Starting with or without infection was not associated
with differences in symptom scores, bowel habit, abdominal pain, the diagnosis of irritable
bowel syndrome, or with the presence of CFS/fatigue/fibromyalgia or immune diseases in
the family (Table 4). Concerning circulating levels of cytokines, FABP-2 and tryptophan
metabolites, after controlling for sex, age, and BMI, we found a tendency to lower serum
levels of IL-18 (p = 0.068), lower kynurenine (p = 0.026), and lower kynurenine/tryptophan
ratio (p = 0.015) in post-infection than in non-post-infection ME/CFS patients (Table 5). No
differences between the two groups were seen for the other cytokines, FABP-2, and other
tryptophan metabolites (Table 5).

Table 4. Clinical characteristics of post-infectious (n = 19) and non-post-infections (n = 21) ME/CFS patients.

Variable ME/CFS Did Not Start after
an Infection (n = 21)

ME/CFS Started after an
Infection (n = 19) Statistics

Age, years a 30 (20–44) 35 (28–48) U = 261.5, p = 0.093

Males 8 (38%) 6 (32%) χ2 = 0.186, p = 0.66

Disease duration, years a,b 8 (3–13) 5 (3–11) U = 169.5, p = 0.59

Symptom start:
χ2 = 23.089, p < 0.0001Slow (months) 17/21 (81%) 1/19 (5%)

Fast (weeks) 4/21 (19%) 18/19 (95%)

ME/CFS, fatigue or
fibromyalgia in the family 7/19 d (37%) 6/19 (31%) χ2 = 0.000, 0.99

Immune diseases in the family 9/19 d (47%) 8/19 (42%) χ2 = 0.010, 0.92

Symptom score (0–6): a

Fatigue 6 (5–6) 6 (5–6)
PEM 5 (5–6) 5 (5–6) U = 193.0, p = 0.84 U = 211.0
Unrefreshing sleep 5 (4–5) 4 (4–5) p = 0.74 U = 214.0,
Pain 4 (3–5) 4 (3–6) p = 0.69 U = 212.0,
Cognitive anomalies 5 (4–5) 5 (4–5) p = 0.73 U = 179.0
OI/POTS 4 (4–5) 4 (4–5) p = 0.55 U = 249.0,
GI abnormalities 4 (0–4) 4 (3–5) p = 0.17 U = 250.0,
Flu-like symptoms 4 (3–4) 5 (3–5) p = 0.16 U = 242.0, p = 0.24
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Table 4. Cont.

Variable ME/CFS Did Not Start after
an Infection (n = 21)

ME/CFS Started after an
Infection (n = 19) Statistics

Bell scale score (0–100%) a,c 30 (22–41) 43 (30–50) U = 236.0, p = 0.02

Bowel habit: a

χ2 = 5.353, p = 0.07Normal d 11/20 (55%) 12/18 (67%)
Styptic d 8/20 (40%) 2/18 (11%)
Diarrheic d 1/20 (5%) 4/18 (22%)

Abdominal pain—IBS e 13/21 (62%) 10/19 (53%) χ2 = 0.351, p = 0.55

Data expressed as n (%) or a median (IQR). PEM—post-exertional malaise; OI—orthostatic intolerance; POTS—postural orthostatic
tachycardia syndrome; GI—gastro-intestine; IBS—irritable bowel syndrome. Data were not available in b 1, c 4, and d 2 patients; e diagnosed
according to the Rome IV criteria [28].

Table 5. Serum levels of cytokines, FABP-2, and tryptophan metabolites along the serotonin and kynurenine pathways in
post-infection (n = 19) and non-post-infection (n = 21) ME/CFS patients.

ME/CFS Did Not Start after an
Infection (n = 21)

ME/CFS Started after an
Infection (n = 19) Statistics

Cytokines

IL-17A (pg/mL) 1.6 (0.2–5.3) 1.6 (0.0–2.8) F1,36 = 0.073, p = 0.789, ηp
2 = 0.002

IL-10 (pg/mL) 2.2 (1.7–4.2) 2.0 (1.3–2.7) F1,36 = 1.311, p = 0.260, ηp
2 = 0.035

IL-4 (pg/mL) 0.0 (0.0–0.5) 0.0 (0.0–0.3) F1,36 = 0.503, p = 0.485, ηp
2 = 0.021

IFN-γ (pg/mL) 0.3 (0.3–8.2) 0.3 (0.3–4.5) F1,36 = 0.205, p = 0.654 ηp
2 = 0.006

IL-18 (pg/mL) 255.3 (195.9–303.4) 196.9 (155.6–250.1) F1,36 = 4.521, p = 0.068, ηp
2 = 0.091

FABP-2 (ng/mL) 0.0 (0.0–0.5) 0.13 (0.0–0.5) F1,34 = 0.492 p = 0.488, ηp
2 = 0.015

Kynurenine pathway

Tryptophan (µg/mL) 9.36 (8.26–12.01) 10.68 (9.56–11.99) F1,37 = 1.640, p = 0.208, ηp
2 = 0.042

Kynurenine (ng/mL) 413.4 (339.2–539.6) 347.6 (260.1–397.9) F1,37 = 5.410, p = 0.026, ηp
2 = 0.128

3-hydroxykynurenine (ng/mL) 12.3 (3.3–41.7) 17.5 (5.9–39.6) F1,37 = 1.102, p = 0.301, ηp
2 = 0.029

Kynurenic acid (ng/mL) 16.6 (11.0–24.1) 14.2 (9.1–35.8) F1,37 = 0.216, p = 0.645, ηp
2 = 0.006

Quinolinic acid (ng/mL) 59.6 (40.9–102.6) 67.2 (59.6–111.6) F1,37 = 0.298, p = 0.588, ηp
2 = 0.008

Kynurenine/tryptophan ratio ∗
1000 44.1 (32.9–57.9) 33.2 (24.8–38.8) F1,37 = 6.525, p = 0.015, ηp

2 = 0.150

3-
hydroxykynurenine/kynurenine

ratio ∗ 1000
42.4 (7.8–97.9) 80.6 (19.0–107.7) F1,37 = 0.499, p = 0.485, ηp

2 = 0.013

Kynurenic acid/kynurenine ratio 39.6 (26.5–59.7) 50.6 (27.6–84.1) F1,37 = 0.313, p = 0.579, ηp
2 = 0.008

Kynurenic acid/quinolinic acid
ratio 0.2 (0.1–0.4) 0.2 (0.1–0.3) F1,37 = 0.131, p = 0.719, ηp

2 = 0.004

Serotonin pathway

Serotonin (ng/mL) 301.4 (218.3–382.4) 258.8 (180.4–377.4) F1,37 = 1.261, p = 0.269, ηp
2 = 0.033

Melatonin (pg/mL) 9.8 (6.3–20.2) 10.2 (8.1–13.7) F1,37 = 0.076, p = 0.784, ηp
2 = 0.002

Data are median (IQR). Comparisons have been computed using Quade’s rank analysis of covariance with BMI, sex, and age as covariates.

4. Discussion

Our results indicate that ME/CFS patients differ from control healthy subjects for
several serum biomarkers, including FABP-2, IL-17A, and tryptophan metabolites, such
as kynurenine, serotonin, 3-hydroxykynurenine, and the ratios kynurenic acid/quinolinic
acid and 3-hydroxykynurenine/kynurenine. Moreover, a difference in serum levels of
kynurenine and the ratio of kynurenine/tryptophan is also present within ME/CFS patients
according to whether the disease started after an infection or not.
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4.1. Study Population

Our patients fulfilled the criteria of the Canadian Consensus Criteria for the diagno-
sis of ME/CFS, and for the majority of them, the diagnosis of ME/CFS was also made
by independent colleagues. It is clear, however, that they were a heterogeneous group
of individuals with differences in disease start, symptoms, laboratory data, and genetic
background. Some of the rarer aspects of our patients, such as jerks, hyperlaxity, and
livedo reticularis, are long known [29,30], while others, including disturbances in glycogen
metabolism, have just been reported [31]. Some clinical and basal laboratory characteristics
of our cohort, however, seem novel. Two patients had bouts of low-grade fever and in-
creased serum levels of CRP and amyloid A, as found in auto-inflammatory syndromes [32].
We thus decided to subject them to a trial of drugs used in autoinflammatory syndromes,
such as colchicine or the anti-IL1-β monoclonal antibody canakinumab [33], with lasting
benefit. Auto-inflammatory syndromes are due to the inappropriate activation of the
inflammasome with the production of cytokines of the IL-1β family that mostly act locally
so that their serum levels usually remain within normal limits [32]. Although fever and in-
flammation of the skin, mucosae, serosal surfaces, and osteoarticular structures are cardinal
manifestations of these syndromes, fatigue is emerging as an important symptom [34]. We
could not attribute these cases to a defined autoinflammatory syndrome, but they clearly
responded to the abovementioned treatments, suggesting that it might be convenient to
add auto-inflammatory syndromes to the list of differential diagnoses when considering
patients with suspected ME/CFS.

One of our patients had a micro-duplication on chromosome 15 (15q13.3), a rare
chromosomal disorder that may present with developmental delay, behavioral and psy-
chiatric abnormalities, feeding problems, sleep disturbances, decreased muscle tone, and
seizures [35]. The duplication involves the locus of the gene CHRNA7, which codes for
the α7 nicotinic acetylcholine receptor (a member of the cholinergic anti-inflammatory
pathway) and of the gene CHRFAM7A that acts as a dominant negative inhibitor of the
CHRNA7 gene [36–38]. At present, we do not know the significance of this anomaly for
our patients.

We conclude that our patients had differences in genetic background, disease start,
symptoms, basal laboratory data, response to treatment, and evolution.

4.2. Intestinal Permeability

ME/CFS patients had increased serum levels of FABP-2, a low molecular weight pro-
tein involved in the intracellular traffic of fatty acids, which comprises 4–6% of enterocyte
cytosolic proteins, is undetectable or present in very low concentrations in the serum of
healthy persons and is used as a marker of increased intestinal permeability [39]. Our
observation partially agrees with evidence obtained by Giloteaux et al. [5], who found
in a larger cohort of patients increased serum levels of Lipopolysaccharide Binding Pro-
tein, another index of increased intestinal permeability, while FABP-2 was increased but
not significantly.

The mechanism leading to increased intestinal permeability remains unclear. Intestinal
complaints are frequent among patients with ME/CFS, and a recent paper examining fecal
bacterial metagenomics in a cohort of patients with ME/CFS concluded that IBS comorbid-
ity was the strongest factor driving separation of data into topological networks [40].

Components of the normal intestinal flora regulate the barrier function of the intestine
and exert anti-infective and anti-inflammatory activity [41]. An imbalance in the composi-
tion of the intestinal microbiome, well documented in patients with ME/CFS [5,6], could
thus contribute to the genesis of the intestinal barrier dysfunction.

4.3. Cytokines

In agreement with the literature, no specific cytokine profile could be identified in
our patients [2,42].
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In the case-control study, the only cytokine with a serum concentration different from
controls was IL-17A, which was modestly but significantly increased in ME/CFS patients.

IL-17A is a cytokine produced by multiple cell types (CD4+ T cells, CD8+ T cells, γδ T
cells, invariant natural T cells, innate lymphoid cells, and lung memory T lymphocytes)
that can be either pro-inflammatory (in the skin) or protective (in the airways and the
intestine) [43]. In the intestine, IL-17A regulates the formation of tight junctions, increases
the release of secretory IgA, and favors the production of antibacterial peptides; thus,
its increase in our patients might represent a response to a local noxa [43]. On the other
side, Th17 polarization and increased production of IL-17A have recently been linked to
an increased extracellular concentration of lactate [44]. Considering that in patients with
ME/CFS, the intestinal microbiome has an increased ability to produce lactate [45], and
that tissue hypoperfusion due to anomalies of peripheral blood flow auto-regulation has
been proposed as a possible pathogenetic mechanism of ME/CFS [22], the relationship
between energy metabolism and Th17 polarization may merit further scrutiny. Finally, it
has been recently suggested that IL-17A may play a role in depression associated with
psoriasis and obesity [46]. The present data suggest that it might be worthwhile to see if a
relationship exists between IL-17A serum levels and ME/CFS-associated depression.

4.4. Tryptophan and Kynurenine Metabolites

Changes in peripheral circulating levels of tryptophan and some of its metabolites
via serotonin and kynurenine are considered good biomarkers of their changes in the
brain [14,47]. Indeed, most of the brain kynurenine is derived from tryptophan outside the
central nervous system. Kynurenine then crosses the blood-brain barrier and is metabolized
to kynurenic acid, xanthurenic acid, or 3-hydroxykynurenine [14,48]. 3-hydroxykynurenine
is further metabolized to quinolinic acid (Figure 1). Interestingly, among kynurenine
metabolites, 3-hydroxykynurenine crosses the blood–brain barrier readily, while kynurenic
acid and quinolinic acid, due to high polarity, do not [48].

Metabolites of the kynurenine pathway play a significant role in the homeostasis of
the central nervous system, playing both neuroprotective and neurotoxic effects [14,49].
In fact, kynurenine exerts anti-inflammatory activity by binding to aryl hydrocarbon
receptor and stimulating the production of regulatory T cells [50]. On the other hand,
3-hydroxykynurenine is neurotoxic since it undergoes oxidation in physiological conditions,
producing highly reactive hydroxyl radicals [51]. Kynurenic acid, on the opposite, is neuro-
protective since it inhibits all excitatory amino acid receptors (NMDA, kainate, AMPA),
inhibits the 7α acetylcholine receptor, binds to aryl hydrocarbon receptor and G-protein
coupled receptor 35 (GPR35), inhibits the circuit IL-23/IL-17, and acts as an oxy-radical
scavenger [14,48,52,53]. Quinolinic acid is neurotoxic since it stimulates NMDA receptors
in specific brain regions, favors lipid peroxidation, inhibits gluconeogenesis, and inhibits
mitochondrial monoamine oxidase activity [48].

In ME/CFS, blood tryptophan concentration has been found increased by some au-
thors [15] and unchanged by others [16,54]. In our cohort of patients, serum tryptophan
concentration was not different from controls, although patients tended to present lower
values (p = 0.05). Patients had, instead, lower levels of kynurenine, higher levels of
3-hydroxykynurenine, and an increase in the ratios kynurenic acid/kynurenine (indi-
rect index of KAT activity) and 3-hydroxykynurenine/kynurenine (indirect index of
KMO activity).

The mechanisms leading to low serum levels of kynurenine remain undefined, the
change being compatible with the decreased transformation of tryptophan into kynurenine
and/or, more likely, the increased transformation of kynurenine into kynurenic acid and
3-hydroxykynurenine as we found an increase in the ratios of kynurenic acid/kynurenine
and 3-hydroxykynurenine/kynurenine. It is also unclear why patients with a post-infectious
start had lower levels of kynurenine than patients not starting with an infection.

In ME/CFS patients, we found increased serum levels of 3-hydroxykynurenine but
normal levels of its product quinolinic acid. Since 3-hydroxykynurenine crosses the blood–
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brain barrier freely [48], increased blood levels of 3-hydroxykynurenine could translate
into increased transfer of this toxic molecule to the brain.

Our findings differ from those of Groven et al. [54], who, in a group of patients with
ME/CFS, found decreased plasma levels of anthranilic acid, a neuroprotective kynurenine
derivative not considered in this study, and a decrease in the ratio kynurenic acid/quinolinic
acid, while tryptophan, kynurenine, kynurenic acid, and 3-hydroxykynurenine were not
different from controls. On the other side, our data agree in part with evidence recently
presented by Hoel et al. [22], who reported lower levels of kynurenine and kynurenic acid
and normal levels of tryptophan and serotonin in ME/CFS patients. These discrepancies
could be due to differences between the populations studied, given the high heterogeneity
within ME/CFS patients. For this reason, we here also included a nosological description
of our study population so that it could be used for comparisons with future studies in
the field. A further and important point that may explain possible discrepancies between
our and the abovementioned studies is the fact that serum samples in Groven et al. [54]
and Hoel et al. [22] were collected without restrictions about the feeding state, which is an
important factor in determining circulating levels of tryptophan and its metabolites [14].
Of interest, changes in tryptophan biomarkers similar to those found in our patients
(low tryptophan, kynurenine, and serotonin and high 3-hydroxykynurenine) have been
observed in diabetic ketoacidosis [55,56]. Thus, it is possible that part of the discrepancy
between our findings and those of Groven et al. [54] and Hoel et al. [22] may rely on
a particular response to fasting by patients with ME/CFS, who present an increased
expression of enzymes involved in ketone body metabolism [57] and, for their energy
needs, may depend on fatty acid β–oxidation more than healthy controls [8]).

In ME/CFS patients, we also found low serum levels of serotonin, which is over
90% produced by intestinal enterochromaffin cells and is mostly associated with platelet
granules [14]. Our findings bear similarities with the observation that circulating sero-
tonin is low in patients with irritable bowel syndrome with constipation [58], a condition
characterized by low serotonin concentration in the intestinal wall [59].

4.5. Relevance of the Present Findings for the Explanation of ME/CFS Pathogenesis

Overall, we found no significant correlation among cytokines, FABP2, and tryptophan
metabolites, likely indicating that inflammation, anomalies of the intestinal barrier, and
changes of tryptophan metabolism may be independently associated with the establish-
ment of disease. Despite clear differences among patients, however, our findings remain
compatible with the view that persons with ME/CFS may have common or largely shared
pathogenetic mechanisms. Indeed, in the present study, changes in tryptophan metabo-
lites and increased IL-17A levels are both compatible with anomalies in the sphere of
energy metabolism.

4.6. Limitations

This study has several limitations: first, the small sample size; second, its essen-
tially exploratory nature; third, the use of ELISA methods for cytokine measurement that
were not of the highest sensitivity, an aspect important for cytokines normally present in
blood at very low concentrations; fourth, the lack of deep knowledge about patient diet,
supplements, vitamins, and probiotics could have influenced the gut status and trypto-
phan metabolism; fifth, uncertainty about the extent to which serum levels of tryptophan
metabolites reflect changes occurring in the central nervous system; sixth, the presence
of control subjects with serum levels of some biomarkers outside the 5–95 percentile (see
Figures 2 and 3) is possibly due to undiagnosed underlying disease; however, even if these
potential outliers were excluded, the differences observed in the case-control analyses
would remain significant; seventh, we did not investigate the physical activity of healthy
controls, a factor known to influence serum levels of inflammatory cytokines and tryp-
tophan metabolites [60]. Therefore, the possible confounding effect of exercise in the
case-control study was not considered.
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5. Conclusions

We found substantial heterogeneity among patients with ME/CFS; however, in spite
of many differences, patients shared traits of possible significance for the explanation of
their symptoms. Our data suggest that clinical aspects and serum biomarkers related
to inflammation, intestinal function, and tryptophan metabolism deserve to be further
investigated, both for the identification of ME/CFS subtypes and as a way towards a
personalized patient care approach. This implies, on one side, the use of larger patient
samples and, on the other side, the use of all modern medical tools for the diagnosis and
treatment of individual cases.
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Abstract: There is experimental evidence that chronic social defeat stress is accompanied by the de-
velopment of an anxiety, development of a depression-like state, and downregulation of serotonergic
genes in midbrain raphe nuclei of male mice. Our study was aimed at investigating the effects of
chronic lithium chloride (LiCl) administration on anxiety behavior and the expression of serotonergic
genes in midbrain raphe nuclei of the affected mice. A pronounced anxiety-like state in male mice
was induced by chronic social defeat stress in daily agonistic interactions. After 6 days of this stress,
defeated mice were chronically treated with saline or LiCl (100 mg/kg, i.p., 2 weeks) during the
continuing agonistic interactions. Anxiety was assessed by behavioral tests. RT-PCR was used to
determine Tph2, Htr1a, Htr5b, and Slc6a4 mRNA expression. The results revealed anxiolytic-like ef-
fects of LiCl on social communication in the partition test and anxiogenic-like effects in both elevated
plus-maze and social interaction tests. Chronic LiCl treatment upregulated serotonergic genes in
midbrain raphe nuclei. Thus, LiCl effects depend on the treatment mode, psycho-emotional state of
the animal, and experimental context (tests). It is assumed that increased expression of serotonergic
genes is accompanied by serotonergic system activation and, as a side effect, by higher anxiety.

Keywords: chronic social defeat stress; anxiety; depression; lithium chloride; mice

1. Introduction

Lithium salts are widely used in psychiatric practice in monotherapy regimens as
mood stabilizers [1–4], in the supportive therapy of psycho-emotional disorders [5], and in
the prevention of suicidal behaviors in patients [6–8]. Lithium is also used at the onset of
the depressive phase in bipolar disorders and for the prevention of mood disorders [3,9–12]
or relapses in schizophrenia with aggressive or suicidal behavior, convulsions, and other
health problems [13–16]. Nevertheless, according to these studies, in clinical practice,
patients with bipolar disorder demonstrate two types of lithium responsiveness: they are
either good or poor responders. Lithium as monotherapy or in combination with other
drugs is effective in 60% of chronically treated patients, but the treatment response remains
heterogeneous and a large number of patients require a change in treatment after several
weeks or months.
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Lithium is obviously a multitarget drug and, as a consequence, with multiple mech-
anisms of action [17,18], and this property complicates the elucidation of its mechanism
of action in a given context. The latest findings revealed numerous genes associated with
a lithium response in bipolar disorder [18–22]. Therefore, there is a substantial need for
tools that can guide clinicians in selecting a correct treatment strategy and that can aid in
understanding individual differences in the response to lithium in clinical practice. We
agree that important questions regarding the mechanism of lithium action on anxiety and
depression remain open [17,18], despite much practical application.

In our previous study, a lithium-based enterosorbent called “Noolit” had obvious
anxiolytic and antidepressant effects in adult defeated male mice [23]. In the present study,
we provide experimental data on the impact of chronic treatment with lithium chloride
(LiCl) on the anxiety-like state caused by chronic social defeat stress that leads to a mixed
anxiety/depression-like state in male mice [24–26]. Obvious similarities in symptoms
(general behavioral deficits, helplessness, anxiety, and decreased communication), etiology,
sensitivity to antidepressants and anxiolytics (imipramine, fluoxetine, and diazepam), and
serotonergic changes in the brain were demonstrated here between mice with clinical
manifestations and patients. Our current results will be compared with the effects of
the chronic lithium treatment seen in similar previous experiments on male mice with
repeated experiences of aggression in daily agonistic interactions, which are accompanied
by the development of a whole range of changes in behavior and a psycho-emotional
state. Chronically aggressive male mice are known to demonstrate an increased number of
stereotypical behaviors including enhanced anxiety, hyperactivity, and strong aggressive
motivation, which, along with other signs, indicate the development of psychosis-like
behavior [27,28].

There is evidence that therapeutic action of lithium is due to the effects on serotonergic
neurotransmission [29,30]. Studies on humans have demonstrated that the effects of
lithium on the serotonergic system depend on tryptophan hydroxylase variants [11] and
that lithium may act through 5-HT1B receptors, as shown in animal models [31]. Regular
administration of lithium increases the density of the serotonin uptake site in cortical
regions, suggesting an increase in the number of serotonin transporters in the brain regions
containing nerve terminals of serotonergic neurons [32].

In the present study, we took into account many of the recently obtained data on the
existence of lithium-sensitive genes that may be involved in the development of affective
and neurodegenerative disorders [19–22,33,34]. Our previous experiments [35] revealed
the downregulation of serotonergic gene expression in midbrain raphe nuclei of male mice
with defeated experience in daily agonistic interactions, which induced the development
of anxiety and depression-like states. The aim of the current work was to study the effect
of chronic administration of LiCl on anxiety-like behaviors and expressions of serotonergic
genes in this brain region. Considering lithium is used at the initial stage of the depressive
phase of bipolar disorder and for the prevention of mood diseases in patients [10–12], in
our experiment, we administered LiCl during the period of repeated agonistic interactions,
which are accompanied by the development of an anxiety-like state from the first day of
experiencing defeats.

2. Methods
2.1. Animals

Adult C57BL/6 male mice were obtained from the Animal Breeding Facility, a branch
of the Institute of Bioorganic Chemistry, RAS (Pushchino, Moscow region, Russia). The
animals were housed under standard conditions (12:12 h light/dark cycle, lights on at
8.00 a.m.; food (pellets) and water were available ad libitum). The mice were weaned
at 1 month of age and housed in groups of 8–10 in plastic cages (36 × 23 × 12 cm). All
procedures were carried out in compliance with the international regulations for animal
experiments (Directive 2010/63/EU of the European Parliament and of the Council on
the Protection of Animals Used for Scientific Purposes). The protocol for the study was
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approved by Scientific Council No. 9 of the Institute of Cytology and Genetics, SB RAS, of
24 March 2010, N 613 (Novosibirsk).

2.2. Chronic Social Defeat Stress and LiCl Treatment

Prolonged exposure to chronic social defeat stress that is accompanied by a strong anxiety-
like state in male mice was induced in accordance with the sensory contact model [24,28].
Pairs of weight-matched animals were each placed in a cage (28 × 14 × 10 cm) bisected
by a perforated transparent partition, allowing the animals to see, hear, and smell each
other but preventing physical contact. The animals were left undisturbed for 3 days to
adapt to the new housing conditions and sensory contact before they were subjected to
an encounter. Then, every afternoon (2:00–5:00 p.m., local time), the cage lid was replaced
by a transparent one, and 5 min later (the period necessary to stimulate mouse activity),
the partition was removed for 10 min to encourage agonistic interactions. The superiority
of one of the mice was firmly established within two or three encounters with the same
opponent. The superior aggressive mouse was attacking, biting, and chasing the other
mouse, who was displaying only defensive behavior (upright postures, sideways postures,
freezing or withdrawal, and lying on the back). As a rule, the agonistic interactions between
the two males were discontinued by lowering the partition if the aggression lasted for
3 min or in some cases even less. Each defeated mouse (loser) was exposed to the same
aggressive mouse (winner) for 3 days. Afterwards, each loser was placed once a day after
the fight in an unfamiliar cage with an unfamiliar aggressive mouse behind the partition.
Each winning mouse remained in its original cage. This procedure was performed once a
day and yielded equal numbers of winners and losers.

To investigate the effect of LiCl on anxiety-like behavior, we employed an experimental
approach that is used for the screening of psychotropic drugs in settings mimicking clinical
conditions [36,37]. This pharmacological approach makes it possible to study protective
properties of drugs used in the preventive mode (Figure 1) and their therapeutic properties
in animals having a behavioral pathology.

LiCl was administered during the period of the repeated agonistic interactions and
we expected to see its protective effects. For this purpose, after 6 days of the agonistic
interactions accompanied by chronic social defeat stress, the defeated mice were treated
with either saline or LiCl (Merck, Germany) at a dose of 100 mg/kg intraperitoneally once
a day in the morning (9.00–10.00 a.m., local time). Three groups of animals were used in the
behavioral experiment (Figure 1): (i) controls, i.e., mice without consecutive experiences of
agonistic interactions; (ii) defeated males chronically treated with saline (Sal-treated losers);
and (iii) defeated males chronically treated with LiCl (LiCl-treated losers). After 2 weeks of
the LiCl or saline injections against the background of agonistic interactions, the behavior
of the animals was evaluated in behavioral tests (one test per day), which were used for
quantifying the anxiety-like state in different experimental conditions.
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Figure 1. An outline of the experiment: chronic LiCl and/or saline treatment of defeated mice in
preventive mode starting from the 7th day of the agonistic interactions in order to study the possible
protective effect of LiCl on the development of behavioral pathology. Behavioral tests: day 21, the
partition test; day 22, the elevated plus-maze test; and day 23, the social interaction test.

2.3. Behavioral Tests
2.3.1. The Partition Test

This test can be utilized for the estimation of a mouse behavioral reaction to a con-
specific behind the transparent perforated partition dividing the experimental cage into
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equal parts [38]. The number of approaches to the partition and the total time spent near it
(e.g., moving near the partition, smelling and touching it with the nose or with one or two
paws, and sticking the nose into the holes) were scored during 5 min as indices of reacting
to the partner. The duration of a sideways position or “turning away” near the partition
was not included in the total time of the test. The experimental procedure was as follows:
the pair of mice resided together in a cage with a partition. On the testing day, the lid of
the cage was replaced by a transparent one; 5 min later (period of activation), behavioral
responses of the losers and controls toward the unfamiliar partner were recorded for 5 min.
This test is used in the research on communicativeness (sociability) and anxiety: it has
been shown that a decrease of partition parameters correlates with indices of anxiety-like
behavior, estimated in the elevated plus-maze test [38].

2.3.2. The Elevated Plus-Maze Test

The elevated plus-maze consisted of two open arms (25 × 5 cm) and two closed arms
(25 × 5 × 15 cm), and was placed in a dimly lit room. The two arms of each type were
opposite to each other and extended from a central platform (5 × 5 cm). The maze was
elevated by 50 cm above the room floor [39].

The cover of the experimental cage with a mouse was replaced by a transparent lid in
the same room 5 min before placement in the plus-maze. The mouse was placed on the
central platform with the nose to the closed arm. The following measures were recorded
for 5 min: (1) total entries; (2) open arm entries (four paws in an open arm), closed arm
entries (four paws in a closed arm), and central platform entries; (3) time spent in open
arms, closed arms, and the central platform (center); (4) the number of passages from one
closed arm to another; (5) the number of head dips (looking down on the floor below the
plus-maze); and (6) the number of peeping-out instances when the mouse was in closed
arms. Indices 2 and 3 are considered measures of the level of anxiety, indices 1 and 4 are
related to locomotor activity, and indices 5 and 6 quantify the risk assessment behavior.
The time spent in closed arms and open arms, and on the central platform (center) was
calculated as percentages of the total testing time. The elevated plus-maze was thoroughly
cleaned between the sessions.

2.3.3. Exploratory Activity and Social Interaction Tests

An open field (36 × 23 cm) was used with a perforated container (an inverted pencil
holder made of metal wire, bottom diameter: 10.5 cm) in one of the cage corners. Each
mouse was placed individually in the corner opposite to the pencil holder for 5 min. This
test allows to estimate the exploratory behavior of mice under novel conditions with an
unfamiliar object, namely the pencil holder [40]. This test is thought to cause pronounced
stress. Then, an unfamiliar male from the housed group was placed under the pencil holder
for 5 min to study the reaction of the male mouse to the conspecific animal in a familiar
situation (social interaction test).

The EthoVision XT software (version 11.0; Noldus Information Technology, Wagenin-
gen, The Netherlands) automatically registered the tracking score (distance) during the
testing time with differentiation of the place near the pencil holder (5 cm around it) in the
cage as well as the total time spent in the corner opposite to the pencil holder.

Manual registration with Observer XT (version 7.0; Noldus Information Technology,
the Netherlands) of the following behavioral indicators of communicativeness was carried
out: the number and/or duration of (1) rearings (exploratory activity); (2) groomings
(self-oriented behavior: licking of the fur on the flanks or abdomen and washing over the
head from an ear to snout); and (3) approaches to the pencil holder and total time (s) spent
near it (moving near the pencil holder, smelling and touching it with the nose or with one
or more paws). The duration of a sideways position or “turning away” near the pencil
holder was not included in the total time. After each test, the open field and pencil holder
were thoroughly washed and dried off with napkins.
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Preliminary analysis of LiCl-treated losers’ behavior in the exploratory activity test
clearly stratified the animals into two groups: LiCl-sensitive - LiCl+-treated and LiCl-less-
sensitive - LiCl−-treated losers in relation to the chronic LiCl treatment. As a behavioral
parameter for the division into groups, we employed avoidance of a novel object (pencil
holder): LiCl+-treated losers did not approach the pencil holder at all, sat in the corner only,
and did not explore the cage. Among the controls as well as the Sal-treated and LiCl−-
treated losers, we observed a natural exploratory activity under the novel conditions.

2.4. Real-Time Polymerase Chain Reaction (RT-PCR)

To understand the possible effect of LiCl on the behavior of the experimental animals,
we conducted an additional experiment that, we hoped, would explain the effect of LiCl
(150 mg/kg) on the expression of serotonergic genes in midbrain raphe nuclei, which
contain bodies of serotonergic neurons. The expression of the following genes was analyzed:
Tph2, encoding tryptophan hydroxylase, which is a rate-limiting enzyme of serotonin
synthesis; Slc6a4, encoding a serotonin transporter; and genes Htr1a and Htr5b, encoding
serotonin receptors. To measure mRNA levels of serotonergic genes in midbrain raphe
nuclei, we studied the 21-day losers after chronic LiCl or saline injections at 24 h after the
last agonistic interaction, alongside the controls.

The determination of serotonin-related gene expression in midbrain raphe nuclei
by RT-PCR was done at the Biolabmix Company (https://biolabmix.ru (accessed on 17
March 2020), Novosibirsk, Russia). The measurement data were provided by the Bio-
Rad Amplifier software (Berkeley, CA, USA). RNA was isolated using the TRIzol reagent
(Invitrogen, Waltham, MA, USA). To remove DNA impurities, the obtained RNA samples
were treated with DNase I (Fermentas) for 1 h at 37 ◦C according to the manufacturer’s
protocol and the enzyme was inhibited by adding EDTA and heating at 65 ◦C for 10 min.
The quality of the isolated RNA was checked spectrophotometrically and its integrity by
electrophoretic mobility in a 2% agarose gel. The absence of genomic DNA was confirmed
for each sample by PCR. The cDNA was prepared from each RNA sample in two parallel
reactions in a volume of 20 µL using the M-MuLV–RH First Strand cDNA Synthesis Kit
(Biolabmix, Novosibirsk, Russia). RNA (1 µg), 100 U of MuMLV reverse transcriptase
(murine leukemia virus reverse transcriptase), and 0.3 µM random hexoprimer were used
in the reaction. The reaction was carried out according to the manufacturer’s protocol. The
level of RNA expression in the samples was assessed by RT-PCR with fluorescent probes.
For this purpose, primers specific to the four functional genes under study (Tph2, Slc6a4,
Htr1a, and Htr5b) were used (Table S1).

PCR was conducted in a 25 µL reaction solution containing 2× BioMaster HS-qPCR
(2×) reaction mixture (Biolabmix, Novosibirsk, Russia), an aliquot of the reaction mixture
after reverse transcription, 300 nM forward and reverse primers, and 200 nM fluorescent
probe. The amplification was performed on the Real-Time CFX96 Touch (Bio-Rad, Berkeley,
CA, USA) according to the following program: 1st cycle consisted of 5 min at 95 ◦C;
45 cycles consisted of 20 s at 95 ◦C and 60 s at 60 ◦C". Each sample was amplified in
triplicates.

In animals of all experimental groups after quick decapitation, the midbrain raphe
nuclei area was dissected according to the map presented in the Allen Mouse Brain Atlas
http://mouse.brain-map.org/static/atlas (accessed on 24 April 2005). Dissection of the
brain region was made by the same experimenter. The brain regions were removed and
chilled rapidly on ice. All biological samples were encrypted, rapidly frozen in liquid
nitrogen, and stored at −70 ◦C until use.

2.5. Statistical Analysis

The analysis of the behavioral data was performed by either one-way ANOVA for
parametric variables or by the Kruskal–Wallis test. The Kruskal–Wallis test was conducted
with “group” as a factor (controls, Sal-treated losers, LiCl−-treated losers, and LiCl+-treated
losers) for the social interaction test and with “group” as a factor (controls, Sal-treated
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losers, and LiCl-treated losers) for both the partition and elevated plus-maze tests, which
were followed by either Tukey’s multiple-comparison post hoc test for parametric variables
or by Dunn’s multiple-comparison post hoc test if the parametric criteria were not met. To
display the variance of the values, the data are presented as a box-whisker plot showing
means (plus sign), medians (solid lines), and 25%/75% quartiles, with whiskers indicating
10th and 90th percentiles. All statistical analyses were performed using the XLStat software
(Addinsoft, www.xlstat.com (accessed on 31 March 2016)). For the parameter “number
of entries” (four paws in open arms) in the elevated plus-maze test, the chi-square test
was used.

3. Results
3.1. Experiment 1. Effects of Chronic LiCl Treatment on Anxious Behavior of Defeated Mice
3.1.1. Effects of Chronic LiCl Treatment on the Behavior of Defeated Mice in the
Partition Test

One-way ANOVA revealed an influence of the “group” factor on the numbers of
approaches (F(2,33) = 6.619, p = 0.0038) and rearings (F(2,33) = 3.293, p = 0.0496). The
Kruskal–Wallis test uncovered an impact of the “group” factor on the total time spent
near the partition (H = 9.816, p = 0.0074). According to either Tukey or Dunn’s multiple-
comparison post hoc test, significant differences between the Sal-treated losers and controls
were found in the number of approaches (p = 0.0027), in the total time spent near the
partition (p = 0.0053), and in the number of rearings (p = 0.0390) (Figure 2).
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dicating the 10th and 90th percentiles. * p < 0.05 and ** p < 0.01 vs. controls; n = 12 for each group. 

Thus, in comparison with the control, Sal-treated losers demonstrated lower behav-
ioral activity (communication and sociability), as evidenced by the number of approaches 
to and total time spent near the partition as a reaction to the partner in the neighboring 
compartment as well as by the decreased exploratory activity, estimated as the number of 
rearings. After the LiCl treatment, these parameters did not differ significantly from the 
control. We can assume that LiCl had slight anxiolytic effects on the losers. 

3.1.2. Effects of Chronic LiCl Treatment on the Behavior of Defeated Mice in the Elevated 
Plus-Maze Test  

One-way ANOVA revealed a significant influence of “group” (controls, Sal-treated 
losers, and LiCl-treated losers) on the numbers of central platform entries (F(2,31) = 4.130, 
p = 0.0257), closed arm entries (F(2,31) = 4.661, p = 0.0170), passages (F(2,31) = 4.717, p = 

Figure 2. Effects of chronic LiCl treatment on the behavior of defeated mice in the partition test.
Note: Los Sal-Sal-treated losers; and Los LiCl-LiCl-treated losers. Data are presented as means (plus
sign), medians (solid lines), and 25%/75% quartiles in the box-whisker plot, with whiskers indicating
the 10th and 90th percentiles. * p < 0.05 and ** p < 0.01 vs. controls; n = 12 for each group.

Thus, in comparison with the control, Sal-treated losers demonstrated lower behav-
ioral activity (communication and sociability), as evidenced by the number of approaches
to and total time spent near the partition as a reaction to the partner in the neighboring
compartment as well as by the decreased exploratory activity, estimated as the number of
rearings. After the LiCl treatment, these parameters did not differ significantly from the
control. We can assume that LiCl had slight anxiolytic effects on the losers.

3.1.2. Effects of Chronic LiCl Treatment on the Behavior of Defeated Mice in the Elevated
Plus-Maze Test

One-way ANOVA revealed a significant influence of “group” (controls, Sal-treated
losers, and LiCl-treated losers) on the numbers of central platform entries (F(2,31) = 4.130,
p = 0.0257), closed arm entries (F(2,31) = 4.661, p = 0.0170), passages (F(2,31) = 4.717,
p = 0.0163), head dips (F(2,31) = 3.590, p = 0.0396), and total entries (F(2,31) = 4.552,
p = 0.0185). Tukey’s multiple-comparison post hoc test detected differences between the
LiCl-treated and control mice in the numbers of central platform entries (p = 0.0277), closed
arm entries (p = 0.0185), passages (p = 0.0166), head dips (p = 0.0403), and total entries
(p = 0.0192) (Figure 3). The chi-square test did not reveal differences between experimental
groups in the parameter “number of entries” (four paws in open arms).
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12 for each group). The presented values are means (plus sign), medians (solid lines), and 25%/75% quartiles in the box-
whisker plot, with whiskers indicating the 10th and 90th percentiles. 

Therefore, LiCl caused a decrease in all parameters of locomotor activity; this effect 
can be easily explained by the general behavioral deficit that develops within a depres-
sion-like state in mice [24–26]. This effect of LiCl may also be considered pro-depressive 
in this experimental context. 

Previously, it has been repeatedly reported that well-pronounced anxiety-like behav-
ior develops in the losers after 20-day social defeat stress, as estimated by the elevated 
plus-maze test [26,36]. During the chronic saline treatment in our study, these negative 
changes were less pronounced. It can be cautiously concluded that saline has a protective 
effect when administered as chronic injections. By contrast, the general decrease in loco-
motor activity during our chronic treatment with LiCl can be regarded as an anxiogenic 
effect. 

3.1.3. Effects of Chronic LiCl Treatment on the Exploratory Activity of Defeated Mice 
with Different Sensitivities to LiCl in the Novel Situation toward the Unfamiliar Object 
(empty pencil holder) 

According to the level of pencil holder avoidance (see the description in Materials 
and Methods), we subdivided the losers after LiCl injections into two subgroups: LiCl+-
treated and LiCl−-treated losers. One-way ANOVA revealed an impact of the factor 
“group” (controls or Sal-treated, LiCl−-treated, or LiCl+-treated losers) on the total tracking 
score (cm; F(3,29) = 26.50, p < 0.0001). Tukey’s multiple-comparison test showed significant 
differences between the Controls and Sal-treated (p = 0.0003), LiCl−-treated (p < 0.0001), or 

Figure 3. Effects of chronic LiCl treatment on the behavior of defeated mice in the elevated plus-maze test. Note: Los
Sal-Sal-treated losers; and Los LiCl-LiCl-treated losers. * p < 0.05 vs. controls, Tukey’s multiple-comparison post hoc test
(n = 12 for each group). The presented values are means (plus sign), medians (solid lines), and 25%/75% quartiles in the
box-whisker plot, with whiskers indicating the 10th and 90th percentiles.

Therefore, LiCl caused a decrease in all parameters of locomotor activity; this effect can
be easily explained by the general behavioral deficit that develops within a depression-like
state in mice [24–26]. This effect of LiCl may also be considered pro-depressive in this
experimental context.

Previously, it has been repeatedly reported that well-pronounced anxiety-like behavior
develops in the losers after 20-day social defeat stress, as estimated by the elevated plus-
maze test [26,36]. During the chronic saline treatment in our study, these negative changes
were less pronounced. It can be cautiously concluded that saline has a protective effect
when administered as chronic injections. By contrast, the general decrease in locomotor
activity during our chronic treatment with LiCl can be regarded as an anxiogenic effect.

3.1.3. Effects of Chronic LiCl Treatment on the Exploratory Activity of Defeated Mice with
Different Sensitivities to LiCl in the Novel Situation toward the Unfamiliar Object (Empty
Pencil Holder)

According to the level of pencil holder avoidance (see the description in Materials and
Methods), we subdivided the losers after LiCl injections into two subgroups: LiCl+-treated
and LiCl−-treated losers. One-way ANOVA revealed an impact of the factor “group”
(controls or Sal-treated, LiCl−-treated, or LiCl+-treated losers) on the total tracking score
(cm; F(3,29) = 26.50, p < 0.0001). Tukey’s multiple-comparison test showed significant
differences between the Controls and Sal-treated (p = 0.0003), LiCl−-treated (p < 0.0001), or
LiCl+-treated losers (p < 0.0001), as well as between LiCl+-treated and Sal-treated losers
(p = 0.0013). The Kruskal–Wallis test detected an influence of the “group” factor on the time
spent in the corner (H = 18.03, p = 0.0004) and near the pencil holder (H = 17.56, p = 0.0005).
Dunn’s multiple-comparison test detected differences in the following parameters: the time
(s) spent in the corner of Controls vs. LiCl+-treated losers (p = 0.0027); Sal-treated losers
vs. LiCl+-treated losers (p = 0.0012)] and time (s) spent near the pencil holder (Controls vs.
LiCl+ treated losers (p = 0.0040)); and Sal-treated losers vs. LiCl+-treated losers (p = 0.0010)]
(Figure 4).
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The LiCl+-treated losers were more sensitive to LiCl and exhibited lower exploratory 
activity, as estimated by the total tracking time. They spent most of the time in the corner 
and were never near the pencil holder. Together with the behavior in the plus-maze and 
partition tests, these data are suggestive of decreased exploratory activity and an en-
hanced anxiety-like state after chronic LiCl treatment. 
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One-way ANOVA indicated a significant influence of the factor “group” (controls or 
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(F(3,31) = 11.35, p < 0.0001) and on the total time spent near the pencil holder (approaches; 
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treated losers [p = 0.0073])). Dunn’s multiple-comparison test was applied to the duration 
(sec) of self-grooming (controls vs. Sal-treated losers (p < 0.0133)) (Figure 5). 

Figure 4. Effects of LiCl on the exploratory behavior of defeated mice in the novel environment and towards the novel
object (pencil holder). Note: Control (n = 9); Los Sal-Sal-treated losers (n = 11); Los LiCl-LiCl-treated losers (n = 7); Los
LiCl+-LiCl+-treated losers (n = 5). The values are means (plus sign), medians (solid lines), and 25%/75% quartiles in the
box-whisker plot, with whiskers indicating the 10th and 90th percentiles. ** p < 0.01, *** p < 0.01 vs. controls; ## p < 0.01, and
### p < 0.001 vs. Sal-treated losers (Tukey’s multiple-comparison post hoc test).

The LiCl+-treated losers were more sensitive to LiCl and exhibited lower exploratory
activity, as estimated by the total tracking time. They spent most of the time in the corner
and were never near the pencil holder. Together with the behavior in the plus-maze and
partition tests, these data are suggestive of decreased exploratory activity and an enhanced
anxiety-like state after chronic LiCl treatment.

3.1.4. The Impact of Chronic LiCl Treatment on the Reaction of Mice to an Unfamiliar
Partner in the Social Interaction Test

One-way ANOVA indicated a significant influence of the factor “group” (controls or
Sal-treated, LiCl−-treated, or LiCl+-treated losers) on the number of approaches to a partner
(F(3,31) = 11.35, p < 0.0001) and on the total time spent near the pencil holder (approaches;
F(3,31) = 20.98, p < 0.0001). The Kruskal–Wallis test uncovered an impact of the “group”
factor on the duration of self-grooming (H = 9.816, p = 0.0212). Tukey’s multiple-comparison
test was applied to the following behavioral parameters (Figure 5): approaches (n (controls
vs. LiCl+-treated losers [p < 0.0001]; Sal-treated losers vs. LiCl+-treated losers [p = 0.0008];
and LiCl−-treated vs. LiCl+-treated losers [p = 0.0020])) and approaches (sec (controls vs.
Sal-treated losers [p < 0.0001], LiCl−-treated losers [p = 0.0017], or LiCl+-treated losers
[p < 0.0001]; Sal-treated losers vs. LiCl+-treated losers [p = 0.0083]; and LiCl−-treated losers
vs. LiCl+-treated losers [p = 0.0073])). Dunn’s multiple-comparison test was applied to the
duration (sec) of self-grooming (controls vs. Sal-treated losers (p < 0.0133)) (Figure 5).

We believe that this test measures the level of communicativeness towards an unfa-
miliar partner under the conditions that have already become familiar during the 5 min
before the introduction of the partner. During the preceding 5 min, the mouse realized that
it was not in danger and soon began to examine the cage.

Chronic LiCl treatment had a strong anxiogenic effect on LiCl+-treated losers in com-
parison with the controls and Sal-treated losers, as evidenced by the decreased number of
approaches to and total time spent near the pencil holder containing a partner (approaches,
sec). Their time spent in corners was significantly longer in comparison with all other
groups. The anxiogenic effects were significantly less different between the LiCl− -treated
losers and control mice.
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that it was not in danger and soon began to examine the cage. 

Chronic LiCl treatment had a strong anxiogenic effect on LiCl+-treated losers in com-
parison with the controls and Sal-treated losers, as evidenced by the decreased number of 
approaches to and total time spent near the pencil holder containing a partner (ap-
proaches, sec). Their time spent in corners was significantly longer in comparison with all 
other groups. The anxiogenic effects were significantly less different between the LiCl− -
treated losers and control mice. 

3.2. Experiment 2. Effects of the Chronic LiCl Treatment on the Expression of Serotonergic Genes 
in the Midbrain Raphe Nuclei of Defeated Mice  

In comparison with the controls and Sal-treated losers, chronic LiCl treatment in-
duced overexpression of the Tph2 gene (p < 0.01 for both), Slc6a4 gene (p < 0.05 and p < 
0.01), Htr1a gene (p < 0.01 for both), and Htr5b gene (p < 0.01 and p < 0.05) in the midbrain 
raphe nuclei of defeated mice (Figure 6). 

Figure 5. Effects of LiCl on the behavior of defeated mice in the social interaction test as a reaction to the partner under
the pencil holder. Note: Control (n = 9); Los Sal-Sal-treated losers (n = 11); Los LiCl−-LiCl−-treated losers (n = 7); Los
LiCl+-LiCl+-treated losers (n = 5). The data are shown as means (plus sign), medians (solid lines), and 25%/75% quartiles in
the box-whisker plot, with whiskers indicating the 10th and 90th percentiles. ** p < 0.01, *** p < 0.001 vs. controls; ## p < 0.01,
and ### p < 0.001 vs. Sal-treated losers; $$ p < 0.01 vs. LiCl−-treated losers.

3.2. Experiment 2. Effects of the Chronic LiCl Treatment on the Expression of Serotonergic Genes
in the Midbrain Raphe Nuclei of Defeated Mice

In comparison with the controls and Sal-treated losers, chronic LiCl treatment induced
overexpression of the Tph2 gene (p < 0.01 for both), Slc6a4 gene (p < 0.05 and p < 0.01),
Htr1a gene (p < 0.01 for both), and Htr5b gene (p < 0.01 and p < 0.05) in the midbrain raphe
nuclei of defeated mice (Figure 6).

Some discrepancy between the data obtained earlier [35] and our current results
can be explained by slight experimental differences. In the earlier study, we did not
chronically administer saline to the losers but we did in the present experiment. There is
also the possibility that saline may have a protective impact, similar to those in the elevated
plus-maze test, with chronic injections attenuating the adverse effects of chronic social
defeat stress.
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nuclei of defeated mice. The measurement data were processed in the Bio-Rad Amplifier software 
(USA). Bars: the control (n = 9); Saline - Sal-treated losers (n = 7); LiCl - LiCl-treated losers (n = 9). * 
p < 0.05 and ** p < 0.01 vs. controls, and + p < 0.05 and ++ p < 0.01 vs. Sal-treated losers according to 
Student’s t-test. The data are presented as mean ± SEM. 

Some discrepancy between the data obtained earlier [35] and our current results can 
be explained by slight experimental differences. In the earlier study, we did not chroni-
cally administer saline to the losers but we did in the present experiment. There is also the 
possibility that saline may have a protective impact, similar to those in the elevated plus-
maze test, with chronic injections attenuating the adverse effects of chronic social defeat 
stress. 

4. Discussion 
An important finding here is the varied sensitivity to a drug in mice of the same 

group, in particular regarding LiCl in this work. When evaluating the behavior of aggres-
sive [41] and defeated male mice (this study) in the social interaction test, we found that 
mice of one group can be subdivided into subgroups according to differential sensitivity 
to LiCl: only 40% of chronically aggressive and defeated males were sensitive to chronic 
lithium treatment. Naturally, a question arises: why did the group of inbred mice split 
into groups of sensitive and less sensitive to the drug under obviously identical experi-
mental conditions? One plausible reason, as supposed in References [42,43], concerns the 
differences in prenatal and early postnatal development, which have been overlooked in 
the standardized experimental setting. In our opinion, however, a more likely assumption 
is that baseline psycho-emotional states were different among the experimental animals 
raised under the group housing conditions at the animal facility. Mice are known to form 
a despotic dominance hierarchy with one male being dominant and others being subor-
dinate [44]. Social status leaves an imprint on the behavior and brain neurochemistry of 
mice. In this study, we obtained additional evidence that the effect of a drug may depend 
on the psycho-emotional state of an individual. In other words, the neurochemical back-
ground can modify the effect of a drug, sometimes yielding the opposite of the expected 
influence. 

Moreover, some effects of a drug can be detectable in one situation (test) and unde-
tectable in another. Apparently, the reason for this is that the predominant motivation that 
develops under the experimental conditions underlies many (but not all) types of behav-
ior. Sometimes, there is a struggle between two opposite motivations (ambivalence), for 
example, fear and communicativeness (the test of social interactions) or anxiety and ex-
ploratory activity (the elevated plus-maze test). The balance between major motivations 
depends on a context, is reflected in the psycho-emotional state, and logically is influenced 
by the underlying neurochemical background, which may affect the biological activities 

Figure 6. The influence of chronic LiCl treatment on serotonergic gene expression in midbrain raphe
nuclei of defeated mice. The measurement data were processed in the Bio-Rad Amplifier software
(USA). Bars: the control (n = 9); Saline - Sal-treated losers (n = 7); LiCl - LiCl-treated losers (n = 9).
* p < 0.05 and ** p < 0.01 vs. controls, and + p < 0.05 and ++ p < 0.01 vs. Sal-treated losers according to
Student’s t-test. The data are presented as mean ± SEM.

4. Discussion

An important finding here is the varied sensitivity to a drug in mice of the same group,
in particular regarding LiCl in this work. When evaluating the behavior of aggressive [41]
and defeated male mice (this study) in the social interaction test, we found that mice of
one group can be subdivided into subgroups according to differential sensitivity to LiCl:
only 40% of chronically aggressive and defeated males were sensitive to chronic lithium
treatment. Naturally, a question arises: why did the group of inbred mice split into groups
of sensitive and less sensitive to the drug under obviously identical experimental condi-
tions? One plausible reason, as supposed in References [42,43], concerns the differences in
prenatal and early postnatal development, which have been overlooked in the standardized
experimental setting. In our opinion, however, a more likely assumption is that baseline
psycho-emotional states were different among the experimental animals raised under
the group housing conditions at the animal facility. Mice are known to form a despotic
dominance hierarchy with one male being dominant and others being subordinate [44].
Social status leaves an imprint on the behavior and brain neurochemistry of mice. In
this study, we obtained additional evidence that the effect of a drug may depend on the
psycho-emotional state of an individual. In other words, the neurochemical background
can modify the effect of a drug, sometimes yielding the opposite of the expected influence.

Moreover, some effects of a drug can be detectable in one situation (test) and unde-
tectable in another. Apparently, the reason for this is that the predominant motivation
that develops under the experimental conditions underlies many (but not all) types of
behavior. Sometimes, there is a struggle between two opposite motivations (ambivalence),
for example, fear and communicativeness (the test of social interactions) or anxiety and
exploratory activity (the elevated plus-maze test). The balance between major motivations
depends on a context, is reflected in the psycho-emotional state, and logically is influenced
by the underlying neurochemical background, which may affect the biological activities
of the drug. The subdivision of the defeated male mice into the subgroups—susceptible
or resistant to chronic social defeat stress—has also been observed by other researchers in
numerous studies [45–47].

In behavioral tests, chronic LiCl injections into unstressed (intact) male mice for
2 weeks were found to have anxiolytic effects in our previous study: the anxiety-like state
decreased as estimated by the elevated plus-maze and social interaction tests [41]. In the
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present study, during preventive treatment of defeated male mice experiencing a severe
anxiety-like state, the effect of LiCl correlated with the behavioral scores in various tests.
Slight anxiolytic effects were observed in the partition test and decreased exploratory
activities were noted in the elevated plus-maze test. Apparent anxiogenic effects of LiCl on
the losers in the social interaction test may be a consequence of the frightening situation. In
the group of defeated mice, LiCl had strong and varied effects: ~40% of the LiCl+-treated
losers manifested pronounced anxiety-like behaviors in the novel environment toward the
novel object and toward an unfamiliar partner under the pencil holder.

Earlier in similar experiments, LiCl has been administered preventively to male mice
with repeated aggression during daily agonistic interactions accompanied by wins, as well
as therapeutically to males subjected to a 20-day aggression experience with treatment
in the subsequent 2-week period without agonistic interactions [41]. In that study, the
preventive chronic LiCl injections into the winners were found to have well-pronounced
anxiogenic effects, similar to those in the losers: LiCl further enhanced the anxiety-like
state, as reported earlier for male mice, with repeated aggression in the partition test
and elevated plus-maze test [41,48]. In the social interaction test, ~40% of aggressive mice
demonstrated pronounced anxiety-like behavior after LiCl treatment, along with a decrease
of communicativeness and exploratory activity as compared with the controls. Therefore,
the anxiogenic effect of LiCl is likely to be a consequence of the stress that accompanies
agonistic interactions common for aggressive and defeated mice.

During the therapeutic intervention in the no-fight period, the anxiolytic effect of LiCl
became evident in the social interaction test performed on winners and was characterized
by increased interest in the partner placed under the pencil holder [41]. Nevertheless, in
the elevated plus-maze and partition tests, no effects of LiCl were detectable. In a study
on the effects of diazepam, similar data were obtained in a slightly different experimental
context: acute administration of the drug to mice with a short-term aggression experience
had an anxiogenic impact, whereas in the males with a long-term experience of aggression,
diazepam had an anxiolytic effect [49]. Similar results were also obtained in another work:
the effects of anxiolytic chlordiazepoxide on aggressive behavior differed between animals
of different social status [50].

Accordingly, the effects of chronic LiCl treatment can depend on the mode of treatment
(preventive or therapeutic), on the psycho-emotional state developing during a positive
or negative social experience of animals (intact, aggressive, or defeated), and on the
experimental context (tests), and the effects can be anxiogenic, anxiolytic, or undetectable,
as shown in our study (Table 1).

Table 1. Effects of chronic LiCl treatment on the anxiety-like behavior of mice with opposite social experiences.

Tests Preventive Treatment
of the Losers

Preventive Treatment
of the Winners [41]

Therapeutic Treatment
of the Winners [41] Intact Males [41]

Partition Anxiolytic effects Anxiogenic effects No effects -

Plus-maze Anxiogenic effects Anxiogenic effects No effects Anxiolytic effects

Social
interactions

Anxiogenic effects
(40% of mice)

Anxiogenic effects
(40% of mice) Anxiolytic effects Anxiolytic effects

Moreover, the response to new conditions and to anxiolytics differs among differ-
ent strains of mice; this phenomenon may be explained by features of the hereditarily
determined anxiety (state or trait) [51–53] that develops in behavioral tests. In our exper-
iments, male mice of the C57BL/6J strain with hereditarily determined enhanced “trait”
anxiety [53,54] have been used. Our data may be useful for understanding individual differ-
ences in the response to lithium in clinical practice, as reported in many studies [12,14,17].

The central role of the brain serotonergic system in the mechanisms of stress, anxiety,
depression, bipolar disorder [55–57], and in neural plasticity [58–62] has been proven in
numerous studies. It is widely believed that a serotonergic imbalance is a key pathophysio-

103



Biomedicines 2021, 9, 1293

logical mechanism of major depression. We have put forward [26] the idea that effects of
LiCl treatment depend on brain serotonergic activity, which can change from day to day
during the daily agonistic interactions in mice. We have previously documented an interac-
tion between (1) a developing anxiety and depression-like state, and (2) dynamic changes in
brain serotonergic activity that progress in the affected mice [26]. It was shown in that study
that social defeat stress induces strong anxiety, starting from the first days of the agonistic
interactions, which are accompanied by the activation of the serotonergic system. After
20 days of chronic social stress, downregulation of serotonergic genes in depressive mice is
seen in midbrain raphe nuclei [35,63], which contain serotonergic neuron bodies. These
data indicate links among the duration of stress, serotonergic activity, and both anxiety
and depression-like states, also shown in other research on animals and humans [58–62].
These observations also suggest that chronic preventive administration of LiCl before and
during severe stress and anxiety in animals with an experience of aggression or social
defeat produces an anxiogenic effect.

In this article, we present our data on the upregulation of serotonergic genes Tph2,
Slc6a4, Htr1a, and Htr5b in the midbrain raphe nuclei after preventive LiCl treatment;
supposedly, these changes may lead to the activation of the serotonergic system and, as a
consequence, to the development of anxiety as a side effect of LiCl. Our data are consistent
with other pharmacogenomic studies which have identified candidate genes that may
be sensitive to antidepressants and mood stabilizers (in particular, to lithium) including,
for example, serotonergic genes Htr2a, Htr1a, Slc6a4, Maoa, and Tph; for more detail,
review [33]. These results may be useful for clarifying the mechanisms of psychotropic LiCl
action through the increased serotonergic gene expression and thereby serotonergic activity.
Conversely, it is necessary to take into consideration that numerous other genes associated
both with lithium exposure and bipolar disorder have been identified [21,22,33,64,65], and
differential expression of these genes in brain tissue samples from patients and healthy
controls has been investigated [66]: lithium exposure significantly affected 1108 genes,
702 of which were upregulated and 406 downregulated. Our neurogenomic data obtained
in recent years by transcriptomic analysis also revealed changes in the expression of
mitochondrial [67], ribosomal [68,69], monoaminergic [70–73], or autism-associated [74]
genes under chronic social defeat stress. In addition, alterations in the expression of
neurotrophic and transcription factors’ genes [75,76] and collagen genes [77] specific for
brain regions in mice with a mixed anxiety/depression-like state have been revealed.
These observations confirm that there are various mechanisms that may mediate the
effects of lithium [78–80] at neurochemical, cellular, and genomic levels. It is becoming
apparent that the research on molecular mechanisms of neuroplasticity is most promising
for elucidating the pathogenesis of chronic anxiety and depression, and the efficacy of
anxiolytics and antidepressants. Our behavioral approach can help to understand the
effects of lithium in order to study in detail the neurogenomic mechanisms of drug action
in psycho-emotional disorders.

5. Conclusions

The use of a pharmacological approach for screening psychotropic drugs in settings
mimicking clinical conditions [36,37] allowed us to study the impact of chronic LiCl
administration on anxiety-like behavior in male mice with long-term social experience
of daily agonistic interactions. As shown in our study, chronic treatment with LiCl can
have anxiogenic, anxiolytic, or undetectable effects, and may depend on the mode of
treatment (preventive or therapeutic), on the psycho-emotional state that develops as
a result of a positive or negative social experience of the animals (intact, aggressive, or
defeated), and on the experimental context (tests). Our experiments suggest that preventive
chronic administration of LiCl to defeated male mice under these social conditions can
be accompanied by an increased expression of serotonergic genes in the midbrain raphe
nuclei. Our data can clarify the individual differences in the response to lithium that are
seen in clinical practice.
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The limitations of this study include the following:
One should keep in mind that according to our previous neurogenomic studies, the

expression of many genes in various brain regions changes under the influence of chronic
agonistic interactions. Moreover, as other authors have shown, there are many genes
that are sensitive to lithium. Accordingly, our results on the changes in the expression of
serotonergic genes in the midbrain raphe nuclei obtained in this pharmacological study
may be valid for the mixed anxiety/depression-like disorder in mice within the framework
of the experimental model used. This is just the beginning of research regarding the effects
of lithium treatment on the psycho-emotional state, on the one hand, and on the expression
of serotonergic genes, on the other hand. Additional neurogenomic studies on the effects
of lithium are needed to identify a link between the transcription of other candidate genes
and anxious behaviors in mice.

Another goal is to better understand the neurogenomic mechanisms of lithium action
on the expression of serotonergic and other genes, at least in the midbrain raphe nuclei,
depending on the psycho-emotional state of the person, as well as the severity of the disease.
It follows from this study that lithium should be given concomitantly with anxiolytics
for beneficial effects; in doing so, its positive effect on the depressive state may be more
pronounced. We hope that our experimental approach to studying the protective and
therapeutic effects of drugs will open up new ways to more effectively treat anxiety and
depressive symptoms.
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Abstract: Chronic pain is an unpleasant sensory and emotional experience that persists or recurs more
than three months and may extend beyond the expected time of healing. Recently, nociplastic pain has
been introduced as a descriptor of the mechanism of pain, which is due to the disturbance of neural
processing without actual or potential tissue damage, appearing to replace a concept of psychogenic
pain. An interdisciplinary task force of the International Association for the Study of Pain (IASP)
compiled a systematic classification of clinical conditions associated with chronic pain, which was
published in 2018 and will officially come into effect in 2022 in the 11th revision of the International
Statistical Classification of Diseases and Related Health Problems (ICD-11) by the World Health
Organization. ICD-11 offers the option for recording the presence of psychological or social factors in
chronic pain; however, cognitive, emotional, and social dimensions in the pathogenesis of chronic
pain are missing. Earlier pain disorder was defined as a condition with chronic pain associated
with psychological factors, but it was replaced with somatic symptom disorder with predominant
pain in the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5) in 2013.
Recently clinical nosology is trending toward highlighting neurological pathology of chronic pain,
discounting psychological or social factors in the pathogenesis of pain. This review article discusses
components of the pain pathway, the component-based mechanisms of pain, central and peripheral
sensitization, roles of chronic inflammation, and the involvement of tryptophan-kynurenine pathway
metabolites, exploring the participation of psychosocial and behavioral factors in central sensitization
of diseases progressing into the development of chronic pain, comorbid diseases that commonly
present a symptom of chronic pain, and psychiatric disorders that manifest chronic pain without
obvious actual or potential tissue damage.

Keywords: chronic pain; nociceptive pain; neuropathic pain; nociplastic pain; psychogenic pain;
neuroinflammation; kynurenine

1. Introduction

Chronic pain is an unpleasant sensory and emotional experience that persists or recurs
more than three months and may extend beyond the expected time of healing [1,2]. Chronic
pain occurs as a part of symptoms due to an underlying medical condition or remains
despite successful treatment of the condition that originally caused it [3]. Chronic pain
frequently becomes the sole or predominant clinical complaint [4]. The prevalence of
chronic pain estimates as much as 20%, and the incidence reaches about 10% every year of
the world adult population [5]. Nearly 10% of individuals with chronic pain was found
to suffer from moderate to severe debilitating pain [6]. Furthermore, individuals with
severe chronic pain are twice more likely to die of respiratory disease or heart disease than
those with mild pain or without pain [5]. The Global Burden of Disease Research ranked
low back pain and migraine first and second place of Years Lived with Disability (YLD),
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respectively, and thus, chronic pain imposes a substantial socioeconomic burden directly
and indirectly on society [7].

The International Classification of Diseases, Eleventh Revision (ICD-11), classifies
chronic pain into primary and secondary. Primary chronic pain is fibromyalgia or low-back
pain; the secondary chronic pain occurs secondary to an underlying medical condition
subcategorizing into cancer-related, post-trauma, neuropathic, headache and orofacial, vis-
ceral, and musculoskeletal pain. ICD-11 offers minimal options for recording psychological
or social factors in chronic pain [8]. Meanwhile, the Diagnostic and Statistical Manual of
Mental Disorders, 5th Edition (DSM-5) recognizes chronic pain in the diagnosis of somatic
symptom disorder (SSD), having replaced pain disorder, a condition with chronic pain
due to psychological factors [9]. SSD is caused by somatosensory amplification, which is
associated with fibromyalgia [10]. The trend toward a neurological explanation obviously
discounts cognitive, emotional, and social dimensions in the pathomechanism of chronic
pain. Hyperalgesia is a condition of abnormally increased sensitivity to pain caused by
injury to tissues or nerves. Nociceptive sensation is also caused by exposure to opioids
used for pain treatment, which paradoxically makes individuals more sensitive to cer-
tain stimuli. Hyperalgesia is a challenging issue for pain specialists who treat patients
at terminal care [11]. Chronic pain is often elicited by stimuli that previously did not
provoke discomfort sensation. It is called allodynia. Allodynia is commonly observed in
patients with neuropathies, fibromyalgia, migraine, complex regional pain syndrome, and
postherpetic neuralgia [12]. Chronic pain may proceed to clinical conditions accompanied
often by mood alterations, such as depression, anxiety, anger, cognitive disturbance in-
cluding memory impairment, sleep disturbances, fatigue, loss of libido, and/or disability,
called chronic pain syndrome (CPS). CPS appears to be linked to the dysfunction of the
hypothalamic–pituitary–adrenal axis and the central nervous system (CNS), but exact
mechanisms remain unknown [13].

Neuroinflammation has been intricately linked to the pathogenesis of chronic pain.
Chronic pain was proposed to be caused by the disturbance of peripheral nociception, neu-
ropathy in the somatosensory system, motor system, central and peripheral nociplasticity,
and/or psychosocial system [14]. Increasing evidence suggests that chronic inflammation
is strongly tied to aberration in each mechanism of chronic pain. Furthermore, the tryp-
tophan (TRP)–kynurenine (KYN) pathway and its metabolites were observed to play an
important role in neuroinflammation and chronic pain [15]. This review article presents the
components of the pain pathway; mechanisms of chronic pain based on the components;
the development of chronic pain through peripheral and central sensitization; evidence
of the presence of chronic neuroinflammation in each pain mechanism; the involvement
of the TRP–KYN metabolic pathway; and the need of a psychogenic component in the
pathogenesis of chronic pain.

2. The Pain Pathway, Mechanisms, Neuroinflammation, and Tryptophan Metabolism

Pain perception is signaling through the pain pathway, whose components consist
of transduction, conduction, transmission, modulation, and perception. Transduction is
the process by which noxious or potentially damaging stimuli activate the nociceptors to
convert to neural signals. Transmission refers to the signal transfer from the peripheral
neurons to the second-order neurons in the spinal cord, which wire the signals to the
thalamus and brain stem in the brain. Pain modulation takes place by inhibition of pain
signaling in the spinal cord and the activation of the descending inhibitory fibers. The
third-order neurons project to the somatosensory cortex, enabling the perception of pain.
Perception is the subjective awareness in connection with arousal, physiological, and
behavioral brain centers, involving the integration of psychological processes such as
attention, expectation, and interpretation [16–18] (Figure 1).
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Pain is a complex and intricate process attributable to nociceptic, neuropathic, and/or 
neuroplastic mechanisms. The most common type of pain is nociceptive pain caused by 
damage or potentially harmful to peripheral tissues involving nociceptors responsible for 
transduction. Neuropathic pain is caused by lesions or diseases affecting the 
somatosensory nervous system responsible for the transmission of peripheral to central 
pain signals. Nociplastic pain refers to the condition caused by altered nociceptive 
processing without actual or potentially harmful tissue damage activating peripheral 
nociceptors (nociceptive pain) or without lesions or diseases of the somatosensory 
nervous system (neuropathic pain). Cortical perception is one of the main components in 
the pain pathway; however, the ICD-11 excludes psychogenic pain [19] (Figure 2). Thus, 
participation of cortical perception in chronic pain mechanisms remains ambiguous. 

 

Figure 1. The main components in the pain pathway: (a) transduction, (b) induction, (c) transmission,
(d) modulation, and (e) perception. Created with BioRender.com.

Pain is a complex and intricate process attributable to nociceptic, neuropathic, and/or
neuroplastic mechanisms. The most common type of pain is nociceptive pain caused by
damage or potentially harmful to peripheral tissues involving nociceptors responsible for
transduction. Neuropathic pain is caused by lesions or diseases affecting the somatosensory
nervous system responsible for the transmission of peripheral to central pain signals.
Nociplastic pain refers to the condition caused by altered nociceptive processing without
actual or potentially harmful tissue damage activating peripheral nociceptors (nociceptive
pain) or without lesions or diseases of the somatosensory nervous system (neuropathic
pain). Cortical perception is one of the main components in the pain pathway; however, the
ICD-11 excludes psychogenic pain [19] (Figure 2). Thus, participation of cortical perception
in chronic pain mechanisms remains ambiguous.
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Inflammation is generally involved in the pathogenesis of various diseases and plays
a key role in diseases that cause chronic pain [20]. Resident and recruited immune cells
release inflammatory mediators at peripheral nerve innervating damaged or inflammatory
tissue to trigger action potentials in sensor neurons or sensitize neurons by increasing
transduction and excitability. Inflammatory mediators also act directly on peripheral
nerves to damage peripheral transmission [21]. Immune cells infiltrate the spinal cord
and the dorsal root ganglia to damage the central transmission and/or modulate pain
sensitivity [22]. Activated immune cells release inflammatory cytokines, chemokines,
and other factors that influence cognition, mood, and behaviors through immune-to-
CNS signaling [16,23]. Accumulating evidence suggests that chronic dysregulation of the
immune response is involved in the pathogenesis of psychiatric disorders such as mood
disorders, substance abuse disorders, psychotic disorders, attention-deficit disorders, and
autism spectrum disorders [24–26] (Figure 2).

Inflammation is invariably linked to the activation of TRP metabolism [27,28]. The
essential amino acid TRP is a precursor to serotonin, melatonin, and nicotinamide adenine
dinucleotide (NAD+), among others. More than 95% of TRP is metabolized through the
TRP–KYN pathway, synthesizing various bioactive metabolites such as neuroprotective
antioxidants and neuroprotectants, toxic oxidants and neurotoxins, as well as immunomod-
ulators. The disturbance of KYN metabolites has been linked to immune disorders, can-
cers, neurodegenerative diseases, and psychiatric disorders [29]. Furthermore, TRP–KYN
metabolites are under extensive research in search of peripheral biomarkers as well as novel
drug prototypes for a wide range of diseases [30–36]. Inflammation activates the TRP–KYN
pathway, elevating the levels of oxidative compounds or neurotoxic ligands to receptors
of the excitatory glutamatergic nervous system, which damage the peripheral nervous
system or CNS through the broken blood–nerve or blood–brain barrier, respectively [16].
Furthermore, immunomodulators are known to trigger the shift of acute inflammatory
status toward tolerogenic and chronic inflammation, perpetuating low-grade inflamma-
tion [28,37]. KYN is synthesized from TRP by the tryptophan 2,3-dioxygenase (TDO)
in the liver and the indoleamine 2,3-dioxygenases (IDOs) in the brain and the immune
system, which are induced by cortisol, and interferon (IFN)-α, IFN-γ, and tumor necrosis
factor (TNF)-α, respectively [38]. Anthranilic acid (AA), 3-hydroxykynurenine (3-HK),
or kynurenic acid (KYNA) are produced from KYN by the kynureninase (KYNU), the
KYN-3-monooxygenase (KMO), or the kynurenine aminotransferases (KATs), respectively.
The KATs also convert 3-HK to xanthurenic acid (XA). XA converts into cinnabarinic acid
by autoxidation. AA and 3-HK convert into 3-hydroxyanthranilic acid (3-HAA) and then
into picolinic acid and quinolinic acid (QA). QA converts into NADH, which is a feedback
inhibitor of TDO [31] (Figure 3). Generally, 3-HK and QA are described as neurotoxic,
while KYNA is considered to be neuroprotective. The 3-HK/KYNA ratio is often applied
as an indicator of neurotoxicity. However, emerging evidence suggests that some metabo-
lites of the TRP–KYN pathway possess Janus-face properties, depending on the dose or
the situation. For example, KYNA is excitatory in lower concentrations but inhibitory in
higher concentrations at α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors. 3-HK is known to be an oxidant but observed to be an antioxidant in certain
conditions [27,39].

The stress hormone cortisol, the strong immune activator lipopolysaccharide, proin-
flammatory cytokines, positive feedback loops, diminished levels of antioxidant system
enzyme superoxide dismutase, and anti-inflammatory cytokines all lead to the potentiation
of the TRP–KYN pathway [28]. Furthermore, the action of the KYN enzymes and metabo-
lites are complicated by the interactions with adjacent biosystems such as the oxidative
stress complex, the antioxidant enzyme systems, the serotonin neurotransmission, the
glutamate neurotransmission, the tetrahydrobiopterin pathway, the cannabinoid system,
and the aryl hydrocarbon receptor signaling [28,39].
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3. Transduction and Nociceptive Pain

The transduction of the pain sensation takes place when noxious stimuli depolarize
the afferent terminal of nociceptive myelinated A-beta (Aß) and A-delta (Aδ) fibers and
unmyelinated C fibers through the terminal membrane proteins and voltage-gated ion
channels converting them into electric signals in the neurons (Figure 1a).

Nociceptive pain is the most common pain that originates from a tissue injury or
inflammation in which the nociceptor of peripheral sensory nerves detects noxious or
potentially harmful stimuli [40]. In chronic pain, the peripheral nociceptors continue to
transmit painful stimuli even after the original injury has healed [41]. Osteoarthritis is
a classical nociceptive pain condition when abnormal loading of a damaged joint opens
mechanogated ion channels on nociceptive nerve endings [42]. Overextending or tearing a
ligament sensitizes nociceptors, which causes acute nociceptive pain, such as in the case of
an ankle sprain. In addition to mechanical irritation or physical injury, the primary cells
of the epidermis, keratinocytes, induce pain by releasing endogenous mediators, such as
adenosine triphosphate (ATP), Interleukin (IL)-1 beta (β), prostaglandin E2, endothelin, and
nerve growth factor. However, keratinocytes act in a dual matter in pain sensation: They
release β–endorphin that help pleasurable feeling during modest sun-bathing but activate
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transient receptor potential cation channel subfamily V member 4 (TRPV4) and release
pro-inflammatory cytokines, eliciting the pain sensation of a sunburn [43,44] (Figure 2a
and Table 1).

Table 1. Pain pathway components, pain mechanisms, and representative diseases.

Pain Pathway Components Pain Mechanisms Diseases, Disorders, and Injuries

Transduction Nociceptive pain Ankle sprain and osteoarthritis

Conduction
transmission Neuropathic pain

Diabetic neuropathy, shingles,
nutritional deficiencies, toxins, cancer,

Guillain-Barre syndrome, amyloidosis, Fabry’s disease,
and nerve trunk injuries

Modulation Nociplastic pain
Fibromyalgia

temporomandibular disorders,
and nonspecific back pain

Perception Psychogenic pain Depression, anxiety,
and cognitive impairment

Inflammation also activates nociceptors in the nerve endings. Inflammatory mediators
bind to their receptors on nociceptive sensory neurons in the peripheral nervous system,
resulting in pain [20]. Pro-inflammatory factors including TNF-γ and IL-1β secreted by
monocytes and macrophages at the site of a peripheral injury facilitate pain transduction
and conduction by modifying ion channels including transient receptor potential cation
channel subfamily A member 1 (TRPA1), transient receptor potential cation channel sub-
family V member 1 (TRPV1), and Nav1.7–1.9. However, those cells secret anti-inflammatory
factors such as IL-10 and/or pro-resolution mediators, including resolvins, protectins, and
maresins, to reduce nociception in the resolution phase of acute inflammation. Different
phenotypes of macrophages, such as pro-inflammatory M1 and anti-inflammatory M2,
contribute to the induction and resolution of pain, respectively [45]. Schwann cells of the
peripheral nervous system also secret TNF-γ and IL-1β to sensitize nociceptors at axons
in neuronal injury. Activated Schwann cells secrete matrix metalloprotease (MMP) 9 that
help open the blood–nerve barrier, resulting in the recruitment of immune cells that release
inflammatory cytokines [22,46]. Furthermore, nociceptive afferent sensory neurons directly
modulate inflammation by releasing inflammatory mediators, such as substance P, calci-
tonin gene-related peptide (CGRP), neurokinin A, and endothelin-3. The process is called
neurogenic inflammation (Figure 2d).

The disturbance of TRP metabolism is observed in neurogenic inflammation. The
increased levels of the stress hormone cortisol and inflammatory cytokines such as IFN-α,
IFN-γ, and TNF-α activate the TRP–KYN pathway producing higher levels of oxidant
KYN metabolites which leak into the peripheral nervous system through the damaged gap
junction following the immune reaction. The oxidative KYN metabolites 3-HK, 3-HA, and
QA are harmful compounds to nerve endings of the afferent sensory neurons (Figure 3).

4. Conduction, Transmission, and Neuropathic Pain

In conduction, the electrical signals are conducted from the peripheral neurons to
the central neurons where a network of interneurons facilitates or inhibits transmission
to the second-order neurons in the dorsal horn [47]. The presynaptic terminals of C fibers
release glutamate, substance P, and CGRP, which activate postsynaptic AMPA receptors,
NK1 receptors, and CGRP receptors, respectively [48] (Figure 1b). In transmission, the
activation of the postsynaptic receptors generates an action potential of the second-order
neurons and interneurons, which relay signals through the contralateral spinothalamic
tract to the thalamus; or the spinoreticular and spinomesencephalic tracts to the medulla
and brain stem; or the spinohypothalamic tract to the hypothalamus [49] (Figure 1c).
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Neuropathic pain originates from lesions or diseases of the somatosensory nervous
system made up of peripheral and central components. Peripheral neuropathic pain is
commonly caused by diabetic neuropathy, metabolic disorders, shingles, HIV-related distal
symmetrical neuropathies, nutritional deficiencies, toxins such as arsenic and thallium,
a paraneoplastic manifestation of cancer, immune-mediated inflammatory diseases such
as Guillain-Barre syndrome, amyloidosis, Fabry’s disease, and nerve trunk injuries [50].
Presumably, burning and poorly localized pain is transmitted by C fibers, while sharp and
lancinating pain is relayed by Aδ fibers [51]. Diabetic neuropathy is the most common
neuropathy associated with severe pain, which presents a distal symmetrical polyneu-
ropathy with numbness and loss of sensation in the distal extremities, often accompa-
nied by peripheral vascular diseases, leading to infection and ultimately amputation [52].
Neuropathic pain is also caused by direct invasion to peripheral nerves by tumor, side
effects of chemotherapy, radiation injury, or surgery [53] (Figure 2b and Table 1). Central
neuropathic pain is a common sequela to injury to the CNS such as vascular accidents,
including ischemic and hemorrhagic stroke, infections, including abscess, encephalitis,
and myelitis, demyelinating diseases, including multiple sclerosis, tumors, and brain or
spinal cord [54–56] (Figure 2b and Table 1). Mixed pain is a term never formally defined,
but it indicates pain caused by a combination of nociceptive and neuropathic mechanisms
observed in patients who suffer from osteoarthritis, sciatica, and cancer.

Neuropathic pain is often manifested as a part of the symptoms of psychological
disorders. The lifetime and current prevalence of psychiatric disorders in patients with
chronic peripheral pain were 39% and 20%, respectively [57]. Diseases that cause neuro-
pathic pain include diabetes, herpes zoster infection, nerve compression, nerve trauma,
channelopathies, and autoimmune diseases. The most common psychiatric disorders were
generalized anxiety disorders and mood disorders [57]. Furthermore, antidepressants
showed efficacy for neuropathic pain in patients with depression, suggesting neuropathic
pain and depression have a bidirectional relationship [58]. Individuals with chronic neuro-
pathic pain were associated with substance abuse or suicide ideation [59] (Figure 2b and
Table 1).

Inflammation plays an important role in neuropathic pain. Around afferent peripheral
nerves, monocytes and macrophages release pro-inflammatory factors, including TNF-γ
and IL-1β, while they secrete anti-inflammatory factor IL-10 and pro-resolving lipid media-
tors at the resolution of acute inflammation [60]. T lymphocytes (T-cells) play an important
role in neuropathic pain. T-cells secret a pro-inflammatory cytokine IL-17 and accumulate
in the dorsal root ganglion (DRG) to release pro-analgesic leukocyte elastase, inducing
mechanical allodynia. In the resolution phase, T-cells secrete anti-inflammatory cytokines
IL-4 and IL-10. In response to noxious stimuli, the satellite glial cells (SGCs) are activated
and proliferated at DRG to release pro-inflammatory cytokines TNF and IL-1β and a noci-
ceptive neurotransmitter ATP signaling through P2 receptors [61]. SGCs also release MMPs
that open the blood–nerve barriers, allowing entry of immune cells [62]. Bone marrow stem
cells trigger analgesic actions by secreting anti-inflammatory cytokine-transforming growth
factor-beta 1 by suppressing glial activation induced by nerve injury and migrating to
DRG via a (C-X-C motif) chemokine ligand (CXCL) 12 chemotactic signal after intrathecal
injection [63].

Spinal cord microglia play major roles in pathological pain. Following peripheral
injury, ATP, colony-stimulating factor 1, chemokines including (C-C motif) chemokine
ligand (CCL) 2 and fractalkine (CX3CL1), and proteases activate spinal microglia [64].
Meanwhile, the expression of the receptors for ATP and CX3CL1 increases, converging an
intracellular signaling cascade, leading to the phosphorylation of p38 mitogen-activated
protein (MAP) kinase, which, in turn, elevates production and release of TNF-γ, IL-1β,
IL-18, brain-derived growth factor (BDNF), and prostaglandin E2. TNF-γ and Il-1β increase
synaptic transmission and decrease inhibitory synaptic transmission of lamina II spinal
cord neurons [22]. BDNF suppressed gamma-aminobutyric acid inhibitory synaptic trans-
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mission in projection to lamina I spinal cord neurons. Microglia release anti-inflammatory
cytokine IL-10 in the resolution phase of inflammation [65].

An astrocyte is in contact with more than one million synapses, and thus, chronic
pain in astrocyte activation is more persistent [66]. Astrocytes communicate with neurons
through gap junction mediated by connexin-43 (Cx43). Cx43 is upregulated in astrocytes
after nerve injury, serving as a paracrine modulator. The paracrine modulation results
in elevating the release of glutamate, ATP, MMP2 and chemokines, including CCL2 and
CXCL1. The chemokines function as neuromodulators that potentiate excitatory synaptic
transmission. Meanwhile, following nerve injury, spinal cord neurons upregulate CXCL13
that activates astrocytes via C-C chemokine receptor type 5 to sustain neuropathic pain [67].
The spinal cord and cortical astrocytes upregulate thrombospondin 4 that leads to new
synapsis formation and subsequent somatosensory cortical circuit rewiring, causing neuro-
pathic pain [68]. Astrocytes cause neuronal hyperexcitability resulting from disturbance
of homeostasis of extracellular potassium and glutamate. IFN-α produced by astrocytes
inhibits nociceptive transmission in the spinal cord [66].

Oligodendrocytes form myelin sheath insulating axons in the CNS [69]. Little is
known about their roles in pain. IL-33 produced from oligodendrocytes contributes to pain
sensitivity via MAP kinases and nuclear factor kappa-light-chain-enhancer of activated B
cells in chronic constriction injury model of nerve injury-induced neuropathic pain [70].
Diphtheria toxin ablation of oligodendrocytes leads to neuropathic pain, suggesting anal-
gesic roles of the cells. Following nerve injury, T-cells infiltrate the spinal cord, contributing
to the development of mechanical sensitivity. T-cells release pro-inflammatory cytokine
TNF-γ, they secrete anti-inflammatory cytokines IL-4 and IL-10 in the resolution phase of
inflammation [71]. Following chemotherapy, intrathecal injection of cytotoxic T-cells en-
hanced neuropathic pain, while the injection of regulatory T-cells diminished neuropathic
pain [72] (Figure 2d).

The involvement of the TRP–KYN pathway was reported in inflammation-induced
neuropathic pain. The enzyme activities of the TRP–KYN pathway were studied in a
lipopolysaccharide-stimulated chronic constriction injury at the spinal cord and DRG lev-
els of rats. The intrathecal administration of L-KYN and the intraperitoneal injection of
L-KYN and an organic anion transport inhibitor probenecid significantly reversed tactile
allodynia in L5-L6 spinal nerve root-ligated rats, suggesting that the N-methyl-D-aspartate
(NMDA) receptor, an organic anion transport inhibitor agonist KYNA, mediates relieving
the allodynia [73]. The increased ratio of QA/KYN and the mRNA expression of KMO,
KYNU, and 3-hydroxyanthranilate dioxygenase (HAOO) was elevated in neuronal nuclear
antigen-positive neurons of the contralateral hippocampal dentate gyrus in a neuropathic
mouse model [74]. TDOIDO1 and 2, KMO, KYNU, and HAOO were found to be derived
from cerebral microglial cells, and mRNA expression of IDO2, KMO, and HAOO were
upregulated at the spinal cord after one week. Microglia inhibitor, minocycline, decreased
the levels of IDO2 and KMO enzymes and tactile and thermal hypersensitivity; further-
more, IDO2 inhibitor 1-methyl-d-tryptophan and KMO inhibitor UPF 648 significantly
decreased mechanical and thermal hypersensitivity [75]. This suggests the participation of
IDO2 and KMO enzymes in the pathogenesis of neuropathic pain. The intracerebroventric-
ular administration of KMO inhibitor Ro 61-8048 alleviated spared nerve injury-induced
depressive-like behavior, and the intrathecal injection of Ro 61-8048 attenuated both the
depressive-like behavior and mechanical allodynia in rats [76]. The NMDA receptor seems
to play a major role in neuropathic pain and in the development of opioid tolerance. Dex-
tromethorphan is an NMDA antagonist at high doses. Both animal and human studies
showed that NMDA antagonist ketamine was beneficial for analgesics [77] (Figure 3).

5. Modulation and Nociplastic Pain

Modulation of pain transmission occurs at all levels of the pain pathway from pe-
ripheral to the brain, as well as from upward-to-downward pain regulations, involving
both excitatory and inhibitory mechanisms that facilitate or suppress the responses of
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second-order neurons, respectively [48]. Peripheral pain modulation is achieved through
local growth factor, hormonal, and peptide release, which alters signaling through neuro-
transmitter, ion, or receptor-based mechanisms. The pain modulation takes place neuronal
signaling through corticospinal, corticoperiheral, and intraspinal pathways and neuroplas-
ticity regulation [78] (Figures 1d and 4).
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Nociplastic pain is defined as pain that arises from altered nociception despite no
clear evidence of actual or threatened tissue damage causing the activation of peripheral
nociceptors or no clear evidence of diseased lesions of the somatosensory nervous system
causing the pain [79,80]. Nociplastic pain is generally chronic and widespread and is caused
by the disturbance of central pain processing mechanisms, such as elevated excitability of
ascending and descending pain facilitatory pathways and/or reduced inhibition of the
descending anti-nociceptive pathway [14,81,82] (Figure 4). The condition refers to central
sensitization in which pain is elicited by innocuous stimuli or different kinds of stimuli,
resulting in central hyperalgesia or allodynia, respectively [83]. The process involves
increased activity of the insula, anterior cingulate cortex, and the prefrontal cortex, which
becomes active during acute pain sensation as well as of the brain stem nuclei, dorsolateral
frontal cortex, and parietal cortex, which do not participate during acute pain sensation [84]
(Figure 4). Fatigue, negative affect, unrefreshing sleep, and cognitive dysfunction are
common accompanying findings in centralized nociplastic pain [85]. This typical pattern
of nociplastic pain is observed in fibromyalgia, a medical condition of unknown cause
but known to be involved in genetic and environmental factors [86]. Temporomandibular
disorder and nonspecific back pain are also characterized by central sensitization (Figure 2c
and Table 1).

The inflammatory response is remarkable in nociplastic pain. The levels of proin-
flammatory cytokines including IL-6 and IL-8 were observed to be higher, while anti-
inflammatory cytokines IL-1 receptor antagonist was higher and IL-4 was lower in patients
with fibromyalgia. Several chemokine levels were elevated in fibromyalgia patients. They
were monocyte recruiting such as protein eotaxin (CCL11), TARC (CCL17), and MDC
(CCL22) and neutrophil chemoattractant MIG (CXCL9) and I-TAC (CXCL11) [87]. Further-
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more, the disruption of the proinflammatory and anti-inflammatory cytokine network was
considered to play a key role in the pathogenesis of central sensitization in fibromyalgia.
Chronic inflammation has been considered to induce central pain in rheumatoid arthri-
tis [88]. Thus, inflammation certainly contributes to the development of nociplastic pain, as
in fibromyalgia (Figure 2d).

The alteration of TRP metabolism has been linked to nociplastic pain such as the
temporomandibular disorders myalgia and fibromyalgia. The levels of TRP were observed
to be significantly lower in the plasma of fibromyalgia patients compared to control, and
the KYN/TRP ratio was negatively correlated with anxiety levels. The plasma TRP levels
were negatively correlated with the wrist pain intensity, whereas the KYN/TRP ratio was
positively correlated with the average and wrist pain intensity in temporomandibular
disorders [89]. TRP depletion appears to be involved in the pathogenesis of fibromyalgia
and temporomandibular disorders; however, little is known about the roles of NMDA
receptor agonists 3-HK and QA and NMDA receptor antagonist KYNA. Furthermore, the
direct link between KYNs and nociplastic pain has not been reported (Figure 3).

6. Cortical Perception and Psychogenic Pain

The perception of pain is processed in the brain and the spinal cord. The thalamus,
sensorimotor cortex, insular cortex, and anterior cingulate decode signals of unpleasant
sensation carried through ascending spinothalamic tract, whereas the amygdala and hy-
pothalamus decode signals of urgency and intensity brought through ascending the spinob-
ulbar tract. The third-order neurons transfer signals and communicate with the cortex
centers. Overall, the integration of sensations, emotions, and cognition in the brain lead to
the perception of pain [90] (Figure 1e). Psychogenic pain is pain without relevant anatomic
tissue injury or inconsistent with functional causes in distribution and is considered to be
caused by psychological factors such as depression, anxiety, and emotion [91]. Depression,
anxiety, and cognitive disturbance are common symptoms that manifest in a wide range of
diseases and comorbidity [92]. Individuals with depression and anxiety often experience
psychogenic pain all over their bodies without any relevant physical cause [93,94]. Other
psychiatric disorders frequently observed in individuals with chronic pain include sub-
stance abuse, somatoform disorder, and panic disorders [95]. Furthermore, chronic pain is
associated with the disturbance of cognitive functions such as attention, working memory,
reasoning ability, information processing, and verbal communication [96,97].

Inflammation is obviously involved in psychiatric disorders such as depression
and anxiety. Meta-analyses reported strong evidence of significantly increased levels
of c-reactive protein (CRP), IL-1, IL-6, TNF-α and soluble IL-2 receptor in the serum of ma-
jor depressive disorder (MDD) patients [98–102]. A higher concentration of CCL2/MCP-1
was also reported in patients with MDD. CRP levels in blood, serum or plasma samples was
significantly raised in generalized anxiety disorder (GAD) patients by meta-analysis, and
IFN-γ and TNF-α levels were significantly increased in at least two or more studies [103].
Lower levels of IL-10 and higher ratios of TNF-α/IL-10, TNF-α/IL-4, IFN-γ/IL-10, and IFN-
γ/IL-4 were observed in the serum of GAD patients, showing significantly increased pro-
to anti-inflammatory cytokine ratios, which suggests a distinct cytokine imbalance [104]
(Figure 2d).

Similarly, activation of the TRP–KYN pathway has been reported in depression and
anxiety. Meta-analyses reported decreased TRP levels in plasma and decreased levels of
KYN and KYNA in MDD patients, while antidepressant-free patients showed an increased
level of QA. The postmortem brain tissues from patients with MDD showed the increased
QA immunoreactivity in the prefrontal cortex and hippocampus [105,106]. Magnetic reso-
nance spectroscopy suggested a higher turnover of cells with KYN and the 3-HAA/KYN
ratio in adolescent depression. Those findings are in accordance with the activation of
the TRP-KYN pathway toward 3-HK and QA branches by pro-inflammatory cytokines
activating IDOs, and KMO, resulting in higher neurotoxic 3-HK and QA levels [107]. De-
creased plasma KYN levels were observed in endogenous anxiety and normalized after
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treatment [108]. The alteration of the TRP-KYN pathway by stress or inflammation may
cause serotonin and melatonin deficiency, making an individual more susceptible to anxiety
(Figure 3).

7. Conclusions and Future Perspective

The pain pathway, pain mechanisms, inflammation, KYN metabolites and enzymes
of the TRP–KYN pathway, and diseases associated with chronic pain are overviewed in
this review article. Pain sensation can be attributed to damage and/or potential harm in
various components of the pain pathway and corresponding pain mechanisms, involving
inflammation and alteration of the TRP–KYN pathway [109]. Chronic inflammation triggers
not only nociceptive pain but induces other pain mechanisms, including psychogenic pain.
Thus, a search for unique inflammatory signatures and various interventional targets
in chronic inflammation is currently under extensive research [110–113]. Intervention
through the TRP–KYN pathway is under comprehensive research to alleviate oxidative
stress and excitotoxicity in various illnesses [114–121]. Meanwhile, the effectiveness of
motor cortex stimulation and spinal cord stimulation to alleviate chronic pain caused by
various underlying conditions is under evaluation [122,123].

Chronic pain arises through a complex pathogenic process involving more components
and developing into the pain continuum. Central sensitization, peripheral sensitization,
and somatization are pathogenic processes of pain development in the pain continuum
spanning components of the pain pathway and the pain mechanism, which is hardly under-
stood without the presence of the cortical perception (Figure 5). The nociplastic mechanism
of pain attempts to delineate pain without relevant cause or lesions of the somatosensory
nervous system, such as altered perception of nociception. Chronic pain presented in
fibromyalgia syndrome, chronic back pain, and complex regional pain syndrome is best
understood in the framework of pain perception, including cognitive, emotional, and
social components. Chronic pain experienced in psychiatric conditions, in particular, is
not fully explainable in the view of the nociplastic pain mechanism. Pain sensation is
developed through complex interactions with higher cortical centers governing mood,
emotion, and cognition.
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complex pathogenic process involving more components and developing into the pain continuum.
Central sensitization, peripheral sensitization, and somatization are pathogenic processes of pain
development spanning components of the pain pathway and the pain mechanism, which is hardly
understood without the presence of the cortical perception. Acute pain may develop into chronic
pain. AS: ankle sprain, OA: osteoarthritis, AT; Achilles tendinopathy; LBT: low back pain, TMD:
temporomandibular joint disorder, FM: fibromyalgia.
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Animal studies are one of the most important arenas for pain research. The endothelin
receptor mediates the alteration of astrocyte functions, leading to the alleviation of neuro-
pathic pain [124]. The dissociative anesthetics ketamine induces analgesic effects in models
of acute pain and relieves thermal and mechanical allodynia in a chronic neuropathic pain
model [125]. The involvement of the serotonergic neurotransmission in analgesic actions
has been studied using neuropathic pain models in rats [126]. The gender difference in
pain sensation and emotional domain has been reported using the transgenic mouse model
of Alzheimer’s disease [127].

More and more emerging findings shed light on the relationship between psychi-
atric symptoms and networks of the brain centers in neuropsychiatric disorders [128–130].
Stimulus-evoked functional magnetic resonance imaging (fMRI), task-free fMRI, and perfu-
sion MRI revealed that chronic pains arise from pre-existing vulnerabilities and sustained
abnormal input [131]. Neuroimaging techniques, including fMRI and positron emission
tomography, may open the gate to understanding underlying mechanisms in signaling to
the third-order neurons to the cortex in chronic pain sensation [132–134]. Pain relief can be
achieved through accompanying symptoms such as cognition, mood, and sleep by phar-
macotherapy and/or psychotherapy [132,135–137]. Therefore, psychogenic components of
pain play an essential role in understanding the pathomechanism of chronic pain unless
the nociplastic pain mechanism can sufficiently elucidate the reciprocal interaction with
third-order neurons in the pathogenesis of chronic pain.
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Abbreviations

AA anthranilic acid
Aß fiber A-beta fiber
Aδ fiber A-delta fiber
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
AS ankle sprain
AT Achilles tendinopathy
ATP Adenosine triphosphate
BDNF brain-derived growth factor
CCL (C-C motif) chemokine ligand
CGRP calcitonin gene-related peptide
CNS central nervous system
CPS chronic pain syndrome
CX3CL1 fractalkine
Cx43 connexin-43
CXCL (C-X-C motif) chemokine ligand
DRG dorsal root ganglion
DSM-5 Diagnostic and Statistical Manual of Mental Disorders, 5th Edition
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FM fibromyalgia
fMRI functional magnetic resonance imaging
GAD generalized anxiety disorder
3-HAA 3-hydroxyanthranilic acid
3-HK 3-hydroxykynurenine
HAOO 3-hydroxyanthranilate dioxygenase
ICD-11 11th revision of the International Statistical Classification of Diseases and

Related Health Problems
IDO indolamine 2,3-dioxygenase
IFN interferon
IL interleukin
KAT kynurenine aminotransferase
KMO kynurenine 3-monooxygenase
KYN kynurenine
KYNA kynurenic acid
KYNU kynureninase
LBP low back pain
MAP mitogen-activated
MDD major depressive disorder
MMP matrix metalloprotease
NAD+ nicotinamide adenine dinucleotide
NMDA N-methyl-D-aspartate
OA osteoarthritis
QA quinolinic acid
SGCs satellite glial cells
SSD somatic symptom disorder
T-cells T lymphocytes
TDO tryptophan 2,3-dioxygenase
TMD temporomandibular joint disorder
TNF-γ tumor necrosis factor gamma
TRP tryptophan
TRPA1 transient receptor potential cation channel, subfamily A member 1
TRPV1 transient receptor potential cation channel subfamily V member 1
TRPV4 transient receptor potential cation channel subfamily V member 4
XA xanthurenic acid
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Abstract: Anxiety and depression exhibit high comorbidity and share the alteration of the amygdala–
hippocampal–prefrontal network, playing different roles in the ventral and dorsal hippocampi.
Deep brain stimulation of the infralimbic cortex in rodents or the human equivalent—the subgenual
cingulate cortex—constitutes a fast antidepressant treatment. The aim of this work was: (1) to
describe the oscillatory profile in a rodent model of anxiety, and (2) to deepen the therapeutic basis
of infralimbic deep brain stimulation in mood disorders. First, the anxiogenic drug FG-7142 was
administered to anaesthetized rats to characterize neural oscillations within the amygdala and
the dorsoventral axis of the hippocampus. Next, deep brain stimulation was applied. FG-7142
administration drastically reduced the slow waves, increasing delta, low theta, and beta oscillations
in the network. Moreover, FG-7142 altered communication in these bands in selective subnetworks.
Deep brain stimulation of the infralimbic cortex reversed most of these FG-7142 effects. Cross-
frequency coupling was also inversely modified by FG-7142 and by deep brain stimulation. Our
study demonstrates that the hyperactivated amygdala–hippocampal network associated with the
anxiogenic drug exhibits an oscillatory fingerprint. The study contributes to comprehending the
neurobiological basis of anxiety and the effects of infralimbic deep brain stimulation.

Keywords: oscillations; anxiety; deep brain stimulation; electrophysiology; prefrontal; hippocam-
pus; amygdala

1. Introduction

The present paper analyzes the effects of an anxiogenic drug, N-methyl-β-carboline-3-
carboxamide (FG-7142), on the oscillatory activity of the prefrontal–amygdala–hippocampal
network, which is altered in both anxiety and depression. Furthermore, this study explores
whether anxiogenic-induced changes in the network can be reversed by deep brain stimu-
lation (DBS) of the infralimbic cortex (IL-DBS) in urethane-anaesthetized rats. With this
preclinical study, we aimed to contribute to the understanding of the neurobiological basis
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of anxiety, and to assess whether the IL-DBS could modify an aberrant connectivity in this
network.

1.1. Depression and Anxiety as Comorbid Disorders

Depression and anxiety are among the most prevalent mental disorders considered
“common” mental disorders, and they could be classified as part of an emergent pandemic
of mood disorders [1]. According to the World Health Organization’s (WHO) Global Health
Estimates [2], more than 320 million people worldwide suffer from depression, with a
growing global prevalence to 4.4% in 2015. Regarding its prevalence, anxiety is the second
most common mental disorder, affecting 264 million people globally (3.6%). Both disorders
are among the most significant contributors to non-fatal health loss, measured as years
lived with a disability. In addition, mental disorders are stronger predictors of suicidal
behavior, which is a leading cause of death worldwide, causing almost 800,000 deaths
every year. While major depressive disorder is the strongest predictor of suicidal ideation,
comorbidity with anxiety increases the possibility of suicide plans or attempts [3,4].

According to the Diagnostic and Statistical Manual of the American Psychiatric Asso-
ciation (DSM-V), major depressive disorder (MDD) is a syndrome that includes episodes of
persistent negative mood or anhedonia, together with additional emotional, psychological,
and somatic symptoms [5]. To be considered MDD, these symptoms must persist for
at least two weeks and not be secondary to any substance, medical condition, or other
psychiatric disorder; nor can the symptoms be better explained by normal grief. On the
other hand, clinical anxiety involves a maladaptative “marked, persistent, and excessive or
unreasonable fear”, which significantly interferes with everyday life.

Anxiety and depression are often comorbid and, when they occur together, the pathol-
ogy presents a diminished clinical outcome and quality of life [6]. Indeed, according to
epidemiological data of The Netherlands Study of Depression and Anxiety [7], 67% of
individuals suffering from depressive disorder had a current anxiety disorder and 75% had
a lifetime comorbid anxiety disorder. On the other hand, 63% of patients with a current
anxiety disorder had a simultaneous depressive disorder, and 81% had a lifetime depressive
disorder. Usually, anxiety symptoms precede depression. Additionally, patients presenting
comorbidity of both pathologies present higher symptom severity, which is the prognosis
for comorbid anxiety and depression that is worse than either condition alone. Thus, there
is an alternative proposal for a continuum model for anxiety syndromes including mild,
moderate, and severe/psychotic depression [1,8].

A significant problem is finding fast-acting treatments that reverse aberrant neural
activity. Despite the high incidence and relevance of depression, to date, antidepressant
therapies are not helpful for all patients, and one-third of people suffering MDD are
not responders [9]. The failure of usual antidepressant treatments may be due to a lack
of understanding of the precise neurobiological basis of MDD and the constellations of
symptoms included in the syndrome [10]. According to Holtzheimer and Mayberg, the
goal of antidepressant therapy should be to maintain normal mood regulation over time
instead of an acute resolution of the symptoms.

1.2. Prefrontal Deep Brain Stimulation in the Treatment of Depression

However, DBS in different targets has generated promising results in various mental
disorders. Its success resides in manipulating the precise malfunctioning circuits in a
broad range of disorders, including psychiatric conditions [11,12]. Thus, it is a different
therapeutic approach and a powerful tool to study altered brain networks. Nevertheless,
the underlying mechanisms require further research.

In depression, DBS has proven to induce immediate positive subjective experiences
in patients [13], with sustained effects on mood, anxiety, sleep, and somatic symptoms
after months of stimulation [13–16]. Additionally, following DBS, a reduction in anxiety
in seconds to minutes, followed by mood changes in timing from hours to days, has
been reported [17,18]. Since 2005, different targets have been used in clinical studies for
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treatment-resistant depression, with electrodes targeting regions altered in the pathology,
such as the subcallosal or subgenual anterior cingulate cortex (sACC), the equivalent Brod-
mann area 25/24 [13,15,19,20], ventral striatum [19,20], and medial forebrain bundle [21].

Regional cerebral blood flow in sACC increases in depression [22] and anticipatory
anxiety [23], and is related to negative affect in healthy subjects [24]. Based on this hyper-
activity in negative affect, Mayberg and colleagues targeted sACC for DBS for the first time
in MDD patients [13]. In this seminal work, the patients showed acute and short-term ben-
eficial effects of the DBS, time-locked with the stimulation and without effects elicited by
sham stimulation. Together with the antidepressant response, the regional cerebral blood
flow in the sACC decreased. Puigdemont et al. also reported an early response, with a high
response and remission rate at 1 week and lasting effects, with a remission rate of 50% after
1 year of treatment [25]. According to the meta-analysis conducted by Zhou et al., sACC
DBS significantly alleviates depressive symptoms [26]. Khairuddin and colleagues [27]
wrote a recent review of subcallosal DBS for treating depression that reported long-lasting
maintenance of an antidepressant response, reducing the occurrence of recurrent depres-
sive episodes; this treatment was usually well tolerated. From 39 clinical studies, they
found that response rate increased with treatment duration from 63.8% at ≤6 months to
76% at ≥24 months, and a remission rate ranging from 36.5% to 62.5%. Recently, an 8-year
follow-up study from Mayberg’s group with 28 patients reported response and remission
rates of 50% and 30%, respectively. However, there is not a conclusive consensus regarding
whether DBS for depression, and likely for anxiety, is effective, since a multisite, random-
ized, sham-controlled trial also detected positive effects in sham-operated patients [28].
The authors suggested that these controversial effects could be due to a placebo effect,
clinical features of the patient population, or suboptimal electrode placement. Nevertheless,
systematic reviews and meta-analyses following standard protocols [29], such as PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-analyses), on DBS effects
are needed to confirm its efficacy and optimize this surgical intervention. Additionally,
further clinical and preclinical studies are needed to gain a better understanding of DBS
mechanisms.

Given the involvement of the prefrontal cortex in psychiatric disorders, analyzing
its activity in animal models is of interest. However, the homology between human and
rodent prefrontal cortex [30], or even the existence of prefrontal cortex in non-primate
mammals [31,32], is controversial. The divergence primarily refers to the absence of a
granular layer and the lack of exact rodent correlation to the dorsolateral prefrontal cortex.
However, comparing cortical areas of distant species based on cytoarchitectonic criteria
has been questioned [31], and there is evidence of a rodent behavioral and connectional
homology of the medial prefrontal cortex (mPFC) [30]. The rat mPFC can be subdivided
into a dorsal and a ventral component based on several anatomical and functional criteria.
The latter includes the ventral prelimbic, infralimbic (IL), and medial orbital areas [33].

A recent study compared rat, marmoset, and human brain functional connectivity
in the resting-state by functional magnetic resonance imaging (fMRI). The authors found
that area 25 was most similar in all three species, unlike other medial prefrontal regions,
which showed a higher divergence between rats and primates [34]. Indeed, they found
robust functional connectivity between area 25 and amygdala in rats and primates, which is
relevant for its involvement in mood disorders. In the rodent brain, area 25 corresponds to
the IL region of the mPFC [34–36] Tracing studies also report similar connectivity between
the IL and the sACC, with the most robust connections found for the hypothalamus,
nucleus accumbens, the fornix, and the medial temporal lobe, including the amygdala,
insula, and anterior hippocampus in human, or the ventral hippocampus [35,36], which is
the equivalent in a rodent brain [37]. Moreover, the IL region is susceptible to stressful or
anxiogenic stimuli, and its lesioning induces anxiolytic responses in the elevated plus-maze
test [34] and decreases plasma corticosterone levels in response to acute restraint [38].

Additionally, in rats, IL-DBS has fast antidepressant-like and anxiolytic-like effects [39–41]:
the use of 1 h of IL-DBS reduces immobility time and increases climbing behavior in the
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forced swimming test; it also reduces the latency in feeding in the novelty-suppressed
feeding test. Neurochemically, IL-DBS delivered for one hour increases the release of
glutamate, serotonin, dopamine, and noradrenaline in the mPFC [40,41]. Although DBS’s
neurochemical and behavioral effects have been examined, less attention has been paid
to the influence of DBS on the network dynamics between different brain areas. To date,
no previous study has investigated the effects of IL-DBS in a pharmacological model of
anxiety. Thus, research on neural systems involved in anxiety and depression could im-
prove our understanding of mood disorders’ neurobiology and help design better targets
for intervention.

1.3. The Amygdala–Hippocampal–Prefrontal Network in Depression and Anxiety

Mood disorders present an alteration in the amygdala–hippocampal–prefrontal net-
work. Within the control network of emotional processing, the mPFC plays a key role.
Dysfunction of this circuitry is one of the hallmarks of depression and anxiety [42].

In humans, imaging studies have displayed a decreased hippocampal volume in
clinical anxiety [43] and depression [44,45], as well as in hippocampal microstructure
abnormalities in comorbid anxiety and depression, which are associated with exacerbated
threat processing [46]. Rodent studies have also evidenced alterations in the hippocampus
in clinical anxiety [47], with a stronger association with anxiety than depression-like
behavior [48]. In addition, hypersecretion of glucocorticoids involved in the acute and
chronic stress response induces alterations in neuroplasticity in the hippocampus, leading
to atrophy and neuronal loss in depression [49,50]. However, the involvement of the
hippocampus in mood disorders is not fully understood.

The hippocampus is anatomically, neurochemically, and functionally subdivided along
the septotemporal axis into dorsal, intermediate, and ventral regions [51–54]. While the
dorsal hippocampus (dHPC) is mainly related to cortical regions and involved in cognitive
processing, the ventral hippocampus (vHPC) has reciprocal projections to the amygdala and
hypothalamus, and processes emotional and stress-related behaviors. However, Strange
and colleagues suggested a gradient of functional hippocampal domains instead of precise
distributed functions [37]. In addition, the neurochemical organization of the hippocampal
formation evidences a high density of adrenergic receptors in the ventral region [54], which
is relevant in stress response and depression and their links with decreased neurogenesis.

On the other hand, the amygdala is pivotal in normal emotional processing [55,56]
and changes in its activity are related to anxiety and depression. In rodents, chronic stress
induces hyperexcitability [57] and maladaptive stress leading to anxiety induces plastic
changes in the amygdala [58,59]. An over-reactive amygdala has also been evidenced both
in anxiety-prone humans [60] and in depressed patients by imaging studies [61]. Antide-
pressants can reverse this altered activity, as can gene expression [62–64]. Finally, lesion
studies highlight that the amygdala plays a significant role not only in the establishment of
depression-like behaviors but also in hippocampal atrophy [65]. Under normal conditions,
the stress response of the amygdala is under control of the ventromedial prefrontal cortex,
while the disruption of the prefrontal control is found in mental illnesses [66].

In a previous study, we demonstrated that IL-DBS improves communication and
functional connectivity in the amygdala–hippocampal network in normal anaesthetized
rats [67]. However, its effect on anxious animals has not yet been analyzed. Modelling
psychiatric disorders is not a straightforward question and a spectrum of experimental
models of anxiety is available; however, these models’ validity has faced criticism [68,69].
In the present paper, we have chosen a proven anxiogenic drug to study the amygdala–
hippocampal network and its modulation by IL-DBS.

1.4. FG-7142 as an Anxiogenic Drug

β-carbolines are stress-sensitive compounds present in the rat brain that are excreted
in urine and act as benzodiazepine inhibitors [70]. The β-carboline FG-7142 acts as a
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partial inverse agonist at the benzodiazepine allosteric site of the GABAA receptor, with
the highest affinity for the α1-subunit [71].

There is a growing body of evidence that this drug elicits anxious behaviors, both in
freely moving rodents [72–74] and in humans [71], as well as activating neural networks
underlying the anxious response [75]. Studies over the past five decades have provided
information about the anxiogenic-like effects of FG-7142 in a variety of species, including
mice, rats, cats, monkeys, and humans. Experimental testing in humans reported severe
anxiogenic and panic-like responses following administration of β-carboline, which has
been the reason for stopping human research with the drug [76,77]. Given the large body
of literature reports on the behavioral effects of FG-7142 as a pharmacological model of
anxiety, our study was conducted under anesthesia to exclude other confounding factors,
i.e., motor activity. However, we are aware that the lack of behavioral correlates and the
anesthesia itself could be considered limitations, as we will discuss further.

Evans and Lowry performed a detailed compilation of FG-7142 effects in many ex-
perimental paradigms [71]. In rats, FG-7142 induces an increase of nonambulatory motor
activity, which is related to increased arousal and vigilance [78]. Additionally, its adminis-
tration exerts a proconflicting action, enhances shock-induced drinking suppression [79],
reduces exploratory behavior in both mice and rats [80,81], enhances behavioral suppres-
sion in response to safety signal withdrawal [82], and impairs fear extinction [83]. In the
elevated plus-maze, many rodent studies found that FG-7142 reduces the exploration time
spent in the open arms and increases the time spent in the closed arms [71]. Several authors
have also described a reduction in social interaction in rodents [84,85].

In accordance with its behavioral effects, FG-7142 increases corticosterone in the
plasma levels of rats [86,87]. Additionally, there are reports, both in monkey and in
cats, of FG-7142 actions on behavioral agitation and autonomic responses, including
increases in heart rate and blood pressure and rises in plasma cortisol, corticosterone, and
catecholamines [88,89]. In cats, FG-7142 also generates a state of elevated arousal and
fearfulness [90]. In rats and mice, at similar doses, the drug increases c-fos expression
in a widespread network involved in stress, anxiety, and fear-related behavioral and
autonomic responses. This network includes forebrain structures such as the amygdala,
ventral hippocampus, bed nucleus of the stria terminalis, cingulate, prelimbic and IL
cortices, and brainstem nuclei of the reticular ascending arousal system, including locus
coeruleus, periaqueductal grey, nucleus incertus, and dorsal raphe nucleus [74,75,78,91–93].
In addition, noradrenergic neurons in the locus coeruleus and serotonergic neurons in the
dorsal raphe nucleus [74] are activated by FG-7142.

1.5. Brain Oscillations as a Measure of Network Dynamics

Network dynamics and information coding are reflected in brain oscillations [94].
These neural signals reflect the activity of distributed populations of neurons and can be
recorded by means of surface electrodes aimed at the skull (electroencephalogram, EEG
signals) or at the brain surface (electrocorticogram), or as local field potentials (LFPs) using
intracranial electrodes inserted directly in the recorded area. LFPs emerge as the result of the
interaction of local electrical activity (i.e., neuronal discharges) with postsynaptic potentials
generated by the inputs from interconnected brain areas. Given their biophysical properties,
there is an inverse relationship between the frequency of the oscillations and the extent of
the network involved: while fast oscillations are influenced more by local neuronal activity,
lower frequencies allow for communication among more distant areas [95]. Additionally,
an increase in synchronization is usually assumed to reflect an increase in communication
in the network [96]. Therefore, measuring oscillatory changes and isolating the relevant
signals are useful for inferring the function of neural networks in normal conditions and
mental disorders [97,98].

In this paper, we first analyze the oscillatory activity of the amygdala–hippocampal
network in anaesthetized rats in basal conditions and after FG-7142 administration. LFPs
were recorded in the dorsal, intermediate, and ventral subregions of the hippocampus and
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the basolateral amygdala. Next, we applied IL-DBS on the same animals to deepen the
knowledge of the mechanisms of this therapeutic approach, focusing on its effects on the
modulation of the amygdala–hippocampal network.

In brief, our work showed that the anxiogenic drug FG-7142 induces a characteristic
oscillatory profile in the amygdala–hippocampal circuit. Furthermore, 1 h of IL-DBS
reverses most of the altered oscillations induced by FG-7142. Thus, the study suggests
possible anxiety-related biomarkers and helps us understand the effects of IL-DBS on mood
disorders.

2. Materials and Methods
2.1. Animal Model and Surgical Procedures

To minimize the number of animals used and their suffering, behavioral experiments
to evidence the anxious state were not replicated. However, we used FG-7142 doses,
which have been extensively evidenced in the bibliography to induce anxious responses in
rats [71], as well as an IL-DBS protocol that has already proved to have antidepressant and
anxiolytic-like effects [40]. A total number of 24 male Wistar rats (250–350 g; Charles River
Company, Barcelona, Spain) were used. Animals were housed in the Central Research Unit
at the University of Valencia (Spain) under a 12 h/12 h light–dark cycle and a controlled
temperature of 22 ± 2 ◦C and humidity (55 ± 10%). Food and water were available
ad libitum. All the experimental protocols were followed according to the Animal Care
Guidelines of the European Communities Council Directive (2010/63/E.U.) and approved
by the Ethics Committee of the University of Valencia before performing the experiments.

Rats were anaesthetized with an intraperitoneal injection of 1.5 g/kg of urethane
(Sigma-Aldrich/Merk, Barcelona, Spain) with supplemental doses to maintain the anes-
thetic level, complemented by local anesthesia with lidocaine sc (1 mL, 5%), blocking the
zygomatic and ophthalmic nerves, and fibers. After the loss of corneal reflex and paw with-
drawal, animals were placed inside a stereotaxic frame. Trephine holes were drilled in the
skull and 100 µm-diameter cylindric, custom-made Teflon-coated stainless steel recording
electrodes (AM Systems, Sequim, WA, USA) were placed, according to the stereotactic
coordinates from Bregma [99]; these were always placed ipsilaterally in the left hemisphere
at the dHPC (AP −3.4 mm; L 2.5 mm; DV 2.4 mm), intermediate hippocampus (iHPC)
(AP −5.8 mm; L 5.8 mm; DV 5 mm), and vHPC (AP −4.7 mm; L 5 mm; DV 8.7 mm and
basolateral amygdala (BLA) (AP −2.3 mm; L 5 mm; DV 8.5 mm). A stainless-steel screw
(Plastics One, Roanoke, VA, USA) was implanted in the occipital bone as a reference, and
was fixed with dental acrylic. For DBS, we used in-house custom-made bipolar twisted
electrodes made of 100 µm-diameter Teflon-coated stainless steel wire, with 1 mm between
both tips. Stimulating electrodes were bilaterally implanted into the IL region of the mPFC
(AP +3.2 mm; L 0.5 mm; DV 5.4 mm). A correction factor was applied to the coordinates
to increase accuracy, based on the ratio between the experimental and the theoretical dis-
tance from bregma to interaural references (experimental distance/9 mm). Additionally,
different penetration angles were used to reach the desired coordinates (details in Supple-
mentary Table S1). Recorded and stimulated regions are illustrated in Figure 1A,B. Body
temperature was maintained throughout the operation with an isothermal pad at 37 ◦C.
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Figure 1. (A) Experimental setup. Top: recording and stimulating regions. Bottom: recording
protocol with periods selected for statistical analysis. (B) Schematic diagram showing DBS electrode
tip positions. Red dots indicate the electrode tips in the excluded exemplars. All stimuli were
delivered bilaterally. (C) Histological sample showing the electrode track and tip in IL. (D) Electrode
track and tip (red arrow) in dHPC. (E) Electrode track and tip (red arrow) in iHPC. (F) Electrode track
and tip (red arrow) in vHPC. (G) Electrode track and tip (red arrow) in BLA. (H) Electrode track and
tip (red arrow) in IL. aca: anterior commissure; BLA: basolateral amygdala; CA1, CA2, CA3: Cornu
Ammonis fields; cc: corpus callosum; CPu: caudate putamen nucleus; DG: dentate gyrus; dHPC:
dorsal hippocampus; fm: forceps minor; iHPC: intermediate hippocampus; IL: infralimbic cortex;
LaDL: lateral amygdaloid nucleus, dorsolateral part; vHPC: ventral hippocampus.

2.2. Drug Administration

As a control, before the administration of the anxiogenic drug, the animals were in-
jected with 2 mL/kg saline solution ip FG-7142 (Sigma-Aldrich, St. Louis, MO, USA), which
was administered ip at a single dose of 7.5 mg/kg diluted in 12.5 mL of β-cyclodextrin and
1 M chlorohydric acid (HCl), pH 5.0, to a final volume of 2 mL/kg [74].

Under urethane, FG-7142 induces the release of acetylcholine in the vHPC [100],
an effect that was recently found under chronic restraint stress, which is a model of
anxiety [101].

2.3. Recording and Stimulation Procedure

One hour after surgery, recording began. The experimental procedure (Figure 1B)
involved a continuous recording under anesthesia in the following conditions: (1) 300 s
as baseline (henceforth, “basal” epoch); (2) 300 s following the administration of saline
solution (“saline” epoch); (3) administration of the anxiogenic drug and, subsequently,
recording for 15 min (“FG-7142” epoch); (4) 1 h of IL-DBS (bipolar stimulation at 130 Hz,
100 µA, and 80 µs) (“DBS” epoch); (5) 300 s in IL-DBS-off mode (“post-DBS” epoch). An
additional group (6 animals with implanted electrodes) only received saline and FG-7142
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but were in DBS-off mode during all the recording to visualize the evolution of the response
to the drug and the intervention alone (Figure 2).

Biomedicines 2021, 9, x FOR PEER REVIEW 8 of 32 
 

additional group (6 animals with implanted electrodes) only received saline and FG-7142 
but were in DBS-off mode during all the recording to visualize the evolution of the 
response to the drug and the intervention alone (Figure 2).  

 
Figure 2. Profile of FG-7142 persistent effects in an IL-DBS sham-operated rat with electrodes 
inserted but in DBS-off mode during all of the experiments. Observe that spontaneous reversal 
was not apparent during the recorded time course. 

LFPs were preamplified (model p511 AC Grass Preamplifier) and amplified (MPLI 
4G21; Cibertec, Madrid, Spain), band-pass filtered (0.3–300 Hz), acquired, and digitized 
at 1 kHz (CED Micro; Cambridge Electronics Design, Cambridge, UK). Further details are 
reported elsewhere [67]. 

2.4. Histological Analysis  
After the experiments, animals were deeply anesthetized with an overdose of sodium 

pentobarbital (100 mg/kg, 20%; Dolethal, Vetoquinol, Madrid, Spain) and transcardially 
perfused with 500 mL of 0.1% heparinized saline (0.9%, pH 7), followed by 500 mL of 4% 
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). Brains were removed and 
maintained in 30% sucrose for cryopreservation. Coronal sections of 40 µm were obtained 
by a freezing microtome (Leica, Madrid, Spain), collected in the same solution, and stored 
for processing. Sections were then stained by the Giemsa technique to subsequently verify 
the placement of electrodes and the injection site (Figure 1C–G). Following verification, 
three animals with misplaced electrodes were excluded from the study. 

2.5. Data Analysis  
All the analyses were performed offline with MATLAB software (The MathWorks, 

Natick, MA, USA; RRID:SCR_001622), using self-developed and built-in routines. First, 
LFPs were downsampled to 500 Hz, digitally notch-filtered with a Butterworth bandstop 
filter of around 50 Hz and harmonics until 200 Hz, and z-score normalized. 

2.5.1. Spectral Analysis 
The recordings were analyzed based on the Fast Fourier Transform. Power spectral 

density was calculated by the Welch method, with a 5 s pwelch window with 50% overlap 

Figure 2. Profile of FG-7142 persistent effects in an IL-DBS sham-operated rat with electrodes
inserted but in DBS-off mode during all of the experiments. Observe that spontaneous reversal was
not apparent during the recorded time course.

LFPs were preamplified (model p511 AC Grass Preamplifier) and amplified (MPLI
4G21; Cibertec, Madrid, Spain), band-pass filtered (0.3–300 Hz), acquired, and digitized at
1 kHz (CED Micro; Cambridge Electronics Design, Cambridge, UK). Further details are
reported elsewhere [67].

2.4. Histological Analysis

After the experiments, animals were deeply anesthetized with an overdose of sodium
pentobarbital (100 mg/kg, 20%; Dolethal, Vetoquinol, Madrid, Spain) and transcardially
perfused with 500 mL of 0.1% heparinized saline (0.9%, pH 7), followed by 500 mL of
4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). Brains were removed and
maintained in 30% sucrose for cryopreservation. Coronal sections of 40 µm were obtained
by a freezing microtome (Leica, Madrid, Spain), collected in the same solution, and stored
for processing. Sections were then stained by the Giemsa technique to subsequently verify
the placement of electrodes and the injection site (Figure 1C–G). Following verification,
three animals with misplaced electrodes were excluded from the study.

2.5. Data Analysis

All the analyses were performed offline with MATLAB software (The MathWorks,
Natick, MA, USA; RRID:SCR_001622), using self-developed and built-in routines. First,
LFPs were downsampled to 500 Hz, digitally notch-filtered with a Butterworth bandstop
filter of around 50 Hz and harmonics until 200 Hz, and z-score normalized.
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2.5.1. Spectral Analysis

The recordings were analyzed based on the Fast Fourier Transform. Power spectral
density was calculated by the Welch method, with a 5 s pwelch window with 50% overlap
and nfft 1024, implemented with the Signal Processing MATLAB Toolbox. The analyzed
bands were slow oscillations (SW < 1.5 Hz), delta (1.5–2.5 Hz), low theta (2.5–5 Hz), high
theta (5–12 Hz), beta (16–30 Hz), low gamma (30–60 Hz), mid gamma (60–90 Hz), and high
gamma (90–120 Hz). Spectral power and relative power were calculated for each band
in consecutive 60 s windows to visualize the temporal evolution of each band. Relative
power was calculated as band power/power in the 0–250 Hz.

2.5.2. Wavelet Analysis

We used a continuous wavelet transform to improve the analysis on the time-frequency
domain [102]. In addition, spectrograms and wavelet-based filters allowed us to better
visualize the temporal evolution of the oscillations.

Given that theta oscillations play a relevant role in hippocampal processing and within
limbic structures, we analyzed this oscillation in further detail by detecting epochs with
predominant low theta activity (“theta segments”). We defined theta segments as 2.5–5 Hz
continuous oscillations constituting at least 30% of the total oscillatory activity for each
time point and calculated in consecutive 60 s windows. The analysis of theta segments
allowed the quantification of the temporal ratio (proportion of time with predominant
theta segments/s), the mean duration, and the number of segments for each window.

We also used the wavelet coefficient matrix to obtain coherograms for visualizing
the coupling between channels. Phase-locking values (PLV) were defined as a measure
of the stationarity of the phase differences in 10 s temporal windows and, therefore, of
the phase-depending synchrony. The index used here was the weighted phase lag index
(WPLI), in which the contribution of the observed phase leads and lags is weighted by the
magnitude of the imaginary component of the cross-spectrum. This index increases the
specificity by reducing the contribution of noise sources or volume conduction and the
statistical power to detect changes in phase synchronization [103].

2.5.3. Cross-Frequency Coupling

Amplitude–amplitude coupling was computed in RStudio (RRID:SCR_000432) as the
Pearson linear correlation between the spectral power in two bands for the same channel.

Phase–amplitude coupling (PAC) was measured in MATLAB through the modula-
tion index (MI), as defined by Tort and colleagues [104] and described before [67]. The
MI assumed normalized values between 0 and 1 and was considered statistically signif-
icant when its value was >2 SD of the substitute mean MI, constructed by 200 random
permutations of the amplitude distribution.

2.6. Statistical Analysis

The statistical analyses and data visualization were performed with RStudio. Record-
ing periods (see Figure 1A) were grouped into the following: “basal” (first 300 s of the
recording), “saline” (300 s before FG-7142 administration), “FG-7142” (300 s before the
IL-DBS), five different periods during DBS treatment (DBS1, DBS2, DBS3, DBS4, DBS5),
and “post-DBS” (300 s following the end of the IL-DBS). In each period, we analyzed a
total time of 300 s composed of 5 consecutive 60 s windows.

Given that the sample size was less than 30 and normal distribution could not be
assumed, nonparametric tests were used. First, the variables were compared by Fried-
man’s chi-squared test with post hoc comparisons, with the Conover test for the pair-wise
comparisons with the Bonferroni adjust method. A significance level of p-value < 0.05
was considered to determine the existence of statistically significant differences. For the
Pearson linear correlation, significance levels were also obtained by the Ggally_cor and
Ggpairs packages.
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3. Results
3.1. Spectral Analysis and Peak Frequency

Urethane anesthesia was predominantly characterized by low-voltage oscillations
below 2 Hz in the SW, and delta range, together with spontaneous short-lasting scattered
faster waves. FG-7142 induced a long-lasting characteristic state, with a general switch to
faster frequencies easily recognizable in all the recorded regions, and that lasted up to 2 h
in sham-operate IL-DBS (Figure 2). The plateau period was typically observed between
10 and 15 min following administration. Details of a representative case with FG-7142
administration followed by IL-DBS are shown in Figure 3A.

FG-7142 induced a marked and significant reduction in SW below 1.5 Hz in all regions,
changing their oscillatory pattern to a regular oscillation with a robust peak frequency
shifting to 3–3.5 Hz in the low theta range. IL-DBS progressively reversed the effect,
reducing the peak frequency and returning to basal values approximately 45 min later. The
effects of IL-DBS on peak frequency lasted in the post-stimulation period (Figure 3B,C).
Statistical results are summarized in Table 1.

Table 1. Peak frequency computed by spectral decomposition.

Period dHPC iHPC vHPC BLA
Basal 1.063 ± 0.039 1.084 ± 0.042 0.979 ± 0.051 1.105 ± 0.045
Saline 1.042 ± 0.046 1.041 ± 0.063 1.048 ± 0.069 1.084 ± 0.042

FG-7142 3.355 ± 0.128 *** 3.574 ± 0.100 *** 3.629 ± 0.244 *** 3.202 ± 0.083 ***
DBS1 3.047 ± 0.087 *** 3.356 ± 0.056 *** 3.330 ± 0.087 *** 3.526 ± 0.061 ***
DBS2 2.380 ± 0.098 *** 2.292 ± 0.081 *** 1.705 ± 0.085 *** 1.653 ± 0.109 ***
DBS3 1.251 ± 0.051 *** 1.421 ± 0.101 *** 1.426 ± 0.061 *** 1.359 ± 0.101 **
DBS4 1.147 ± 0.058 1.230 ± 0.051 1.253 ± 0.098 ** 1.398 ± 0.046 ***
DBS5 1.083 ± 0.060 1.147 ± 0.049 1.048 ± 0.070 1.147 ± 0.058

POST-DBS 1.063 ± 0.049 1.020 ± 0.060 1.048 ± 0.069 1.063 ± 0.049
Note: mean ± se (bold: statistical significance in pairwise comparisons to basal period; *** p < 0.001, ** p < 0.01).

3.2. Relative Power of Slow Waves, Delta and Theta Band

Figure 4 and Supplementary Table S2 summarize the statistical results of a Fourier
analysis of the relative power for SW, delta, and theta bands. As mentioned previously, SW
drastically diminished following the administration of FG-7142 in all regions. Interestingly,
both sustained activity in the 1.5–2.5 Hz range (delta), and 16–30 Hz (beta) appeared in
the BLA, vHPC, and iHPC, without any changes in the dHPC. The 2.5–5 Hz band (low
theta) significantly increased in the dHPC, iHPC, and BLA, with a trend in vHPC. Again,
5–12 Hz (fast theta oscillations) only appeared in the dHPC after FG-7142.

It is relevant to note that the increase observed in the relative power in most bands
during the anxiety-like period was mainly due to the disappearance of the SW Delta
oscillations, which also reduced their amplitude in this state; theta only increased its
amplitude in the vHPC and iHPC, although its relative power was increased by the lack
of SW.

Essentially, in all cases, IL-DBS reversed the effect of FG-7142 administration over these
oscillations in a time-dependent manner, returning to basal values during the stimulation
and lasting in the post-stimulation period.
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Figure 3. (A) Representative wavelet spectrograms in the dHPC, vHPC and BLA in basal conditions and after FG-7142 and
IL_DBS interventions. Observe the increase in frequency induced by FG-7142 and the reversal of the oscillatory profile to
slow waves by IL-DBS. (B) Time-course evolution of the peak frequency calculated by spectral decomposition. FG-7142
increases peak frequency to a similar value at 3–4 Hz in the low theta range, which is slightly lower in BLA. IL-DBS
induces a progressive return to around 1 Hz, which is similar to basal values. (C) Statistical results of peak frequency in
the 300 s periods indicated by color code in (B). * Statistical significance in pairwise comparisons with the basal period.
Triangle: statistical significance in pairwise comparisons between IL-DBS and post-DBS with the FG-7142 period (degree
of significance not indicated in order to better visualize results; please see Table 1). dHPC: dorsal hippocampus; iHPC:
intermediate hippocampus; vHPC: ventral hippocampus; BLA: basolateral amygdala; IL: infralimbic cortex.
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Figure 4. Statistical results of relative power of slow waves, delta, theta, and beta, calculated by spectral decomposition.
* Statistical significance in pairwise comparisons with the basal period. Triangle: statistical significance in pairwise
comparisons between IL-DBS and post-DBS with the FG-7142 period. Cross: statistical trend. Degree of significance not
indicated to better visualize results; please see Supplementary Table S2. dHPC: dorsal hippocampus; iHPC: intermediate
hippocampus; vHPC: ventral hippocampus; BLA: basolateral amygdala; IL: infralimbic cortex.

3.3. Theta Segments

Theta activity is key for information processing within the hippocampus and other lim-
bic structures [67], and it has even been proposed as a possible anxiety biomarker [105,106].
Thus, to better characterize the effects on the theta band, we further analyzed wavelet theta
segments (Figure 5 and Supplementary Table S3). FG-7142 not only showed an increase in
theta oscillation amplitudes but also their persistence over time (Figure 5A,B). The theta
temporal ratio experienced a net increase in all hippocampal regions but to a lesser extent
in BLA, where shorter segments were found (Figure 5B,C). IL-DBS decreased both the
theta temporal ratio and mean duration (Figure 5B,C). As the IL-DBS advanced, a more
fractionated theta could be appreciated (more segments of shorter duration), suggesting
the discontinuation of theta activity. Finally, IL-DBS reduced both the number of segments
and their duration, resulting in a progressive return to basal values of the temporal ratio.
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Figure 5. Theta segments: (A) vHPC: wavelet spectrograms. FG-7142 induces highly stable and long-lasting theta. IL-DBS
disrupts theta segments, returning to basal values at 1 h. (B) Time course evolution of theta segments. Black line indicates
the IL-DBS. (C) Statistical results of wavelet analysis. A more continuous theta is observed in the dHPC and iHPC, evidenced
by a lower number of longer segments, while vHPC and BLA presented a more fractioned oscillation, indicated by more
but shorter segments. IL-DBS first induced a disruption of the oscillations, represented by an increase in their number,
together with shorter duration. Finally, theta segments diminished both in number and duration, eventually disappearing.
Together, IL-DBS induced the progressive reduction in theta presence, as represented by a progressively lower temporal
ratio. * Statistical significance in pairwise comparisons with the basal period. Triangle: statistical significance in pairwise
comparisons with the FG-7142 period. Cross: statistical trend. Degree of significance not indicated to better visualize
results; please see Supplementary Table S3. dHPC: dorsal hippocampus; iHPC: intermediate hippocampus; vHPC: ventral
hippocampus; BLA: basolateral amygdala; IL: infralimbic cortex.

3.4. Effects of FG-7142 and IL-DBS on Local Gamma Power

FG-7142 administration induced an increase in mid gamma (60–90 Hz) power in the
vHPC. High gamma (90–120 Hz) was also raised in the BLA and vHPC after treatment.
Neither the iHPC nor the dHPC exhibited changes in gamma power in response to the
anxiogenic drug.

In contrast, the IL-DBS induced an increase in gamma power in the network, which
also lasted during the post-DBS period. In brief, low and high gamma power increased in
the vHPC, iHPC, dHPC, and BLA, compared to both the basal and the anxiety-like states.
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Mid gamma presented a similar pattern in the vHPC, dHPC, and BLA, but without any
changes in the iHPC (Figure 6A,B and Supplementary Table S4).

Figure 6. Effects of F-7142 and IL-DBS on gamma power: (A) wavelet-filtered oscillations showing the increase in all three
gamma bands induced by IL-DBS. (B) Statistical results of gamma power computed by spectral decomposition. FG-7142
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induces only statistical increases in vHPC and BLA, while a general increase in gamma power is observed during IL-DBS and
post-DBS. * Statistical significance in pairwise comparisons with the basal period. Triangle: statistical significance in pairwise
comparisons between IL-DBS and post-DBS with the FG-7142 period. Degree of significance not indicated to better visualize
results; please see Supplementary Table S4. (C) Longitudinal evolution of gamma power. dHPC: dorsal hippocampus;
iHPC: intermediate hippocampus; vHPC: ventral hippocampus; BLA: basolateral amygdala; IL: infralimbic cortex.

3.5. Phase Synchronization

Phase-locking allowed us to assess the synchronization between structures at certain
bands, measured as WPLI, to increase accuracy. Figure 7, Supplementary Figure S1, and
Supplementary Table S5 show the results. In basal conditions (anesthesia), there was a
high phase-locking in SW (mean PLV > 0.8; Figure 7A,C). However, FG-7142 increased the
PLV at low theta frequencies between all the hippocampal subregions (dHPC–iHPC, iHPC–
vHPC, dHPC–vHPC), as well as between the dHPC–BLA and vHPC–BLA (Figure 7B,C).
The most ventral subregions (vHPC–BLA, iHPC–BLA, vHPC–iHPC) increased the PLV
at both delta and beta frequencies. When the IL-DBS was applied (Figure 7B,C), the PLV
at SW frequency progressively increased in all regions, reaching basal values during the
stimulation or in the post-DBS period; this was sooner in the vHPC–BLA and vHPC–iHPC.
The anxiety-evoked PLV at low theta frequencies returned to basal values with the IL-DBS,
with shorter timings in the dHPC–BLA and iHPC–BLA pairs and longer timing in the
vHPC–BLA. Both the anxiety-induced delta and beta PLV between the iHPC–vHPC, iHPC–
BLA, and vHPC–BLA decreased with IL-DBS. In contrast, with the IL-DBS, delta increased
in the dHPC–iHPC and beta increased in the dHPC–BLA. Therefore, anxiety increased
communication at specific frequencies (theta, delta and beta) in different subnetworks,
which IL-DBS reversed.
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Figure 7. Effects on network synchronization induced by FG-7142 injection and IL-DBS: (A) A representative wavelet
coherogram of dHPC-iHPC. At basal conditions, high coherence is observed at slow frequencies, which is typical of
anesthesia. A clear increase in theta synchronization, together with a reduction in slow waves frequencies, can be observed
in response to FG-7142. A return to basal values is induced by IL-DBS. (B) Time-course evolution of phase-locking value
(PLV) measured as weighted phase lag index (WPLI) at low theta frequencies. WPLI values close to 1 indicate high phase
synchronization at the selected frequency band (low theta in this case). Phase-locking under FG-7142 raises values close to 1.
(C) Statistical results of WPLI. * Statistical significance in pairwise comparisons with the basal period. Triangle: statistical
significance in pairwise comparisons with the FG-7142 period. Degree of significance not indicated to better visualize
results; please see Supplementary Table S4. dHPC: dorsal hippocampus; iHPC: intermediate hippocampus; vHPC: ventral
hippocampus; BLA: basolateral amygdala; IL: infralimbic cortex.
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3.6. Cross-Frequency Coupling

Within each structure, changes in cross-frequency coupling were induced by FG-7142
and IL-DBS, both in amplitude–amplitude coupling and phase–amplitude coupling.

3.6.1. Amplitude–Amplitude Correlation

Both FG-7142 and IL-DBS produced changes in the amplitude–amplitude coupling
between low-frequency oscillations in the 2.5–5 Hz range, beta activity (16–30 Hz), and
gamma. Interestingly, a different pattern between regions was found (Figure 8).
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Figure 8. Amplitude–amplitude correlation between 2.5–5 Hz band and beta (16–30 Hz). Correlation at vHPC, and to
a lesser extent iHPC, discriminates the effect of FG-7142 and IL-DBS well, with a high correlation following FG-7142
administration that was lower under the stimulation. r values are indicated in the right side; ** p < 0.01; *** p < 0.001. Other
amplitude–amplitude correlations are represented in Supplementary Figure S2.

A topographic organization appeared, since the most evident results appeared in the
vHPC and, to a lesser extent, the iHPC. In these regions, clearly different effects of the
FG-7142 and DBS could be appreciated. FG-1742 generated a high correlation between the
2.5–5 Hz and faster oscillations. These effects were reversed by the IL-DBS (diminished
slope), meaning similar 2.5–5 Hz amplitude values correlated with lower beta power. This
pattern was less evident in the correlations calculated for dHPC and BLA areas.

Remarkably, in response to FG-7142, the correlation between the 2.5–5 Hz band and
beta activity (16–30 Hz) increased in the vHPC (r = 0.911; p < 0.001) and in the iHPC
(r = 0.815; p < 0.001). After IL-DBS, and during post-DBS, this value decreased (vHPC
r = 0.589, iHPC r = 0.413, p < 0.001; vHPC r = 0.570, iHPC r = 0.566, p < 0.001). In contrast,
few changes were observed in the dHPC. Finally, the inverse pattern appeared in BLA,
with the lowest correlation occurring during FG-7142 administration.

In the dHPC, the correlation between beta and low gamma diminished in the FG-7142,
DBS, and post-DBS periods, while the correlation between low, mid, and high gamma
increased. The correlation between mid and high gamma was always high (r > 0.99,
p < 0.001).
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The iHPC and the vHPC exhibited the strongest correlations between the 2.5–5 Hz
band and gamma during FG-7142 administration, though this diminished during IL-DBS.
In this period, the iHPC showed the highest correlation between beta and mid gamma
bands (r > 0.925, p < 0.001). The correlation between low and mid gamma bands was also
high during the anxiogenic period in the vHPC (r > 0.917, p < 0.001). As in the dHPC in
basal conditions, the correlation between mid and high gamma bands was high (r > 0.972,
p < 0.001). However, in the vHPC, this correlation was reduced during IL-DBS (r > 0.686,
p < 0.001).

In the BLA, the strongest correlations between the 2.5–5 Hz and faster oscillations,
as well as beta gamma correlations, appeared during the post-DBS period. Similar to the
dHPC, the correlation between mid and high gamma bands was always extreme (r < 0.9).
For more details, see Supplementary Figure S2.

3.6.2. Phase-Amplitude Coupling

We obtained the MI between different bands in each structure to assess the PAC
(Supplementary Table S6). Figure 9A displays a representative case in vHPC (Figure 9A,
left) and BLA (Figure 9A, right). Statistical results, shown in Figure 9B, proved that FG-7142
increased delta–beta PAC in iHPC, vHPC, and BLA, as well as low theta–gamma coupling
in the iHPC. However, delta–beta PAC remained similar to basal levels in the dHPC.

IL-DBS reversed the changes observed in the delta–beta coupling, returning to basal
values or even lower levels in BLA. In contrast, SW–low gamma and low theta–low gamma
coupling were highest during the IL-DBS, as we have previously observed [67].
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Figure 9. Effects of FG-7142 and IL-DBS over phase–amplitude coupling: (A) Comodulograms between 1–4 Hz and 10–
30 Hz in vHPC and BLA showing an increase in coupling following administration of FG-7142 and a return to basal values
with IL-DBS. (B) Statistical results of phase–amplitude coupling measured as the modulation index. * Statistical significance
in pairwise comparisons with the basal period (degree of significance not indicated to better visualize results; please see
Table S6). Triangle: statistical significance in pairwise comparisons between IL-DBS and post-DBS with the FG-7142 period.
dHPC: dorsal hippocampus; iHPC: intermediate hippocampus; vHPC: ventral hippocampus; BLA: basolateral amygdala;
IL: infralimbic cortex.

4. Discussion

Our study aimed to characterize oscillatory activity throughout the amygdala–
hippocampal network under the effect of an anxiogenic drug, the inverse benzodiazepine
FG-7142. Further, based on the high comorbidity between anxiety and depression, we
analyzed the role of the IL-DBS, which exerts an antidepressant action in rats [39,40], as
well as its equivalent in humans, the scACC DBS [15,27,107]. With this study, our purpose
was to contribute to understandings around the neural circuits altered by anxiety, which
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is highly comorbid with other mental disorders, especially depression. Additionally, we
aimed to shed light on how the DBS modulates these circuits.

4.1. Study Limitations

We are aware that the main limitation of the present study resides in its use of urethane
anesthesia, which makes it necessary to be cautious in the frequency range of the oscillations
observed. However, studying neural oscillations under urethane anesthesia is easier than
doing so under freely moving conditions, since the former allows stable recordings without
behavioral-induced confounding effects (i.e., hippocampal theta activity is activated during
locomotion, grooming, and many other behaviors). Additionally, urethane allows a more
realistic approach to neural activity than other anesthetics, and has therefore been widely
used for acute electrophysiological experiments to study brain oscillations and neuronal
discharges. Under urethane anesthesia, spontaneous neural oscillations alternate in a
cyclic sleep-like manner [108]. Nevertheless, since its anesthetic power is lower, it needs
to be supplemented with local anesthesia. However, urethane typically induces large
amplitude and slow frequency oscillations that are widely distributed in the neocortex and
which are similar to the oscillatory patterns characteristic of non-REM sleep [109]. In the
hippocampus, these oscillations induce an alternation between slow waves (in the slow
oscillations and delta frequency ranges) and short spontaneous theta periods, as our group,
as well as the work of others, has previously observed [67,110–112]. SW are widely present
during anesthesia and thus cannot be assumed to be a basal physiological value. However,
SW also appear in unanesthetized animals and are related to the antidepressant response
induced by laughing gas (N2O), another NMDA receptor blocker [113]. Indeed, we point
to this specific brain state, which is characterized by slow oscillations, as being responsive
to the molecular changes related to fast-antidepressant responses.

Additionally, our lack of behavioral tests could be suggested as a weakness. However,
as described before, a large body of evidence supports the anxiogenic effects of FG-7142
in rodents, cats, primates, and even humans [84,90,114–120]. Similar doses of FG-7142
injected ip in rats induce anxious behaviors at timings that are compatible with the changes
described in this article.

In rodents, FG-7142 induces an increase in nonambulatory motor activity [78] but
reduces exploratory behavior [80,81]. In the elevated plus-maze, FG-7142 reduces the ex-
ploration time spent in the open arms and increases the time spent in the closed arms [71].
Additionally, FG-7142 enhances behavioral suppression in response to safety signal with-
drawal [82], exerts a proconflicting action, enhances shock-induced drinking suppres-
sion [79], and impairs fear extinction [83] and social interaction [84,85]. Its behavioral
effects also include learned helplessness in a similar way to inescapable stress [84]. This
fact is particularly relevant for our study about the IL-DBS mechanisms underlying its
antidepressant actions, since learned helplessness constitutes a stress-based model of
depression-like coping deficit in aversive but avoidable situations [121].

Regarding its neurobiological effects in rodents, FG-7142 also induces anxiety-related
changes, including increases in corticosterone in plasma levels [86,87] and the activation
of brain structures involved in stress, including the amygdala, the vHPC, the bed nu-
cleus of the stria terminalis, and the cingulate, prelimbic, and IL cortices, as well as the
brainstem nuclei of the reticular ascending arousal system, including the locus coeruleus,
the periaqueductal grey, the nucleus incertus, and the dorsal raphe nucleus [78,79,96,97].
Moreover, Hackler and colleagues observed an increase in BOLD signal in the amygdala,
dHPC, and hypothalamus for at least 40 min following FG-7142 administration (the authors
did not report longer times) [85]. This effect is in accordance with what we observed in the
sham-operated animals, without spontaneous reversal during the recording and 80 min
after administration.

Additionally, the antidepressant- and anxiolytic-like action of IL-DBS in rats has been
previously observed in freely behaving animals [39,40]. DBS applied at the ventromedial
prefrontal cortex, and mainly restricted to the IL, reduces immobility time in the forced
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swimming test, which is used to evaluate learned helplessness, and increases climbing
and swimming behaviors, which are usually considered as antidepressant-like actions.
Additionally, DBS induces anxiolytic-like effects in the novelty-suppressed feeding test.

Therefore, in this study, our purpose was not to validate previous results but to
complement them in a pharmacological model of anxiety, with the description of the
neural activity in the amygdala–hippocampal network using an anxiety-inducing validated
tool [77]. Additionally, chose to minimize unnecessary animal suffering.

However, further experiments in freely moving animals and studies in humans are
necessary to confirm the usefulness of the studied parameters as anxiety biomarkers.

4.2. Effects of FG-7142 and IL-DBS on the Spectral Composition

Specifically, in our study, FG-7142 administration drastically reduced SW power in
all recorded areas. The treatment also increased the relative power of delta and beta
oscillations in the iHPC, vHPC, and BLA, and low theta ratio in the dHPC, iHPC, and BLA,
with a trend in the vHPC. Low theta power increased only in vHPC and iHPC. High theta
relative power was only raised in the dHPC. Rises in mid or high gamma power were also
found in both the BLA and the vHPC.

Moreover, one hour of IL-DBS progressively reversed FG-7142 effects on SW, delta,
theta, and beta, and was maintained in the DBS-off period. In contrast, gamma power
was increased even more by the IL-DBS. In a previous study, we demonstrated that IL-
DBS raises SW and gamma power in the dHPC and BLA [67] in anaesthetized animals.
Additionally, in anaesthetized rats, Étievant and colleagues reported a similar effect in IL
over slow oscillations after DBS, although they analyzed the full 0.25–4 Hz band [122]. We
extend these previous results to a model of anxiety, showing the reversal of the pathological
oscillatory profile.

SW are travelling waves mainly generated in the mPFC [123,124]. Their high ampli-
tude is related to widespread network synchronization [125–127] and might be critical to
adapting to environmental pressures [128]. Furthermore, animal models [129,130] and
clinical studies of depression [131–133] presented reduced SW activity. Accordingly, Dun-
can and colleagues proposed reduced sleep SW activity as biomarkers of depression [134]
and increased in effective antidepressant therapies [135–138]. In this sense, our results
supported that IL-DBS can be an efficient treatment to restore SW oscillations associated
with anxiety.

On the other hand, theta oscillations are associated with active hippocampal states,
allowing memory processing [139,140], with dissociable components for spatial and emo-
tional cues [141]. Type 1 theta (fast theta) is related to locomotion and spatial processing,
and is mainly detected in the dHPC [142,143]. In rodents, low theta or type 2 theta is ex-
pressed with immobility, arousal, and emotional behaviors [144], including stress [145–148],
anxiety [148,149], and fear [150–153].

These different components of hippocampal theta are organized across the dorsoven-
tral axis [154]. For example, in humans implanted with intracranially implanted electrodes,
the posterior hippocampus (equivalent to dHPC) displays high theta oscillations (~8 Hz) re-
lated to spatial processing. In comparison, the anterior hippocampus (equivalent to vHPC)
exhibits low theta activity (~3 Hz) during non-spatial cognitive processing [155]. Addition-
ally, optogenetic studies in rats have shown that the vHPC drives type 2 theta [156].

The reduction in hippocampal activity is related to anxiolytic responses. An early
but extensive review by Gray and McNaughton referred to an improvement in active
avoidance in conflict-generating tasks [157]. In general, hippocampal lesions result in
reduced anxiety and behavioral disinhibition. More precisely, the vHPC is involved in the
control of behavior under anxiogenic situations [53]. A decrease in vHPC and BLA theta
has been known to occur with familiarization to a novel environment in control rats, but
not in stressed rats [147], while theta power increases in the vHPC, BLA and to a lesser
extent in the dHPC in stressed rats compared to control rats during the exploration of open
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arms in the elevated plus-maze [148]. Thus, the lowering of theta in these areas is related
to a decreased anxiety level. Our results are in line with this fundamental role.

In specific behaviors involving decisions related to conflict, hippocampal theta oscilla-
tions have been proposed as anxiety biomarkers by McNaughton and colleagues [106,158,159].
In addition, drugs with anxiolytic effects reduce reticular elicited hippocampal
rhythms [158,160].

Accordingly, in our study, FG-7142 induced a sustained low theta, whereas the IL-DBS
first discontinued this oscillation and finally suppressed it. We hypothesize that, under
anxiety, the amygdala hijacks the hippocampus in a continuous search for stress resolution,
which would be reflected as a sustained theta and could compromise standard cognitive
processing. IL-DBS can shortcut this sustained and pathological theta, as supported by our
wavelet analyses, leaving the hippocampus available for cognitive processing.

We also found a reliable increase in gamma activity under IL-DBS, with only a mod-
erate increase in mid and high gamma during FG-7142 administration. Fast-frequency
oscillations reflect local neuronal assemblies [161–163]. Alterations in gamma have been
described in mood disorders [164–166] and proposed as putative biomarkers of depres-
sion [167]. Our study agrees with animal and clinical studies that have reported simi-
lar increases in gamma power following acute ketamine administration at therapeutic
levels [168–173]. Similarly to DBS, subanesthetic doses of ketamine, a noncompetitive
N-methyl-D-aspartate (NMDA) receptor antagonist, also provides a fast antidepressant
action [174], being particularly effective in anxious depression [175] and it is also helpful
in relieving social anxiety disorder [176]. Cornwell and colleagues found that this rise in
gamma power following ketamine administration, measured in cortical magnetoencephalo-
graphic recordings, is correlated to antidepressant responses and increased in responders
vs. non-responders [177]. The increase in gamma power is more remarkable in depressive
patients than in healthy controls. Even those exhibiting lower baseline gamma had better
antidepressant action correlated to a higher increase in gamma power [178]. Gilbert and
colleagues recently interpreted this influence in cortical networks as a therapeutic effect
of modulating activation/inhibition levels while maintaining them at homeostatic lev-
els [168]. However, most of these studies focused on cortical gamma and not hippocampal
or amygdala activity. Other than gamma power, ketamine also induces antidepressant-
and anxiolytic-like effects and reduces the reticular-elicited hippocampal theta in animal
models [179]. Thus, IL-DBS and ketamine seem to share some electrophysiological features
as fast antidepressant therapies.

4.3. Communication in the Amygdala–Hippocampal Network

Coherent oscillatory activity in distributed networks is involved in information pro-
cessing [180,181]. Our study also found a decreased synchronization of SW in all regions
under the anxiety-like period. We have also shown an increase in the PLV at delta and beta
frequencies between the iHPC–vHPC, iHPC–BLA, and vHPC–BLA. There was a low theta
band within all the hippocampal areas studied, and between dHPC–BLA, and it increased
in vHPC–BLA but decreased in iHPC–BLA.

Taken together, the results suggest that, under the effects of FG-7142, the ventral
subnetwork communicates via delta, low theta, and beta frequencies, while the intra-
hippocampal communication affecting the dHPC operates only in the low theta range.

An increased WPLI at theta frequencies in the resting state of individuals suffering
generalized social anxiety disorder has recently been described [182]. Additionally, ac-
cording to an hyperanxiety animal model of chronic unpredictable stress, theta coherence
between vHPC–BLA was higher when avoiding open arms than in approach actions in the
elevated plus-maze [148].

The enhancement observed in 2.5–5 Hz and beta amplitude–amplitude correlation,
specifically in the vHPC, complements these results, supporting the proposal of the delta–
beta correlation as a putative anxiety biomarker [183–185] and extending the possibility of
evaluating the PAC within these frequencies. However, it is important to be cautious in
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these findings’ translation to human studies, since the frequency ranges differ slightly from
those measured in anaesthetized rodents, in which slow rhythmical activity correspondent
to theta rhythm occurs at lower frequencies [186]. Therefore, we have deliberately avoided
delta or theta terms in the correlation results to reduce misinterpretations.

Finally, in the analysis of phase–amplitude coupling, we found an increase between
SW–gamma, delta–beta, and low theta–gamma coupling following IL-DBS. We already
described this increase in cross-frequency coupling between SW and faster frequencies in
the dHPC and BLA in anaesthetized rats following IL-DBS, without any anxiety model [67].

PAC reflects the coordination of local (fast) and widespread (slow) oscillations, allow-
ing better integration of information in a neuronal network [187]. Indeed, Salimpour and
colleagues recommended PAC-oriented neuromodulation as being useful in neurological
disorders [188]. In the hippocampus, theta–gamma coupling has been widely involved in
memory processing [189–191]. In this case, hippocampal and BLA local activity could be
better integrated following IL-DBS, contributing to the therapeutic effect.

5. Conclusions

In conclusion, our study characterizes the oscillations that emerge as a fingerprint
in response to the anxiogenic drug FG-7142 in urethane-anesthetized rats. Additionally,
our results provide evidence that IL-DBS reverses abnormal oscillatory processing in
communication in the amygdala–hippocampal network. Further studies in freely moving
animals and humans are encouraged in order to describe the oscillatory biomarkers of
anxiety and to further analyze the effects of IL-DBS.
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Abstract: According to the Research Domain Criteria (RDoC), phenotypic differences among disor-
ders may be explained by variations in the nature and degree of neural circuitry disruptions and/or
dysfunctions modulated by several biological and environmental factors. We recently demonstrated
the in vivo behavioral translation of tweaking the PI3K/Akt signaling, an essential pathway for
regulating cellular processes and physiology, and its modulation through aging. Here we describe,
for the first time, the in vivo behavioral impact of the sex and genetic-load tweaking this pathway.
The anxiety-like phenotypes of 61 mature (11–14-month-old) male and female PDK1 K465E knock-in,
heterozygous, and WT mice were studied. Forced (open-field) anxiogenic environmental conditions
were sensitive to detect sex and genetic-load differences at middle age. Despite similar neophobia
and horizontal activity among the six groups, females exhibited faster ethograms than males, with
increased thigmotaxis, increased wall and bizarre rearing. Genotype-load unveiled increased anxiety
in males, resembling female performances. The performance of mutants in naturalistic conditions
(marble test) was normal. Homozygotic-load was needed for reduced somatic growth only in males.
Factor interactions indicated the complex interplay in the elicitation of different negative valence
system’s items and the fine-tuning of PI3K/Akt signaling pathway intensity by genotype-load
and sex.

Keywords: RDoC; PI3K/Akt; signaling pathway; sex; genetic load; fine tuning; anxiety; aging

1. Introduction

The expression of psychiatric symptoms such as anxiety across lifespan still needs
important research efforts to dissect and understand their modulation’s biological and
environmental basis [1]. Here, the new understanding of psychopathology in terms of
dysregulation and dysfunction in essential behavioral features through neurobiology and
behavioral neuroscience can provide a promising research scenario [2,3]. In this new
conceptualization, fear, aggression, and distress are three draft constructs within the
negative valence system (NVS), one of the five domains in the NIMH’s Research Domain
Criteria (RDoC) matrix [2,4]. This RDoC matrix comprises the interplay between behavioral
dimensions or functional constructs inspected by seven different ‘units of analysis’, namely,
genetic and molecular basis, cells and neuronal circuits, physiology of the phenotypes,
behavior, and self-report [3]. The molecular genetic basis of NVS phenotypes is considered
to be in its infancy, yet with few candidate genes nominated for anxiety disorders [5]. In
this context, basic research on signal transduction provides an advanced close examination
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of the impact of cell membrane receptors and second messengers on cellular biochemistry
and physiology. However, the downstream actions unveiling how these genetic aspects
translate into anxiety-related NVS constructs are challenging to characterize, mainly when
related to biological factors as sex or the genetic load in aging scenarios, since female mice
are underrepresented in research [6] and aging animals are scarcely studied [7].

Different PDK1/Akt mutant mice have consistently manifested a higher depressive
and/or anxiety-like behavior [8–11]. The 3-phosphoinositide-dependent protein kinase-1
(PDK1) [12], an enzyme that activates Akt among other AGC kinases [13,14], is a key
transmitter of extracellular signals of the phosphatidylinositol 3-kinase (PI3K) signaling, a
pathway extensively involved in controlling neuronal development and function [15]. Its
functional role in cellular biochemistry and physiology, as well as cancer and metabolism,
has been largely explored [16], although in recent years, further evidence has been gener-
ated about its role in bipolar disorder, depression, anxiety, and schizophrenia [17–23]. In ad-
dition, antidepressants, antipsychotics, and mood stabilizers modify Aktactivity [17,24–26].
Moreover, the PDK1/Akt pathway has been also linked with suicide, alcohol drinking, and
post-traumatic stress disorder [27–29]. Recently, a non-pharmacological intervention atten-
uated the cognitive deficit and depressive/anxiety-like behaviors induced by a stressor
through the recovery of hippocampal Akt activity [30]. In addition, after postnatal mater-
nal separation, mice treated with an early life non-pharmacological intervention showed
ameliorated depressive and anxiety-like behavior through enhanced phosphorylated Akt
in the hippocampus [31].

Here, mutant mice for this signaling pathway provide an experimental tool to depict
the nuances of its downstream modulation. Mutation of PDK1 Lys465, a residue forms
key interactions with the D3 and D4 phosphates of the PtdIns(3,4,5)P3 second messenger,
to a Glu residue abolished binding of PDK1 to phosphoinositides and localization at the
plasma membrane [32]. This signaling lesion selectively affected the phosphorylation and
activation of PKB/Akt isoforms, but left intact the activation of other AGC kinase-family
members [33]. These mice present smaller body size and insulin resistance [33]. At the
brain level, they also exhibit pronounced Akt signaling deficits in both the cortex and the
hippocampus during young adulthood (3–4 months of age) but tend to be attenuated by
middle age (11–14 months of age) [34,35]. We recently showed that the double mutation
of the PDK1 PH-domain (PDK1−/−) resulted in an enhancement of NVS shown as an
increase of responses of fear and anxiety-like behaviors in anxiogenic situations [36].
Interestingly, this seemed to be specific to young adulthood and was found regulated at
middle age. In contrast, as measured in a spatial working memory task, cognitive deficits
were found in both young and mature mutants and independently of the level of their
anxious-like profiles. These distinct age- and function-dependent impacts would agree
with the distinct cortical and limbic deficits in the Akt signaling in their brains [34]. The
elicitation of age- and regional-dependent specific patterns suggests that fine-tuning the
PKB/Akt signal intensity that enables diverse physiological responses also has in vivo
translation into the NVS, and age is a key regulatory factor.

Although women are significantly more likely than men to develop an anxiety disorder
throughout the lifespan [37], fewer than 45% of animal studies into mood disorders used
females [38,39]. The contribution of sex and genetic load in the anxious-like behavioral
phenotype in this particular animal model is still unknown. Our previous report suggested
that sex differences should be further explored [36]. Regarding genetic load, we hypothesize
that heterozygous mice (PDK1+/−) may differ behaviorally from wild-type mice and/or
homozygous mice due to differences in the intensity of the Akt signal under physiological
conditions. On the other hand, recently, Akt deficiency in Akt isoform mutant mice altered
anxiety-like behavior in an isoform- and sex-specific manner [40]. However, those sex-
specific behavioral differences could not be explained by Akt expression or activation
differences between the sexes.
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Therefore, the present study aimed to explore further the contribution of sex and
genetic load in the expression of the somatic and anxious-like behavioral phenotype of the
PDK1-K465E PH-domain knock-in mice.

2. Materials and Methods

2.1. Generation of PDK1K465E/K465E Mice and Genotyping Analysis

The generation and genotyping of the PDK1 K465E/K465E knock-in mice expressing
the single-amino-acid substitution of lysine 465 to glutamic acid in the PDK1 PH domain
were described previously [17]. The mice were subjected to PCR genotyping of genomic
DNA isolated from ear biopsy using primers K465E F (5′-GGG TGA AGC ATG GAA
TCT GTG TCT T) and K465E R (5′-GCC AGG ATA CCT AAG AGT ACC TAG AA). PCR
amplification resulted in a 196-bp product from the wild-type allele and a 236-bp product
from the targeted allele.

2.2. Animals

A total of 61 mature age (MA, 11–14-month-old) mice, PDK1−/− (14 males, 16 females),
PDK1+/− (8 males, 10 females) and PDK1+/+ (also referred to as WT, 6 males, 7 females)
were used.

Mice were maintained at the Animal House Facility of the Universitat de Lleida
under standard husbandry conditions (housed three to four per cage in Macrolon cages,
35 × 35 × 25 cm, with food and water ad libitum, 22 ± 2 ◦C, a 12 h light: dark cycle and
relative humidity 50–60%). Behavioral assessments and data analysis were performed
blind to the experiment, in a counterbalanced manner, in the light cycle, from 9:00 to 13:00 h.
All procedures were in accordance with Spanish legislation on ‘Protection of Animals Used
for Experimental and Other Scientific Purposes’ and the EU Directive (2010/63/UE) on
this subject. The study complies with the ARRIVE guidelines developed by the NC3Rs and
aims to reduce the number of animals used [41].

2.3. Behavioral Assessments

Animals were behaviorally assessed for NVS in the open field [42] and the marble-
burying tests [43], two unconditioned tests differing in their anxiogenic conditions. A
graphical abstract, also including the conclusions, illustrates the methodological setting
and procedures (Figure 1).

As measured by body weight, somatic growth was recorded on Day 0 prior to the
behavioral battery of tests to monitor possible confounding factors. Lack of sensorimotor
problems was already described in these animals in the precedent work [36].

Day 0. Somatic Growth/Bodyweight. Bodyweight was used to measure the somatic
growth and physical condition/health status of animals.

Day 1. Open field test (OF). Animals were individually placed in the center of an
illuminated (20 lux) open field (homemade woodwork, white box, 55 cm × 55 cm × 25 cm)
and observed for 5 min. First, the ethogram of action programs (sequence of behavioral
events) was analyzed. Thus, the duration of freezing behavior (latM, latency of movement)
and the latency of the behavioral events that follow it were recorded: leaving the central
square (latC), reaching the periphery (thigmotaxis) (latP) and performing first wall rearing
(latR). Second, the time course and total levels of exploratory activity were measured as
horizontal (C, number of crossings) and vertical (Rw, rearing with wall support) locomotor
activity. Finally, as previously described [44] we evaluated the presence of bizarre behaviors
assessed through the number of stereotyped rearings without wall support (Rc).

Day 2. Marble-Burying Test (MB). The procedure used was as previously described [45].
The mice were placed individually facing the wall in a standard home cage with six glass
marbles (1 cm × 1 cm × 1 cm) on a 5-cm-thick layer of clean wood cuttings. The marbles
were spaced in three rows of two marbles per row in one half of the cage. The mice were
left in the cage with marbles for a 30-min period. The test was terminated by removing
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the mice. The number of marbles that were buried, changed position (partially buried or
turned), and were left intact (I) were measured.
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Figure 1. Graphical abstract. Fine-tuning the PI3K/Akt signaling pathway by sex and genotype-load. Experimental design:
3-days battery to assess somatic growth and the Research Domain Criteria (RDoC) negative valence system (NVS) in male
and female PDK1−/−, PDK1+/− and PDK1+/+ mice at mature age (MA) are illustrated. Main findings are also indicated.

2.4. Statistics

Statistical analyses were performed using SPSS 15.0 software. All data are presented
as mean ± SEM, and are illustrated as bars that illustrate the mean values in each group
segregated by genotype and/or sex, as indicated in the legends. To evaluate the effects
of the genotype (G) and sex (S) group, a 3 × 2 factorial analysis design was applied.
Differences were studied through Multivariate General Lineal model analysis, followed by
post hoc Sidak test comparisons when it was possible. For categorical variables, the Fisher’s
exact test was used. Graphics were made with GraphPad Prims 6, and p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Somatic Growth/Bodyweight

The bodyweight of animals showed sex, genotype, and interaction effects. A part
of sexual dimorphism (Figure 2A, S, F(1,55) = 22.035, p = 0.000), significantly lower body
weight of PDK1−/− mice than WT and heterozygous mice was observed (Figure 2B, G,
F(1,55) = 15.353; p = 0.000; PDK1+/+, ***, p = 0.000; PDK1+/−, ***, p = 0.001). When analyzed
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per sex and genotype (Figure 2C, G × S, F(1,55) = 22.035, p = 0.000), post hoc comparisons
showed that the higher body weight in males is preserved in all the genotypes (Figure 2C,
PDK1+/+, s, p = 0.024; PDK1+/−, sss, p = 0.001; PDK1−/−, s, p = 0.030). Moreover, in
females, somatic growth followed a progressive decrease with genotype load (Figure 2C,
PDK1+/+, g, p = 0.018), but heterozygous males had normal weight (Figure 2C, PDK1+/+,
ggg, p = 0.000; PDK1+/−, ggg, p = 0.000).
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Figure 2. Somatic growth/ body weight in female and male mature PDK1−/−, heterozygous PDK1+/− and homozygous
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illustrate the genotype or sex groups. Factorial analysis: (A) S, sex effect; (B) G, genotype effect; (C) G × S, genotype × sex
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3.2. Open Field Test

Figures 3 and 4 depict the main behavioral domains, events, and units of analysis in
the open-field test, showing the distinct sex-dependent performances of homozygous and
heterozygous PDK1 mutants compared to WT groups.

Fear and Thigmotaxis—Immediate response to exposure to the open-field was similar
among groups, with no differences in the latency of first movement (not shown). Sex
differences were found in the latency to leave the center (Figure 3A, S, F(1,55) = 5.538;
p = 0.022) and to reach the periphery (Figure 3B, S, F(1,55) = 11.057; p = 0.002) with females
being faster than males. Post hoc multicomparison analysis showed that this difference
was due to sex dimorphism in the behavior of WT mice (Figure 3A, lat center, ss, p = 0.006),
since PDK+/− and PDK1−/−males also left the center faster than WT males, albeit this
difference only reached the statistical significance in the heterozygous group (Figure 3A,
lat center, g, p = 0.018). This genotype × sex interaction reached statistical significance in
the latency to reach the periphery (Figure 3B, G × S, F(2,55) = 4.028; p = 0.023). Post hoc
multicomparison analysis showed that WT females arrived faster than males (Figure 3B,
lat periphery, sss, p = 0.000) and that both PDK1+/− and PDK1−/−males also reached
the periphery sooner than WT (Figure 3B, gg, p = 0.003 and gg, p = 0.008, respectively).
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Figure 3. Ethogram in the open-field test in female and male mature PDK1−/−, heterozygous PDK1+/− and homozygous
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Vertical behavior—Latency of rearing showed a genotype main effect (Figure 3C, G,
F(1,55) = 3.675; p = 0.032), where both PDK1+/− and PDK1 −/− genotypes performed
rearing earlier than WT (Figure 3C, *, p = 0.035 and *, p = 0.040, respectively). Post hoc
multicomparison analysis also showed that latency of rearing was shorter in female WT
as compared to males (Figure 3C, s, p = 0.031) and that both PDK1+/− and PDK1−/−
males performed rearing earlier than WT males (Figure 3C, g, p = 0.016 and gg, p = 0.008,
respectively). As shown in Figure 4, the min-by-min analysis of the temporal course of
horizontal locomotor activity indicated similar habituation curves in the three genotypes.
In the last minute of the test, the female sex performed less activity than males (Figure 4A,
S, F(1,55) = 5.763; p = 0.020). Post hoc multiple comparison analysis indicated that this sex
effect was mostly due to the sexual dimorphism of WT mice in minute 5 (Figure 4A, s,
p = 0.043).

Vertical activity (Wall Rearing): No main but interaction effects were found (Figure 4B,
G × S, F(2,55) = 3.340; p = 0.043). Post hoc multiple comparison analysis showed differences
in the heterozygotes where males outperformed more than heterozygote females in minutes
1 (s, p = 0.036), 2 (ss, p = 0.006), and 3 (s, p = 0.025), resulting in a total higher total vertical
activity (Figure 4B, s, F(1,55) = 6.631, p = 0.013). WT females showed a higher rearing
behavior in minute 4 (s, p = 0.047).

Bizarre behavior (Rearings in the center): No main but interaction effects were
also found in the rearings performed in the center of the apparatus (Figure 4C, G × S,
F(2,55) = 3.360; p = 0.043). Post hoc multiple comparison analysis showed homozygote
mutant females performed less than homozygote mutant males in minutes 2 (s, p = 0.034),
3 (s, p = 0.048), 5 (s, p = 0.018), resulting in a total lower vertical rearing activity in the center
(Figure 4C, s, F(1,55) = 4.700, p = 0.035). Moreover, in minute 5, homozygote mutant males
exhibited more than wild-type mice (Figure 4C, g, p = 0.039).

3.3. Marble Burying Test

The qualitative (three levels of interaction) and quantitative (number) analysis of the
marble-burying test did not show any statistically significant effect and/or differences
between groups (see Figure 5). However, in contrast to the standard quantitative evaluation
protocol, the consideration of several levels of interaction with small objects enabled us
to uncover the predominant behaviors. That is, in the three strains, the most common
behavioral interaction did not result in the complete burying of the marbles but their
change of position (turned or partially buried).

Biomedicines 2021, 9, x FOR PEER REVIEW 8 of 13 
 

 
Figure 5. Marble burying test in female and male mature PDK1−/−, heterozygous PDK1+/− and homo-
zygous WT (PDK1+/+) mice. Top panel: Data are expressed as mean ± SEM or incidence. Bottom 
panel: Individual data are depicted. Bars illustrate the genotype groups, as indicated in the Y-axis. 
Symbols illustrate the different groups or individual values, as depicted in the legends or abscissae. 
Factorial analysis: G, genotype effect; S, sex effect; all p > 0.05, n.s. 

4. Discussion 
In the present work, we describe for the first time the in vivo effects of the PDK1 

mutation in the PH domain depending on age and genetic load. Mature (11–14 months of 
age) male and female PDK1−/− and PDK1+/− PH-domain knock-in mice were studied and 
compared to age- and sex-matched WT mice with normal aging. The results unveil the 
fine-tuning of the signaling pathways by sex and genetic load, with a feminization of the 
behavioral profiles. 

4.1. Homozygous-Load of the Mutant Gene Is Needed for The Reduced Somatic Growth Effects 
Only in Mutant Males 

As previously described [33,35,36], somatic growth, measured through bodyweight, 
was found reduced in both male and female PDK1-/- mice. It is known that homozygous 
male and female PDK1−/− are −35% smaller from birth than WT littermates [33]. In that 
precedent work, magnetic resonance imaging-obtained images or physical sections of 
fixed organs using the Cavalieri method described reduced brain volume (−20%) but also 
of metabolic (liver), immune (spleen, −20%), male gonadal (testis, −50%) organs and a 
slight reduction in kidney size (albeit did not reach statistical significance) in PDK1−/− mice 
compared to littermates [33]. Disector principle, a quantitative and unbiased stereological 
approach to estimate cell volume, also indicated that a reduction in organ volume trans-
lated into a reduction of cell size. Thus, in the case of adrenal glands of PDK1−/− animals, 
a −40% reduction in the relative cell size of zona fasciculata cells was found compared to 
littermates. Interestingly, the present report shows that heterozygosis was enough to sus-
tain normal weight. However, further analysis segregated by sex unveiled that the half 
genetic load of wild type PDK1 could guarantee normal somatic growth only in males 
since heterozygous females were already sensitive to this somatic effect of PDK1/Akt sig-
naling pathway. We hypothesize that this sex-dependent modulation of size translates 
into the previously reported organ sizes, glucose resistance, hyperinsulinemia, and insu-
lin resistance [33], and future experiments are needed to study it further. 

4.2. Similar Neophobia and Locomotion, but Increased Anxiety-Like Phenotype in Mutant 
Females and Feminized Anxious-Like Phenotype of Mutant Males 

In the PDK1−/− mice, the cortical and hippocampal deficits in the PDK1/Akt signaling 
[34] and the anxious-like phenotype [36] are found attenuated at 11–14 months of age as 
compared to young adulthood. In the present work, we provide further evidence of a fine-
tuning modulation of this signaling pathway by sex and genetic load. Neophobia, an 

Figure 5. Marble burying test in female and male mature PDK1−/−, heterozygous PDK1+/− and
homozygous WT (PDK1+/+) mice. Top panel: Data are expressed as mean ± SEM or incidence.
Bottom panel: Individual data are depicted. Bars illustrate the genotype groups, as indicated in the
Y-axis. Symbols illustrate the different groups or individual values, as depicted in the legends or
abscissae. Factorial analysis: G, genotype effect; S, sex effect; all p > 0.05, n.s.

163



Biomedicines 2021, 9, 747

4. Discussion

In the present work, we describe for the first time the in vivo effects of the PDK1
mutation in the PH domain depending on age and genetic load. Mature (11–14 months
of age) male and female PDK1−/− and PDK1+/− PH-domain knock-in mice were studied
and compared to age- and sex-matched WT mice with normal aging. The results unveil the
fine-tuning of the signaling pathways by sex and genetic load, with a feminization of the
behavioral profiles.

4.1. Homozygous-Load of the Mutant Gene Is Needed for the Reduced Somatic Growth Effects
Only in Mutant Males

As previously described [33,35,36], somatic growth, measured through bodyweight,
was found reduced in both male and female PDK1−/− mice. It is known that homozygous
male and female PDK1−/− are −35% smaller from birth than WT littermates [33]. In that
precedent work, magnetic resonance imaging-obtained images or physical sections of fixed
organs using the Cavalieri method described reduced brain volume (−20%) but also of
metabolic (liver), immune (spleen, −20%), male gonadal (testis, −50%) organs and a slight
reduction in kidney size (albeit did not reach statistical significance) in PDK1−/− mice
compared to littermates [33]. Disector principle, a quantitative and unbiased stereological
approach to estimate cell volume, also indicated that a reduction in organ volume translated
into a reduction of cell size. Thus, in the case of adrenal glands of PDK1−/− animals, a
−40% reduction in the relative cell size of zona fasciculata cells was found compared
to littermates. Interestingly, the present report shows that heterozygosis was enough to
sustain normal weight. However, further analysis segregated by sex unveiled that the half
genetic load of wild type PDK1 could guarantee normal somatic growth only in males
since heterozygous females were already sensitive to this somatic effect of PDK1/Akt
signaling pathway. We hypothesize that this sex-dependent modulation of size translates
into the previously reported organ sizes, glucose resistance, hyperinsulinemia, and insulin
resistance [33], and future experiments are needed to study it further.

4.2. Similar Neophobia and Locomotion, but Increased Anxiety-Like Phenotype in Mutant Females
and Feminized Anxious-Like Phenotype of Mutant Males

In the PDK1−/− mice, the cortical and hippocampal deficits in the PDK1/Akt signal-
ing [34] and the anxious-like phenotype [36] are found attenuated at 11–14 months of age
as compared to young adulthood. In the present work, we provide further evidence of
a fine-tuning modulation of this signaling pathway by sex and genetic load. Neophobia,
an amygdala-dependent immediate fear response to novelty, was similar among the six
groups of animals. However, after that, mutant females exhibited a coping with stress
strategy characterized by shorter latencies to develop the ethogram, thigmotaxis, increased
wall rearing, and presence of bizarre rearings. As previously described, according to
their temporal (repetitive/stereotyped or not) and spacial (horizontal/vertical) features,
behaviors apparently without a purpose but considered coping-with-stress strategies can
be classified as stereotyped stretching, stereotyped rearing, backward movement, and
jumping [44]. These disrupted behaviors are scarcely observed in young animals and still
difficult to record at middle age, as shown here by the low number in male WT. However,
in C57bL/6 mice, we described bizarre behavior that could be conspicuous at 6 months of
age when confronting the anxiogenic environments such as the open-field test, mainly in
females due to their increased anxious-like profiles as compared to males, or when these
responses are found exacerbated by neuropathological conditions [10,44,46]. Here, the
bizarre emergent behavior was vertical rearing, which resembles escape behavior in the
behavioral despair test. More importantly, in the present work, this female pattern was
emulated by homozygous PDK1−/− and heterozygous PDK1+/− male mice, to the extent
that the male WT profile was dissonant with the one exhibited by all the other groups. We
have shown that bizarre behaviors delay the exploratory activity in adults [44] and aged
mice [46], and can be modulated by early-life interventions [44]. Therefore, the selective
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effects of sex and PDK/Akt signaling genotype-load on the vertical but not the horizontal
activity, as shown by normal habituation curves, is noticeable and suggests that underlying
mechanisms are mediated by anxiety but not by hyperactivity [47,48].

4.3. Performance of Mutants Can Resemble Normal under Naturalistic Anxiogenic Conditions

In the precedent work [36], we demonstrated that in the PDK1 homozygous mice,
anxiety but not working memory was modulated by age with a reduction in its expression
at 11–13 months of age. This would also explain that here, similarly to previous work [44],
the anxiogenic environment of the open and illuminated field test was found to be the
best to observe the elicitation of bizarre behaviors, as well the fine-tuning of genotype and
sex modulation, but when the behavior of animals was assessed in the marble burying
test, behaviors did not differ. Thus, in the current work, similar signatures were shown
by the different groups and the ‘moved or semi-buried marbles’ was found the dominant
behavioral readout at the end of the 30 min test. Compared to an anxiogenic open-field
test, marble burying is a neuroethological paradigm eliciting spontaneous responses of
vigorous and deep digging of beddings to bury the pieces (food pellets or small objects)
the animal finds in its environment [49,50]. The interpretation of this test is in constant
debate, since it is sensitive to anxiolytic but also antipsychotic drugs [45,51], and it is
proposed for modeling compulsive-like characteristics of OCD or autism spectrum dis-
orders [51,52]. Here, as in other research, its use was aimed to in vivo identification of
biological impacts in mice [53,54], in our case of genetic load and sex. Furthermore, digging
can also be understood as a measure of general activity rather than a measure of repetitive
or anxiety-related behavior [51,55–57] and conversely, the animal’s general activity can be
a confounding factor. Due to this controversy, the open-field or other anxiety tests that also
monitor the general activity are a must for interpretations and discard confounding factors.
In all cases, in the present work, the impact of sex and genetic load on specific vertical
but not on locomotor activity may also agree with the similar signatures observed in this
paradigm. This would also agree with reports on drug-induced dose-dependent reduction
in marble-burying independently of its locomotor effects [58] or our most recent report in a
model for neuropathological aging [47].

5. Conclusions

Of the two unconditioned tests used, the forced (open-field) but not naturalistic (mar-
ble arena) anxiogenic environmental conditions were sensitive to detect sex and genetic-
load differences at middle age in the PDK1 mutant mice. Thus, despite similar initial
fear response (freezing indicating increased neophobia) and horizontal locomotion among
the six groups of animals, females exhibited faster ethograms than males, with increased
thigmotaxis with shorter latencies to reach the periphery and perform wall rearings, and
increased wall and bizarre rearing. Genotype-load unveiled increased anxiety in males in
elicitation of male ethograms and profiles resembling the performances characteristic of
the female phenotype. While a heterozygous genotype-load was enough to elicit reduced
somatic growth (bodyweight) in females, an homozygotic load of PDK1 was needed to
exert this somatic effect in males. In summary, factor interactions indicated the complex
interplay in the involvement of PI3K/Akt signaling pathway in the elicitation of different
NVS’s construct items and somatic growth and the relevance of genotype-load and sex in
the fine-tuning of its intensity.
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Abstract: The tryptophan (TRP)-kynurenine (KYN) metabolic pathway is a main player of TRP
metabolism through which more than 95% of TRP is catabolized. The pathway is activated by
acute and chronic immune responses leading to a wide range of illnesses including cancer, immune
diseases, neurodegenerative diseases and psychiatric disorders. The presence of positive feedback
loops facilitates amplifying the immune responses vice versa. The TRP-KYN pathway synthesizes
multifarious metabolites including oxidants, antioxidants, neurotoxins, neuroprotectants and im-
munomodulators. The immunomodulators are known to facilitate the immune system towards a
tolerogenic state, resulting in chronic low-grade inflammation (LGI) that is commonly present in
obesity, poor nutrition, exposer to chemicals or allergens, prodromal stage of various illnesses and
chronic diseases. KYN, kynurenic acid, xanthurenic acid and cinnabarinic acid are aryl hydrocarbon
receptor ligands that serve as immunomodulators. Furthermore, TRP-KYN pathway enzymes are
known to be activated by the stress hormone cortisol and inflammatory cytokines, and genotypic
variants were observed to contribute to inflammation and thus various diseases. The tryptophan
2,3-dioxygenase, the indoleamine 2,3-dioxygenases and the kynurenine-3-monooxygenase are main
enzymes in the pathway. This review article discusses the TRP-KYN pathway with special empha-
sis on its interaction with the immune system and the tolerogenic shift towards chronic LGI and
overviews the major symptoms, pro- and anti-inflammatory cytokines and toxic and protective KYNs
to explore the linkage between chronic LGI, KYNs, and major psychiatric disorders, including depres-
sive disorder, bipolar disorder, substance use disorder, post-traumatic stress disorder, schizophrenia
and autism spectrum disorder.

Keywords: chronic inflammation; low-grade inflammation; immune tolerance; inflammatory factor;
kynurenine; kynurenic acid; depression; bipolar disorder; substance use disorder; post-traumatic
stress disorder; schizophrenia; autism spectrum disorder

1. Introduction

Chronic low-grade inflammation (LGI) has been linked to the prodromal stage of
a broad range of chronic illnesses such as cardiovascular-, metabolic-, immunologic-,
neurodegenerative- and psychiatric diseases [1]. Chronic LGI is characterized by the
long-term of unresolved inflammatory condition in which proinflammatory and anti-
inflammatory factors are continuously released and fail to cease their actions
(Figure 1a). The long-lasting release of the inflammatory factors initiates compensatory
immune suppression and consequently causes immune tolerance, a condition in which
the immune system is unresponsive to particular antigens that normally elicit an immune
response (Figure 1b).
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Figure 1. Acute inflammation, chronic low-grade inflammation and the status of pro-inflammatory
and anti-inflammatory factors. (a) Acute inflammation onsets with the increase of inflammatory
factors and is resolved with the decrease of inflammatory cytokines (yellow line). Chronic low-
grade inflammation (LGI) is characterized by a period of relatively low-level inflammatory factors
that induce immune tolerance. Eventually, inflammatory factors increase, leading to inflammatory
exacerbation and contributing to the pathogenesis of various diseases (red line). (b) Relative levels
of pro-inflammatory (in red) and anti-inflammatory (in green) factors after the onset and before the
resolution of acute inflammation, during LGI and at inflammatory exacerbation.

C-reactive protein (CRP) is a well-established biomarker of inflammation and in LGI
the plasma concentration of CRP is between 3 mg/L–10 mg/L. LGI was found to be
negatively associated with self-rated physical health score in Health-Related Quality of Life
(HRQL) in healthy individuals, but not associated with mental health score in HRQL [2].
Thus, an additional biomarker is necessary to seek the linkage between LGI and mental
illnesses. Furthermore, the central nervous system (CNS) is an immune-privileged site that
may become the source of inflammatory factors to maintain the immune tolerance. The
privileged status of the CNS immune system depends on the integrity of the blood-brain
barrier (BBB) and the subsequent influence of inflammatory factors from other parts of
the body such as muscles and gut microbiota. The long-term immune tolerance proceeds
to significantly higher secretion of inflammatory factors which is linked to inflammatory
exacerbation and consequently, pathogenesis of a wide range of neurologic- and psychiatric
diseases [3] (Figure 1b).

The tryptophan (TRP)-kynurenine (KYN) metabolic pathway is gaining growing
attention as the immune regulator which plays a crucial role of the pathogenesis of a wide
range of diseases from cancer to psychiatric disorders. The pathway is a major branch of
L-TRP metabolism that is significantly activated during inflammation reaction. Over 95%
of L-TRP transforms into a palette of small bioactive molecules with oxidant, antioxidant,
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neurotoxic, neuroprotective and/or immunomodulatory property. Particularly, KYN,
kynurenic acid (KYNA), xanthurenic acid (XA) and cinnabarinic acid (CA) are ligands
of the aryl hydrocarbon receptor (AhR) which plays a crucial role in the modulation of
inflammation and the subsequent resolution, and the induction of immune tolerance [4].

AhR is a transcription factor that regulates gene expression, but it modulates in-
flammation through genomic and non-genomic pathways [5]. KYNs are proposed to be
emerging players in immunoregulatory networks through AhRs and can be targets for
immunotherapy [6]. Strong skeletal muscle mass plays an important role in maintaining
effective immune functions. Physical exercise influences the muscle TRP-KYN metabolism
and thus energy homeostasis. Intervention through physical exercise program is under
thorough study for obesity and chronic illnesses including diseases affecting the CNS [7–9].

The activation of the TRP-KYN pathway reversed the progression of the experimental
autoimmune encephalomyelitis mouse disease, an animal model of multiple sclerosis
(MS) [10]. Monitoring the status of reduction-oxidation as well as KYNs was proposed
for useful biomarkers in MS [11]. Cognitive performance, the activation of immune sys-
tem, and the TRP-KYN pathway were linked in the elderly as well as neurodegenerative
diseases [12,13]. KYNA was reported to possess antidepressant-like effects and KYNA
analogues were described as potential anti-dementia drugs [14,15]. The TRP-KYN path-
way is involved in migraine headache and is one of the potential targets as anti-migraine
drugs [16]. Modulation of the pathway was found to reduce or prevent substance abuse [17].
Furthermore, AhR also participates in the gut-brain axis. A novel link between gut micro-
biota and schizophrenia (SCZ) has been explored in the KYN system [18]. The commensal
microflora and microbial AhR agonists are under extensive research in search of the gut
microflora-produced biomolecules in influence on CNS and thus novel opportunities for
AhR-targeted medications [19]. This review article discusses the metabolites and enzymes
of the TRP-KYN metabolic pathway with a special emphasis on its interaction with the
immune system, and the major symptoms, pro- and anti-inflammatory cytokines and toxic
and protective KYNs of major psychiatric disorders.

2. The Kynurenine System

The essential amino acid TRP is metabolized into several different bioactive molecules
such as nicotinamide adenine dinucleotide (NAD+), serotonin (5-hydroxytryptamine,
5-HT), and melatonin (MT). Only 1–5% of TRP is utilized through the methoxyindole
pathway, synthesizing 5-HT and MT; however, 90–95% of TRP is utilized in the TRP-
KYN metabolic pathway which is leading to the synthesis of NAD+ and other bioactive
molecules. Many cell types and organs have important roles in the pathway, such as the
brain, liver, intestine and immune cells. NAD+ is a main cofactor of the electron transport
in the mitochondrial respiratory chain, which is essential for the synthesis of adenosine
triphosphate (ATP), ATP also plays an important role in the brain’s glycogen storage and in
several enzyme reactions. In addition to NAD+, several bioactive molecules are synthesized
in the pathway [20].

Firstly, L-TRP is converted to N-formyl-kynurenine by tryptophan 2,3-dioxygenase
(TDO) or indoleamine 2,3-dioxygenase (IDO) 1 or 2. N-formyl-kynurenine is degraded to
L-KYN by formamidase. L-KYN is metabolized by three ways: to KYNA by kynurenine
aminotransferase (KATs), to 3-hydroxy-kynurenine (3-HK) by kynurenine 3-monooxygenase
(KMO) and to anthranilic acid (AA) by kynureninase. KAT enzymes also transform 3-HA
to XA. 3-HK and AA are transformed to 3-hydroxyanthranilic acid (3-HAA) by kynuren-
inase or in a non-specific hydroxylation, respectively. In this case, 3-HAA is converted
to picolinic acid (PIC) by 2-amino-3-carboxymuconate-semialdehyde decarboxylase, and
to quinolinic acid (QUIN) by 3-hydroxyanthranilate dioxygenase. XA is converted to CA
by autoxidation. CA is also produced from 3-HK or QUIN. Eventually, QUIN is trans-
formed into nicotinic acid ribonucleotide, then to nicotinic acid, leading to the formation of
NAD+ [20] (Figure 2).
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Figure 2. The tryptophan-kynurenine metabolic pathway and bioactive kynurenine metabolites.
The pathway depends on the type of cells. In some cells some enzyme is missing, and thus, some
metabolite is not produced. The kynurenine metabolites are multifarious molecules with various
properties. The aryl hydrocarbon receptor (AhR) ligands are circled with a blue dotted line; toxic
kynurenines (KYNs) are in red shade, and protective KYNs are in green shade [20].

2.1. Enzymes and Metabolites of the Tryptophan-Kynurenine Pathway

Many studies have reported association between the TRP-KYN metabolic pathway, its
metabolites and enzymes and the immune systems. TRP degradation via the pathway is
activated by an acute immune response in a wide range of diseases, including immune dis-
orders, neurodegenerative and psychiatric diseases, as well as cancer [21–25]. The enzymes
involved in the pathway play a major role in various immunological and inflammatory
processes. Furthermore, the metabolites of the pathway are also involved in numerous
pathological and physiological processes [13,25]. These metabolites can be neuroprotective,
neurotoxic, oxidant, antioxidant and/or immune modifiers [26]. In addition, KYN metabo-
lites have proinflammatory, anti-inflammatory and immunosuppressive properties [27].
They regulate the proliferation and function of several immune cells [28]. The pathway is
important in mediating the equilibrium between activation and inhibition of the immune
system. It is a controller of innate and adaptive immune responses [29].
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2.1.1. The Interaction with the Immune System

The interaction of the TRP-KYN metabolic pathway with the immune system were
demonstrated in viral or bacterial inflammatory processes [30], including in autoimmune
diseases such as systemic lupus erythematosus (SLE) and Sjögren’s syndrome (SjS). Anal-
ysis of peripheral blood of SjS patients found higher expression of IDO-1 in the patients’
dendritic cells, compared to the dendritic cells of healthy controls [31] (Table 1). In SjS
patients, high levels of IDO were reported in T cells and in antigen-presenting cells (APC),
compared to healthy controls [31,32]. In SLE patients’ plasma and cerebrospinal fluid
(CSF), lower TRP levels and elevated QUIN levels were observed compared to healthy
controls [33]. There was a significant positive correlation between the KYN/TRP ratio
and tumor necrosis factor (TNF)-α levels, indicating a link between the pro-inflammatory
pathway and KYNs [33] (Table 1).

Table 1. The enzymes of the tryptophan-kynurenine pathway and related diseases.

Enzymes Substrates Products Diseases

TDO Tryptophan L-kynurenine Human brain tumors [34]
Other tumor types [35,36]

IDO Tryptophan L-kynurenine

Tumors [36,37]
Neurological and neurodegenerative

diseases [25]
Depression [38]

Systemic lupus erythematosus [33]
Sjörgen’s syndrome [31,32]

KAT
L-kynurenine
3-hydroxy-L-
kynurenine

Kynurenic acid
Xanthurenic acid

Multiple sclerosis [39]
Parkinson’s disease [40]
Alzheimer’s disease [41]

Huntington’s disease [42–44]
Epilepsy [25]

Amyotrophic lateral sclerosis [45]
Schizophrenia [46–48]

KMO L-kynurenine 3-hydroxy-L-
kynurenine

Bipolar disorder [49]
Autoimmunity related diseases [50]

KYNs are key factors in T cell mediated immune responses. KYN can inhibit antigen-
specific T cell proliferation and cause apoptosis [29]. KYNs lead to cell death in the T
helper type 1 (Th1) cells, at the same time they upregulate T helper type 2 (Th2) cells.
This switches the balance between the Th1–Th2 ratio to Th2 [29,51]. Elevation of the
TNF-stimulated gene 6 (TSG-6) expression by KYNA and novel KYNA analogues may be
one of the mechanisms responsible for their suppressive effect on TNF-α production [52].
Targeting the metabolic pathway with the purpose of repairing the imbalances of KYN
metabolites can be a potential approach to improve symptoms.

2.1.2. Tryptophan 2,3-Dioxygenase

The TDO enzyme is mainly expressed in liver tissue and is responsible for the break-
down of TRP [36,53]. The TDO enzyme also occurs in the brain. Two variants were
identified and expressed at different levels in the brain of mouse, and it was proposed that
its role is crucial in postnatal development [54,55]. Furthermore, the TDO-AhR pathway is
activated and related to the malignant progression and low survival in brain tumors. The
TDO-induced KYN represses the body’s anti-tumor immune response, thereby promoting
tumor cells motility and survival through the AhR system [34]. During inflammation of
the microenvironment and tumor progression, KYN is pronounced in adequate amounts
to activate AhR in humans [34] (Table 1). In addition, an increased TDO expression was de-
scribed in many tumor types, for example, breast cancer, melanoma or lung cancer [35,36]
(Table 1). The main determinant of TRP availability is the TDO enzyme, the expression of
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TDO can be stimulated by estrogens, corticosteroids, heme, as well as TRP itself [35,56,57].
NADH and NADPH inhibit TDO expression through a negative feedback loop [54]
(Table 1, Figure 3).

Figure 3. Stimulators (red) and inhibitors (blue) of the tryptophan-kynurenine metabolic pathway.
The tryptophan 2,3-dioxygenase (TDO) is stimulated by cortisol and 3-hydroxyanthranilic acid (3-HA)
but inhibited by nicotinamide adenine dinucleotide (NADH) forming a negative feedback loop. The
indoleamine 2,3-dioxygenases (IDOs) are stimulated by interferon (IFN)-β, IFN-γ, tumor necrosis factor
(TNF)-α and lipopolysaccharide (LPS) but inhibited by IL-4, IL-10 and superoxide dismutase (SOD).
Kynurenine 3-monooxygenase (KMO) is stimulated by IFN-1 β, IFN-6, TNF-α, oxygen molecule (O2)
but inhibited by IL-4, IL-10 and SOD. KMO is also inhibited by NADH forming another negative
feedback loop.
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2.1.3. Indoleamine 2,3-Dioxygenase

IDOs are responsible for the first step in extrahepatic TRP metabolism. IDOs are
expressed by APCs, vascular endothelium, epithelial - and tumor cells [58]. This is a widely
inducible enzyme, which occurs in most tissues in human [36,59]. IFN-γ-susceptible
elements regulate the IDO gene that bind to activate signal transducer and activator of
transcription 1, nuclear factor-κB and IFN regulatory factor-1 [60]. However, IDO can be
most strongly induced by IFN-γ, as well as many different inflammatory cytokines and
mediators, while nitric oxide or the predominance of TRP inhibits these enzymes [54,61].
The IDO induction is inhibited by certain anti-inflammatory cytokines and is potentiated
by pro-inflammatory cytokines, such as TNF-α [54]. Consequently, it is hypothesized
that the state of the IDO enzymes, is affected by the balance between pro- and anti-
inflammatory cytokines [54]. Guillemin et al. have described that several brain cells,
including astrocytes, microglial cells, endothelial cells or the human neurons expressed
the IDO enzymes [62]. The effect of IDOs on the immune system was first described in the
prevention of T-cell-mediated fetal rejection, when it was demonstrated that IDO enzymes
synthesized in placental cells protect the fetus from maternal T cell-mediated attack [63].
Furthermore, studies described that IDO is expressed in several tissue types, such as the
human lung, small intestine, over and above the placenta already mentioned, and it is
upregulated during inflammatory processes, since the IDO enzymes have a physiologically
key role in regulating the immune response to antigenic challenges on the surface of the
gastrointestinal mucosa [58,64]. The majority of tumor cells overexpress IDOs, either in
tumor cells themselves or in tumor-associated cells such as macrophages, dendritic cells
or endothelial cells [37]. Due to the inducible nature of the IDO enzymes, it is expressed
in the tumor after a certain degree of inflammation which, in turn, activate the tumor.
Expression of IDOs is induced by T-cell activation or inflammation which is subsequently
suppressed [37]. This is beneficial if the IDO controls harmful inflammation or creates
APC tolerance to apoptotic cells, but it is extremely harmful if it suppresses the immune
response against the tumor [37] (Table 1, Figure 3). The elevated expression of IDOs is an
unfavorable prognostic factor in ovarian cancer, melanoma, breast cancer, brain tumors,
glioma and colon cancer, among others [35,37]. The upregulation of IDOs is associated
with increased T cell infiltration and inflammation, which indicates anti-tumor immune
response and favorable prognosis [37]. In addition, a number of studies presented altered
IDO expression in various neurological diseases. An elevated IDO enzyme activity has
been described in cerebral ischemia, Parkinson’s disease (PD), Huntington’s disease (HD)
and other neurodegenerative diseases, among others [25] (Table 1). The activation of IDO
results in a complex immunomodulatory effect which is considered to be essential for
the development of both physiological and pathological immune tolerance. Furthermore,
the parallel occurrence of autoimmune and immunological process can be a self-defense
response of the body [25].

Natural killer (NK) cells take part in innate immunity, destroying pathogens and
transformed cells. IDO metabolites can suppress NK cell proliferation and function [65].
KYN has a pro-apoptotic effect on NK cells, which is mediated by ROS [66]. IDO can
regulate invariant natural killer (iNKT) cell response and KYN, 3-HK and 3-HAA switch
the cytokine balance to Th2, decreasing interferon (IFN)-γ [67]. IDO inhibition shifts the
cytokine response to Th1 with a decrease in interleukin (IL)-4.

2.1.4. Kynurenine Aminotransferases

KATs catalyze the conversion L-KYN to KYNA. In the human brain there are four
isoforms of KATs, including KAT I, glutamine transaminase K/cysteine conjugate beta-
lyase (CCBL) 1, KAT II, aminoadipate aminotransferase, KAT III, glutamine transaminase
L/cysteine conjugate beta-lyase CCBL 2 and KAT IV, glutamic-oxaloacetic transaminase
2/mitochondrial aspartate aminotransferase [68]. The isoform liable for KYNA synthesis is
the KAT II in human brain [68,69]. These enzymes have a broad substrate specificity and
function, being biologically active as homodimer with pyridoxal 5’-phosphate-dependent
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enzyme family [68,70,71]. In addition to the irreversible transamination of L-KYN to
KYNA, KATs can catalyze the conversion of 3-HK to XA [70]. The permeability of KYNA
through the BBB is low [72]. KATs activity occurs in astrocyte cells [69,73]. KYNA targets
on a number of sites in the CNS and participates in several neurodegenerative diseases
involving cognitive impairment [71,74–76]. KYNA alters cytokine release from human
iNKT cells via G-protein coupled receptor 35 (GPR35) [77]. The increased levels of plasma
KYNs was observed in disorders with iNKT cell involvement such as autoimmune diseases
and multiple sclerosis [78,79]. The KYNA-centric hypothesis holds that KYNA is well
capable of modulating neuropathological conditions [80]. Therefore, isoenzymes involved
in the formation of KYNA are considered to be potential targets in the regulation of cerebral
KYNA [68,81–84].

Changes in KYNA concentrations have been described in several different neurological
disorders, including MS, PD, Alzheimer’s disease, HD, epilepsy, amyotrophic lateral
sclerosis, as well as SCZ [25,39–46] (Table 1). The inhibition of TNF-α can be a potential
treatment for various inflammatory diseases [85]. KYNA suppresses the production of TNF-
α in mononuclear cells and in CD14+ peripheral blood monocytes. KYNA inhibits TNF-α
at a transcriptional level [86]. An elevated brain TNF-α level plays a pivotal role in the
pathogenesis of neurodegenerative disorders [87]. KYNA inhibition of TNF-α production
may consequently be a significant factor in neuroprotection.

Compared to healthy controls SCZ patients have higher KYNA levels in the CSF
and in CNS regions [48] (Table 1). In SCZ the Th1 response is in part inhibited, whilst
the Th2 response is over-activated leading to a Th1/Th2 imbalance, which is linked to
astrocyte activation [88]. Astrocytes can generate vast amounts of KYN and KYNA [62].
The functional abundance of astrocytes can result in additional KYNA accumulation. Since
astrocytes lack KYN hydroxylase, this leads to KYNA accumulation in the CNS. Conse-
quently, immune-mediated disturbance of glutamatergic-dopaminergic neurotransmission
can bring about the clinical symptoms of SCZ [47] (Table 1).

There is a link between TRP, KYN and KYNA peripheral blood levels and depressive
symptoms during IFN-α treatment [89]. Van Gool et al. also found a connection between
IFN-α immunotherapy and psychiatric side effect [90]. IFN-α induces IDO, which converts
TRP to KYN leading to a shortage of 5-HT, which may result in depression [38,91] (Table 1).
IDO induction, a switch toward the TRP-KYN metabolic pathway and the disruption of the
equilibrium between neurotoxic and neuroprotective actions all confirm the significance of
KYN system activation in depression [92]. Psychological stress elevates brain KYN levels
and switches TRP metabolism to the TRP-KYN metabolic pathway [14,93].

2.1.5. Kynurenine 3-Monooxygenase

KMO is responsible for the conversion of L-KYN to 3-HK. It is a mitochondrial
flavoprotein, using nicotinamide adenosine dinucleotide phosphate (NADPH) and O2
for the catalyzed reaction [94]. In various neurodegenerative diseases an elevated 3-HK
level has been observed, as an endogenous oxidative stress generator [39,95]. An elevated
KYNA level has been observed in the CSF of patients with SCZ, as KMO is responsible for
the conversion of L-KYN to 3-HK, based on the fact that the amount of L-KYN available
for KYNA synthesis decreases; thus, the increase in KYNA in SCZ is due to increased
KYN and overexpression of KAT, irrespective of changes in KMO [96]. L-KYN has been
reported to support the regulatory T-cells and tumor formation through the AhR as well as
the activation of the adenylate- and guanylate-cyclase pathways [27,97,98]. Presumably, an
increase in kynurenine metabolism via over-expression of KMO may provide a protection
against tumorigenesis [27]. Nevertheless, upregulation of KMO can cause the formation of
other neuroactive molecules, such as QUIN, HAA and 3-HK which have a ROS-generating
effect [27]. Inhibition of KMO, in turn, enhances the formation of neuroprotective KYNA,
which plays an important role in immunomodulation [27,99–101]. The KMO expression is
regulated in lipopolysaccharide-induced systemic inflammation along with a significant
increase in pro-inflammatory cytokines in the CNS of rats [102]. Furthermore, KMO
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activity has been studied in bipolar disorder (BD), a reduced KMO gene expression has
been described in the prefrontal cortex of patients with BD with psychotic feature compared
with BP patients without psychotic traits [49] (Table 1).

KMO expression and activity have been studied in autoimmune diseases. The link
to the immune system appears to exist via AhRs which play a key role in regulating the
differentiation of pro-inflammatory Th17 cells [50]. Increasing KYN metabolism through
KMO can be protective against tumor formation. Nevertheless, KMO upregulation also
produces the following metabolites 3-HK and QUIN with reactive oxygen species (ROS)
generating properties and neurotoxic effects [103]. T helper type 17 (Th17) cells express
the enzyme KMO. Addition of exogenous KYN or inhibition of KMO activity caused an
amelioration in Th17 lineage differentiation in a mouse model of autoimmune gastritis [50].
KMO facilitates KYN metabolism, decreasing KYN levels and subsequently reducing
Th17 cell formation and IL-17 production. Thus, KMO inhibition intensified inflammation
through the formation of Th17 cells [50].

The inhibition of KMO elevates KYNA production. KYNA has immunomodulatory
effects via GPR35 receptors and AHRs [101]. GPR35 is highly expressed in human CD14+

monocytes, T cells, neutrophils and dendritic cells, while it is expressed in lower levels in B
cells, eosinophils, basophils and iNKT cells [77,104]. KYNA attenuates inflammation by
restricting TNF production in macrophages via GPR35 receptors [104]. In KMO−/− mice
serum, lower cytokine and chemokine levels, whilst higher KYN and KYNA levels were
found compared to the wild type [105]. Elevated levels of KYN and KYNA are the vital
components in the decreased inflammatory responses found in KMO−/− animals.

3. Symptoms, Inflammatory Status and Kynurenines in Psychiatric Disorders

This section overviews and discusses the major symptoms, inflammatory status and
the kynurenine system of psychiatric disorders in clinical human studies. The reference
priority is given to the following order: meta-analysis, systematic review, case-control study
and expert review. Depression, anxiety and cognitive impairment are the most common
symptoms of psychiatric disorders that may concur and/or sway during progression and
comorbidity frequently occurs in mental illnesses, which renders the exact diagnosis even
more difficult. Scrupulous studies are underway to untangle the thread of pathophysiol-
ogy of mental disorders and their comorbidities not only in clinical medicine, but also in
animal studies [106–109]. Psychological stress, especially depression has been found to
be a risk factor for dementia, a prognostic biomarker for stokes and a therapeutic target
for meaning-centered psychotherapy in depression, and animal-assisted and pet-robot
interventions in dementia [110–113]. Four main representative psychiatric symptoms in-
cluding positive, negative and cognitive symptoms, and anxiety are reviewed. Psychiatric
disorders present inflammatory signs in serum, CSF and/or the brain tissue samples in
which pro-inflammatory and anti-inflammatory cytokine levels can be detected and mea-
sured. The simultaneous alternations of KYN metabolism take place under inflammation,
disturbing a balance of toxic and protective KYN metabolites.

3.1. Major Depressive Disorder

MDD is a mental disorder with at least two weeks of low mood, often accompanied
by low self-esteem, loss of interest, low energy and pain without a cause. Less than one-
fifth of MDD patients experiences positive psychotic symptoms such as either delusions,
hallucinations or both [114]. The mean score of the Hamilton Rating Scale for Depression,
Scale for the Assessment of Negative Symptoms (SANS) and negative symptom scale of
Positive and Negative Symptom Scale of the patients with MDD were significantly higher
than those of control subjects, validating the clinical significance of negative symptoms and
depressive symptoms in MDD patients [115]. Cognitive impairment in patients with MDD
is often overlooked and may precede after symptoms of MDD, such as sleep, appetite and
affective symptoms [116]. Generalized anxiety disorder (GAD) often co-occur in MDD.
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Many symptoms overlap with MDD and GAD, such as irritability, restlessness, sleep
problems and concentration difficulty [117] (Table 2).

Table 2. The enzymes of the tryptophan-kynurenine pathways and related disease.

Major De-
pressive
Disorder

Bipolar
Disorder

Generalized
Anxiety
Disorder

Substance
Use

Disorder

Post-
Traumatic

Stress
Disorder

Schizophrenia
Autism

Spectrum
Disorder

Symptoms

Positive + ++ ++ ++ ++ ++ +

Negative ++ ++ ++ + ++ ++ +

Cognitive + + ++ ++ ++ - +

Anxiety ++ ++ ++ ++ ++ ++ ++

Inflammatory
factors

Proinflammatory ↑ ↑ ↑ ↑ ↑ ↑ ↑
Anti-inflammatory ↑ ↑ ↓ ↓ ↓,? ↑ ↑

Kynurenines
Toxic ↑ ? ↑ ? ? ↑ ↑

Protective ↓ ? (serum),
↑ (CSF) ? ? ? ↑,? ↓

+: noticeable; ++: prominent; -: not typical;↑: increase; ↓: decrease; ?: questionable or unknown.

Regarding inflammatory cytokines, meta-analyses reported strong evidence of signifi-
cantly increased levels of CRP, IL-1, IL-6, TNF-α and sIL-2R in serum of MDD
patients [118–123]. Decreased levels of CRP and IL-6 were observed after antidepres-
sant treatment [124]. Higher concentration of CCL2/MCP-1 was also reported in MDD
patients. CSF levels of IL-6 and IL-8 were significantly increased in patients with MDD [125]
(Table 2).

Regarding the KYN system, meta-analyses reported the decreased levels of plasma
TRP, KYN and KYNA in patients with MDD, and the increased level of QUIN was observed
in antidepressant-free patients. The increased QUIN immunoreactivity was detected in
the prefrontal cortex and hippocampus of the postmortem brain tissues from patients with
MDD [126,127]. Magnetic resonance spectroscopy showed a higher turnover of cells with
KYN and the 3-HAA/KYN ratio in adolescent depression. The findings are in accordance
with the activation of the TRP-KYN pathway by pro-inflammatory cytokines activating
IDO, and KMO enzymes toward 3-HK and QUIN branches, leading to higher levels of
toxic 3-HK and QUIN [128] (Table 2).

3.2. Bipolar Disorder

BD is a mental disorder that causes alternating periods of depression and mania.
Positive symptoms regularly occur to BD with prevalence rates ranging from 20 to 50%
in acute bipolar mania [129]. Cognitive impairment is present in the minority of BD
patients. SANS, Brief Psychiatric Rating Scale and Social and Occupational Functioning
Assessment Scale showed that negative symptoms were present in more than a quarter of
the patients. The patients had more sever affective flattening, alogia, anhedonia-asociality
and avolition-apathy [130]. Cognitive deficits of verbal and visual memory, and executive
tasks have been demonstrated during depressive episodes, while executive dysfunction
and attention deficits have been reported during manic episodes [131,132]. Many patients
with BD experience at least one anxiety attack [133] (Table 2).

Regarding inflammatory cytokines, four meta-analyses of serum or plasma samples
from BD patients invariably reported significantly increased levels of TNF-α and sIL-2R;
IL-4, IL-6, IL-1RA, sIL-6R and TNFR1 levels were significantly increased in two meta-
analyses; IL-10 levels were significantly increased in one meta-analysis [123,134–136]. A
meta-analysis of CSF samples from BD patients reported increased IL-1β levels [125]
(Table 2).

Regarding the KYN system a case-control study showed that KYNA levels were
reduced and the 3-HK/KYN and 3-HK/KYNA ratio was increased in BD compared to
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healthy control [137]. However, a meta-analysis reported no significant difference of TRP
and KYN levels, KYN/TRP and KYNA/QUIN ratios in serum from BD patients [138]
KYNA was significantly increased in CSF of BD patients [124] (Table 2).

3.3. Generalized Anxiety Disorder

GAD is a mental disorder characterized by excessive, uncontrollable and irrational
anxiety. GAD is associated with the severity of positive symptoms such as delusions and
hallucinations [139]. More than quarter of GAD patients showed negative symptoms [140].
Patients with GAD have an impaired cognitive function, particularly in attention and
working memory [141] (Table 2).

On the status of inflammatory cytokines, CRP of blood, serum or plasma samples
was significantly raised in GAD by meta-analysis, and IFN-γ and TNF-α levels were
significantly increased in GAD in at least two or more studies [142]. Lower levels of IL-10
and higher ratios of TNF-α/IL10, TNF-α/IL4, IFN-γ/IL10 and IFN-γ/IL4 were observed
in the serum of GAD patients, showing significantly increased pro- to anti-inflammatory
cytokine ratios, which suggests a distinct cytokine imbalance [143] (Table 2).

On the KYN system, the plasma KYN levels were decreased in endogenous anxiety
and normalized after treatment [144]. Metabolomic studies reported decreased KYN levels
in patients diagnosed with Type D personality that is characterized by negative affectivity
and social inhibition [145]. Stress and inflammation appear to activate the TRP-KYN
pathway, depleting 5-HT and melatonin and thus making more susceptible to anxiety
(Table 2).

3.4. Substance Use Disorder

Substance use disorder (SUD) affects a person’s brain and behavior leading to an
inability to control the use of a drug or medication. In addition to an impaired control,
patients show social impairment, risky use and pharmacological indicators including toler-
ance and withdrawal. Common substances are alcohol, sedatives, caffeine, hallucinogens,
inhalants, stimulants and tabaco, among others [146]. SUD is frequently comorbid with
other mental illnesses. Positive symptoms are more prominent among substance abus-
ing SCZ patients [147]. The onset of positive symptoms occurs in nearly three-fourths
of cannabis users after cannabis abuse [148]. Serious hallucinations and delusions are
frequent in alcohol addicted SCZ patients [149]. Negative symptoms are less common in
patients with substance use disorder probably because patients with social withdrawal
have more difficulties to obtain abused substance [150]. Increased rates of criminal activity
and violent behavior are more common in SCZ patients with SUD [151]. Cognitive impair-
ments are prevalent among patients with SUD. Alcohol affects total and memory domain
scores more than cannabis, while opioids affect visuospatial domain more than cannabis or
stimulants [152]. SUD occurs at an increasing rate in patients with GAD. Substance use
and anxiety are considered to occur in a vicious cycle [153] (Table 2).

Few studies regarding inflammatory cytokines were reported. Cocaine increased the
mRNA expression of IL-1ß receptor in the ventral tegmental area, reducing cocaine seeking.
It may suggest that chronic cocaine use induces proinflammatory signaling contributing to
cocaine seeking [154]. A single nucleotide polymorphism in the IL-10 gene is associated
with decrease expression of IL-10 and is linked to alcoholism. It was suggested that
increased proinflammatory and reduced anti-inflammatory signals are predisposing factors
for alcoholism [155] (Table 2).

No clinical study was found regarding the serum or CSF level of KYNs in patients
with SUD. The TRP-KYN metabolic pathway is considered to play an important role in
SUD and was discussed as a potential target for SUD therapy [17]. Patients with cocaine
use disorder (CUD) frequently develop MDD. The plasma 5-hydroxytryptamine (5-HT)
concentration was significantly higher and the KYN/5-HT ratio was significantly lower in
patients with CUD-induced MDD than those with MDD, while there were no differences
between CUD-primary MDD and MDD. It suggests that the TRP-KYN pathway participates
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less in CUD-induced MDD and the presence of other mechanisms of the development of
depression [156] (Table 2).

3.5. Post-Traumatic Stress Disorder

Post-traumatic stress disorder (PTSD) develops after a terrifying experience in individ-
uals who suffer from flashbacks, nightmares, severe anxiety and uncontrollable thoughts
regarding the event. Substantial evidence supports that PTSD is caused by insufficient
integration of a trauma memory into the hippocampal-cortical memory networks, forming
fragmented, incomplete and disorganized intrusive memories [157]. Most patients with
PTSD complained of chronic sleep disturbances characterized by significantly reduced
slow wave sleep (SWS), light sleep stages, awakenings, arousals and increased rapid eye
movement (EEG). SWS drives memory consolidation by repeated reactivation of newly
encoded memory. Thus, lowered sleep quality facilitates the formation of intrusive memo-
ries [158]. PTSD is frequently comorbid with SCZ. More than a half of patients with PTSD
experienced psychotic positive symptoms, but emerging evidence suggests that PTSD with
secondary psychosis might be different from PTSD without psychosis [159]. Patients with
PTSD activate the fight-flight-freeze response and reduce overall brain functioning, leading
to several negative symptoms [160]. PTSD causes long-term cognitive dysfunction such
as memory, attention, planning and problem solving [161]. PTSD frequently cooccur with
GAD and their symptoms overlap [162] (Table 2).

Inflammation has been linked to PTSD. Increased proinflammatory cytokines IL-1β,
IL-6, IFN-γ and TNF-α were found elevated in the serum of patients with PTSD and partly
correlated with the severity of PTSD [163]. Decreased levels of anti-inflammatory cytokine
IL-4 were reported in patients with PTSD. The alteration of the serum anti-inflammatory
cytokines IL-4 and IL-10 remains inconclusive in PTSD [164]. Higher levels of serum anti-
inflammatory cytokine TGF-β were found to be predicative indicators for the development
of PTSD one month after accidents [165] (Table 2).

No clinical study was reported regarding the peripheral or CSF samples of KYNs
in patients with PTSD. KYN metabolites are monitored in clinical settings as evidence of
inflammatory responses contributing to sleep deprivation and the formation of intrusive
memories [164].

3.6. Schizophrenia

SCZ is a mental disorder in which patients abnormally interpret reality and suffer
from hallucinations, delusions and extremely disordered thinking and behavior. Patients
with SCZ usually experience positive symptoms such as hallucinations, delusions, flight
of ideas, negative symptoms such as apathy, emotionless, lack of social functioning and
cognitive symptoms including difficulty in concentration and attention, and memory
impairments. However, cognitive symptoms are subtle and are often detected only when
neuropsychological tests are performed [166]. The prevalence of GAD was significantly
higher in patients with SCZ and the prevalence of panic disorder, social anxiety disorder
and obsessive-compulsive disorder was significantly higher in SCZ patients [167] (Table 2).

The peripheral activation of the immune system was observed in SCZ. Three meta-
analyses on serum cytokines of SCZ patients were reported accordingly. (1) IL-1β, IL-6
and TGF-β were increased in acutely relapsed and first-episode psychosis and the cytokine
levels were normalized with antipsychotic treatment. Soluble IL-2 receptor (sIL-2R) stayed
high in acute psychosis and after antipsychotic treatment [168]. (2) IL-6, TNF-α, sIL-2R
and IL-1 receptor antagonist were significantly increased in acutely exacerbating and IL-6
levels significantly decreased following treatment. IL-1β and sIL-2R were significantly
increased in chronic SCZ [123]. (3) MCP-1 (CCL2), MIP-1β (CCL4), eotaxin-1 (CCL11) and
IL-8 were elevated in pooled analysis of all SCZ patients, while MCP-1 was elevated in first-
episode psychosis (FEP) and IL-8, eotaxin-1 and MIP-1β were elevated in multiple-episode
psychosis [169] (Table 2).
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The activation of the central immune system was also observed. Three meta-analysis
on CSF cytokines of SCZ were reported accordingly. (1) IL-1β was decreased significantly
decreased in SCZ, but there was no significant difference in CSF levels of IL-1α, IL-2 or
IL-6 between SCZ and healthy controls [168]. (2) IL-1β, IL-6 and IL-8 were significantly in-
creased IL-2R were significantly decreased in SCZ [125]. (3) IL-6 and IL-8 were significantly
elevated in SCZ and IL-6 levels were higher in early-stage SCZ than chronic SCZ [170]
(Table 2). CRP, IL-6 and TNF-α are overlapping biomarkers in SCZ and cardiovascular
diseases and anti-inflammatory drugs were proposed for the treatment of SCZ [171].

Regarding the KYN system, the serum KYN and KYN/TRP ratio was higher in
SCZ [172]. A meta-analysis of CSF samples showed increased KYN and KYNA levels and
another meta-analysis of plasma, CSF, brain tissue or saliva showed increased levels of
KYNA in SCZ [125,173] (Table 2). Thus, the KYN system is activated in SCZ and elevated
KYNA levels are considered to contribute to the cognitive impairments of SCZ. Recently,
another meta-analysis reported that KYNA levels and the KYNA/3-HK ratio were not
altered and the KYNA/KYN ratio was decreased in SCZ, suggesting the presence of differ-
ential pattern between SCZ and mood disorders [174]. The combination of acetylcholine
inhibitor galantamine and N-methyl-D-aspartate receptor memantine was proposed as
antioxidant treatment SCZ and for the treatment of SCZ cognitive impairments [175,176].

3.7. Autism Spectrum Disorder

Autism Spectrum Disorder (ASD), defined by the Diagnostic and Treatment Manual
for Mental Disorders, Fifth Edition (DSM-5), is characterized by persistent deficits in so-
cial communication interaction and restricted-repetitive patterns of behavior, interests or
activities. A specific subtype of ASD is linked to comorbid psychosis, showing positive
symptoms of delusion, hallucination, thought disorder, mania and depression and negative
symptoms of psychosis appear to share many features with ASD [177]. Cognitive deficits
including mental deterioration, are associated with social and communication difficulties
that involve components of cognition, communication and social understanding [178].
Meta-analyses reported that ASD children had higher anxiety levels than normally devel-
oping ones, that high-functioning ASD adolescents are at high risk of developing anxiety
disorders, and that autism population showed higher prevalence of anxiety disorders,
the highest being attention-deficit hyperactivity disorders, in decreasing orders, sleep-
wake disorders, disruptive, impulse-control and conduct disorders depressive disorders,
obsessive-compulsive disorder BD and SCZ spectrum disorders [179,180] (Table 2).

Regarding inflammatory cytokines, two Meta-analyses showed increases of IL-1β,
IL-6, IL-8, IFN-γ, TNF-α, eotaxin and monocyte chemotactic protein-1, while TGF-β1
were significantly lower in ASD [181,182]. However, a case-control study reported that
significantly higher levels of IL-4, IL-5 and IL-13, with Th-2 predominance in plasma and
peripheral blood mononuclear cells of ASD children [183] (Table 2).

The alteration of the KYN system was also observed. The mean serum level of KYNA
was significantly lower, while the KYN/KYNA ratio was significantly higher in children
with ASD. The same relative values were found when comparing the childhood autism
subgroup with the controls [184]. Significantly higher KYN/TRP ratio and KYN and QUIN
levels were observed in blood samples of ASD patients, while no significant difference of
KYNA and significantly lower picolinic acid level were detected in ASD [185] (Table 2).

All psychiatric disorders presented an evidence of the innate inflammatory activa-
tion by increased pro-inflammatory cytokines. MDD, BD, SCZ and ASD witnessed the
activation of the secondary adaptive immune response by increased anti-inflammatory
cytokines, while GAD, and SUD showed reduced levels of anti-inflammatory cytokines.
PTSD showed no changes or mixed results depending on the cause of stress. Regardless
of the activation of the secondary adaptive immune response, the inflammatory profiles
of all psychiatric disorders described in this review, have shifted away from healthy state
(Table 2).
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Either causative or resultant of acute and chronic inflammation, the altered balance of
toxic and protective KYN metabolites was observed. Toxic KYN metabolites are increased
in MDD, GAD, SCZ, ASD and the CSF samples of BD. Modulatory KYN metabolites were
increased in SCZ; decreased in MDD and ASD; unchanged in the serum of BP; unknown in
GAD and SUD.

4. Conclusions and Future Perspective

LGI defined by the serum concentration of CRP has well established the relationship
with physical health score in healthy individual, but not mental health score. Thus, the
CRP measurement is not adequate for the assessment of mental health. LGI is also char-
acterized by a long period of slightly elevated serum concentrations of proinflammatory
and anti-inflammatory factors and accompanying immune tolerance. Elevated levels of
proinflammatory cytokines are consistent findings in major psychiatric disorders, but the
levels of anti-inflammatory cytokines are mixed, and their roles in the pathogenesis remain
obscure. Some inflammatory cytokines and factors cannot be simply categorized into pro-
or anti-inflammatory; thus, comprehensive analysis according to their specific functions in
immune reaction may further complement this study.

The involvement of toxic KYNs in mental disorders has gained credit and this study
reinforced current understanding of their interactions with the immune system in LGI.
However, the roles of toxic KYNs in BP, SUD and PTSD are to be explored. The roles of
protective KYNs such as KYNA, AA, PA and CA are even more obscure or unknown. The
decreased levels of KYNA are considered to contribute to the pathogenesis of MDD and
ASD, while the increased level of KYNA is considered to be at least one of the culprits in
the exacerbation of SCZ.

Generally, the measurement of TRP/KYN ratio is used for assessment of the activation
of the TRP-KYN pathway and 3-HK/KYNA and QUIN/KYNA ratios are used for relative
toxicity of the KYN system. However, emerging evidence has suggested KYN metabolites
cannot be simply categorized into toxic or protective. For example, KYNA is excitatory
in low dose at α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor,
while inhibitory in high dose at AMPA receptor. Our preliminary data indicated that KYNA
elicits cognitive enhancement in a low dose, but not in higher doses. 3-HK is generally
considered to be oxidative and thus toxic, but it may serve as antioxidant in particular
environment. Metabolomic analysis of KYN metabolites and their related molecules may
help identify a certain profile contributing to LGI and its exacerbation. Furthermore, the
influence of nutritional, metabolic and sleep status on the structure and the function of the
brain is of particular interest [186–188].

The immune privileged site of CNS encapsulated by the BBB may complicate the
assessment of inflammatory status in the brain. The BBB is semipermeable; thus, the entry
of circulating molecules into the CNS depends on the state of the BBB. The integrity mea-
surements of the BBB may ensure the assessment of LGI in the CNS and functional imaging
studies may reveal a relationship with psychiatric symptoms in mental illnesses [189].
Together, they are expected to warrant as additional indicators for a battery of biomarkers
which may serve as risk, diagnostic, prognostic, predicative and/or therapeutic biomarker
in psychiatric diagnosis.

Finally, the classification of psychiatric disorders mainly depends on the manifesta-
tion of signs and symptoms, which inevitably includes a broad range of heterogenous
population into study samples, leading to inconclusive results. Frequent comorbidities of
mental illnesses even more complicate the procedures of grouping subjects. Application of
research domain criteria and artificial intelligence diagnostic system which integrate many
levels of information may become a useful assist in focusing on homogenous populations
with the reduction of statistical deviations [190].

Understanding the roles of chronic LGI in the development of mental illnesses, the
TRP-KYN metabolic pathway in chronic LGI including mechanism of the immune switch,
dynamic structural changes of the BBB and the participation of components of the body
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in neuroinflammation will certainly help explore possible preventive, interventional and
therapeutic measures through the TRP-KYN pathway.
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Abbreviations

AA anthranilic acid
AhR aryl hydrocarbon receptor
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
APC antigen-presenting cell
ASD autism spectrum disorder
ATP adenosine triphosphate
BBB blood-brain barrier
BD bipolar disorder
CA cinnabarinic acid
CCBL cysteine conjugate beta-lyase
CNS central nervous system
CRP C-reactive protein
CSF cerebrospinal fluid
CUD cocaine use disorder
DSM-5 Diagnostic and Treatment Manual for Mental Disorders, Fifth Edition
EEG electroencephalography
FEP first-episode psychosis
GAD generalized anxiety disorder
GPR35 G-protein coupled receptor 35
3-HAA 3-hydroxyanthranilic acid
3-HK 3-hydroxy-kynurenine
HD Huntington’s disease
HRQL Health-Related Quality of Life
5-HT serotonin, 5-hydroxytryptamine
IDO indoleamine 2,3-dioxygenase
IFN interferon
IL interleukin
iNKT invariant natural killer cell
KATs kynurenine aminostransferase
KMO kynurenine 3-monooxygenase
KP kynurenine pathway
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KYN kynurenine
KYNA kynurenic acid
LGI low-grade inflammation
MCP monocyte chemoattractant protein
MDD major depressive disorder
MS multiple sclerosis
MT melatonin
NAD+ nicotinamide adenine dinucleotide
NADPH nicotinamide adenosine dinucleotide phosphate
NK natural killer cell
PD Parkinson’s disease
PIC picolinic acid
PTSD post-traumatic stress disorder
QUIN quinolinic acid
ROS reactive oxygen species
SANS Scale for the Assessment of Negative Symptoms
SCZ schizophrenia
sIL-2R soluble IL-2 receptor
SjS Sjögren’s syndrome
SLE systemic lupus erythematosus
SUD substance use disorder
SWS slow wave sleep
TDO tryptophan 2,3-dioxygenase
Th1 T helper type 1
Th17 T helper type 17
Th2 T helper type 2
TNF tumor necrosis factor
TRP tryptophan
XA xanthurenic acid
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Szewczuk-Bogusławska, M.; Pawlak-Adamska, E.; et al. Profiling inflammatory signatures of schizophrenia: A cross-sectional
and meta-analysis study. Brain Behav. Immunity 2018, 71, 28–36. [CrossRef]

170. Gallego, J.A.; Blanco, E.A.; Husain-Krautter, S.; Madeline Fagen, E.; Moreno-Merino, P.; Del Ojo-Jiménez, J.A.; Ahmed, A.;
Rothstein, T.L.; Lencz, T.; Malhotra, A.K. Cytokines in cerebrospinal fluid of patients with schizophrenia spectrum disorders:
New data and an updated meta-analysis. Schizophr. Res. 2018, 202, 64–71. [CrossRef]

171. Koola, M.M.; Raines, J.K.; Hamilton, R.G.; McMahon, R.P. Can anti-inflammatory medications improve symptoms and reduce
mortality in schizophrenia? Cur. Psychiatry 2016, 15, 52–57.

172. Okusaga, O.; Fuchs, D.; Reeves, G.; Giegling, I.; Hartmann, A.M.; Konte, B.; Friedl, M.; Groer, M.; Cook, T.B.;
Stearns-Yoder, K.A.; et al. Kynurenine and Tryptophan Levels in Patients with Schizophrenia and Elevated Antigliadin
Immunoglobulin G Antibodies. Psychosom. Med. 2016, 78, 931–939. [CrossRef]

173. Plitman, E.; Iwata, Y.; Caravaggio, F.; Nakajima, S.; Chung, J.K.; Gerretsen, P.; Kim, J.; Takeuchi, H.; Chakravarty, M.M.;
Remington, G.; et al. Kynurenic acid in schizophrenia: A systematic review and meta-analysis. Schizophr. Bull. 2017, 43,
764–777. [CrossRef]

190



Biomedicines 2021, 9, 734

174. Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-Costa, S.; Lane, M.; Sanches, M.;
Diaz, A.P.; et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: A meta-analysis of
101 studies. Mol. Psychiatry 2020. [CrossRef]

175. Koola, M.M.; Praharaj, S.K.; Pillai, A. Galantamine-Memantine Combination as an Antioxidant Treatment for Schizophrenia. Cur.
Behav. Neurosci. Rep. 2019, 6, 37–50. [CrossRef]

176. Koola, M.M.; Sklar, J.; Davis, W.; Nikiforuk, A.; Meissen, J.K.; Sawant-Basak, A.; Aaronson, S.T.; Kozak, R. Kynurenine pathway
in schizophrenia: Galantamine-memantine combination for cognitive impairments. Schizophr. Res. 2018, 193, 459–460. [CrossRef]

177. Bell, V.; Dunne, H.; Zacharia, T.; Brooker, K.; Shergill, S. A symptom-based approach to treatment of psychosis in autism spectrum
disorder [corrected]. BJPsych. Open 2018, 4, 1–4. [CrossRef]

178. Leekam, S. Social cognitive impairment and autism: What are we trying to explain? Philos Trans. R. Soc. 2016, 371,
20150082. [CrossRef]

179. Van Steensel, F.J.A.; Heeman, E.J. Anxiety Levels in Children with Autism Spectrum Disorder: A Meta-Analysis. J. Child Fam.
Stud. 2017, 26, 1753–1767. [CrossRef]

180. Lai, M.C.; Kassee, C.; Besney, R.; Bonato, S.; Hull, L.; Mandy, W.; Szatmari, P.; Ameis, S.H. Prevalence of co-occurring mental
health diagnoses in the autism population: A systematic review and meta-analysis. Lancet Psychiatry 2019, 6, 819–829. [CrossRef]

181. Masi, A.; Quintana, D.S.; Glozier, N.; Lloyd, A.R.; Hickie, I.B.; Guastella, A.J. Cytokine aberrations in autism spectrum disorder:
A systematic review and meta-analysis. Mol. Psychiatry 2015, 20, 440–446. [CrossRef]

182. Saghazadeh, A.; Ataeinia, B.; Keynejad, K.; Abdolalizadeh, A.; Hirbod-Mobarakeh, A.; Rezaei, N. A meta-analysis of pro-
inflammatory cytokines in autism spectrum disorders: Effects of age, gender, and latitude. J. Psychiatr. Res. 2019, 115,
90–102. [CrossRef]

183. Molloy, C.A.; Morrow, A.L.; Meinzen-Derr, J.; Schleifer, K.; Dienger, K.; Manning-Courtney, P.; Altaye, M.; Wills-Karp, M. Elevated
cytokine levels in children with autism spectrum disorder. J. Neuroimmunol. 2006, 172, 198–205. [CrossRef]

184. Bryn, V.; Verkerk, R.; Skjeldal, O.H.; Saugstad, O.D.; Ormstad, H. Kynurenine Pathway in Autism Spectrum Disorders in Children.
Neuropsychobiology 2017, 76, 82–88. [CrossRef] [PubMed]

185. Lim, C.K.; Essa, M.M.; de Paula Martins, R.; Lovejoy, D.B.; Bilgin, A.A.; Waly, M.I.; Al-Farsi, Y.M.; Al-Sharbati, M.;
Al-Shaffae, M.A.; Guillemin, G.J. Altered kynurenine pathway metabolism in autism: Implication for immune-induced
glutamatergic activity. Autism Res. 2016, 9, 621–631. [CrossRef]

186. Kordestani Moghadam, P.; Nouriyengejeh, S.; Seyedhoseini, B.; Pourabbasi, A. The Study of Relationship between Nutritional
Behaviors and Metabolic Indices: A Systematic Review. Adv. Biomed. Res. 2020, 9, 66. [CrossRef]

187. Kordestani-Moghadam, P.; Assari, S.; Nouriyengejeh, S.; Mohammadipour, F.; Pourabbasi, A. Cognitive Impairments and
Associated Structural Brain Changes in Metabolic Syndrome and Implications of Neurocognitive Intervention. J. Obes. Metab.
Syndr. 2020, 29, 174–179. [CrossRef] [PubMed]

188. Kordestani Moghadam, P.; Nasehi, M.; Khodagholi, F.; Reza Zarrindast, M. Vulnerability of Left Amygdala to Total Sleep
Deprivation and Reversed Circadian Rhythm in Molecular Level: Glut1 as a Metabolic Biomarker. Galen. Med. J. 2019, 8,
970. [CrossRef]

189. Kim, J.; Kim, Y.K. Crosstalk between Depression and Dementia with Resting-State fMRI Studies and Its Relationship with
Cognitive Functioning. Biomedicines 2021, 9, 82. [CrossRef]

190. Komatsu, H.; Watanabe, E.; Fukuchi, M. Psychiatric Neural Networks and Precision Therapeutics by Machine Learning.
Biomedicines 2021, 9, 403. [CrossRef]

191





biomedicines

Article

Genotype Load Modulates Amyloid Burden and Anxiety-Like
Patterns in Male 3xTg-AD Survivors despite Similar
Neuro-Immunoendocrine, Synaptic and Cognitive Impairments

Aida Muntsant 1,2 and Lydia Giménez-Llort 1,2,*

Citation: Muntsant, A.;

Giménez-Llort, L. Genotype Load

Modulates Amyloid Burden and

Anxiety-Like Patterns in Male

3xTg-AD Survivors Despite Similar

Neuro-Immunoendocrine, Synaptic

and Cognitive Impairments.

Biomedicines 2021, 9, 715. https://

doi.org/10.3390/biomedicines9070715

Academic Editors: Masaru Tanaka

and Nóra Török

Received: 11 May 2021

Accepted: 20 June 2021

Published: 23 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institut de Neurociències, Universitat Autònoma de Barcelona, 08193 Barcelona, Spain;
aida.muntsant@uab.cat

2 Department of Psychiatry and Forensic Medicine, School of Medicine, Universitat Autònoma de Barcelona,
08193 Barcelona, Spain

* Correspondence: lidia.gimenez@uab.cat; Tel.: +34-93-581-2378

Abstract: The wide heterogeneity and complexity of Alzheimer’s disease (AD) patients’ clinical
profiles and increased mortality highlight the relevance of personalized-based interventions and the
need for end-of-life/survival predictors. At the translational level, studying genetic and age interac-
tions in a context of different levels of expression of AD-genetic-load can help to understand this
heterogeneity better. In the present report, a singular cohort of long-lived (19-month-old survivors)
heterozygous and homozygous male 3xTg-AD mice were studied to determine whether their AD-
genotype load can modulate the brain and peripheral pathological burden, behavioral phenotypes,
and neuro-immunoendocrine status, compared to age-matched non-transgenic controls. The results
indicated increased amyloid precursor protein (APP) levels in a genetic-load-dependent manner
but convergent synaptophysin and choline acetyltransferase brain levels. Cognitive impairment
and HPA-axis hyperactivation were salient traits in both 3xTg-AD survivor groups. In contrast,
genetic load elicited different anxiety-like profiles, with hypoactive homozygous, while heterozygous
resembled controls in some traits and risk assessment. Complex neuro-immunoendocrine crosstalk
was also observed. Bodyweight loss and splenic, renal, and hepatic histopathological injury scores
provided evidence of the systemic features of AD, despite similar peripheral organs’ oxidative stress.
The present study provides an interesting translational scenario to study further genetic-load and
age-dependent vulnerability/compensatory mechanisms in Alzheimer’s disease.

Keywords: Alzheimer’s disease; genetic load; survival; end-of-life; frailty; heterogeneity; BPSD; NPS;
neuro-immunoendocrine crosstalk

1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia, one of the principal
causes of disability in late adulthood. It is a multi-factorial disorder caused by the interac-
tion of biological, environmental factors, where age-related changes play a determinant
role [1]. At the neuropathological level, Alzheimer’s disease is mainly defined by an
extracellular accumulation of amyloid-β (Aβ) plaques and reactive gliosis and cellular
tau-containing neurofibrillary tangles (NFTs) accompanied by synaptic dysfunction and
cholinergic-dependent progressive memory decline [2]. Whereas cognitive dysfunction
defines the diagnosis of the core clinical symptoms, neuropsychiatric symptoms (NPS) [3],
also called Behavioral and Psychological Symptoms of Dementia (BPSD), are observed
in 90% of patients. The broad array of NPS include agitation, anxiety, verbal, or physical
aggression, sundowning behavior, wandering, depression, challenging and disruptive
behaviors, hallucinations, among other alterations [4]. These NPS are highly associated
with the burden of disease, lower quality of life and caregiver burnout [5], and earlier
institutionalization [6].
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Neurodegenerative disorders such as dementia are associated with increased mortality
compared to aged control populations [7–9]. Although sex-specific clinicopathological
mechanism is not well understood and are largely unexplored [10], males presented
deranged neuro-immuno-endocrine system despite their less harmful neuropathological
status [11,12]. Moreover, the vast heterogeneity and complexity of patients’ clinical profiles
and temporal progression of the disease highlight the relevance of personalized-based
interventions [13]. However, despite there is more than one potential therapeutic target for
this disease, currently approved interventions are just a few; they target loss of cholinergic
function and excitotoxicity but exert modest benefits restricted to symptomatology [14].
Disease-modifying treatments are still under intensive research and development [15].
Better understanding the implication of genetic and phenotypic factors may also provide
novel mechanisms for clustering AD patients [16,17] and would be determinant also when
translated to experimental models [18].

Thanks to the shorter life span of most non-human animals, translational research
can provide a fleet-footed scenario for studying genetic and age interactions in the context
of different levels of AD-genetic expression. Also, this short temporal frame is very
appreciated for long-term monitoring and study of factors potentially involved in disease
modulation from morphological, structural, functional, and behavioral levels. Among the
animal models of AD, we have proposed long-term survivors of the widely used 3xTg-AD
mice as a model for heterogeneity in end-of-life dementia [19]. This model, based on the
familial AD mutations PS1/M146V and APPSwe, also harboring the tauP301L human
transgene, progressively develops temporal- and regional-specific development of amyloid-
β plaques and tau-containing neurofibrillary tangles observed in the human brain of AD
patients [20,21]. It also mimics other hallmarks of the disease such as synaptic dysfunction
and decreased long-term potentiation [21,22], neuroinflammation, reactive gliosis [23,24],
brain oxidative stress [25,26] as well as changes in neurotransmitter systems [27] and
impairment in neuro-immunoendocrine status [28]. Cognitive deficits [29,30] and a wide
spectrum of neuropsychiatric (NPS)-like disturbances have also been described [18,31,32].
Whether they are sensitive to genetic-load and in which way remains to be determined.

Since the establishment of 3xTg-AD and NTg mouse colonies in our laboratory we
have repeatedly observed that the animals overcoming 15 months of age show milder
impairment of cognitive and NPS-like behaviors than expected for their neuropathological
status. Females usually presented greater survivors’ rates than males, for this reason we
have previously described behavioral and functional phenotype of long-term survivors,
18-month-old female 3xTg-AD mice [19]. The present work studied a singular cohort
of long-lived (19-month-old survivors) heterozygous and homozygous male 3xTg-AD
with an extraordinary survival rate. In this particular scenario, we explored how the
AD-genetic load interferes with the normal aging scenario and its implication in the patho-
logical burden and neuro-immunoendocrine status involving not only the HPA axis but
also peripheral organs. Finally, how the genetic load translates into these survivors’ cog-
nitive and NPS behavioral phenotype was also explored. These results highlight that
amyloid precursor protein (APP) levels increased in a genetic load-dependent manner, but
similar synaptophysin and choline acetyltransferase brain levels. Cognitive impairment
was invariable as the distinct trait of Alzheimer’s disease; however, anxiety-like behavior
seemed more related to the genetic-load. Convergence of physical status and sensorimo-
tor profiles were more related to normal aging processes. On the other hand, complex
neuro-immunoendocrine crosstalk was observed with peripheral histopathology, but no
correlations with frailty index nor oxidative stress parameters were found. These results
suggest the existence of vulnerability/compensatory mechanisms in transgenic mice.

2. Materials and Methods
2.1. Animals

Homozygous triple-transgenic 3xTg-AD mice harboring human PS1/M146V, APPSwe,
and tauP301L transgenes were genetically engineered at the University of California
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Irvine, as previously described [21]. Briefly, two independent transgenes (encoding human
APPSwe and human tauP301L, both under control of the mouse Thy1.2 regulatory element)
were co-injected into single-cell embryos harvested from homozygous mutant PS1M146V
knock-in (PS1KI) mice. The PS1 knock-in mice were originally generated after embryonic
transfer into pure C57BL/6.

A cohort of seventeen mice from the Spanish colonies of 3xTg-AD (n = 9, homozygous,
n = 5 heterozygous, n = 4) and C57BL/6 (n = 8) wild-type mice (from now, referred as
non-transgenic mice, NTg) from litters of a breeding program established after embryonic
transfer to C57BL/6 strain background were used in this study. All animals were housed
and maintained (Makrolon, 35 × 35 × 25 cm3) under standard laboratory conditions (12 h
light/dark, cycle starting at 8:00 a.m., food and water ad libitum, 22 ± 2 ◦C, 50–60%
humidity) at Universitat Autònoma de Barcelona. Behavioral tests were performed from
9:00 h to 13:00 h. Behavioral assessments, biochemical and neuropathological analyses
were performed blind to the experiment in a counterbalanced manner.

All procedures followed Spanish legislation on ‘Protection of Animals Used for Ex-
perimental and Other Scientific Purposes’ and the EU Council directive (2010/63/EU) on
this subject. The protocol CEEAH 3588/DMAH 9452 was approved the 8 March 2019 by
Departament de Medi Ambient i Habitatge, Generalitat de Catalunya. The study complies
with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the number of
animals used [33].

2.2. Experimental Design

At 18 months of age, mice’s physical and mental health status started to be char-
acterized and concluded at 19 months [18.70 ± 0.17 (17.5–19.31)]. After that, samples
for physiological, biochemical, and pathological analysis were collected. Survival was
continuously monitored.

2.3. Behavioral Assessment

Comprehensive screening of several physical, emotional, and cognitive functions was
successively performed using a battery of tests based on three main behavioral dimensions
that can be described as follows:

2.3.1. Physical Status, Reflexes, and Sensorimotor Functions

Visual reflex and posterior leg extension reflex were measured three times by holding
the animal by the tail and slowly lowering it to a black surface. Motor coordination
(distance covered) and equilibrium (latency to fall off) were assessed in a horizontal wood
(1.3 cm wide) and a metal (1 cm diameter) rod on two consecutive 20 s trials each. Motor
coordination (mean distance covered) and muscle strength (latency to fall off in the two
5 s trials) and motor strength (latency to fall off the 60 s trial) were measured in the wire
hang test consisting of allowing the animal to cling from the middle of a horizontal wire
(diameter: 2 mm, length: 40 cm, divided into eight 5 cm segments) with the forepaws for
two trials of 5 s and a third 60 s trial. All the apparatuses were suspended 40 cm above a
padded table.

2.3.2. Neuropsychiatric-Like Behaviors

Changes in emotionality increased neophobia and other signs of anxiety-like responses,
all of them BPSD-like behaviors modeled in 3xTg-AD mice [18], were measured in classical
unconditioned tests. The tests evaluate locomotion/exploration, anxiety-like behaviors,
and emotionality under different anxiogenic conditions.

Corner Test (CT) and Open Field Test (OF)

Neophobia was assessed in the corner test for 30 s, placing the animal in the center of
a clean standard home cage filled with wood save bedding. The number of corners visited,
the latency of first rearing and the number of rearings were recorded. [18]. Immediately
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after the CT, mice were placed in the center of an open field (metalwork, white box,
42 × 38 × 15 cm) and observed for 5 min [34]. The ethogram, described by the temporal
profile of the following sequence of behavioral events, was recorded: duration of freezing
behavior, latency to leave the central square, and that of entering the peripheral ring and
latency and total duration of self-grooming behavior. Horizontal (crossings of 10 × 10 cm
squares) and vertical (rearings with wall support) locomotor activities were also measured.
During the tests, defecation boli and urination were also recorded. The repeated test, 24 h
later, was used to evaluate the long-term memory of these experiences [35]. Distance
and time in the center/periphery were evaluated by video-tracking analysis (ANY-Maze,
version 5.14, Stoelting Europe, Dublin, Ireland).

Dark–Light Box Test (DLB)

Anxiety and risk assessment were measured for 5 min after introducing the animal into
the dark compartment of the DLB (Panlab S.L., Barcelona, Spain). The apparatus consisted
of two compartments (black, 27 cm × 18 cm × 27 cm3, white, 27 cm × 27 cm × 27 cm3

illuminated by a red 20 W bulb) connected by an opening (7 cm × 7 cm2). The experimental
room was kept in darkness. Latency to enter the lit compartment, the number of entries,
total time spent, distance covered, and the number of rearings and groomings in this
compartment were noted. Risk assessment was measured as the latency and number of
stretch attendances toward the lit area.

Marble Test (MB)

The animal was placed in a standard home cage containing nine glass marbles
(1 × 1 × 1 cm3) evenly spaced, making a square (three rows of three marbles per row
only in the left area of the cage) on a 5 cm thick layer of sawdust. The mice were left in the
cage with marbles for a 30 min period, after which the test was terminated by removing
the mice and counting the number of marbles: intact (untouched), rotated (90 or 180◦),
half-buried (at least 1

2 buried by sawdust), and buried (completely hidden).

2.3.3. Cognitive Function
T-Maze Test (TM)

Two different paradigms were carried out in a T-shaped maze (woodwork; two short
arms of 30 × 10 cm2; one long arm of 50 × 10 cm2). Coping with stress strategies, risk
assessment, and working memory were assessed in the spontaneous alternation task [36].
The animal was placed inside the maze’s long arm with its head facing the end wall, and
it was allowed to explore the maze for a maximum of 5 min. The ethogram (latencies to
different goals) in this task was recorded as follows: to move and turn (freezing behavior),
to reach the intersection, to cross (4 paws criteria) the intersection of the three arms, and
the total time invested in exploring the three arms of the maze (test completion criteria).

On the day after, the second working memory paradigm consisted of one forced-
choice followed, 60 s later, by one free choice (recall trial). Here, goals were defined as:
to move and turn, to reach the intersection, the time elapsed until the animal crossed
(4 paws criteria) the intersection of the three arms, and the time elapsed until the mice
completed 20 s in the forced arm (time to reach the criteria). The animals that completed
the forced trial in less than the cut-off time (10 min) were allowed to explore the maze in
the free choice trial where both arms were accessible for 5 min. The arm chosen by the
mice and the time spent to reach the correct arm during the free choice were recorded
(exploration criteria).

In both paradigms, the choice of the already visited arm in the previous trial was
considered an error, and the total number was calculated. Finally, defecation boli and
urination were also recorded.
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Morris-Water-Maze (MWM)

Three learning and memory paradigms were administered during 5 consecutive days.
First, mice were trained to locate a hidden platform (7-cm diameter, 1 cm on/below the
water surface) in a circular pool for mice (120 cm in diameter and 60 cm deep, 25 ◦C opaque
water). Mice that failed to find the platform within 60 s were placed on it for 10 s, the same
period was allowed for the successful animals.

Cue learning with a visible platform: On the first day, the animals were tested for the
cued learning of a visual platform consisting of four trials in 1 day. In each trial, the mouse
was gently released (facing the wall) from one randomly selected starting point (W-S-E-N)
and allowed to swim until it escaped onto the platform, elevated 1 cm above the water
level in the NE position and indicated by a visible striped flag (5.3 × 8.3 × 15 cm3). Extra
maze cues were absent in the black walls of the room.

Place learning with a hidden platform: On the following day, the place learning task
consisted of four trial sessions per day for 4-days with trials spaced 30 min apart. The
mouse was gently released (facing the wall) from one randomly selected starting point
(N-E-W-S; E-N-S-W) and allowed to swim until it escaped onto the hidden platform, which
was now located in the middle of the SW quadrant (reversal). Different geometric figures
hung on each wall of the room were used as external visual clues. Variables of time
(escape latency), distance covered, and swimming speed were analyzed in all the tasks’
trials. The escape latency was readily measured with a stopwatch by an observer unaware
of the animal’s genotype and confirmed during the subsequent video-tracking analysis
(ANY-Maze v. 5.14, Stoelting, Dublin, Ireland).

Two hours and 30 min after the last place task, the platform was removed, and the
animal was allowed to swim for a 60 s probe trial. Quadrant preference and entries into
the previous platform location were video-tracked and analyzed.

2.4. Body Weight, Mouse Clinical Frailty Index Assessment, and Survival

Bodyweight and frailty were assessed using an adaptation of the MCFI [37], including
30 clinically-like assessed non-invasive items. For 29 of these items, mice were given a
score 0 if not presented, 0.5 if there was a mild deficit, and 1 for the severe deficit. Weight
was scored based on the number of standard deviations from a reference mean. The
clinical evaluation included the integument, the physical/musculoskeletal system, the
vestibulocochlear/auditory systems, the ocular and nasal systems, the digestive system, the
urogenital system, the respiratory system, signs of discomfort, and body weight. Survival
was recorded continuously with a daily cadence.

2.5. HPA Axis Endocrine Status

Four days after the behavioral assessment, blood samples were collected during the
euthanasia. Serum was obtained by centrifugation and stored at −80 ◦C. Corticosterone
content (ng/mL) was analyzed using a commercial kit (Corticosterone EIA Immunodiag-
nostic Systems Ltd., Boldon, UK) and read at 450 nm of absorbance with Varioskan LUX
ESW 1.00.38. (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Neuropathology and Synaptic Function

Brain and peripheral organs were dissected for further biochemical and/or pathologi-
cal analysis. The right prefrontal cortex, entorhinal cortex, and hippocampus were dissected
out, weighed, snap-frozen separately, and stored at –80 ◦C until processing for preparation
of protein extract for biochemistry analysis. Frozen samples were lysed in cold lysis buffer
containing protease and phosphatase inhibitors (Sigma-Aldrich, Saint Louis, MO, USA).
Protein content was quantified with the BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA), resolved on SDS-polyacrylamide gel electrophoresis, and detected by
Western blotting using the following antibodies: 6E10 (1:500, Biolegend, San Diego, CA, USA);
synaptophysin (1:2000, Dako, Glostrup, Denmark); ChAT (1:500, Thermo Fisher Scientific,
Waltham, MA, USA), β-actin (1:10,000; Sigma-Aldrich, Saint Louis, MO, USA). Bands were
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detected with an enhanced chemiluminescent reagent in a ChemiDoc MP System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and quantified in a linear range using the ImageLab
5.2.1 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.7. Peripheral Organs Pathological Status
2.7.1. Splenic, Renal and Hepatic Histopathological Evaluation

Spleen, kidneys, and liver were dissected and port-fixed by immersion 24 h in 10%
formalin (Sigma-Aldrich, Saint Louis, MO, USA). The size (weight in mg) and organ
indexes (relative size, % vs. bodyweight) of the spleen were also recorded as an indirect
measure of the physiological status of the peripheral immune organs. All samples were
washed twice with 4 ◦C phosphate buffered saline for about 20 min to stop fixation and
rinse the fixative, immersed in ethanol 70% and kept at 4 ◦C until paraffin embedding.
Histological processing for paraffin embedding was performed by means of an automatic
processing machine (Leica TP1020, Leica Biosystems, Nussloch, Germany): EtOH 70%
30 min; EtOH 80% 20 min; EtOH 96% 2 × 20 min; EtOH 100% 2 × 30 min + 1 × 40 min;
EtOH 100%-Xylene 30 min; Xylene 2 × 40 min; paraffin 2 × 1 h. The paraffin blocks
were confectioned in a paraffin embedding station (Leica EG1150H, Leica Biosystems,
Nussloch, Germany) and were cooled in a cold plate (Leica EG1150C, Leica Biosystems,
Nussloch, Germany). Histological preparations of spleen, kidney, and liver were stained
with hematoxylin-eosin, and a pathological evaluation was performed blindly by an expert
pathologist following a criterion based on the intensity and the distribution of the lesion.
The degree of tissue damage was calculated following an injury score grading system:
0—no damage, 1: mild, 2: moderate, 3: severe, 4: very severe. As the same basic lesion
of amyloid characteristics was observed in the different organs, a systemic character of
the damage was confirmed, and a total injury score with the different organs damage was
used to evaluate the total systemic injury.

2.7.2. Oxidative Stress of Spleen, Kidneys, Liver, and Heart

The antioxidant capacity was studied from the evaluation of the levels of total glu-
tathione (GSH), as well as the enzymatic activity of glutathione peroxidase (GPx) and reduc-
tase (GR) from the homogenization of different organs (liver, kidneys, spleen, and heart).

Glutathione concentrations: Total glutathione, the main non-enzymatic reducing
agent of the organism, was assayed by the enzymatic recycling method previously de-
scribed [38] by monitoring the change in absorbance at 412 nm adapted to 96-well plates
with slight modifications [39].

Glutathione reductase activity: The activity of the enzyme glutathione was assessed
following the method described by Massey and Williams [40] with slight modifications. The
total activity was determined following the oxidation of NADPH spectrophotometrically
at 340 nm for 300 s. The results were expressed as milliunits (mU) of enzymatic activity per
mg of organ protein.

Glutathione peroxidase activity: The glutathione peroxidase activity was measured
using the modified technique previously described [41,42] with slight modifications. The
reaction was followed spectrophotometrically by the decrease of the absorbance at 340 nm
for 300 s. The results were expressed as mU of enzymatic activity per mg of organ protein.

2.8. Statistics

Results are expressed as mean ± SEM. SPSS 15.0 (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) software were used.
Differences between two different genotypes were evaluated with a two-tailed unpaired
Student’s t-test (U Mann Whitney, for quantitative discontinuous). One-way analysis
of variance (ANOVA) for comparisons between all the groups of mice, including NTg,
3xTg-AD homozygous, and 3xTg-AD heterozygous, followed by Bonferroni’s post hoc test.
In the temporal courses, RMA, Repeated measures ANOVA, was used for within-subject
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analysis. Differences in life spans were studied through the Kaplan-Meier test. In all the
tests, statistical significance was considered at p < 0.05.

3. Results

As summarized in the graphical abstract (Figure 1) and depicted in Figures 2–8,
the main findings show that genotype-load modulated amyloid burden and anxiety-
like patterns in male 3xTg-AD survivors despite similar neuro-immunoendocrine and
cognitive impairments.
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Figure 1. Graphical abstract. Genotype load modulates amyloid burden and anxiety-like patterns 
in male 3xTg-AD survivors despite similar neuro-immunoendocrine and cognitive impairments. 
Experimental design and main findings. White square: NTg mice, yellow square: heterozygous 
3xTg-AD mice, blue square: homozygous 3xTg-AD mice; Green square: 3xTg-AD mice (both 3xTg-
AD genotypes, since no genotype-load differences were found). 

Figure 1. Graphical abstract. Genotype load modulates amyloid burden and anxiety-like patterns
in male 3xTg-AD survivors despite similar neuro-immunoendocrine and cognitive impairments.
Experimental design and main findings. White square: NTg mice, yellow square: heterozygous 3xTg-
AD mice, blue square: homozygous 3xTg-AD mice; Green square: 3xTg-AD mice (both 3xTg-AD
genotypes, since no genotype-load differences were found).
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Figure 2. Survival, HPA axis endocrine status and physical health. (A) Survival; (B) Corticosterone 
levels; (C) Body weight and (D) spleen weight in 19-month-old mice. Results are expressed as the 
mean ± SEM. Male NTg, n = 8 (White circles for individual values; white bar, mean value); male 
3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; Blue 
circles, individual values for homozygous 3xTg-AD +/+ mice, n  = 4; Green bar, mean value of both 
3xTg-AD genotypes, since no genotype-load differences were found). Statistics: two-tailed un-
paired Student’s t-test (above the line) for Genotype differences (G): * p < 0.05; one-way analysis of 
variance (ANOVA) for comparisons between all the groups of mice followed by Bonferroni’s post-
hoc test. * p < 0.05 vs. homozygous 3xTg-AD-group; # p < 0.05 vs. heterozygous 3xTg-AD-group. 

Figure 2. Survival, HPA axis endocrine status and physical health. (A) Survival; (B) Corticosterone
levels; (C) Body weight and (D) spleen weight in 19-month-old mice. Results are expressed as the
mean ± SEM. Male NTg, n = 8 (White circles for individual values; white bar, mean value); male
3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n = 5; Blue
circles, individual values for homozygous 3xTg-AD +/+ mice, n = 4; Green bar, mean value of both
3xTg-AD genotypes, since no genotype-load differences were found). Statistics: two-tailed unpaired
Student’s t-test (above the line) for Genotype differences (G): * p < 0.05; one-way analysis of variance
(ANOVA) for comparisons between all the groups of mice followed by Bonferroni’s post-hoc test.
* p < 0.05 vs. homozygous 3xTg-AD-group; # p < 0.05 vs. heterozygous 3xTg-AD-group.
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Figure 3. Neuropathology and Synaptic Function: Brain biochemical analysis of APP (A), synaptophysin (B) and ChAT 
(C) in the prefrontal cortex, hippocampus, and entorhinal cortex. (D) Western blot images. Results are expressed as the 
relative levels as fold change ± SEM. Male NTg, n  =  3–4 (White circles for individual values; white bar, mean value); male 
3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; blue circles, individual values 
for homozygous 3xTg-AD +/+ mice, n  = 4; yellow and blue bars, mean value for heterozygous and homozygous 3xTg-AD 
genotypes, respectively, since genotype-load differences were found). Statistics: two-tailed unpaired Student’s t-test 
(above the line) for Genotype differences (G): ** p < 0.01; one-way analysis of variance (ANOVA) for comparisons between 
all the groups of mice followed by Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. homozygous 3xTg-AD-
group; # p < 0.05 vs. heterozygous 3xTg-AD-group. 

Figure 3. Neuropathology and Synaptic Function: Brain biochemical analysis of APP (A), synaptophysin (B) and ChAT
(C) in the prefrontal cortex, hippocampus, and entorhinal cortex. (D) Western blot images. Results are expressed as the
relative levels as fold change ± SEM. Male NTg, n = 3–4 (White circles for individual values; white bar, mean value); male
3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n = 5; blue circles, individual values
for homozygous 3xTg-AD +/+ mice, n = 4; yellow and blue bars, mean value for heterozygous and homozygous 3xTg-AD
genotypes, respectively, since genotype-load differences were found). Statistics: two-tailed unpaired Student’s t-test (above
the line) for Genotype differences (G): ** p < 0.01; one-way analysis of variance (ANOVA) for comparisons between all the
groups of mice followed by Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. homozygous 3xTg-AD-group;
# p < 0.05 vs. heterozygous 3xTg-AD-group.
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Figure 4. Mental Health: Neuropsychiatric-like phenotype in 2-day Open-field test. (A) Explora-
tory activity; (B) Ethogram day 2; (C) Time in periphery day 2 and (D) Heat maps representation 
of how much time animals spends in different parts of the apparatus during a test, with blue as 
the shortest time and red as the longest. Results are expressed as the mean ± SEM. Male NTg, n  =  8 
(White circles for individual values; white bar, mean value); male 3xTg-AD n = 9 (Yellow circles, 
individual values of heterozygous 3xTg-AD +/− mice, n  = 5; blue circles, individual values for ho-
mozygous 3xTg-AD +/+ mice, n  = 4; green bar, mean value of both 3xTg-AD genotypes, since no 
genotype-load differences were found; yellow and blue bars, mean value for heterozygous and 
homozygous 3xTg-AD genotypes, respectively, since genotype-load differences were found). Sta-
tistics: one-way analysis of variance (ANOVA) for comparisons between all the groups of mice 
followed by Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. homozygous 3xTg-
AD-group. 

Figure 4. Mental Health: Neuropsychiatric-like phenotype in 2-day Open-field test. (A) Exploratory activity; (B) Ethogram
day 2; (C) Time in periphery day 2 and (D) Heat maps representation of how much time animals spends in different parts of
the apparatus during a test, with blue as the shortest time and red as the longest. Results are expressed as the mean ± SEM.
Male NTg, n = 8 (White circles for individual values; white bar, mean value); male 3xTg-AD n = 9 (Yellow circles, individual
values of heterozygous 3xTg-AD +/− mice, n = 5; blue circles, individual values for homozygous 3xTg-AD +/+ mice, n = 4;
green bar, mean value of both 3xTg-AD genotypes, since no genotype-load differences were found; yellow and blue bars,
mean value for heterozygous and homozygous 3xTg-AD genotypes, respectively, since genotype-load differences were
found). Statistics: one-way analysis of variance (ANOVA) for comparisons between all the groups of mice followed by
Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. homozygous 3xTg-AD-group.
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Figure 5. Mental Health: Neuropsychiatric-like phenotype and cognitive impairment in Dark and light box test (A) and T-
Maze test (B). Results are expressed as the mean ± SEM. Male NTg, n  =  8 (White circles for individual values; white bar, 
mean value); male 3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; blue circles, 
individual values for homozygous 3xTg-AD +/+ mice, n  = 4; yellow and blue bars, mean value for heterozygous and ho-
mozygous 3xTg-AD genotypes, respectively, since genotype-load differences were found). Statistics: one-way analysis of 
variance (ANOVA) for comparisons between all the groups of mice followed by Bonferroni’s post hoc test. * p < 0.05, ** p 
< 0.01, vs. homozygous 3xTg-AD-group. 

Figure 5. Mental Health: Neuropsychiatric-like phenotype and cognitive impairment in Dark and light box test (A) and
T-Maze test (B). Results are expressed as the mean ± SEM. Male NTg, n = 8 (White circles for individual values; white
bar, mean value); male 3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n = 5; blue
circles, individual values for homozygous 3xTg-AD +/+ mice, n = 4; yellow and blue bars, mean value for heterozygous and
homozygous 3xTg-AD genotypes, respectively, since genotype-load differences were found). Statistics: one-way analysis
of variance (ANOVA) for comparisons between all the groups of mice followed by Bonferroni’s post hoc test. * p < 0.05,
** p < 0.01, vs. homozygous 3xTg-AD-group.

3.1. Survival

Survival curves of an initial sample of 28 male, twelve NTg, and sixteen 3xTg-AD mice
are illustrated in Figure 2A. Although 3xTg-AD mice showed a younger mortality pattern
than NTg mice, Log-rank analyses showed no differences when starting the experiment
(71.4% in NTg vs. 87.5% in 3xTg-AD mice). During the experiment, one 3xTg-AD died. At
the end of the experiment, the survival rates were 71.4% in NTg vs. 75% in 3xTg-AD mice.

3.2. HPA Axis Endocrine Status

Although no significant differences were observed between genotypes when we
measured the corticosterone values (Figure 2B), heterozygous mice showed a higher level
in comparison NTg mice (p = 0.045, post hoc test).
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Figure 6. Mental Health: Cognitive impairment in Morris Water Maze (A) Long- term learning and memory; (B) Short- 
and long- term memory; (C) Short- term memory in Removal: Time in target quadrant; (D) Heat maps representation in 
removal. (E) Short- term memory in Removal: Latency to reach the platform; (F) Time immobile in removal; (G) Immobile 
episodes in removal. Results are expressed as the mean ± SEM. Male NTg, n  =  8 (White circles for individual values; white 
bar, mean value); male 3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; blue 
circles, individual values for homozygous 3xTg-AD +/+ mice, n  = 4; green bar, mean value of both 3xTg-AD genotypes, 
since no genotype-load differences were found; yellow and blue bars, mean value for heterozygous and homozygous 
3xTg-AD genotypes, respectively, since genotype-load differences were found). Heat maps representation of how much 
time animals spends in different parts of the apparatus during a test, with blue as the shortest time and red as the longest. 
Statistics: two-tailed unpaired Student’s t-test (above line) for Genotype differences (G): * p < 0.05, ** p < 0.01. 

Figure 6. Mental Health: Cognitive impairment in Morris Water Maze (A) Long-term learning and memory; (B) Short- and
long-term memory; (C) Short-term memory in Removal: Time in target quadrant; (D) Heat maps representation in removal.
(E) Short-term memory in Removal: Latency to reach the platform; (F) Time immobile in removal; (G) Immobile episodes
in removal. Results are expressed as the mean ± SEM. Male NTg, n = 8 (White circles for individual values; white bar,
mean value); male 3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n = 5; blue circles,
individual values for homozygous 3xTg-AD +/+ mice, n = 4; green bar, mean value of both 3xTg-AD genotypes, since no
genotype-load differences were found; yellow and blue bars, mean value for heterozygous and homozygous 3xTg-AD
genotypes, respectively, since genotype-load differences were found). Heat maps representation of how much time animals
spends in different parts of the apparatus during a test, with blue as the shortest time and red as the longest. Statistics:
two-tailed unpaired Student’s t-test (above line) for Genotype differences (G): * p < 0.05, ** p < 0.01.
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Figure 7. Pathological Status of Peripheral Organs in 19-month-old male 3xTg-AD mice and NTg counterparts: (A) Rep-
resentative images of histopathological evaluation of peripheral organs (kidney, spleen, and liver), Black arrow: amyloi-
dosis damage, *: proteinuria; (B) Incidence and degree of tissue damage; (C) General systemic total score. Results are 
expressed as the mean ± SEM. Male NTg, n  = 8 (White circles for individual values; white bar, mean value); male 3xTg-
AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; Blue circles, individual values for 
homozygous 3xTg-AD +/+ mice, n  = 4; Green bar, mean value of both 3xTg-AD genotypes, since no genotype-load differ-
ences were found). Statistics: two-tailed unpaired Student’s t-test (above line) for Genotype differences (G): * p < 0.05. 

Figure 7. Pathological Status of Peripheral Organs in 19-month-old male 3xTg-AD mice and NTg
counterparts: (A) Representative images of histopathological evaluation of peripheral organs (kidney,
spleen, and liver), Black arrow: amyloidosis damage, *: proteinuria; (B) Incidence and degree of
tissue damage; (C) General systemic total score. Results are expressed as the mean ± SEM. Male
NTg, n = 8 (White circles for individual values; white bar, mean value); male 3xTg-AD n = 9 (Yellow
circles, individual values of heterozygous 3xTg-AD +/− mice, n = 5; Blue circles, individual values
for homozygous 3xTg-AD +/+ mice, n = 4; Green bar, mean value of both 3xTg-AD genotypes, since
no genotype-load differences were found). Statistics: two-tailed unpaired Student’s t-test (above line)
for Genotype differences (G): * p < 0.05.

205



Biomedicines 2021, 9, 715Biomedicines 2021, 9, x FOR PEER REVIEW 15 of 28 
 

 
Figure 8. Pathological Status of Peripheral Organs: Oxidative stress parameters in peripheral organs: (A) Total Glutathione 
(GSH); (B) Glutathione Peroxidase (GPx); (C) Glutathione Reductase (GR) in 19-month-old male 3xTg-AD mice and NTg 
counterparts. Results are expressed as the mean ± SEM. Male NTg, n  =  8 (White circles for individual values; white bar, 
mean value); male 3xTg-AD n = 9 (Yellow circles, individual values of heterozygous 3xTg-AD +/− mice, n  = 5; Blue circles, 
individual values for homozygous 3xTg-AD +/+ mice, n  = 4; Green bar, mean value of both 3xTg-AD genotypes, since no 
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genotype-load differences were found). Statistics: n.s., no significative, p > 0.05.

3.3. Physical Status, Reflexes, and Sensorimotor Functions

As detailed in Table 1, frailty index, reflexes, and sensorimotor functions of 19-month-
old 3xTg-AD mice did not differ from those observed in NTg mice with normal aging
(genotype effects, Student t-test, p > 0.05 or even equal values). Independently of geno-
type, animals did not cover almost any distance, and latencies were very short. In both
groups, the measures of resistance and coordination revealed high individual variabil-
ity. Genotype differences were found in body weight (Figure 2C), increased in 3xTg-AD
mice (p = 0.037, Student’s t-test). However, this difference was only observed between
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homozygous and NTg mice (p = 0.032, post hoc test). No differences in spleen weight were
observed (Figure 2D).

Table 1. Similarity of physical status and sensorimotor function in 19-month-old male 3xTg-AD mice compared to sex- and
age-matched NTg mice with normal aging. Results are expressed as mean ± SEM or incidence. Student’s t-test, n.s., no
statistically significant; p > 0.05.

Males, 19-Month-Old

NTg Mice
n = 8

3xTg-AD Mice
n = 9

Genotype
Differences

Genetic Load
Differences

Physical Status, Reflexes, and Sensorimotor Function
Frailty index score 0.05 ± 0.02 0.03 ± 0.01 n.s. n.s.
Reflexes

Visual placing reflex (3 trials) 3/3 3/3 equal equal
Posterior leg reflex (3 trials) 3/3 3/3 equal equal

Wood rod test (two 20-s trials)
Equilibrium (mean falling latency, s) 3.63 ± 1.18 1.94 ± 1.01 n.s. n.s.
Coordination (mean distance, cm) 0.19 ± 0.09 0.06 ± 0.05 n.s. n.s.

Wire rod test (two 20-s trials)
Equilibrium (mean falling latency, s) 6.19 ± 2.32 7.78 ± 2.40 n.s. n.s.
Coordination (mean distance, cm) 0.19 ± 0.19 0.28 ± 0.12 n.s. n.s.

Wire hang test (two 5-s trials)
Strength (mean time hold, s) 2.50 ± 0.33 3.50 ± 0.53 n.s. n.s.
Coordination (mean distance, segments) 0 ± 0 0 ± 0 equal equal

Wire hang test (one 60-s trial)
Resistance (time hold, s) 29.5 ± 8.57 29.11 ± 9.33 n.s. n.s.
Coordination (distance, segments) 1.63 ± 0.56 0.89 ± 0.39 n.s. n.s.

3.4. Neuropathology and Synaptic Function

The analysis of immunoblotting from the prefrontal cortex, hippocampus, and entorhi-
nal cortex protein extracts incubated with 6E10 antibody showed a genetic-load-dependent
increase of APP (Figure 3A); (p < 0.008, Student’s t-test). This gradient was mainly ob-
served in the hippocampus, where significant differences were also observed between
homozygous and heterozygous groups (p < 0.016, Bonferroni’s post hoc test, homozygous
vs. NTg and heterozygous mice). However, no differences (p > 0.05, Student’s t-test)
were found when we evaluate levels of synaptophysin (Figure 3B) a synaptogenesis and
neuroplasticity marker nor choline acetyltransferase (Figure 3C), the enzyme responsible
for the acetylcholine synthesis.

3.5. Neuropsychiatric Symptoms (NPS)-Like Phenotype and Cognitive Impairment under Different
Anxiogenic Conditions

In the corner test, genotype differences were observed only when horizontal activity
was measured in the first corner test (p = 0.002, Student’s t-test) and disappeared when
we repeated the test 24 h later. Although the activity between tests was decreased in
all groups, statistical differences were observed in the number of corners in NTg mice
(p = 0.009, paired t-test) and the number of rearings in 3xTg-AD mice (p = 0.038, paired
t-test). Surprisingly, results in the open field test evidenced striking similarities between
18-month-old 3xTg-AD and NTg mice. Thus, all the analyzed behavioral variables (see
Table 2 and Figure 4), including those related to the time course of elicitation of behavioral
events and emotionality. Furthermore, as observed in the physical and sensorimotor
aspects, both groups of mice showed high individual variability, resulting in high statistical
variance. However, when we repeated the test 24 h later, significant differences in open
field ethogram were observed between homozygous and heterozygous mice (p < 0.015, post
hoc test). Lower latencies were observed in the exit of the center, entrance to the periphery,
and vertical activity in heterozygous mice (Figure 4B). Moreover, heterozygous mice spent
more time in the periphery than homozygous mice (p = 0.013, post hoc test, Figure 4C,D).
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Table 2. Similarity, exploratory and BPSD-like domains, in 19-month-old male 3xTg-AD mice as compared to sex- and
age-matched NTg mice with normal aging. Results are expressed as mean ± SEM. Student’s t-test, ** p < 0.01, vs. NTg mice;
n.s., no statistically significant, p > 0.05.

Males, 19-Month-Old

NTg Mice
n = 8

3xTg-AD Mice
n = 9

Genotype
Differences

Genetic Load
Differences

BPSD-Like Behaviors and Exploratory Activity
Corner test (one 30-s trial)

Vertical activity (latency, s) 19.13 ± 3.78 14.89 ± 3.02 n.s. n.s.
Vertical activity (number) 1.25 ± 0.41 2.22 ± 0.62 n.s. n.s.
Horizontal activity (number) 6.13 ± 0.48 3.44 ± 0.50 ** n.s.

24 h Corner test (one 30-s trial)
Vertical activity (latency, s) 25.50 ± 2.97 19.89 ± 3.65 n.s. n.s.
Vertical activity (number) 0.75 ± 0.53 1.00 ± 0.33 n.s. n.s.
Horizontal activity (number) 2.88 ± 0.51 3.22 ± 0.49 n.s. n.s.

Open field test (5 min)
Initial freezing (latency, s) 5.25 ± 1.25 5.33 ± 0.69 n.s. n.s.
Exit of the center (latency, s) 11.13 ± 1.80 11.56 ± 2.06 n.s. n.s.
Entrance to the periphery (latency, s) 100 ± 43.00 82.22 ± 41.49 n.s. n.s.
Vertical activity (latency, s) 199 ± 41.88 173.56 ± 40.66 n.s. n.s.
Self-grooming (latency, s) 190.1 ± 28.89 147.44 ± 23.45 n.s. n.s.
Vertical activity (number) See Figure 4A
Horizontal activity (distance, m) See Figure 4A
Time immobile (s) 194.35 ± 27.91 224.89 ± 17.00 n.s. n.s.
Time in periphery (s) 141.42 ± 38.53 151.02 ± 37.05 n.s. n.s.
Self-grooming (number) 1.13 ± 0.35 1.11 ± 0.20 n.s. n.s.
Defecation boli (number) 3.875 ± 0.69 2.67 ± 0.62 n.s. n.s.

24 h Open field test (5 min)
Initial freezing (latency, s) See Figure 4B
Exit of the center (latency, s) See Figure 4B
Entrance into the periphery (latency, s) See Figure 4B
Vertical activity (latency, s) See Figure 4B
Self-grooming (latency, s) See Figure 4B
Vertical activity (number) See Figure 4A
Horizontal activity (distance, m) See Figure 4A
Time immobile (s) 234.77 ± 18.76 235.66 ± 19.89 n.s. n.s.
Time in periphery (s) See Figure 4C
Self-grooming (number) 1.00 ± 0.189 0.89 ± 0.261 n.s. n.s.
Defecation boli (number) 3.88 ± 0.479 2.89 ± 0.655 n.s. n.s.

Marble test (30 min)
Intact marbles (number) 2.50 ± 1.23 3.67 ± 1.11 n.s. n.s.
Rotated marbles (number) 2.88 ± 0.63 2.89 ± 0.67 n.s. n.s.
Half-buried marbles (number) 2.13 ± 0.71 1.67 ± 0.50 n.s. n.s.
Buried marbles (number) 1.50 ± 0.53 0.78 ± 0.50 n.s. n.s.

In the Dark light box, no genotype differences were observed between 3xTg-AD
and NTg (p > 0.05, Student’s t-test). However, when we evaluated homozygous and
heterozygous independently, significant differences were observed (Figure 5A). Albeit did
not reach statistical significance, none of the homozygous mice entered into the lit area.
Besides, during the 300 s of the test, homozygous did not perform any stretch attendance
than NTg and heterozygous mice (p < 0.009, post hoc test). Moreover, they did not perform
any rearing in the dark area during the test (p = 0.033, post hoc test vs. heterozygous mice).
The number of crossing was also reduced (p < 0.043, post hoc test vs. heterozygous and
NTg mice).

In the Marble test, no genotype differences were observed between 3xTg-AD and NTg
in the Marble test (p > 0.05, Student’s t-test), as indicated in Table 2.

In the T-maze, no genotype differences were observed between 3xTg-AD and NTg in
both T-maze test. However, when we evaluated the two 3xTg-AD subgroups (Figure 5B),
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we observed that when we studied the coping with stress strategies in the T-maze, het-
erozygous and NTg showed convergence of profiles. Differences in the latency to reach
the intersection of the T-maze were found in spontaneous alternation test (p < 0.048, Bon-
ferroni’s post hoc test, vs. heterozygous and NTg mice) and any of the homozygous mice
accomplished the test completion criteria (p = 0.037, post hoc test vs. NTg). As detailed on
the right, one NTg mice rested with their backs protected in the starting point, and one
spent time but did not cross the intersection, the two others (75% of the sample) completed
the test successfully. Among heterozygous, one of the animals turned but was not able
to cross the intersection, the rest, 80% of the sample completed with the test completion
criteria. Finally, 100% of homozygous mice, started but did not cross the intersection. In
the working memory paradigm studied 24 h later all the homozygous animals failed to
reach the acquisition criteria during the 5 min of the test. The test was prolonged to 10 min,
but still, animals were unsuccessful (data not shown).

In the Morris water maze, cognitive deficits were the most salient distinctive trait in
3xTg-AD mouse survivors. As represented in Figure 6, cognitive deficits in spatial reference
learning and memory differentiated the 19-month-old 3xTg-AD mice from age-matched
NTg counterparts. In the assessment of visual perceptual learning and memory (Figure 6A),
the three groups of mice showed the same mean escape latency on the first day of the
cue task. On the second day, the platform was hidden and located in a reversed position;
this made the new paradigm a difficult place task. Spatial reference memory assessed by
means of place-learning showed differences between genotypes on the third day of the test
(p = 0.002, Student’s t-test). Swimming velocities were not different between the groups
(data not shown). 2 h 30 min after the last day of place learning, an extra trial with the
removal of the platform indicated the worse performance of 3xTg-AD groups compared
with NTg (Figure 6C). NTg mice invested more time than the other groups in the target
quadrant (p = 0.046, Student’s t-test). Indeed, heat plots reveal that the NTg group mostly
searched close to the designated platform position. Moreover, the latency of reaching the
previous location was also recorded. In this case, the NTg mice reached the trained location
faster than 3xTg-AD mice (p = 0.047, Student’s t-test). However, when the time the animals
stood immobile during the removal test, considered as floating time, was recorded, the
NTg and heterozygous groups showed a high prevalence of floating (50% (4/8) and 40%
(2/5) respectively). In contrast, 3xTgAD mice maintained movement all the time during
the test (0/4).

3.6. Peripheral Organs Pathological Status
3.6.1. Splenic, Renal, and Hepatic Histopathological Evaluation

Figure 7 illustrates the results of the histopathological analysis of the spleen, kidney,
and liver. Systemic amyloidosis damage was observed in the animals that presented lesions.
Figure 7A shows representative images of microscopic analyses through Hematoxyline
and Eosin staining. As detailed in Figure 7B, the incidence of amyloidosis was higher in
the spleen (77%), kidney (100%), and liver (100%) 3xTg-AD mice than in NTg mice (38%,
38%, 25%, respectively).

In the spleen, amyloid deposit distribution was generalized. It was first located in the
marginal zone of white pulp and progressively extended to all red pulp. This fact implies
an intense hypocellularity and a functional loss of the organ. Although the presence of
this damage was higher in the 3xTg-AD group, no significant statistical difference was
achieved when we evaluated the injury score. As shown in Figure 2D, the spleen’s size and
relative size (% vs. bodyweight) were recorded as an indirect measure of its physiological
status. However, no differences between groups were observed (p > 0.05, Student’s t-test).
Moreover, weight measures did not correlate with the severity of amyloidosis damage.

In the kidney, the presence of amyloid was observed mainly in the glomerulus and
occasionally in the tubular interstitium. In general, the score of the lesion was from
moderate to very severe. Concurrently in the more severe cases, multifocal-generalized
amyloid deposition was observed in the renal interstitium. Moreover, proteinuria was also
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observed as distended tubs with the presence of an intense eosinophilic colloid –protein.
This damage could cause an important renal dysfunction. Genotype differences were
observed when we evaluated the injury score (p = 0.046, U Mann Whitney).

In the liver, the lesions affected centrilobular veins, portal vessels, or even higher range
interstitial vascularization. Unlike what happened in the spleen and kidneys, the charac-
teristics of the hepatic lesions were mild to moderate, with little pathological relevance.
However, the results confirm the systemic nature of the disease since genotype differences
were observed when we evaluated the injury score (p = 0.027, U Mann Whitney).

As commented, this amyloid damage did not affect all organs equally and presented
some heterogeneity. The spleen and kidney presented substantial damage, whereas were
mild and little relevant in the liver. However, a correlation between the three organ lesions’
intensities was observed (p < 0.001, Spearman’s correlation). Furthermore, as detailed in
Figure 7C, genotype differences were observed when we evaluated the general systemic
total score (p = 0.019, Student’s t-test).

3.6.2. Oxidative Stress Parameters in Peripheral Organs

Concerning the antioxidant capacity from the homogenization of different organs
(spleen, kidneys, liver, and heart) no statistical differences were observed in the levels of
total glutathione (Figure 8A), as well as the enzymatic activity of glutathione peroxidase
(Figure 8B) and glutathione reductase (Figure 8C).

4. Discussion

The present study was aimed to study whether the AD-genotype load can modulate
the pathological burden, behavioral phenotype, and neuro-immunoendocrine status in
a singular cohort of long-lived (19-month-old survivors) heterozygous and homozygous
male 3xTg-AD and as compared to age-matched non-transgenic controls. Therefore, a
comprehensive screening of several physical, emotional, and cognitive functions was
successively performed using a battery of tests. First, we determined their physical status,
including frailty and sensorimotor function, and the survival of animals being continuously
monitored from birth to the end of the experiment. Second, the brain was evaluated
by levels of amyloid precursor protein (APP), synaptophysin as a synaptogenesis and
neuroplasticity marker, and choline acetyltransferase, the enzyme responsible for the
Ach synthesis. Third, the behavioral phenotype of animals was evaluated to determine
their emotional and anxiety-like profiles, and cognitive functions were assessed in spatial
learning and memory tasks. Fourth, neuro-immunoendocrine crosstalk was characterized
by glucocorticoid levels, an indicator of HPA axis function. Finally, the histopathological
evaluation, and oxidative stress parameters of the spleen, kidney, liver, and heart were
used to assess the systemic health of peripheral organs.

4.1. Convergence of Physical Status and Survival Profiles of Long-Lived Survivors

Exclusion or under-representation of older individuals is not unusual in clinical tri-
als despite being the most significant health care resources [43]. Concretely, in clinical
trials on Alzheimer’s disease, the patients enrolled are not representative of their general
population [44]. This problem also occurs at the preclinical level, where most experimental
designs are performed in young adulthood, adults, and middle-aged animals. Heterogene-
ity found in the complexity of age-related scenario and the reduced survival of animals,
with the concomitant increase of laboratory costs, produce scarcity research in very old
mice, even more in models of neurodegenerative disease [19,45,46].

In the 3xTg-AD mice model, a frailty/survival paradoxical was described, with
female exhibiting a worse neuropathological status [47] but higher mortality rates in
homozygous [26,28] and heterozygous male 3xTg-AD mice [48]. However, the present
cohorts present an extraordinary survival rate, higher than 70% at 19 months of age. In this
singular scenario, we were interested to study the relevance of AD-genotype load and the
frailty/survival paradigm in normal and neurodegenerative pathological aging.
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Frailty, a common tool to measure health status, is becoming widely used in clinical
decision making as disease outcomes such as Covid-19 or even mortality were better
predicted by frailty index than age or comorbidity [9,49]. In mouse models, the Mouse
Clinical Frailty Index [37], a translational adaptation of frailty index data in humans, is
also a valuable tool in longevity and aging studies in mice. Although we have noticed and
increased frailty levels in 14-month-old 3xTg-AD males compared to NTg counterparts [50],
no significant differences were observed in this cohort of 19-month-old survivors. The
higher scores were primarily observed in the integument and muscular-skeletal dimension,
in accordance with the more common clinical presentations in aged mice, such as alopecia
and dermatitis [51].

The body weight of animals was also monitored as an index of health/frailty sta-
tus, and, in this case, the overweight characteristic of the 3xTg-AD Spanish colony was
not found [52]. Instead of this, reduced body weight was observed predominantly in
homozygous mice, similarly as described previously in isolated 3xTg-AD male mice [53].

Regarding sensorimotor function, and as observed in 18-month-old transgenic and
NTg females [19], poor physical motor abilities were observed in both groups. A conver-
gence of sensorimotor profiles was caused by lack of coordination and short latencies of
falling with high individual variability.

4.2. Non-Linear HPA-Axis Activation in 3xTg-AD Males

A crosstalk between endocrine abnormalities of the hypothalamic-pituitary-adrenal
(HPA) system and patients with Alzheimer’s disease have been described repeatedly [54].
Elevated cortisol levels have been associated with cognitive decline dementia [55] and
peripheral immunodepression [56]. These data agree with our first report in 15-month-old
animals, where a significant increase in plasma corticosterone was observed in 3xTg-AD
male mice, suggesting enhanced HPA axis activation accompanied with immune function
alterations [28]. In the present study, we described a non-linear increase of corticosterone
levels, with heterozygous mice presenting higher levels than NTg mice. This can be
explained as cortisol levels seem to be associated with the progression of the disease
rather than the severity. Thus, Csernansky et al. observed more significant correlations
in AD-patients at the early stages of the disease [57]. It has been also described the role
of microglia in the chronic-stress induced neuroinflammation and their contribution to
neurodegenerative disease [58,59]. Study the impact this HPA axis hyperactivation on
inflammation and further activation of glial cells would be necessary to better understand
the underlying mechanism of the cognitive and anxiety-like symptoms observed in 3xTg-
AD, opening new preventive and prognostic options.

4.3. Amyloid Precursor Protein (APP) Levels Increased in a Genetic-Load-Dependent Manner but
Age-Dependent Convergence of Synaptophysin and Choline Acetyltransferase Brain Levels

Alzheimer’s disease is defined as an accumulation of amyloid-β (Aβ) plaques and tau-
containing neurofibrillary tangles (NFTs), although they can also be found in normal aging.
Neuroinflammation and other metabolic and neuronal processes such as synaptic changes
and changes in neurotransmitter systems also play a role in the pathogenesis of AD [2].
The 3xTg-AD model develops age-related, progressive neuropathology, including plaques
and tangles mimicking human patients’ temporal and neuroanatomical patterns [20,21].
In the current experimental scenario with survivors, we can study how the three different
levels of AD-genetic-load (null, heterozygous, homozygous) translate into the expression
of these hallmarks of AD.

The hippocampus was the most sensitive AD-target region to show the effect of
genetic-load in APP levels, while in the cortical areas studied (prefrontal and entorhinal),
the difference did not reach statistical significance, probably due to the variability. These
results agree and complement those reported in young mutants in the original work
describing the model [21].

Synaptophysin is a membrane protein of synaptic vesicles closely related to cognitive
processes and synaptic plasticity [60]. Several authors have reported changes in synap-
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tophysin expression in Alzheimer’s patient’s brain areas [61,62]. In 3xTg-AD mice, we
have already reported that synaptophysin expression levels significantly decreased in
middle-aged mice [22,63]. However, no significant genotype differences were observed in
survivors studied in the present report.

Similar results were observed when we evaluated the levels of ChAT, the enzyme
responsible for acetylcholine synthesis, one of the most involved neurotransmitters in
the disease. Nowadays, acetylcholinesterase inhibitors still constitute the most important
group of drugs for Alzheimer’s disease treatment [64]. Despite the significative decreased
levels observed in middle-aged mice [27,65], no significant differences were observed in
these group of 19-month old survivors. Interestingly, aging-related loss of presynaptic
protein synaptophysin and cholinergic inputs observed in C57BL/6J male mice [66] could
explain that aging processes might be related to this convergence of synaptophysin and
ChAT levels.

Therefore, amyloid levels were increased in a genetic-load-dependent manner in-
dependently of aging. However, synaptic, and cholinergic functions seem to be more
dependent on aging processes/survival paradigms.

4.4. Genotype Load Modulates Anxiety-Like Patterns Despite Similar Cognitive Impairments

It has been reported that genetic load can aggravate the extent and accelerate the onset
of pathological alterations in transgenic mice [67,68]. For example, it has been previously
established age-dependent difference in pathology and cognitive deterioration between
hemizygous and homozygous 3xTg-AD mice [21,30,69]. The present work aimed to explore
the genetic-load-dependent effect on behavioral and psychological outcomes in a singular
cohort of long-lived mice. Studying the impact of the genetic component at advanced
stages of the disease may help to understand better the aging interactions which can be
involved in the wide heterogeneity and complexity of patients’ clinical profiles.

As previously observed in 18-month-old female survivors [19], no genotype differ-
ences were observed between 3xTg-AD and NTg in the corner test, open-field test, and
T-maze, three classical unconditioned tests measuring neophobia, exploratory activity, and
emotionality [18] neither in the dark and light box and marble test. This convergence
of behavioral profiles involves considering the contribution of genetic patterns and/or
aging-related decline per se. In this sense, our laboratory has described convergence of
profiles in the context of poor aging from 12 to 18 months of age as part of the complexity
of age-related scenarios and heterogeneity among all populations, including both wild-
type mice and 3xTg-AD mice [19,50,53]. The survival of very old 3xTg-AD mice points
to the existence of distinct brain and systemic physiological protective mechanisms for
AD-pathology besides those that may exist in normal aging [50,70].

However, on the other hand, when we evaluated independently homozygous and
heterozygous mice, we observed that genotype load modulated anxiety-like- profiles.
When we repeated the open field test 24 h later, the ethogram exhibited higher latencies.
Thus, increases were observed in the latency to exit the center, entrance to the periphery
and vertical activity in homozygous, and spent more time in the center than heterozygous
mice. In agreement with previous reports showing a 24 h long-term memory deficit in
3xTg-AD mice at 2, 4, 6, and 14 months of age, the behavioral response of mutants did
not benefit from previous experience in contrast to NTg age-matched counterparts [35,50].
However, in this case, repeated the test increased the genetic-load differences not observed
in the first day-test.

In the dark and light box test, the anxiogenic profile of homozygous 3xTg-mice was
associated by a delay in the risk assessment activity and the number of crossings and
rearings performed in the dark area.

The anxiogenic profile was also confirmed in the T-maze test, indicating that the
profile that have been previously described in this model [18,29,31] persists in 19-month-
old survivors. Noteworthy, none of the homozygous mice accomplished the test completion
nor acquisition criteria. This fact indicates their aged status and/or poor motivation [19], a
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singular fact that we have also observed associated with severe status neurodegenerative
models [71]. Moreover, the increased latencies of homozygous to achieve the crossing
intersection have been related to immunosenescence and reduced survival [72].

As reported in 18-month-old female survivors [19], cognitive impairment remained
the salient distinctive trait in 3xTg-AD mice as compared to NTg mice. These results are
in accordance with worse performance in Morris Water Maze observed in several ages
of 3xTg-AD [18,29,31,35,73]. On the other hand, the swimming performance can reflect
their emotional status in an aquatic environment known to be anxiogenic for mice [74].
In this case, the floating behavior (inactivity without forward movement) characteristic
of non-transgenic performance [75] was not presented in 3xTg-AD homozygous mice.
However, it was observed in non-transgenic and 3xTg-AD heterozygous mice. Therefore,
these results allow us to propose that the underlying mechanisms are still preserved in
heterozygosis. The results in genetic load also confirmed the anxiogenic and cognitive
phenotypes being modulated independently in both groups.

These results highlight the distinct contribution of genetic-load disease-related com-
ponents and aging to behavioral readouts. Cognitive impairment is a distinct trait of the
disease. However, anxiety-like behavior seems to be more related to genetic-load, been
more affected the animals with higher genetic dosages. Despite the inherent limitations of
the sample size of the present study, consistent behavioral patterns make the present results
of interest for further exploration in a larger size sample. These data agree with the premor-
bid predisposition to anxiety and depression in familial Alzheimer’s disease [76] and may
explain why early-onset Alzheimer’s disease patients more often present non-amnestic
phenotypic variants [77].

4.5. Peripheral Organs Presented Histopathological Alterations but No Differences in Their
Oxidative Stress Parameters

Neurodegenerative disorders such as dementia are associated with increased mortality
compared to the general old population [7,8]. Clinical evidence suggests an interaction
between the brain and systemic abnormalities that can explain this fact [78]. For instance,
it has been repeatedly described that the immune system has an important role in AD
pathology, both at the central nervous system and peripheral level [79,80]. Our research in
the 3xTg-AD mice also supports the relevance of the neuro-immunoendocrine impairment
in AD. Thus, we have described significant involvement of the peripheral immune sys-
tem [28,81–85]. The impairment was also monitored through peritoneal cells in a longitudi-
nal study from 2 to 15 months of age, mimicking premorbid, prodromal, early to advanced
stages of the disease [84]. Therefore, a better understanding of neuro-immunoendocrine
crosstalk could help with an early diagnosis and, as we have proposed, improve the disease
monitoring of AD.

In the present study, histological analysis was performed on the spleen, kidney, and
liver. Systemic amyloidosis damage was observed in the animals that presented lesions.
A higher incidence was observed in 3xTg-AD mice independently of genetic-load than
in NTg mice. In the spleen, amyloid deposit distribution was generalized, producing an
intense hypocellularity and a functional loss of the organ. In the kidney, the presence of
amyloid was observed mainly in the glomerulus, causing an important renal disfunction.
Although in the liver, the lesions presented little pathological relevance, it confirmed the
systemic nature of amyloidosis. Amyloid has been reported to occur spontaneously in a
variety of animal species, including mice. For instance, glomerular amyloidosis is common
in older mice [51]. Moreover, the grade and incidence of amyloid deposition seem to
increase with age. In SAM mice, a mouse model of senescence-accelerated mouse, renal
amyloidosis was more frequent in animals with complications such as abscess, skin ulcer
or tumors [85]. The easy measurement of their weight and relative weight (organometrics),
with clinical translation, can be used as early indicators of peripheral immunological system
aging [82,83,86], as also confirmed by other laboratories [87,88]. In this case, spleen weight
was recorded as an indirect measure of their physiological status. However, no differences
between groups were observed. Moreover, this measure did not correlate with the severity
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of amyloidosis damage. Similarly, in the SAM mice, the kidney/body weight ratio did not
parallel the grade of renal amyloidosis [85].

Although brain oxidative stress in AD is accepted, the contribution of the disease to
peripheral oxidative redox state has been scarcely studied. We have previously shown
sex-specific immuno-endocrine aging in 3xTg-AD mice. Concretely, peripheral alterations
in early oxidative stress status in male and female 3xTg-AD mice, with a decrease in
antioxidant defenses and an increase in xanthine oxidase activity in most peripheral tissues,
among them the spleen, kidney, and liver [28,52,86,89]. However, like the present study, no
genotype differences were found in reduced glutathione levels in peritoneal leukocytes at 15
months of age [84]. These studies suggest a premature immunosenescence in the prodromal
stage of AD. However, a decrease in antioxidants and an increase in oxidants associated
with the aging process [90] could explain this convergence of profiles in our survivors.

Taking all these data into account, the present study provides an interesting transla-
tional scenario showing complex neuro-immunoendocrine crosstalk. Furthermore, vulner-
ability/compensatory mechanisms in transgenic mice were observed as histopathological
alterations showed organs dysfunction with no correlations in frailty index nor oxidative
stress parameters.

5. Conclusions

The singular cohort of long-lived (19-month-old survivors) heterozygous and ho-
mozygous male 3xTg-AD mice studied here indicates that the AD-genotype load mod-
ulates the brain and peripheral pathological burden, behavioral phenotypes, and neuro-
immunoendocrine status, compared to age-matched non-transgenic controls. The main
findings pointed at the non-linear impact of genetic load in the different dimensions stud-
ied. While amyloid precursor protein (APP) levels increased in a genetic-load-dependent
manner, synaptophysin and choline acetyltransferase brain levels referring to synaptic
function were similar in the three groups of mice, that may agree with the decrease of
synaptic function described in aged animals. Cognitive impairment and the level of activa-
tion of the HPA-axis were salient traits in both 3xTg-AD survivor groups, with no impact
of genetic load. In contrast, homozygous and heterozygous exhibited different responses
in classical unconditioned anxiety tests. Homozygous 3xTg-AD mice showed severe hypo-
function in most tests, while heterozygous resembled controls in some anxiety variables
and risk assessment, suggesting different genetic-load modulation of these states. Complex
neuro-immunoendocrine crosstalk was also observed. Bodyweight loss and splenic, renal,
and hepatic histopathological injury scores provided evidence of the systemic features of
AD, despite similar peripheral organs’ oxidative stress. The present study provides an
interesting translational scenario to study further genetic-load and age-dependent vulner-
ability/compensatory mechanisms in Alzheimer’s disease. Research with very old mice
and, particularly, in long-term survivors’ cohorts with specific behavioral and physiolog-
ical profiles can be helpful for the better understanding of heterogenous manifestations
reported in end-of-life Alzheimer’s patients.
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Abstract: New evidence refers to a high degree of heterogeneity in normal but also Alzheimer’s
disease (AD) clinical and temporal patterns, increased mortality, and the need to find specific end-of-
life prognosticators. This heterogeneity is scarcely explored in very old male AD mice models due to
their reduced survival. In the present work, using 915 (432 APP23 and 483 C57BL/6 littermates) mice,
we confirmed the better survival curves in male than female APP23 mice and respective wildtypes,
providing the chance to characterize behavioral signatures in middle-aged, old, and long-lived male
animals. The sensitivity of a battery of seven paradigms for comprehensive screening of motor
(activity and gait analysis), neuropsychiatric and cognitive symptoms was analyzed using a cohort of
56 animals, composed of 12-, 18- and 24-month-old male APP23 mice and wildtype littermates. Most
variables analyzed detected age-related differences. However, variables related to coping with stress,
thigmotaxis, frailty, gait, and poor cognition better discriminated the behavioral phenotype of male
APP23 mice through the three old ages compared with controls. Most importantly, non-linear age- and
genotype-dependent behavioral signatures were found in long-lived animals, suggesting crosstalk
between chronological and biological/behavioral ages useful to study underlying mechanisms and
distinct compensations through physiological and AD-associated aging.

Keywords: survival; aging; Alzheimer’s disease; heterogeneity; long-life; gait analysis; cogni-
tion; BPSD

1. Introduction

Success in aging and increased life expectancy are historical achievements of the last
century. However, the fast rate of social aging and age-related chronic diseases urge a
bio-psycho-social safety net able to hamper the global burden that it is projected to happen
in the next decades [1–3]. In addition, the individual differences in the complex process
of aging leads to old age being the most heterogeneous period of life, thus demanding
multidisciplinary gerontology and geriatric approaches [4]. Concerning mental health,
World Health Organization (WHO)’s last report warns that the prevalence of psychiatric
and neurological disorders in older adults, which already account for 6.6% of the total
disability-adjusted life years (DALYs), will also increase [5]. Foremost, these disorders
are likely to happen in an already complex multimorbid scenario that in most cases will
include frailty and age-related medical conditions, strongly affecting the quality of life of
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old people and their caregivers. In this worrisome forecast, prevalence and correlates of
psychiatric disorders among nursing home residents without dementia are the topic of
interest of the systematic review and meta-analysis [6].

In this context, the syndromic nature of Alzheimer’s disease (AD), the most common
neurodegenerative disease representing more than 80% of the cases of dementia world-
wide in older people, exemplifies the challenges of such a complex scenario [7]. Thus,
besides progressive loss of judgment, memory, and high functions as clinical hallmarks
of AD, a wide array of neuropsychiatric symptoms (NPS), also referred to as ‘Behavioral
and Psychological Symptoms of Dementia (BPSD)’ including behavioral and daily life
activity impairments, exacerbate the functional impairment of patients and the burden of
disease [8,9]. They are present in 90% of patients as the disease progresses, with noteworthy
prevalence, such as the 20–80% for agitation; 9–63% for delusion; 11–46% for aggression,
4–41% for hallucinations [10]. BSPD are also considered the core symptoms of different
dementia subtypes from early on in the case of dementia, with Lewy bodies or its behav-
ioral variant frontotemporal dementia, and is thus becoming essential for diagnosis [11].
Principal component analysis condensed cognitive/behavioral variables into seven factors,
namely: general-cognitive, constructional abilities, hyperactivity, psychosis, anxiety, mood-
excitement and mood-depression/apathy, concluding that cognition and other behavioral
aspects are independent dimensions [12,13]. Clinical management of BPSD is challenging,
requesting the support of non-pharmacological interventions [14,15], mostly in the case of
antipsychotics since they have been associated with an increased mortality risk [10,11,15,16]
as was also demonstrated in animal models [17]. Due to this complexity and heterogeneity
in the human manifestation of AD neuropathology, modeling the whole array of cogni-
tive and behavioral deficits in animal models has been a challenge during the last two
decades [18]. At the biological level, the neurobiological basis for the cognitive and behav-
ioral heterogeneity in Alzheimer’s disease reflects such a complexity [7]. Thus, besides
synaptic dysfunction, beta-amyloid, and tau neuropathological hallmarks of Alzheimer’s
disease, other key pathological factors such as brain oxidative stress, neuroinflammation,
neurovascular dysfunction, and neuroimmunoendocrine crosstalk have been associated
with it [19,20].

Recently, new evidence refers to a high degree of heterogeneity in the patterns and
temporal progression of clinical symptoms in Alzheimer’s disease, indicating several
subgroups of patients [21]. At the translational level, this heterogeneity has also been
demonstrated in animal models for the disease [22–24]. On the other hand, new perspec-
tives on psychological science also point at emerging data supporting the default-executive
coupling hypothesis of aging, where gains on cognitive aging fill the gap that results from
a framing effect and focus on losses in cognitive ability as hallmarks of aging [25,26]. In
this regard, experimental gerontologists highlight the relevance of using aged animals to
mimic the complexity of the physiological and multifactorial pathological aging processes
in humans [27,28]. This is most important when studying the age and disease interaction
effects in the expression of phenotypic characteristics of late-onset neurodegenerative
processes and the screening for drug discovery [18,29]. However, the number of research
works using old (+18 months of age) and very old (+21 months of age) or naturally long-
lived animals have to overcome the sparsity of studies [30–32], to confront methodological
difficulties due to the natural constraints of aged animals [33,34] and severe limitations
due to mortality bias [35,36]. Since BPSD are highly prevalent also in old people without
dementia [6], translational research using AD-models can also provide the benefit of the
observation of the age-matched old wildtype specimens as a source of knowledge of the
normal aging process, as is presented here.

Compared with aged control populations, dementia is associated with increased
mortality [37,38], and this vulnerability can be enhanced in some AD patients when atypical
antipsychotics are used for the management of their BPSD [10,14–16]. In this context, the
heterogeneity in the progress of clinical symptoms in the older AD patients is considered a
problem for public health planning that urgently needs prognostic indicators specific to this
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aged population [21,39]. Among them, comorbidity, functional disability, and demographic
characteristics such as older age, male gender, and low education are identified as those
increasing the risk of death [37,40,41]. Similarly, despite the females of several animal
models of AD exhibiting a worse neuropathological status than males [42,43], increased
mortality rates in males has been reported in many of them [35,44,45], and is related to
an impaired neuroimmunoendocrine system [19,35,46,47]. At the experimental level, this
reduced survival in males can result in a mortality bias in studies using old and very old
animals (by standard, 18 and 24 months of age, respectively), where male subjects with
worse life prognostics cannot be included because they are already dead [22,23,48].

Interestingly, in the APP23 model [49], we have observed that male mice harboring
APP23 mutations can reach old and very old ages and can therefore be a useful model
to elucidate unbiased age-dependent disease features in the male sex. Therefore, in the
present project, we first confirmed long-lived survival curves in male APP23 compared
to APP23 females and respective control wildtype (WT) mice that were grown and aged
under the same living conditions. Then, three cohorts of 12, 18, and 24 months of age male
APP23 mice were successively evaluated in a battery of seven behavioral tests [18] for the
comprehensive screening of exploratory activity and gait analysis, cognitive and NPS-like
symptoms, as compared to their WT counterparts, the gold-standard C57BL/6 mice strain,
with normal aging.

2. Materials and Methods
2.1. Animals

APP23 transgenic male mice (Hemizygote B6, D2-TgN[Thy-APP23]-23-Tg mice, No-
vartis, Basel, Switzerland) [49] overexpress the mutant human-type APP protein with the
Swedish mutation (K670M/N671L) under the control of the murine brain and neuron-
specific Thy-1 promoter (thymocyte antigen-1). Hemizygous APP23 mice were backcrossed
with the wildtype (WT) C57BL/6 mice (Janvier Labs, Le Genest-Saint-Isle, France), and the
APP genotype was tested by Transnetyx (Cordova, TN, USA). The APP23 mice and their
wild-type littermates were aged in the Rodent Platform—Lab Animal Service (LAS), the
Vall d’Hebron Research Institute animal facility to obtain the final study cohort. Animals
were maintained under standard laboratory conditions of food (SAFE A004, Panlab, S.L.,
Barcelona, Spain) and water ad libitum, 22 ± 2 ◦C, a 12-h dark/light cycle, 50–60% humidity.

2.2. Experimental Design

The experimental design was defined in three steps. First, survival curves were
calculated based on the two colonies of 432 APP23 mice and 483 WT C57BL/6 mice.
After that, behavioral assessments were performed in 58 male mice, 29 APP23 mice and
their 29 WT C57BL/6 mice littermates. Three sets of animals of 12, 18, and 24 months of
age, were transferred to Servei d’Estabulari UAB, Universitat Autònoma de Barcelona,
which is located at a distance of 17.4 km from Vall d’Hebron Research Institute (a 15 min
ride). All the animals were housed three to four per cage and maintained (Makrolon,
35 × 35 × 25 cm3) under standard laboratory conditions (12 h light/dark, cycle starting at
8:00 h, food and water available ad libitum, 22 ± 2 ◦C, 50–60% humidity). One week after
arrival, the animals were successively assessed using a battery of seven tests to evaluate
four behavioral and functional dimensions: sensorimotor, cognitive, emotional, and daily
life activities. All procedures followed Spanish legislation on ‘Protection of Animals Used
for Experimental and Other Scientific Purposes’ and the EU Council directive (2010/63/EU)
on this subject. The protocol CEEAH 3588/DMAH 9452 was approved the 8th of March
2019 by Departament de Medi Ambient i Habitatge, Generalitat de Catalunya. The study
complies with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the
number of animals used [50].
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2.3. Behavioral Assessments

Behavioral assessments [18] were performed from 9:00 h to 13:00 h, in a counterbal-
anced manner and blind to the experiment. Assessments were performed blind to the
experiment in a counterbalanced manner. The experimental groups were the following:
12m-WT (n = 10), 12m-APP23 (n = 9), 18m-WT (n = 10), 18m-APP23 (n = 11), 24m-WT
(n = 9), and 24m-APP23 (n = 9).

2.3.1. Day 1. Corner and Open-Field Tests (CT and OF)

Animals were individually placed in the center of a clean standard home cage, filled
with wood shave bedding. Neophobia was evaluated in the corner test (CT) for 30 s
through the number of corners visited (CTc), latency to perform the first rearing (CTlatR),
and the number of rearings (CTr). Immediately after, mice were placed in the center of an
open-field (OF), beige metal drawer (metalwork, 50 × 40 × 25 cm) and were observed for
5 min. The sequence of behavioral events that define the animal’s ethogram was recorded
as follows: duration of freezing behavior (LatM, latency to move), latency to leave the
central square (LatC) and that of entering the peripheral ring (LatP), as well as latency and
total duration of self-grooming behavior (LatG and tG, respectively). Horizontal (crossings
of 10 × 10 squares) and vertical (rearings with wall support) locomotor activities were
also measured. Bizarre behaviors observed in this test (stereotyped stretching, stereotyped
rearing, backward movements, and jumps) were also measured according to previously
reported criterion [51]. During the tests, defecation boli and urination were also recorded.

In the present work, we propose gait analysis of locomotion in the open field to
measure the number of forward locomotion episodes (walking preceded and followed by
a rest) and the number of crossings covered on each, as complementary to measures to
horizontal and vertical activity time courses [18] and classical total counts.

2.3.2. Day 2. Recognition Tests (OF2 and OR)

The day after, the animals were retested in the open-field (OF2) to evaluate the behav-
ioral response when they confronted the same anxiogenic environment again. Analysis of
activity was done during the first minute of the test, the time period where we have previ-
ously described AD-genotype differences [52]. Immediately after, animals were moved to
a standard home cage, where they remained for one minute before being reintroduced to
the field where two objects were now allocated to administer the novel object recognition
test. The animals were assessed (4 h apart) for their ability to recognize a familiar object
(S, sample) from a new one (N). Each of these sessions consisted of a “sample trial” fol-
lowed by a “test trial.” In the sample trial, the animals were placed in the open-field (a
known environment) and left to explore (nose directed to the object not less than 1 cm)
two identical objects, S1 and S2 (glass bottles, 15 × 12 cm, 5 cm diameter), equally spaced
in the floor of the apparatus until they reached the criteria of exploration of both for 20 s.
The time required to reach the criteria was named “time 1.” One minute later, animals
were reintroduced in the apparatus for 5 min (test trial) where two different non-explored
objects were located: an identical copy of the sample object (S3) and a completely new
object (N, rectangular aluminum can, 15 × 10 cm, 4 cm high). Preference for the new object
was measured through the index TN−TS/TN+TS where TS and TN are the time spent
exploring “S3” and “N,” respectively.

2.3.3. Day 3. Spontaneous Alternation in the T-Maze (TM-SA)

On the third day, the black T-shaped maze (woodwork) consisted of two short arms of
25 × 8 cm and a long arm of 30 × 8 cm. The animals were placed inside the long arm of the
maze with its head facing the end wall. The latencies of the first movement, start walking,
arriving at the intersection of the arms, and completing the exploration of the maze were
recorded. Finally, defecation boli and urination were also recorded.

222



Biomedicines 2021, 9, 636

2.3.4. Day 4 to 9. Morris Water Maze Test (MWM)

Mice were trained, four trials per day, spaced 30 min apart, to locate a platform (14 cm
diameter) in a circular pool for mice (120 cm diameter, 80 cm height, 25 ◦C opaque water),
and were covered with a completely black curtain. Mice were gently released (facing the
wall) from one randomly selected starting cardinal point and allowed to swim until they
escaped onto the platform. On the first day, a cue task (CUE, DAY 1) assessed the visual
perceptual learning and memory of a visible platform, elevated 1 cm above the water level
in the N position and indicated by a visible striped flag (5.3 × 8.3 × 15 cm). Extra maze
cues were absent in the black curtain. During the next four consecutive days (PT1-PT4,
DAY2-DAY5), the mice searched for a hidden platform that was located in the middle
of the S quadrant. White geometric figures hung on each wall of the room were used as
external visual clues. In all trials, mice failing to find the platform were placed on it for
10 s, the same period as the successful animals. On the last day, 2 h after the last trial of
the place-learning task, a probe trial without the platform was administered during 60 s to
assess spatial memory for the previously trained platform location.

In all the learning tasks, the variables of time (escape latency), distance, and speed
were also recorded by a computerized tracking system (ANY-Maze v. 5.14, Stoelting,
Dublin, Ireland). The number of crossings over the removed platform position (annulus
crossings), the time spent, the distance traveled in each quadrant, and the swimming speed
were also analyzed.

2.4. Statistics

Statistical analyses were performed using GraphPad Prism 6 and SPSS Statistics 20.0
software. All data are presented as mean ± SEM or percentage. To evaluate the effects
of (S) sex, (G) genotype and (A) age factorial analysis design was applied. Differences
were studied through multivariate General Lineal Model analysis (mGLM), followed by
post-hoc Duncan’s test comparisons. Differences between (G) genotype and (A) age × (T)
time interval interactions in the different MWM tasks were analyzed by Repeated Measures
ANOVA (RMA). Cox regression was used for multivariate analysis of survival. In all cases,
statistical significance was considered at p < 0.05.

3. Results
3.1. Genotype and Sex-Dependent Increased Mortality Rates

Survival curve (see Figure 1) based on 916 cases and 220 events or natural deaths
showed genotype-dependent increased mortality in APP23 mice (G, *** p < 0.001), with a
severe initial drop of survival, mainly during the first two months of age. Although sex did
not influence the risk of mortality in WT littermates, the effect of APP23 genotype in the
overall survival was significantly different depending on the sex (S, *** p < 0.001). Mortality
risk in female APP23 mice was 12.3 times higher than female WT littermates and 2.1 times
higher than male littermates with their same AD-genotype. In the case of males, the ratio
was 3.6 times higher mortality in the APP23 genotype than male WT littermates.

3.2. Strong Contribution of Age and Specificity of Genotype Factor on Key Variables for
AD-Related Phenotype

As summarized in Table 1, the effect of age was shown in most behavioral variables
(A, *** p < 0.001) while genotype differences mainly were related to horizontal and vertical
activities, thigmotaxis, and coping with stress strategies. Overall, T-maze resulted in being
the most sensitive test to genotype effects.
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1 
 

 
Figure 1. Survival—Effect of age and AD-genotype on survival. Data are expressed by mean and 95% CI, or percentage.

Table 1. Genotype and age factors and interaction effects on behavioral tests and variables from middle-age to long-life.

Behavioral Tests and Variables Statistics Genotype Age G × A Significance

Corner test
Total visited corners F (2,52) = 7.392 - A *** - p = 0.001

F (2,52) = 4.126 G * - - p = 0.047
Total numbers of rearings F (2,52) = 13.374 - A *** - p = 0.000

Latency of rearing (s) F (2,52) = 10.210 - A *** - p = 0.000

Open field test
Freezing—Latency of first movement (s) F (2,52) = 13.362 - A *** - p = 0.000

F (2,52) = 3.664 - - G × A * p = 0.032
Latency to exit the center (s) F (2,52) = 6.640 - A ** - p = 0.003

F (2,52) = 11.169 G ** - - p = 0.002
Latency of rearing (s) F (2,52) = 2.905 - - G × A (*) p = 0.064

F (2,52) = 2.649 - A (*) - p = 0.080
Latency of self-grooming (s) F (2,52) = 5.917 G * - - p = 0.018

Total horizontal activity (n crossings) F (2,52) = 12.909 - A *** - p = 0.000
F (2,52) = 6.043 G* - - p = 0.017

“in the center (n crossings) F (2,52) = 3.044 - - G × A (*) p = 0.056
“in the periphery (n crossings) F (2,52) = 11.655 - A *** - p = 0.000

F (2,52) = 9.404 G ** - - p = 0.003
Total vertical activity (n of rearings) F (2,52) = 18.966 - A *** - p = 0.000
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Table 1. Cont.

Behavioral Tests and Variables Statistics Genotype Age G × A Significance

Context and object recognition tests
Latency to enter into the periphery F(2,52) = 13.448 - A *** - p = 0.000

Total horizontal activity
“in the center (n of crossings) F(2,52) = 3.325 - A * - p = 0.044

“in the periphery (n of crossings) F(2,52) = 3.339 - A * - p = 0.043
Time exploring new object (s) F(2,52) = 3.746 - A * - p = 0.030

T-maze
Latency to cross the intersection (s) F(2,51) = 27.978 G *** - - p = 0.000
Total time exploring both arms (s) F(2,51) = 6.005 - A ** - p = 0.005

F(2,51) = 4.107 G * - - p = 0.048
Total time to complete the test (s) F(2,51) = 19.484 G *** - - p = 0.000

Total number of errors (n) F(2,51) = 3.139 - A (*) - p = 0.052
Total vertical activity (n of rearings) F(2,51) = 9.700 G ** - - p = 0.003

F(2,51) = 3.631 - - G × A * p = 0.034

Statistical analysis: Factorial analysis, G, genotype, A, age, * p < 0.05, ** p < 0.01, *** p < 0.001; (*) one-tailed.

In the corner test, the horizontal locomotor activity, as measured by the number of
visited corners (Figure 2A), was higher in APP23 mice as compared to WT animals (G*,
p < 0.05). However, an age effect pointed at 12 and 24 month animals being more active in
comparison with those of 18 months of age (p < 0.05, in both cases). In the case of vertical
activity, the latency to perform the first rearing (Figure 2C) progressively increased with age
(A***, p < 0.001). Conversely, the total number of rearings (Figure 2B) recorded decreased as
well (A***, p < 0.001). Both variables indicated that vertical activity dramatically decreased
in the 24-month-old APP23 mice compared to the WT littermates (* p < 0.05), unveiling a
genotype difference at this age.

The ethogram describing the temporal sequence of behavioral events of animals in
the open-field test (Figure 2D) showed that the actions exhibited had a strong effect on age,
together with genotype or genotype x age interaction effects. That is, the latency of the first
movement (OFlatm) and to leave the central area (OFlatc) were strongly dependent on age
(A***, p < 0.001 and A**, p < 0.01, respectively) but also modulated by genotype (OFlatm,
A × G*, p < 0.05; OFlatc, p < 0.01). The performance of the first vertical exploration in the
periphery was modulated by age (A*, p < 0.05) and age x genotype interaction (A × G*,
p < 0.05) with shorter latencies in the APP23 mice as compared to WT littermates due to
the presence of stereotyped vertical rearing (without wall support). Self-grooming was
affected by genotype with shorter latency.

The total activity exhibited in the open field test on Day 1 (Figure 2E–H) indicated that
the main effects were attributed to age factor (A***, p < 0.001) in both the total horizontal
(Figure 2E) and vertical (Figure 2F) activities, with a progressive reduction of both variables
with aging. Genotype differences were also found in the horizontal activity exhibited
on the first day (Figure 2E, G*, p < 0.05), with a higher total number of crossing shown
by APP23 mice than WT littermate mice. Statistically significant differences were mainly
shown at 12 and 24 months of age, and they were due to the activity performed in the
periphery (Figure 2G, G**, p < 0.05). At 12 months of age, the genotype-dependent increase
of activity was observed in both the periphery and the central area, while at the older ages,
the APP23 mice showed lower activity in the center as compared to WT, albeit that these
differences did not reach the statistical significance until the second day of the test (see
Figure 3B; G*, p < 0.05; A*, p < 0.05).
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Figure 2. NPS-like behaviors and gait analysis in the corner and open-field test—Effect of age and AD-genotype on the
neophobia and exploratory activity elicited in a new home cage (corner test, (A–C)) and the open-field test (D–I) at 12, 18,
and 24 months of age. Data are expressed by Mean ± SEM. WT: wildtype mice; APP: APP23 mice. Corner test: Visited
corners (A), number (B), and latency of rearings (C). Open field test: Ethogram, the temporal sequence of behavioral events
in the open field test, Variables: OFlatm, latency of the first movement; OFlatc, latency to leave the central area; OFlatp,
latency to enter into the periphery; OFlatR, latency of the first rearing; OFlatG, latencies of the first grooming (D). Total
horizontal (E) and vertical (F) activity in the open-field test. Total horizontal activity in the periphery (G) and the central
area (H). Gait analysis: Total number of pauses (I) and mean number of crossings in each time interval and in the total time
of the open field test. Analysis of variance 2 × 3: Effects of genotype (G), Age (A) * p < 0.05, ** p < 0.01, *** p < 0.001. Post-hoc
analysis: * p < 0.05 vs. 12 months of age, # p < 0.05, vs. 18 months of age; * p < 0.05 vs. the corresponding WT control group.
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Figure 3. Context and novel object recognition tasks. Data are expressed by mean ± SEM. Time course of the horizontal
activity (number of crossings) exhibited in the periphery (A) and the center (B) of the open-field test on Day 1 and 2, in 12-,
18- and 24-month-old WT (white squares) and APP23 (black squares). (C) Total horizontal activity (number of crossings) in
the periphery on Day 2, in 12-, 18- and 24-month-old WT (white bars) and APP23 mice (black bars), (D) Total horizontal
activity (number of crossings) in the center on Day 2, in 12-, 18- and 24-month-old WT (white bars) and APP23 mice (black
bars). (E) Total time of exploration of the novel object (seconds) in the object recognition test in 12-, 18- and 24-month-old
WT (white bars) and APP23 mice (black bars). Analysis of variance 2 × 3: Effects of genotype (G), Age (A), * p < 0.05.
Post-hoc analysis: * p < 0.05 vs. 12 months of age.

The increased horizontal activity of APP23 mice compared to WT was further ex-
amined through a gait analysis as illustrated in Figure 2I. The performance also showed
genotype effects. Thus, at 12 months of age, the increased total activity of APP23 mice did
not result from a walking performance covering a greater number of crossings per unit of
movement per se, but due to a higher number of walking episodes per interval of time.
The total number of episodes was significantly higher as well (G*, p < 0.05). With aging,
the number of episodes was reduced. At 24 months of age, the variable that evidenced the
genotype effects was the number of crossings covered, which was higher in APP23 than
their WT littermate group (* p < 0.05).
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The two recognition tasks performed during the novel object recognition test adminis-
tered on Day 2 are illustrated in Figure 3. That is, the horizontal activity exhibited when
the animals were re-exposed to the open field test (Figure 3A–D) and the discrimination of
a novel object in the novel object recognition test (Figure 3E). As shown, when the animals
were introduced in the corner of the periphery, both genotypes performed a similar loco-
motor activity. However, the comparison with their performances on their first experience
in the open field test (18 months of age, OFD2-OFD1, minute 1) as well as the before–after
activity levels unveiled genotype differences at 12 (Figure 3A) and 18 (Figure 3B) months
of age. In the next part, the novel object recognition test showed a low sensitivity to the
genotype, only noticed at the oldest age by a lower difference in the latency to explore the
novel and familiar objects than WT littermates.

In the T-maze (Figure 4), at all the ages studied and as compared to WT littermates,
the APP23 mice took a longer time to reach the intersection of the vertical arm (not shown)
and once there to cross it (Figure 4A, G***, p < 0.001). In addition, they also spent more
time in both arms (Figure 4B, G*, p < 0.05) and required more time to complete the test
(Figure 4C, G***, p < 0.001). The factor age was also a determinant for the time spent in
the arms (Figure 4B, A**, G*, p < 0.01). The analysis of errors revisiting the arms that had
been already explored indicated a significant age effect (A*, p < 0.05) with a decrease at 18
and 24 months of age as compared to 12 months (p < 0.05). Furthermore, a decrease in the
number of rearings in the APP23 mice, with a genotype x age interaction (G × A*, p < 0.05),
was found.

To further clarify the results and explain the interrelationships among the various
tasks, correlation analyses were performed using data from all the animals in this study
(not shown). In the animals’ sensorimotor activity measurements, the most prominent
correlation was between the open field activity, more specifically on the crossings in the
periphery, and the exploration activity obtained in the test corners (p < 0.005). Additionally,
there was a correlation between the crosses in the periphery of the open field and the
exploration time of the arms of the T-maze (p < 0.005). On the other hand, a correlation was
obtained between the number of corners visited and the amount of exploratory activity
performed on the first day of the open field (p < 0.05).

Figure 5 illustrates the performance of animals in three paradigms of the Morris water
maze, namely, the cue, place task, and probe trial. No differences between groups were
found in the first CUE task for visual perceptual learning in any of the variables studied.
However, a trial-by-trial analysis of their first performance in the maze showed distinct
behaviors depending on the age. Thus, both groups performed equally at 12 months of
age and tended to differentiate at 18 months and finally did it at a very old age. After
that, genotype x day interactions were found in the mean escape latencies in the place
task for spatial reference memory, at the three ages studied (Figure 5A–C: G × D*, all
F’s [3,45] = 3.30, p < 0.05). Thus, the acquisition curves of both genotypes differed through
the four days of the test, with a worse performance of APP23 mice as compared to the
WT littermates shown as a longer delay to find the platform on the third (PT3, * p < 0.05)
and fourth (PT4, * p < 0.05) day of the test. Genotype differences in swimming speed were
shown at 12 months of age (Figure 5G, G**, F [1,15] = 10.79, p < 0.01), with a slower pattern
in APP23 mice. Therefore, distances covered to reach the platform were also calculated
(Figure 5D) but showed a smother distinction in the temporal course between genotypes. At
older ages, both groups of mice slowed their navigation speeds, and genotype differences
were lost (Figure 5H,I). Statistically significant differences observed in escape latency
translated into the variable of distance only at 24 months of age (Figure 5F, PT4, * p < 0.05).
In the probe trial (Figure 5J–L), independent of genotype, preference for the target vs.
opposed quadrant was only shown at 12 and 24 months of age, while in the 18-month-old
groups, the time of permanence was biased to the adjacent left quadrant. Surprisingly, the
preference of 24-month-old APP23 mice for the target quadrant was significantly higher
than their WT littermate counterparts (Figure 5L, * p < 0.05).
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Figure 4. Coping with stress strategies, risk assessment, and spontaneous alternation in the T-Maze.
(A) Latency to cross the intersection; (B) Total time invested in the exploration of the left and right
arms; (C), Time to complete the exploration of the maze; (D), Total number of errors performed during
the exploration of the maze; (E) Vertical exploratory activity. Data are expressed by means ± SEM.
WT: wildtype mice; APP: APP23 mice. Analysis of variance 2 × 2: Effects of genotype (G), age (A),
genotype × age (G × A), * p < 0.05, ** p < 0.01, *** p < 0.001. Post-hoc analysis: c p < 0.05 vs. 12 months
of age; * p < 0.05 vs. the corresponding WT control group.
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Figure 5. Quantitative analysis of the performance of wildtype (WT) and APP23 mice at 12, 18, and 24 months of age in
three paradigms of the MWM. Data are expressed by means ± SEM. Day-by-day quantitative analysis of the CUE and
PT place leaning task by means of (A–C) mean escape latency, (D–F) distance and (G–I) swimming speed. Open squares
or bars: WT mice; Solid squares or bars: APP23 mice. ANOVA, D, day factor; G, genotype factor, Post-hoc Student t-test;
* p < 0.05, ** p < 0.01 vs. the corresponding control group. (J–L) Probe trial for short term memory assessed by means of
the time in each quadrant; adjacent right (Ar), Opposite, Target and adjacent left (Al) quadrants. Statistics: Student t-test;
* p < 0.05 vs. the corresponding control group. Target vs. opposite vs. # p < 0.05, ## p < 0.01.
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4. Discussion

In the present work, we determined the age and AD-genotype sensitivity of a battery
of behavioral tests in APP23 mice of male sex at middle (12 months), old (18 months), and
very old (24 months) ages, and compared them to age-matched C57BL/6 mice with normal
aging. First, we confirmed that survival curves of APP23 mice were those suitable to assess
long-lived animals, since the scarcity of the literature comparing male animals from middle
to very old ages is due to increased mortality risk in this sex, increased heterogeneity in the
aging process, and also in AD at end-of-life dementia stages.

Genetically engineered AD models, primarily based on the overexpression of presinilin1
or APP mutant human genes causing early-onset Familial AD (FAD), are used to study
hallmark behavioral and neuropathological mechanisms of SAD, the sporadic and most
common form of Alzheimer’s disease despite some gaps [53,54]. For instance, the APP23
mice, overexpressing the mutant human-type APP protein with the Swedish mutation
(K670M/N671L), is a widely used animal model of AD since it genetically develops
amyloidosis and presents cognitive and behavioral symptoms similar to those found
in patients [55]. However, both SAD and FAD models are limited by the difficulty to
fully recapitulate the complexity and progression of this neurodegenerative disease in
humans [18,30,54]. Most importantly, this consideration also refers to the challenge to
unveil the factors that may underlie the heterogeneity described at end-of-life dementia
and the individuals’ survival. The neuro-immuno-endocrine hypothesis could explain the
morbidity–mortality paradox among sexes that also accounts for AD [56–58], and we have
already described it in mice [19,35,46]. However, more recently, distinct genotype and sex
differences in life expectancy among different mouse models of AD and inbred strains have
been reported in comprehensive reviews [44,45].

Survival—The survival analysis was based on a total of 916 cases from our APP23 and
wildtype cohorts with the same gold-standard C57BL/6 genetic background. It showed
genotype and sex-dependent increased mortality rates in the mutant mice, with a severe
initial drop of survival during the first two months of age, which was more dramatic in
APP23 females. Interestingly, APP/PS1 males also exhibit longer lifespans than females [59].
Survival curves demonstrated that APP23 males were able to reach a long life span, rending
this animal model suitable for studying the impact of the disease in a male aging scenario.
That is, 12- 18- and 24-month-old subjects would serve to study the disease at the middle,
old, and very old ages, respectively, and as compared to age-matched C57BL/6 wildtype
mice. There is a chance that it is strongly restricted in other genetically engineered AD
models where mortality rates of males are a limiting point to address advanced aging
in AD [17,22]. As mentioned before, the study of the age-matched wildtype mice also
contributed to provide data to the scarcely reported normal aging process in the gold-
standard C57BL/6 mice strain, from middle, old, and very-old ages.

Factorial effects and battery of tests—In this research, the behavioral profiles of APP23
and WT mice with normal aging were evaluated through a battery of seven tests. Namely,
the corner test, open field test, the novel object recognition test, the T-maze, and three
paradigms in the Morris water maze determine the effects of genotype and aging process
on their motor, emotional, and cognitive functions. On a general basis, aging was shown as
the most determinant factor for most behavioral variables studied, achieving the strongest
statistically significant values, whereas genotype factor was specific of those variables
related to dysfunctional impairment in AD. This is in agreement with previous results
reported by our laboratory using another animal model of AD. There, the age factor
from adulthood to maturity (7 to 11 months of age) was also a determinant for variables
related to sensory and motor function, while genotype differences specifically pointed at
cognitive and BPSD-hallmarks of disease [51]. After the mean life span, the factor of age
was shadowing the genetic differences, and a mortality bias was also noted [17,22]. In
the present work, the great majority of the variables that were found to be age-sensitive
belong to the corner test and the open field, in agreement with the worsening of fear
and anxiety-like symptoms with the progress of the disease. Here, genotype differences
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selectively pointed at hyperactive horizontal activity patterns, in decrement of vertical
exploration, resembling those described in 3xTg-AD mice [18].

Corner and open-field tests—Fear and anxiety-like behaviors are the most common
neuropsychiatric-like alterations associated with dementia that can be studied in mice
models of AD [18] since they appear in their early stages, worsen with the progress of the
disease, and most standard behavioral tests can record their presence [60]. Therefore, the
battery of tests started with the corner and open-field tests to record the quantitative and
qualitative features of these behaviors elicited in these two anxiogenic enclosures. When
the APP23 mice were introduced in a new home cage of transference to the open field, the
mild neophobia recorded was increased compared to that exhibited by WT littermates and
worsened with age. Thus, the mutant mice performed a greater number of visited corners,
and the reduction of vertical activity at 24 months of age was more severe, unveiling
genotype differences in this variable.

This response was in agreement with the subsequent behavioral sequence of events
observed in the open-field, illustrated as an ethogram likeminded with the sequence of
‘action programs’ described by Lát in 1973 [61]. The APP23 animals showed increased
latencies to develop the ethogram immediately after direct exposure to the open and
illuminated arena. They differed in the momentary freezing, with a longer fear response
when confronting the new environment. Furthermore, they differed in the flight-to-fight
copying with a stress strategy developed that elicited the early presence of bizarre vertical
behaviors (stereotyped rearing without walk support, as described in [51] and anticipatory
self-grooming indicative of increased anxiety [18]). With aging, the overall activity and the
thigmotaxis behavior showed a reduction in all the groups. This effect was more notorious
in the mutant mice. Thus, while 12-month-old APP23 mice were more active than their
WT littermates in all (the central and peripheral) areas of the field, the activity of 18- and
24-month-old APP23 mice was strongly reduced in the center, indicating a worsening
of anxiety in the elder ages/stages of the disease. In contrast, the increased allocentric
exploration close to the protected areas of the mutants was persistent from middle-age
until the oldest age. Age and genotype differences were lost the next day, as assessed in the
open-field retest. When confronting the open field for the first time, the hyperactive pattern
shown is consistent with previous studies describing hyperactivity in APP23 mice when
assessed in this test and a Y-labyrinth [62]. However, other laboratories have reported a
hypoactive pattern in this animal model [63]. The discrepancies may correspond to the
specific anxiogenic conditions elicited by the tests, similarly to hyperactivity of 3xTg-AD
mice when assessed under soft light conditions in activity cages. In contrast, they exhibited
a clear anxiogenic hypoactive pattern in the open and illuminated open field, the dark
lightbox, and the elevated T-maze [17,18].

Gait analysis of locomotor activity—The quantitative and qualitative assessment of
locomotion, with distinction of inactivity, and slow and fast movements, allows discrim-
inating patterns of hyperactivity [64]. Here, based on that, the analysis of locomotion
measured the walking speed (crossings per interval of time) and its time course through
the 5 min of the test [18] and contrasted is to the classical total counts. For the first time,
in the present work, we propose measuring two more features of ambulation: the pace
(mean distance covered in each walk) and the number of walking episodes. These variables
allowed distinguishing the locomotor performance of APP23 mice from the normal gait
phenotype of their WT littermate counterparts. Thus, the mean walking distance of a pace
during the different minutes of the open-field test was about three–four crossings. This
agrees with the number of crossings the animal needs to cover to move from one corner
to the closest one, or to cross the arena without reaching the center. Here, all through the
test, 24-months-old APP23 performed longer walking distances than their age-matched
counterparts and the other groups, probably due to their lower activity in the center. It is
important to note that the increased total activity of APP23 mice at 12 and 18 months of
age did not result from a walking performance covering a greater number of crossings per
pace, but due to a higher number of paces, walking episodes per interval of time.
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On the other hand, in the three mutant groups, the total paces per interval of time
were also increased at several time points of their temporal courses, and the value trend
decreased with age. This variable related to kinetics was more sensitive to discriminate
mutants at 12 months of age from their age-matched counterparts. The homologous, the
swimming speed in the Morris water maze, also allowed unveiling genotype differences at
12 months of age, though in that case, APP23 mice were swimming slower than controls.
Interestingly, longitudinal population-based studies have shown a decline in spontaneous
or so-called preferred walking speed (PWS) in older people associated with brain structural
changes in gray and white matter volumes [65]. At the clinical level, a slower fast-walking
speed (FWS) is used as a marker of frailty and mortality [66–69]. Besides, the slowest
PWS and FWS, and a smaller walking speed reserve (the difference between both) have
been associated with poorer cognitive stage [70]. Furthermore, recently, an international
cross-sectional gait and Alzheimer interaction tracking study has consistently described an
abnormal gait phenotype since the earliest stages of dementia [71]. The Spatio-temporal
gait parameters are worse in woman patients and at advanced/severe stages of dementia,
although they seem more relevant to non-amnestic forms of cognitive impairment and
non-AD dementias [70].

Cognitive function: Habituation and Recognition tests—In the present work, the
hyperactivity pattern of APP23 was consistently apparent from middle to very old ages.
Hyperactivity can reflect an altered ability to habituate [72], as shown in the psychostim-
ulant effects of caffeine [73] and A1R knockout mutant mice [74]. In fact, habituation is
considered as a form of rudimentary learning and memory process for recent events [61],
and where an animal learns to ignore stimulus with no predictive value [74]. Several
other aspects of the cognitive profile were analyzed during the following days through
different paradigms.

First, we wanted to assess the cognitive function involved in other recognition tasks.
As we have previously shown, the performance of young and adult 3xTg-AD animals
in the first minute of a repeated open-field test is sensitive to AD-genotype [52]. In fact,
the re-exposure to a fearful environment is the basis of many conditioned memory tests
(i.e., [75]). Therefore, on the second day of tests, we assessed the recognition of the open
and illuminated field and, after that, the preference for a novel object from one previously
inspected was recognized as familiar. The performance on the first minute of the open field
repeated test closely resembled the neophobia response previously shown by the same
animals in the corner test. Animals maintained their locomotor activity in the periphery
and slightly increased the one performed in the center. Overall, that resulted in the loss of
genotype differences previously found on the first exposure to the open field. Concerning
the novel object recognition test per se, no significant differences were detected between
any of the groups as well. The most found was a genotype difference in 24-months-old
APP23 mice, with worse latency to explore the novel object than the familiar, but this was
due to a better performance in the WT mice. The lack of AD sensitivity of these recognition
tasks regarding their use to assess learning and memory could be related to the animal’s
anxiety-like phenotype and/or a reduced interest for exploration, the two main potential
confounds that can bias the animal’s cognitive performance. This would agree with the
genotype and age-dependent reduction of vertical exploratory activity already shown on
the first experience in the open field test and the hyperactive horizontal locomotor pattern.

T-maze—Whereas the open field allowed us to observe significant differences as-
sociated with age, and to a lesser degree with the genotype, the assessment of animals
in the T-maze provided the most AD-sensitive variables. This T-shaped labyrinth is a
scenario mainly used to evaluate spatial working memory [76] with the involvement of
the hippocampus, septum, prefrontal cortex, and the basal forebrain [77–79]. In addition,
the latency to reach the intersection of the maze differs according to coping-with-stress
strategies expressed by the animal. This is to the extent that this variable was used for psy-
chological selection of prematurely accelerated aging mice (PAM) and non-PAM mice after
demonstrating that it correlates with a worse neuro-immunoendocrine function, indicators
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of accelerated aging, and premature death [80]. We have also extensively shown that the
spontaneous alternation in the black corridors resembling burrows is able to unveil the
nuances of cognitive function and anxious-like profiles in both male and female mice, from
young to old age under healthy and diverse neuropathological conditions [81–83]. More
recently, some authors have dissected other cognitive aspects [84].

Since the beginning of the test, the ethogram or sequence of behavioral events exhib-
ited by APP23 mice in this maze was strongly affected by genotype. Thus, from a ‘facing
the wall’ starting position, the latencies to turn, reach the T-intersection, and cross it with
the four paws were significantly delayed in the mutants. The mean time to explore the
two arms was increased with age and the AD-genotype. However, this delay was not due
to time invested in the vertical exploratory activity, as it was poor and worse with the
AD-genotype already since middle age. As a result, APP23 mice took a longer to complete
the test as compared to their age-matched wildtype mice, a variable that exhibited a clear
and robust genotype effect too. The contribution of errors re-entering an already visited
arm was also scarce, with 18- and 24-months-old groups performing slightly better than
middle-aged groups. At these ages, there was a trend of worse performance in APP23 mice.
In other AD models, such as the 3xTg-AD mice, no differences in the number of execution
errors were also found at middle age, but the efficiency to complete the different phases
of the test is diminished in 3xTg-AD mice and slightly is affected by long-term treatment
with the antipsychotic risperidone [17].

The present results define an altered ethogram in the T-maze and point at the de-
lay to cross the intersection as the most AD-sensitive variable. This variable suggests a
worse decision-making process, mainly depending on the prefrontal cortex, which could
result from this model’s extensive cortical neuropathology. Compared, the delays in the
performance of the 3xTg-AD mice are also found to turn and reach the intersection of the
T-maze, but once there, the delay in crossing is not so enhanced, as shown here for the
APP23 mice. However, a similar delay suggesting chances in risk assessment is seen in
this model when the spontaneous choice of entering an anxiogenic white and lit enclosure
is assessed in the dark–light box [18,48,60]. Interestingly, that variable was improved by
early postnatal handling, an early life intervention based on a tactile sensorial stimulation
experience known to modulate cognitive and anxiety-like behaviors in rodents [51]. The
APP/PS1 [85] and Tg2576 [86] mice, as well as selective dopaminergic receptors, cause a
blockade in the pre-limbic region of the prefrontal cortex [86] or STOP-null mice modeling
schizophrenia [87], also show a reduction of spontaneous alternation, suggesting its relation
to frontal hypofunctionality. In the present work, the correlation analysis of the variables
of T-maze with other tests indicated that the performance in the maze was strongly related
to the variables of the other tests referring to increased emotivity/anxiety (self-grooming,
navigation speeds) and apathy (latency of vertical and object exploration).

Cognitive function: Morris water maze—Finally, in the Morris Water maze, short- and
long-term spatial reference learning and memory were assessed [88]. The performances
of animals in two learning and memory tasks administered during five consecutive days
were evaluated through the classical mean escape latency and the distance covered to
reach the platform since a genotype effect was found in the swimming speed at 12 months
of age. All animals performed equally in the cued learning, an easy task that assesses
visual perceptual learning. Still, it is interesting to note that the performance in their first
experience in the maze differed with aging, as very old APP23 confronted the stressful
situation of being immersed in a water tank with faster latencies and shorter distances
than their WT littermate counterparts. As mentioned before, the navigation was slower
in APP23 at middle age but not after that. Here, the impact of aging could explain that
the swimming speed be reduced in old and very old animals as compared to the younger
groups. If so, the slow swimming speeds of middle-aged APP23 mice compared to their
WT littermate group but similar to the speed shown at 18 and 24 months of age, would
suggest that they were performing as older than expected for their chronological age.
Although the anxious profile of 3xTg-AD mice explains their faster swimming speeds from
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early stages of the disease [89], we have previously shown a similar situation regarding
AD-behavioral performances being similar to those corresponding to WT at older ages,
both at the biological [90] and behavioral level [19]. In contrast, the genotype differences
become strikingly smoother in long-term AD mice survivors due to a mortality bias (death
of the worse animals) on one hand and age-dependent impoverished performances in the
WT groups on the other [22]. Here, the performances of 24-month-old animals were not
as bad as could be expected in a progression from 18 months of age, whereas cognitive
impairment was a salient behavior and followed the expected deterioration.

After the removal of the platform, the performance of animals did not indicate differ-
ences in short-term memory per se. This lack of genotype differences in the probe trial two
hours after the last trial of the place task was surprising as expected from the worse perfor-
mance of mutants in the last or two last days of this task that involves the contribution of
long-term but also short-term learning and memory. However, it is noteworthy to mention
that the lack of sensitivity of probe trial to the genotype in APP23 mice is in agreement
with previous results reported by other laboratory experts in this animal model [55,91].
On the other hand, we have recently demonstrated a mortality bias, with animals that
died during the behavioral assessments or those with worse life prognostics who had been
excluded from the final analysis, explaining the lack of expected results in 16-month-old
3xTg-AD males [17]. However, cognitive deficits in the Morris water maze were the salient
behavior in 18-month-old survivor females despite a flat phenotype, not distinguishable
from their control strain [22]. Here, the distinct preferences for the adjacent areas indicate,
for instance, less-focused goal-directed swimming strategies at 18 months of age [91]. This
suggests that a swimming strategy analysis would further understand the compensatory
behavioral mechanism that resulted in such a paradox probe trial report [91].

Limitations—The main limitation of the present study is intrinsic to the heterogeneity
of the aging process and the extreme difficulties to obtain the desired sample size of
old and very old animals, not only of mutants with such high mortality rates, but also
of their wildtype littermates with normal aging. In order to counteract the age-related
heterogeneity, important efforts were needed to obtain concurrent middle-aged (12-month-
old), aged (18-month-old) and very old (24-month-old) animals with the APP23 and WT
genotypes, so they shared the same living conditions; moreover, to adapt research agendas
so that the cohorts could be assessed within a narrow frame of time in the calendar. On
the other hand, as discussed, the use of a battery of tests must assume that carry-over
effects cannot be discarded, despite the benefits that assessing the same construct (i.e.,
anxiety) in tests differing in the level of anxiogenic conditions has to ensure convergent
validity of results. These efforts resulted in a low intra- and inter-group variability, and we
have reproduced the findings in subsequent experimental research in a consistent manner.
However, interlaboratory reliability would be needed to confirm that the results obtained in
our colonies can be reproduced in the colonies of other research institutions. An important
limitation would refer to gender medicine demands for the concurrent comparative study
of males and females, so future efforts should be devoted to achieve this goal despite the
difficulty that it may represent when handling very old ages and survivors.

5. Conclusions and Future Directions

In the present work, the behavioral profiles at 12, 18, and 24 months of age of male
APP23 mice and non-transgenic (WT C57BL/6) littermate counterparts with normal aging
were assessed using three independent cohorts but in a narrow temporal frame in the
calendar. Animals were successively evaluated in a battery of seven behavioral tests to
screen motor, non-cognitive and cognitive-like symptoms comprehensively. Presence of ‘Be-
havioral and Psychological Symptoms of Dementia’ (BPSD)–like behaviors in APP23 mice
was confirmed in three classical unconditioned tests evaluating locomotion, exploration,
anxiety-like behaviors, and emotionality under three different anxiogenic conditions.

The main findings can be summarized in five points as follows:
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(1). Survival curves of 920 mice of APP23 and WT C57BL/6 littermates confirmed geno-
type and sex-dependent increased mortality rates, and long-living males.

(2). Compared to WT littermates, the APP23 mice showed an increased number of visited
corners but decreased vertical exploratory activity, evidencing increased neophobia
in the corner test. Similarly, APP23 groups showed increased latencies to develop
the ethogram of behaviors immediately after the direct exposure to an open and
illuminated field (not shown) and increased locomotion, with increased thigmotaxis
(or search for the protected peripheral area), primarily noticeable at 12 months of age.

(3). In the T-maze, a black T-shaped corridor resembling burrows, the latency to reach the
intersection was consistently shown to be increased at all ages and the longer time
required for APP23 mice to complete the exploration of all the arms of the maze. As
part of the differences in the status of their cognitive functions exhibited during the
exploration of new environments, we assessed APP23 mice for putative cognitive
deficits in discriminative tasks (novelty/familiarity) for context (remembering the
anxiogenic open field scenario) and object recognition.

(4). The novel object recognition test showed low sensitivity to the genotype, only noticed
at the oldest age through the lowest difference in the delay in exploring the novel and
familiar objects compared to WT littermates.

(5). Cognitive deficits in Spatial reference learning and memory were assessed in the
Morris water maze through a 4-day place learning task using a hidden platform
followed by a probe trial for long-term memory where the platform had been removed.
Worse performance of 12-month-old APP23 mice was shown as compared to WT
littermates during the progress of acquisition (learning and memory) in the place task,
while differences were scarce in the older groups. In the probe trial, the worse spatial
memory discrimination of the trained quadrant compared to the opposed quadrant
was shown at 18 months of age but independently of the genotype. As we have
reported in other mice models for AD, a conspicuous BPSD-like profile and age as a
biological factor may result in confounding factors in an aquatic maze, considered an
anxiogenic environment for mice.

In summary, most of the variables analyzed were able to show age-related differences,
and those presented here are among those that, under our experimental conditions and in
our hands, better discriminate the behavioral phenotype of female APP23 mice through
their aging process, from middle-age (12 months of age) and old (18 months of age)
to very old (24 months of age), as compared to their respective WT littermates. Most
importantly, non-linear age- and genotype-dependent behavioral signatures were found
in 24-month-old mice, suggesting the existence of a crosstalk between chronological and
biological/behavioral ages in long-lived animals useful to study underlying mechanisms
and distinct compensations through natural physiological aging and, maybe also, long-term
AD-associated aging male survivors.
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Abstract: Learning and environmental adaptation increase the likelihood of survival and improve
the quality of life. However, it is often difficult to judge optimal behaviors in real life due to highly
complex social dynamics and environment. Consequentially, many different brain regions and
neuronal circuits are involved in decision-making. Many neurobiological studies on decision-making
show that behaviors are chosen through coordination among multiple neural network systems, each
implementing a distinct set of computational algorithms. Although these processes are commonly
abnormal in neurological and psychiatric disorders, the underlying causes remain incompletely
elucidated. Machine learning approaches with multidimensional data sets have the potential to not
only pathologically redefine mental illnesses but also better improve therapeutic outcomes than
DSM/ICD diagnoses. Furthermore, measurable endophenotypes could allow for early disease
detection, prognosis, and optimal treatment regime for individuals. In this review, decision-making
in real life and psychiatric disorders and the applications of machine learning in brain imaging studies
on psychiatric disorders are summarized, and considerations for the future clinical translation are
outlined. This review also aims to introduce clinicians, scientists, and engineers to the opportunities
and challenges in bringing artificial intelligence into psychiatric practice.

Keywords: psychiatric disorder; machine learning; neural network; antipsychotics; schizophrenia;
bipolar disorder; depression; precision medicine; endophenotype; decision making

1. Introduction

Living organisms have self-sustaining properties that are absent in purely physical
systems. They acquire energy from food for sustenance, growth, and reproduction. An-
other self-sustaining ability of animals is the adaptive behavior. Behavioral strategies
that improve their ability to acquire energy and produce successful offspring to help each
species proliferating evolutionarily through the process of natural selection [1]. Three
essential principles for biological behaviors have been proposed as materiality (an embod-
ied brain embedded in the world), agency (action-perception closed loops and purpose),
and historicity (individuality and historical contingencies) [2]. The three principles are ar-
guably unique to life and imperative for neuroscience. We believe that these considerations
will shed light on our typical approaches to address not only the conundrum of animal
behaviors but also the nature of mental disorders.

The complexity of environment and social dynamics often make it difficult to identify
optimal behaviors in the real world. Decision-making in this process involves many differ-
ent brain areas and circuits that are exacerbated in numerous neurological and psychiatric
disorders [3]. Traditional approaches have dominated the studies on optimal behaviors.
Among these, a prescriptive approach addresses the question of what is the best choice for
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a given challenge. For instance, economists and game theorists describe how self-interested
rationales should behave individually or in a group [4,5]. However, the real behaviors
of animals and humans seldom follow the predictions of such prescriptive theories. In-
deed, prospect theory can predict the decision-making of animals as well as humans more
accurately than the prescriptive theories [6–8]. Likewise, humans often behave altruis-
tically and thus deviate from the predictions of the game theory [9,10]. Recently, these
traditional approaches have merged with neuroscientific theories, in which learning plays
a crucial role in choosing optimal behaviors and decisions. Particularly, reinforcement
learning theory presents a worthwhile framework to model how an individual’s behaviors
are tuned by experience [11,12]. Neuroscientists have begun to uncover numerous core
mechanisms in the brain responsible for various computational processes of learning and
decision-making. Their findings are now frequently featured in the literatures in many
disciplines, such as ethics [13], law [14], politics [15], marketing [16], and economic and
financial decisions [17,18].

A distinct set of computational algorithms evoked through coordination among myr-
iad brain systems are abnormal in many types of neurological and psychiatric disorders,
leading to aberrant and maladaptive behaviors [19–24]. Notwithstanding, psychiatric
status is still diagnosed and treated according to the experiential schemes based on symp-
tomatic phenotypes. The definitions of many mental disorders described in the DSM and
ICD manuals do not always match well with neuroscientific, psychopathological, and
genetic evidences [25,26]. Thus, there is a greater desire to redefine mental illness as a
discrete disease. To satisfy this aspect, the Research Domain Criteria (RDoC) initiative
has been launched to reconceptualize mental disorders as a dimensional approach that
incorporates many different levels of data from molecular factors to social determinants
and linked more precisely to interventions for a given individual [27–29]. This approach is
more likely to be compatible with the facts that psychiatric patients comprise of clusters
of psychopathological symptoms and that many symptoms are shared among different
mental disorders. Machine learning approaches are well suited to achieve this goal.

Machine learning approaches for psychiatry feature statistical learning functions from
multidimensional data sets to unveil general principles underlying a series of observa-
tions without definite guidance. Machine learning algorithms can be generally classified
into three categories, namely supervised, unsupervised, and reinforcement learning meth-
ods [30,31]. Supervised learning models, such as support vector machines (SVM) and
neural-network algorithms, are designed to predict a discrete outcome (e.g., healthy group
vs. psychiatric group), or continuous outcome (e.g., psychiatric severity degrees) from
the qualitative data on behaviors (e. g., questionnaire), genetics (e. g., single nucleotide
polymorphisms, gene expressions), or brain function (e. g., neural activity). Unsupervised
learning describes models to discover unknown statistical configurations across subjects
without reference to a specific outcome. Reinforcement learning investigates how actions
in one’s environment (such as treatment) change behaviors [31]. Among these algorithms,
supervised learning, especially SVM, is most widely used in psychiatry to classify indi-
viduals into groups within a statistical framework. This approach has already shown
promising results in neuroimaging-based psychosis prediction and treatment-response
estimation [32–34]. With increasing digitized phenotypic data, improved computing power,
and less expensive data storage, machine learning, as well as deep learning that is the
artificial neural network algorithms to learn complex representations of high-dimensional
data patterns such as images and language, would offer findings with important implica-
tions for the development of therapeutic interventions, leading to precision psychiatry and
stratified clinical trial designs.

A main purpose of this review is to exemplify the new insights provided by recent
applications of machine learning in neuroimaging and clinical studies on major psychiatric
disorders. To this end, decision-making in real life and mental illness is briefly described.
Next, our current knowledge of neuronal circuits or functional connectivity in major
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psychiatric disorders is summarized. This review also argues that machine learning is
predisposed to address many challenges in the era of precision psychiatry.

2. Decision-Making in Real Life and Psychiatric Disorders

The understanding of decision-making processes helps us develop machine learning
tools for precision psychiatry. Flawed decision-making has been commonly observed in
major psychiatric disorders, often causing poor real-life outcomes. In many cases, flawed
decision-making in mental illness results from abnormalities in fundamental neuropsycho-
logical processes, including impaired attention, reward processing, associative learning,
and working memory. For instance, defects in reward and avoidance learning are reported
in patients with depression. Aberrant hedonic capacity and cognitive impairment occur in
bipolar disorder and schizophrenia. Flawed decision-making can contribute to abnormal
behaviors such as nonadherence to medications or outpatient appointments, failing to
exercise, or poor diet. Downstream consequences of poor decisions can lead to worsening
of symptoms, reduced life satisfaction, impaired everyday functioning, relapse and rehos-
pitalization, poor physical health, and even more tragic outcomes such as accidental death,
homicide, or suicide [35].

Decision-making is a constant process in real life and takes place from when we wake
up until we go to bed. Its processes are largely divided into three steps: (1) identification
and depiction of all alternatives, (2) assessment of the consequences of each alternative, and
(3) a comparison of the accuracy and efficiency of each of these consequences [35]. Different
disciplines attempt to systematize the understanding of decision-making. For instance,
consumer decision-making has long been of interest to economists. Consumers are viewed
as rational decision-makers who are only concerned with self-interest. One of the most
prevalent consumer decision models is the Engel-Blackwell-Miniard Model (Figure 1) [36],
in which every conceptual step of decision-making is instrumental for developing machine
learning algorithms to implement customized advertising tactics [37]. The model has the
following decision processes: need recognition followed by a search of information, the
evaluation of alternatives, purchase, and finally, post purchase reflection. These decisions
can be influenced by two main factors, namely memories of previous experiences and
external variables in the form of either environmental influences or individual differences.
In other words, this model shows that various computational steps of decision-making can
be affected by the environment, individual factors, and memory. Similarly, the environment
and individual factors, including polygenic architecture and epigenetic risk elements,
underlie the manifestation of psychiatric disorders [38]. The pathophysiology of psychiatric
disorders is complex and not well understood. Thus, it will be interesting to illustrate
mental illness with common denominators across diagnostic boundaries. One common
element in severe mental illness is pervasive poor decision-making. Since innumerable
combinations of computational algorithms in the brain are evoked in a flexible manner
for optimal decision-making, it would be challenging to elucidate the nature of decision-
making impairments in different psychiatric disorders. Therefore, econometric models are
becoming valuable tools for computational psychiatry [26,39–42].
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Figure 1. Schematic illustration of the Consumer Decision Model. The Consumer Decision Model (also known as the
Engel-Blackwell-Miniard Model) that was originally developed by Engel, Kollat, and Blackwell is modified [36]. This model
comprises conceptual steps of decision making in the real world and thus could be extended to be applied for developing
precision medicine in psychiatry.

2.1. Schizophrenia

Schizophrenia is a severe psychiatric disorder that affects approximately 1% of the
population worldwide. It is characterized by positive symptoms (e.g., delusion, hallu-
cination, and thought disorder), negative symptoms (e.g., apathy, poor social function-
ing, and emotional blunting), cognitive deficits and other psychopathological symptoms
(e.g., psychomotor retardation, lack of insight, poor attention, and impulse control) [43].
These symptoms are likely linked not only to excessive dopaminergic transmissions in
the mesolimbic pathway but also to the dopamine release decline in the prefrontal cortex.
Although dysfunctions of N-methyl-D-aspartic acid (NMDA) receptor systems and weaker
prefrontal GABAergic actions are also implicated, the precise manner in which plural
neurotransmitter systems interact with one another in schizophrenia remains elusive [44].

Various types of cognitive functions are impaired in schizophrenia [45]. Altered
prefrontal functions might also be responsible for abnormalities in decision-making and
reinforcement learning observed in patients with schizophrenia [46]. For instance, during
economic decision-making challenges, schizophrenic patients incline to put less weight
on potential losses compared to the healthy subjects [47], and also show impairments
in feedback-based learning [48,49]. Consistent with these results, activity involved in
reward prediction error in striatum and the frontal cortex is attenuated in patients with
schizophrenia [50,51]. A pervasive clinical burden in schizophrenia is the high prevalence
of comorbidity with substance abuse disorders. Approximately half of patients with
schizophrenia exhibit a lifetime history of substance abuse disorders [52], and almost all of
them are smokers [53,54]. These unusual high rates of substance-use comorbidity may be
attributed to disrupted reward processing [55]. These global cognitive impairments are
translated in the devastating functional toll of this disorder.
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2.2. Bipolar Disorder

Bipolar disorder and schizophrenia share high levels of polygenic and pleiotropic
molecular architecture [38]. In accord with this, these two disorders share similar types of
impairments in cognitive domains including processing speed, attention, working memory,
and executive function, although bipolar disorder usually exhibits less severe deficits [56].
These cognitive deficits bring about a substantial clinical burden in up to 60% of patients
with bipolar disorder and can be observed not only in depressed, manic, and mixed
episodes but also in the euthymic state. These pervasive impairment in bipolar disorder
indicates that it may be a trait marker linked with genetic vulnerability [57]. In addition
to cognitive dysfunctions, emotion processing is severely altered in patients with bipolar
disorder. Upregulated processing of positive emotion regardless of the context is central to
the manic bipolar episode [58]. Theory of mind and emotion processing are significantly
disrupted in the euthymic bipolar state [59]. Thus, bipolar patients display defects in their
ability to understand other emotions and intentions, with a resultant impact on everyday
functioning. Moreover, euthymic bipolar patients show moderate to severe impairments
in a broad range of executive functions including mental manipulation, verbal learning,
abstraction, sustained attention, and response inhibition [60–64]. In addition to these
deficits, there seems to be specific decision-making biases in bipolar patients including
impulsivity and deficits in risk assessment and reward processing. The weights of these
aberrant decision-making are evident in depressed bipolar patients [35].

2.3. Depression and Anxiety Disorders

Depression and anxiety disorder are characterized by disturbances in mood and
emotion and feature poor concentration and negative mood states, such as sadness and
anger, with high levels of their comorbidities [65–67]. However, they have some important
differences. Anxiety is needed to improve individual’s readiness for impending danger,
whereas depression might prohibit previously unsuccessful actions and enhance more
reflective cognitive processes. Both depression and anxiety disorder often cause systematic
biases in decision-making [67,68]. Patients with anxiety disorders are hypersensitive to
threatening cues without apparent memory bias. In contrast, depressed patients show a
bias to memorize negative events and ruminate excessively [69].

The symptoms of these two mood disorders have been extensively investigated, and
some responsible brain regions have been identified. For instance, symptoms of depression
is associated with abnormalities in frontostriatal monoamines involved in reinforcement
learning [70]. Meanwhile, the brain regions responsible for anxiety disorders include the
amygdala, insula, and anterior cingulate cortex [71,72]. Interestingly, the default network
is overactive in patients with depression. The levels of excessive rumination and negative
self-referential memory in depressive states are likely to be correlated with the default
network function [73]. Indeed, deep brain stimulation in the subgenual cingulate cortex of
patients with major depressive disorder produces therapeutic effects [74].

Although the neurochemical mechanism of mood disorders remains unclear, much
attention has been paid to the role of changed serotonin metabolism [75]. For instance, it has
been hypothesized that future reward is discounted markedly in patients with depression
due to a low level of serotonin [76]. Serotonin has been proposed to be primarily involved
in the inhibition of thoughts and behaviors associated with aversive outcomes, including
the heuristic process of unpromising decision-making [77–79].
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2.4. Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, featuring early-
onset impairments in social cognition, poor communication abilities, restricted repetitive
and stereotyped behaviors, and narrow interests that hurt the individual’s ability to func-
tion properly in school, work, and other fields of life [80]. Particularly, patients with ASD
show impairments in their ability to make inferences about the intentions and beliefs of
others, namely, theory of mind [81,82]. Such impaired abilities might underlie differences
in socially interactive decision-making tasks between autistic patients and healthy subjects.
Autism is known as a “spectrum” disorder because there is a wide range of variations
in the type and severity of symptoms [83]. Under the DSM-5 criteria, patients with ASD
must display symptoms from early childhood, even if those symptoms are not recognized
later. They also may not be fully recognized until social demands surpass their capacity
to receive the diagnosis. The earliest symptoms include the lack of attention to faces [84],
imitative behaviors [85], and motor deficits [86].

In ASD, a variety of brain architectures are altered, ranging from the brain stem to
the cerebellum and cerebral cortex [87–90]. In particular, the connectivity deficit in the
parieto-frontal circuit involved in the mirror mechanism has been proposed to underlie
some cognitive aspects of ASD [91,92]. Several brain regions affected in ASD have also been
shown to be involved in decision-making. Neurobiological studies have revealed that ASD
has functional abnormalities in the amygdala, prefrontal cortex, superior temporal sulcus,
and fusiform gyrus whose brain regions are thought to constitute the “social brain” [93,94].
Especially, the amygdala, ventral striatum, and prefrontal cortex are implicated in decision-
making according to functional neuroimaging and lesion analyses [95–97].

3. Psychiatric Neural Networks

Brain imaging can give important insights into the underlying neural mechanisms of
psychiatric disorders. For instance, the resting state functional magnetic resonance imaging
(rs-fMRI) analyses in humans have identified a large number of potentially important
abnormal functional connections that may underlie psychiatric manifestations [98–101].
Most of MRI-based neuroimaging biomarker studies have applied the machine learning
algorithm of SVM to achieve high accuracy with many features and shown that different
diagnoses are related to unique patterns of functional connections [102–105].

Functional connectivity (FC) shows how brain regions are temporally coordinated and
is becoming more and more used to investigate neuronal network architecture. Resting
state FC has been linked with a diverse range of individual traits [106–110]. For instance,
whole-brain FC models have revealed that patterns of functional connections across brain
regions can predict cognitive abilities not only in healthy individuals but also in individuals
with mental illness [111–115]. Intriguingly, a prediction model of working memory on letter
three-back task performance using whole-brain FC shows the order of working memory
impairment for major psychiatric disorders (i.e., schizophrenia > major depressive disorder
> obsessive-compulsive disorder > ASD) [115]. This suggests that specific cognitive pro-
cesses may be represented by the corresponding FC patterns among distributed neuronal
networks. Whole-brain FC-based models also have been shown to predict psychiatric dis-
ease, including schizophrenia, ASD, and major depressive disorder, as well as individual
clinical severities [105,116,117], suggesting that FC alteration is quantitatively associated
with psychiatric abnormality.
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MRI-based delineation of psychiatric disorders has been explored as a complement to
the current symptom-based diagnoses. While a number of studies have identified numer-
ous disease-specific functional and structural aberrations, none of them are practically used
as a credible biomarker mostly because of the lack of its generalizability. Namely, the relia-
bility of the developed classifiers has not been demonstrated with regard to the variety of
population demographics and data attributes [118–124]. These elements include different
ethnicities, sex, ages, medication profiles, scanner specifications, imaging parameters, and
instructions to participants, all of which are known to affect the MRI results [108,125–129].
Thus, little attention has been paid to the neuroimaging-based biomarkers in neuropsychia-
try until recently [130,131].

To identify a generalizable classifier, we must surmount the following two major
difficulties: over-fitting and nuisance variables (NVs). First, certain situations in data and
model properties bring about over-fitting problems where the model fitting to the training
data can be so precise that the associated errors become artificially smaller compared with
the inherent data variance [130]. Second, any machine learning algorithms used for classi-
fication is doomed to employ NVs specific to a given sample data and to falsely choose
neuroimaging features that are associated with the NVs. NVs include site-specific condi-
tions in image acquisition and properties in the sample population such as demographic
attributes, treatment status, and illness severity. To abrogate the over-fitting and the effects
of NVs, advanced approaches with a unique combination of machine learning algorithms
across multiple imaging sites have recently identified generalizable FC classifiers correlated
with specific psychiatric disorders as described below.

3.1. Functional Connectivity as ASD Classifier

The rs-fMRI studies have revealed a reliable neuroimaging-based classifier for ASD
that shows the spatial distribution of the 16 FCs identified from the data at multiple sites
in Japan by the machine-learning algorithm (Figure 2 and Table 1) [105]. They also have
demonstrated that both a sophisticated machine learning algorithm and a large training
data set are prerequisite for identifying a reliable and generalizable classifier. Concerning
the hemispheric distribution of the 16 FC related-brain regions, there are significantly more
regions in the right hemisphere than in the left. Concerning the functional network at-
tributes of the 32 brain regions constituting these 16 FCs, the 13 brain regions participate in
the cingulo-opercular network [105,108,132]. This ASD classifier achieves a diagnosis pre-
diction accuracy of 85% for each individual with balanced sensitivity and specificity of 80%
and 89%, respectively [105]. Intriguingly, the ASD classifier is intermediately generalizable
to schizophrenia, whereas it hardly exhibits any generalizability to attention-deficit hyper-
activity disorder (ADHD) and major depressive disorder (MDD). This suggests that ASD
shares more intrinsic neural networks with schizophrenia than with ADHD or MDD [105].
In concordance with this, genome-level studies have found that ASD shares a high degree
of polygenic risk with schizophrenia, but not with ADHD or MDD [133,134]. Accumulating
evidence by clinical and behavioral studies also has shown a close relationship between
ASD and schizophrenia [135,136].
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Figure 2. The specific FCs identified for ASD/SSD/MDD classifiers. The 70 terminal regions connected by the FCs are
numbered as described in Table 1. The state of FC exhibiting the smaller (more negative) and greater (more positive)
correlations than the healthy control is termed under- and over-connectivity, respectively. Specific FCs identified for (a)
ASD [105], (b) SSD [116], and (c) MDD classifiers [117], are illustrated. These three classifiers are summarized in (d), where
they did not overlap.

Table 1. The identified terminal regions in ASD/SSD/MDD classifiers. The terminal regions identified for ASD/SSD/MDD
classifiers are numbered. See Figure 2.

No Anatomical Name No Anatomical Name

1 anterior lateral fissure 36 posterior sub-central ramus of the lateral fissure

2 anterior ramus of the lateral fissure 37 calloso-marginal posterior fissure

3 diagonal ramus of the lateral fissure 38 collateral fissure

4 anterior sub-central ramus of the
lateral fissure 39 intraparietal sulcus

5 calloso-marginal anterior fissure 40 secondary intermediate ramus of the
intraparietal sulcus

248



Biomedicines 2021, 9, 403

Table 1. Cont.

No Anatomical Name No Anatomical Name

6 calcarine fissure 41 insula

7 superior postcentral intraparietal
superior sulcus 42 paracentral lobule central sulcus

8 primary intermediate ramus of the
intraparietal sulcus 43 central sylvian sulcus

9 parieto-occipital fissure 44 cuneal sulcus

10 lobe occipital 45 anterior interior frontal sulcus

11 central sulcus 46 intermediate frontal sulcus

12 subcallosal sulcus 47 median frontal sulcus

13 inferior frontal sulcus 48 polar frontal sulcus

14 internal frontal sulcus 49 sulcus of the supra-marginal gyrus

15 marginal frontal sulcus 50 posterior intra-lingual sulcus

16 orbital frontal sulcus 51 internal occipito-temporal lateral sulcus

17 superior frontal sulcus 52 posterior occipito-temporal lateral sulcus

18 anterior intralingual sulcus 53 olfactory sulcus

19 anterior occipito-temporal lateral sulcus 54 internal parietal sulcus

20 median occipito-temporal lateral sulcus 55 transverse precentral sulcus

21 occipito-polar sulcus 56 intermediate precentral sulcus

22 orbital sulcus 57 median precentral sulcus

23 superior parietal sulcus 58 superior postcentral sulcus

24 interior precentral sulcus 59 rhinal sulcus

25 marginal precentral sulcus 60 posterior inferior temporal sulcus

26 superior precentral sulcus 61 superior temporal sulcus

27 inferior rostral sulcus 62 superior terminal ascending branch of the superior
temporal sulcus

28 anterior inferior temporal sulcus 63 sub-parietal sulcus

29 polar temporal sulcus 64 Thalamus

30 anterior terminal ascending branch of the
superior temporal sulcus 65 Amygdala

31 paracentral sulcus 66 Accumbens

32 ventricle 67 Caudate

33 posterior lateral fissure 68 Pallidum

34 ascending ramus of the lateral fissure 69 Putamen

35 retro central transverse ramus of the
lateral fissure 70 Vermis
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3.2. Functional Connectivity as Schizophrenia Spectrum Disorder Classifier

The rs-fMRI studies also have identified a reliable classifier for schizophrenia spec-
trum disorder (SSD) using L1-norm regularized sparse canonical correlation analyses and
sparse logistic regression (SLR) [137,138]. The machine-learning algorithms automatically
selected SSD-specific FCs from about 10,000 FCs of whole-brain rs-fMRI [116]. The SSD
classifier shows the distinctive 16 FCs that are distributed as interhemispheric (44%), left
intra-hemispheric (25%), and right intra-hemispheric connections (31%) (Figure 2 and
Table 1) [116]. The classifier differentiates SSD from healthy controls with an accuracy of
76% [116]. The 16 FCs as SSD classifier are different from the 16 FCs as ASD classifier
mentioned above (Figure 2d). The weighted linear summation (WLS) of the selected FCs
predicts the categorical diagnostic label for each individual. The values of WLS provide
a degree of classification certainty, which can be construed as neural classification cer-
tainty for the disorders. Then, each biological dimension can be determined based on the
WLS [116]. On the basis of the SSD and ASD biological dimensions, the WLS distributions
of individuals with SSD and ASD display overlapping but asymmetrical patterns in the two
biological dimensions. This suggests that the neuronal network of SSD is characterized by
a larger diversity and that it partially shares spatial distributions with the smaller network
of ASD. In accord with this, the recent genetic findings demonstrate that ASD shares a
significant degree of polygenic architecture with SSD [133], and that common genetic
variants explain nearly 50% of total liability to ASD and approximately 30% of total liability
to SSD [139,140].

3.3. Functional Connectivity as MDD Classifier

According to the meta-analysis published results of MRI-based biomarkers in depres-
sive disorders [141], approximately 30% of them harnessed rs-fMRI as modality, of which
only one-third employed FCs among region of interests (ROIs). As most of those studies
have applied the SVM algorithm to achieve high diagnostic accuracy, it remains unknown
that which are the most critical FCs in depression across the whole brain. Approximately
half of depressed patients are inadequately treated by available interventions, as there are
no reliable guidelines to match patients to optimal treatments. This mainly derives from
the heterogeneity of depression [142]. Thus, it would be important to pay attention to a
specific subtype of depression in order to identify target FCs.

Melancholic major depressive disorder is a subtype of MDD that is considered to be
the most drug-responsive [143–146]. The sparse machine learning algorithm identified
melancholic MDD-specific 10 FCs from rs-fMRI data of 130 individuals including melan-
cholic MDD patients and healthy controls (Figure 2 and Table 1) [117]. Importantly, this
biomarker does not generalize to non-melancholic and treatment-resistant MDD, ASD, and
schizophrenia. Out of 10 FCs, the top two FCs as the melancholic MDD-specific classifier
includes the FCs (SN-ECN connectivity) with left inferior frontal gyrus (IFG) in executive
control network (ECN) and right dorsomedial prefrontal cortex (DMPFC)/frontal eye field
(FEF)/supplementary motor area (SMA) in salience network (SN), and the FCs (DMN-
ECN connectivity) with left dorsolateral prefrontal cortex (DLPFC)/inferior frontal gyrus
(IFG) in executive control network (ECN) and posterior cingulate cortex (PCC)/Precuneus
in default mode network (DMN). These brain regions are tightly linked with cognitive
flexibility, such as reversal learning tasks, in which patients with depression often have
functional impairments [147,148]. In SN-ECN connectivity, activation in IFG and DMPFC
leads to empathic accuracy with compassion meditation training [149], and adolescents
with depression show reduced connectivity between DMPFC and IFG during cognitive
reappraisal of emotional images [150]. Priming transcranial magnetic stimulation (TMS)
studies demonstrate that the DMPFC play an essential role in forming social-relevant
impression, such as processing verbal emotional stimuli and face-adjective pair [151,152].
In DMN-ECN connectivity, bilateral DLPFC/IFG relate to conflict processing and atten-
tion control [153], and PCC/Precuneus are linked with anhedonic anxious arousal and
depression [154]. In addition to the accumulated evidence that links the connections of
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DLPFC to depression [110,155–161], there is another evidence that supports therapeutic
relevance. For instance, DLPFC is a well-known target for repetitive TMS (rTMS) therapy
for treatment-resistant depression [162–164]. Besides, neurofeedback therapy targeting
DMN-ECN connectivity has been reported to be effective [165–167], suggesting that DLPFC
plays a causal role in manifestation of depression.

4. Machine Learning Approach to Predict Therapeutic Outcomes in
Psychiatric Disorders

Psychiatric research and treatment are based on a diagnostic system exclusively depen-
dent on human experiential terms rather than on objective biological markers. Psychiatrists
use a prolonged trial-and-error process to identify the optimal medications for each pa-
tient [168,169]. Although the standard diagnostic classifications have been constructed
from expert opinions and defined in DSM and ICD, they are not sufficient for judging an
appropriate treatment for each patient. Modern drug treatment choices are only effective
in roughly half of the patients [25,141]. This is because of the heterogeneity of psychiatric
disorders and the unknown precise mechanism of action of antipsychotic drugs. The
psychiatrist’s choice from the best-possible treatment options does not rely on what has
caused or maintained the mental illness of a given patient. While current clinical research
goal is mainly to discover novel treatment options that benefit some majority of a certain
patient group, an attractive alternative research goal is to improve the choice from existing
treatment options by predicting their effectiveness of individual patients. In fact, a specific
drug or psychotherapy treatment has been successful in a particular clinical group and
unsuccessful in another patient group labeled even with the identical diagnosis [170]. This
approach might help reduce the time spent in trial-and error treatment and accompanying
personal and economic burden.

Machine learning methods can offer a set of tools that are especially suited to achieve
clinical predictions at the individual level. Predictive models are conceptually positioned
between genetic vulnerability as an individual’s architecture and clinical symptoms as
an individual’s behavioral manifestations. The exploitation of various endophenotypes
has the translational potential to refine individual clinical management by early diagnosis,
disease stratification, optimal choices of drug treatments and dosages, and prognosis for
psychiatric care (Figure 3) [99]. Machine learning models have a long-standing focus on
prediction as a metric of statistical quality and are able to predict an outcome from single
observation, such as behavioral, neural, or genetic measurements of individuals [141,171].
In contrast, traditional statistical methods, such as Student’s t test, are often used in medical
research to explain variance of group effects.

An observed impact evaluated to be statistically significant by a p value does not
always produce a high prediction accuracy in new and independent data. A classical
null-hypothesis method takes a one-step procedure. Namely, a given dataset is routinely
used to yield a p value or an effect size in a single process. This result itself cannot be used
to judge other data in later steps. In a two-step procedure of machine learning models, a
learning algorithm is fitted on a larger amount of available data (training data) and the
resulting “trained” learning model is evaluated by application to new data (test data). In a
first step, structured knowledge in openly available or hospital-provided data sets can be
extracted. In a second step, the resulting trained algorithms can be applied with little effort
in a large number of individuals in diverse mental health contexts.
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Figure 3. Challenges for precision medicine in psychiatry by artificial intelligence. (a) Traditional psychiatric research
investigates a given patient group by comparison against the healthy group, possibly creating artificial dichotomies. (b) Each
psychiatric disorder has various types of the symptoms with their varying degrees. (c) The interplay between altered gene
expression and neural circuit, and environment such as stress, may elicit psychiatric manifestations. Instead of relying on
diagnostic category, a given patient can be classified based on biological and pathological properties (i.e. endophenotypes).
(d) Artificial intelligence such as machine learning can be extended to compare observations from numerous groups in the
same statistical estimation. (e) Machine learning algorithms, such as SVM, can automatically extract unknown patterns of
variations in individuals simultaneously from heterogenous data labeled with traditional diagnosis. Predictive models
could improve patient care by early detection, treatment choice, and prognosis.

4.1. Prediction of Therapeutic Outcomes in Schizophrenia

Despite the established pharmacological treatments for schizophrenia, up to 50% of
the patients develop poor disease outcomes [172,173]. Stratifying treatment through the
early recognition of outcome indicators might alleviate unfavorable disease progression
in these patients [174,175]. Group-level studies have discovered many potential outcome
predictors, such as disease course variables, treatment adherence and response, comorbidity,
and cognitive impairments [176]. It remains unclear which of these characteristics should
be combined for prediction, whether these group-level findings can be used to generate
significant predictions for individual patients, or how accurate these predictions might
be at another sites. Furthermore, the outcome can be not merely defined by symptomatic
remission, but has to include various concepts that focus on restored functioning to widely
cover treatment effects [177].

Large multisite treatment databases containing prospective phenotypic data of psychi-
atric disorders, such as the European First Episode Schizophrenia Trial (EUFEST), enable
us to develop powerful machine learning methods to reliably predict treatment outcomes.
By using data from EUFEST, the pooled non-linear SVMs predicted patients’ 4-week and
52-week outcomes with cross-validated balanced accuracies (BAC) of 75.0% and 73.8%,
respectively [34]. This non-linear SVMs surpassed linear SVMs, univariate and multivariate
logistic regression, and decision tree ensembles. Intriguingly, the most useful predictors
of poor 4-week and 52-week treatment outcome were unemployment, daytime activities,
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psychological distress, educational difficulties, low educational status of the patient and
patient’s mother. In patients with good 52-week prognosis, haloperidol was linked with
shorter adherence compared with ziprasidone, amisulpride, and olanzapine due to insuffi-
cient response and side effects. Olanzapine and amisulpride were associated with higher
global assessment of functioning (GAF) scores than quetiapine [34].

Recent machine learning methods have revealed that functional striatal abnormalities
(FSA) are significantly correlated with a spectrum of severity across psychiatric disorders,
where dysfunction is most severe in schizophrenia, milder in bipolar disorder, and in-
distinguishable from individuals in obsessive-compulsive disorder (OCD), depression,
and ADHD [178]. FSA scores provide a personalized index of striatal dysfunction and
distinguish individuals with schizophrenia from healthy controls with an accuracy ex-
ceeding 80% (sensitivity, 79.3%; specificity, 81.5%). FSA scores are also significantly linked
with antipsychotic treatment response. Interestingly, clozapine, the only drug approved
for treatment-resistant schizophrenia, is not associated with FSA scores. This may sug-
gest that FSA can characterize treatment response across different types of antipsychotics,
preferentially the types with lower Meltzer’s ratio (5-HT2A/D2 affinity ratio) [178].

4.2. Prediction of Therapeutic Outcomes in Depression

Antidepressant medication is the first option for the treatment of MDD. However,
remission rates are approximately 30% to 55% after first or second medication trials and
then drop with subsequent medication trials [168]. Thus, the patients experience trial and
error periods with different treatments before finding the optimal one. One solution is to
identify the biological predictors of response to an antidepressant. This may expedite the
treatment and lead to faster relief of the symptoms.

Electroencephalography (EEG) and fMRI have been used for predicting treatment
response in MDD patients [179–181]. Since EEG is relatively more available and cost-
effective than fMRI, it is a good option for developing such treatment biomarkers. The
accumulated findings suggest that EEG-derived features before treatment may predict
clinical response to antidepressants [182,183]. Several EEG studies have shown that char-
acteristics of resting-state neural oscillations, especially in alpha and theta bands, may
predict the drug response [184–188]. For instance, posterior alpha activity is associated
with response to amitriptyline and fluoxetine [189,190]; theta activity with imipramine,
venlafaxine, and several selective serotonin reuptake inhibitors (SSRI) [188,191,192]; in-
terhemispheric delta asymmetry with fluoxetine [193]; delta activity with paroxetine and
imipramine [188,194]; delta activity in rostral anterior cingulate cortex with nortriptyline,
venlafaxine, and fluoxetine [195,196]; nonlinear features of EEG signals with clomipramine,
escitalopram, citalopram, bupropion, and mirtazapine [197–199].

Although resting-state EEG can be useful for predicting drug response, the afore-
mentioned studies fail to address several questions that are important for translating this
finding into a clinical tool. First, they use small and homogeneous sample sets. Second,
most of them report low prediction accuracy. Third, their prediction accuracies are biased
upward by the lack of an independent testing set. One of the most powerful methods for
addressing these questions is applying machine learning techniques. Zhdanov et al. used a
SVM classifier to predict EEG-derived escitalopram treatment outcome using data from a
large, Canada-wide, multicenter study, the first Canadian Biomarker Integration Network
in Depression (CAN-BIND-1) study [200]. This classifier identified responders with an
estimated balanced accuracy of 79.2% (sensitivity, 67.3%; specificity, 91.0%) when using
EEG data recorded before the treatment, whereas additional EEG data after first 2 weeks of
treatment increased the accuracy to 82.4% (sensitivity, 79.2%; specificity, 85.5%). In rTMS,
Hasanzadeh et al. used k-nearest neighbors (KNN) classifier to predict its EEG-derived
treatment response in MDD [201]. Using beta bands, this classifier discriminated between
responders and non-responders to rTMS treatment with the accuracy of 91.3% (sensitivity,
91.3%; specificity, 91.3%) when resting-state EEG data from 46 MDD patients were used.

253



Biomedicines 2021, 9, 403

5. Conclusions

The infusion of economic and machine learning framework into neuroscience has
rapidly advanced our understanding of neural mechanisms for various cognitive pro-
cesses including decision-making. Because flawed decision-making is the most prominent
symptoms in numerous psychiatric disorders, it is essential for neuroscientists and psychi-
atrists to combine their expertise to develop more effective treatment. They also need to
redefine mental illness to meet biological and pathological evidence as seen in the RDoC
initiative, while DSM/ICD manuals often reflect public values, such as the definition of
sexual identity disorders and the advent of internet gaming disorder [202,203], and have
been frequently revised so far. Since substantial progress in major mental illness research
has been made in understanding the molecular mechanisms through basic and transla-
tional approaches, including cell and animal models, those types of big data may also
be helpful for reinforcing weakness of RDoC [204]. Following the growing data richness
and changing research questions, machine learning or deep learning algorithms could
enable clinical translation of empirically trusted prediction for individual patients in a
fast, cost-effective, and practical manner. Such artificial intelligence algorithms may be
particularly tuned to precision psychiatry because they can directly translate large-scale
multidimensional data into clinical relevance. From a long-term and larger perspective, it
is particularly challenging to verbalize mechanistic hypotheses for mental disorders at the
abstraction level, ranging from molecular mechanisms to urbanization trends in society.
Individual consumer decision patterns would be useful for this purpose. Ultimately, we
may more effectively impact psychiatric disorders that arise from the interplay between
genetic vulnerability and life experience, both of which are unique to each individual.
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Abstract: Psychotherapy is a comprehensive biological treatment modifying complex underlying
cognitive, emotional, behavioral, and regulatory responses in the brain, leading patients with mental
illness to a new interpretation of the sense of self and others. Psychotherapy is an art of science
integrated with psychology and/or philosophy. Neurological sciences study the neurological basis of
cognition, memory, and behavior as well as the impact of neurological damage and disease on these
functions, and their treatment. Both psychotherapy and neurological sciences deal with the brain;
nevertheless, they continue to stay polarized. Existential phenomenological psychotherapy (EPP) has
been in the forefront of meaning-centered counseling for almost a century. The phenomenological ap-
proach in psychotherapy originated in the works of Martin Heidegger, Ludwig Binswanger, Medard
Boss, and Viktor Frankl, and it has been committed to accounting for the existential possibilities and
limitations of one’s life. EPP provides philosophically rich interpretations and empowers counseling
techniques to assist mentally suffering individuals by finding meaning and purpose to life. The
approach has proven to be effective in treating mood and anxiety disorders. This narrative review
article demonstrates the development of EPP, the therapeutic methodology, evidence-based accounts
of its curative techniques, current understanding of mood and anxiety disorders in neurological
sciences, and a possible converging path to translate and integrate meaning-centered psychotherapy
and neuroscience, concluding that the EPP may potentially play a synergistic role with the currently
prevailing medication-based approaches for the treatment of mood and anxiety disorders.

Keywords: depression; anxiety disorders; existential psychotherapy; logotherapy; meaning-centered
psychotherapy; functional magnetic resonance imaging; biomarker; kynurenines; Martin Heidegger;
Viktor Frankl

1. Introduction

Mood and anxiety disorders are one of the most common diagnoses categorized in
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5) and the 11th
revision of the International Statistical Classification of Diseases and Related Health Prob-
lems (ICD-11). Mental disorders account for almost 65 percent of psychiatric conditions
worldwide and nearly 30 percent of the population is affected by mental illness during
their lifetime [1]. A selective serotonin reuptake inhibitor (SSRI) fluoxetine is the most
effective pharmacotherapy for the acute treatment of moderate-to-severe depressive disor-
der in children and adolescents [2]. However, only 40–60% of individuals relieved their
symptoms with antidepressants within six to eight weeks [3]. Furthermore, intervention
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for treatment-resistant depression (TRD) and prevention of suicide attempt are a major
challenge. Mood and anxiety disorders elevate morbidity and mortality, present a high rate
of comorbidity with medical conditions, and impose a great social burden. The comorbid-
ity complicates symptoms, limits choice of pharmacological treatments, lowers treatment
adherence, increases the use of healthcare service, and thus increases costs [4]. Treatment
options for psychological symptoms are even more limited for post-myocardial infarction
patients and patients in terminal care due to advanced cancer [5,6].

A meta-analysis reported once that pharmacotherapy with SSRIs was significantly
more effective than psychotherapy in patients with major depressive disorder [7]. However,
a network analysis revealed that combined pharmacotherapy and psychotherapy was supe-
rior to monotherapy, while no significant difference was found between pharmacotherapy
and psychotherapy in the treatment of depression [8]. An increasing number of therapists
pay more attention to psychotherapy as an effective adjunct in interventions for psychiatric
disorders. Psychotherapy has presented successful clinical outcomes, which are consistent
with less than five percent variance among skillful psychotherapists. Psychotherapy has
also given deeper insights into human behavior, but it still stands in need of empirical
assessments and methodologies [8]. It would undoubtedly be useful to investigate in what
way and how psychotherapy modifies the complex brain responses underlying mental
illness, which may lead to the development of new therapeutic interventions. Existential
phenomenological psychotherapy (EPP) has been at the forefront of meaning-centered psy-
chotherapy (MCP). Meanwhile, the progress in neuroimaging research such as functional
magnetic resonance imaging (fMRI) techniques has provided more and more knowledge
of brain functions, which leads to deeper understanding of psychopathologies and the
development of therapeutic interventions for mental disorders [9]. Neuroscience in vitro
and in animal models have allowed us to test hypotheses, reveal pathogenesis, and develop
new drugs for psychiatric disorders [10]. Therefore, translating and integrating methods
and knowledge of psychotherapy and neurological sciences can certainly lead to deeper
understanding of disease mechanisms, testing new hypotheses, and searching for novel
treatments of mental illness [11]. This review article presents the development and meth-
ods of EPP, clinical evidence of its efficacy, current understanding of mood and anxiety
disorders in neurosciences, and the need for convergence of this expertise to translate and
integrate MCP and neurological sciences (Figure 1).

2. Existential Phenomenological Psychotherapy

Phenomenology as a philosophical approach of grasping and explaining reality ap-
peared on the European intellectual scene some 130 years ago. Although G.W.F. Hegel
already talked and wrote extensively about the “phenomenology of spirit” in the early 19th
century, it was not until Edmund Husserl’s adaptation of the term in the early 1900s that it
came to gain its philosophically characteristic, nuanced meaning. Husserl, a mathemati-
cian and philosopher, was strongly influenced in the construction of his methodology by
philosopher and psychologist Franz Brentano and by historian and hermeneutic philoso-
pher Wilhelm Dilthey. From Brentano he took over arguments regarding the structure
of consciousness as well as the general task of critiquing psychologism in the domain of
philosophical logic, whereas from Dilthey he appropriated the “attempt to develop a more
descriptive approach to the human sciences” [12]. Having carefully designed his innovative
philosophical methodology, which he believed “could discover the structures common
to all mental acts”, he had high hopes that the systematic utilization of this methodology
could turn philosophy into a “rigorous science” on par with the natural sciences. Thus,
was born phenomenology, a novel philosophical approach whose concise programmatic
ideal was aptly conveyed in the following famous slogan: “back to the things themselves”.

What does Husserl mean by “back to the things themselves”? This motto involves a
call, an appeal to turn away and leave behind concepts and theories, and instead to experi-
entially encounter all phenomena of the pure consciousness just as they present themselves,
without the conceptual burden with which language and tradition weighs them down. An
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eminent historian of the phenomenological movement, Herbert Spiegelberg, noted that
transcendental phenomenology attempted to reveal “the structures of pure consciousness,
[which were] made accessible by a special suspension of belief in the reality of our natural
and scientific world, the so-called phenomenological reduction, in which the constitution
of the phenomena according to intending acts and intended contents was studied in de-
tail” [13]. This phenomenological reduction is essential to understanding how Husserl’s
phenomenology was intended to operate. As Husserl explained, the main objective of
phenomenology’s undertaking was to intuitively discern eidetic essences that lay beyond
the singular expressions of individual phenomena [14]. While descriptive phenomenology’s
primary goal was to “intuit, analyze, and describe the data of direct experience in a fresh
and systematic manner”, essential or eidetic phenomenology’s responsibility was to explore
“essential structures on the basis of imaginative variation of the data” [13].
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of psychiatric disorders. Translational studies are scarce, and each area of expertise stays polarized.

The phenomenological approach had progressively become influential in psycholog-
ical and psychiatric circles from the second third of the last century; especially after it
successfully wed itself with the newly emerging philosophical and ethical concerns of
existentialism. Martin Heidegger, who was originally an assistant of Husserl, and whose
philosophical reputation by the 1930s came to match his distinguished former teacher’s
considerable intellectual stature, was the one who, albeit unwittingly and increasingly
unwillingly, facilitated this fruitful philosophical nuptial. In his famous 1927 work ‘Being
and Time’, Heidegger critically transformed Husserl’s insights and carried them over to
the spheres of ontology [13]. Ontology as a specialized philosophical field deals with the
existence—or being—of all beings, and tries to find answers to such questions as what
“being” means, what separates being from non-being, what levels of existence and various
classes of entities there are, etc. Heidegger’s quest for the forgotten meaning of “being”,
and particularly the “existential analytic” of Being and Time that expounded on the self’s—
or as Heidegger had called it, Dasein’s—existential possibilities and limitations, initiated a
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prominent philosophical and literary movement that came to be called “existentialism”.
Among the proponents of existentialism influential figures customarily counted are Jean-
Paul Sartre, Albert Camus, Simone de Beauvoir, Karl Jaspers, Maurice Merleau-Ponty, and
so forth. Nevertheless, the rapidly growing existentialist movement of the 1940s and 1950s
also began to claim an outstanding philosophical ancestry that ranged from the works
of Arthur Schopenhauer to Soren Kierkegaard and from Fyodor Dostoevsky to Friedrich
Nietzsche. What was common in this exceptionally diverse bunch of thinkers was the
circumstance that they were all deeply intrigued by the “subjective” experiences and the
inwardness of the self, at the same time looking distrustfully upon the claims for scientific
hegemony of the positivist, reductionist, and objectifying approaches of the natural sciences
(Figure 2a).
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Discovering the meaning of human existence was the first and foremost task which
the existentialist thinkers set for themselves. As Wrathall and Dreyfus eloquently put it:
“For existentialist thinkers, the focus is on uncovering what is unique to that individual,
rather than treating her as a manifestation of a general type ( . . . ) With their focus on the
individual and a denial of any meaningful sense of what constitutes an essential or absolute
goal for human existence, existentialists emphasize human freedom and responsibility, and
hold that the only goal consistent with that freedom and responsibility is to live authenti-
cally” [12]. When phenomenology began to merge with existentialism, first in Heidegger’s,
then in a prestigious line of other up-and-coming philosophers’ work, the rigorousness of
phenomenology and the existential concerns of existentialism generated a unique blend
of philosophizing. As Spiegelberg rightly points out, this new combined approach was in
palpable contrast with the methodologically less scrupulous early existentialist writings of
for instance Kierkegaard or Nietzsche. The new phenomenological-existential approach
firmly maintained “that existence can be approached phenomenologically and studied as
one phenomenon among others in its essential structures” [12]. Wrathall and Dreyfus add
to this that since phenomenology and existentialism share many of their concerns, their
joint focus tends to be on these concerns, rather than on numerous other issues that they
would disagree on. “Like the phenomenology of Heidegger, Merleau-Ponty, and Sartre,
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existentialism as a movement starts its analysis with the existing individual—the individual
engaged in a particular world with a characteristic form of life. Thus, an emphasis on the
body and on the affective rather than rational side of human being are characteristic of
existentialism” (Figure 2b) [12].

This is the tradition upon which existential psychiatry and psychotherapy has estab-
lished its theory and practice. Existential psychotherapy is a unique approach in that it
scrutinizes psychic phenomena from an existentialist point of view. This entails that exis-
tential therapists understand man not as a substantive subject that is torn from objective,
“external” reality, but as a Being-in-the-World (Heidegger’s term) or existence. Existential
psychiatry began forming shortly after the first reception of Heidegger’s Being and Time—
that is, in the early 1930s—, but it became influential only from the 1950s and 1960s. In the
beginning, such psychiatrists as Ludwig Binswanger and Medard Boss had attempted to
elaborate the putting into practice of what Heidegger had to say about Dasein’s fundamen-
tal ontological structures [15]. Under the name of ‘Daseinsanalysis’, both Binswanger and
Boss had worked out a theory as to how one might utilize phenomenology’s insights in
understanding and curing the mentally ill. Around the same time Austrian-born Viktor
Frankl also established a distinct existential school of psychiatry and psychotherapy for
which he coined the name Logotherapy (Figure 3a).
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Main figures of early existential psychotherapy (Daseinsanalysis and Logotherapy). (b) Main figures
of later existential psychotherapy (British and American).

It is important to keep in mind that existential-phenomenological psychiatry and
psychotherapy were born out of the elemental dissatisfaction with the ways psychiatrists
tried to cure conventionally conceived “diseases” of conventionally conceived human
“subjects”: for existentialists it seemed that neither of these were adequate modes of either
grasping human reality or of trying to advance the well-being of the individual [16]. By
the end of the 1950s, the existential approach to psychiatry and psychotherapy arrived and
started to grow in the US. Along with the so-called humanistic movement in psychology, it
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has gained considerable influence after a relatively brief period of time. Rollo May and Irvin
D. Yalom are the most well-known and acknowledged representatives of the American
school of existential therapy. Meanwhile in Great Britain, it was Ronald David Laing who
first offered analyses of psychopathological and psychotherapeutic phenomena from an
existential-phenomenological stance. Somewhat later, several members of the British School
of Existential Analysis came to reform the principles of existential therapy. Their objective
was to strip the therapeutic setting from the urge to diagnose the “disease” of the client,
along with the removal of the habitual pathologization of various “abnormal” psychological
phenomena and the moral evaluation of medical data. Instead, they suggested that therapy
should focus on the phenomenological description of the “lived world” of the patient.
Ernesto Spinelli, leading representative of the British School of Existential Analysis, asserted
that existential psychotherapy’s “primary task is not one of seeking to direct change in the
worldview of the client. Rather, existential psychotherapy’s principal concerns lie with its
attempts to descriptively clarify that worldview so that its explicit and implicit, sedimented
dispositional stances can be re-examined inter-relationally” [17] (Figure 3b).

2.1. Existential Psychotherapy’s Approach for the Treatment of Mood and Anxiety Disorders

The aim of existential analysis is to guide a person towards experiencing their life
authentically and freely. This is done through practical methods that help an individual to
live with ‘inner consent’, or the ability to affirm what he or she is doing [18].

As Viktor Frankl, the founder of the Vienna School of Existential Analysis maintained,
existential analysis is the search for meaning: the meaning of a given individual’s unique
existence with its goals and values, amidst its limitations and situatedness [19]. However,
this approach to the human psyche comprises other essential facets as well that point beyond
a mere psychological analysis of contingent factors. Frankl claimed that “existential analysis
is ( . . . ) not only the explication of ontic existence, but also the ontological explication of
what existence is. In this sense, existential analysis is the attempt at a psychotherapeutic
anthropology, an anthropology that precedes all psychotherapy, not only logotherapy.” The
establishment of such an anthropology is the ultimate goal of existential psychology and
psychiatry as a theory of the human psyche and its dysfunctions. It is exceedingly important
to clarify such an anthropology, because, as Frankl goes on to explain: “every psychotherapy
plays itself out against an a priori horizon. There is always an anthropological conception at
its foundation, no matter how little aware of this the psychotherapy may be” [19].

Frankl, an Austrian-born Holocaust survivor, believed that the root cause of the major-
ity of our psychological problems was a general feeling of meaninglessness: an “existential
vacuum” which leads one to despair and believe that life no longer has any meaning [19].
Therefore, the goal of his therapeutic approach is to assist rediscovering meaning in one’s
life (logotherapy: meaning therapy). One might wonder why meaning appears crucial for
psychiatry and psychopathology. The answer lies in the fact that mental health and the per-
ceived meaningfulness of personal existence seem to be both coemerging and codependent.
Numerous studies have demonstrated that the absence of a comprehensive framework
of meaning which includes goals, values, and priorities in an individual’s life is strongly
correlated with the formation of depressive disorders [20]. On the other hand, the presence
of meaning has been shown to be an active and potent protective factor against the emer-
gence of suicidal tendencies which are among the most dangerous potential consequences
of depression [21,22].

Besides depression, other psychological illnesses such as anxiety disorders can also be
directly linked with a lack of a sense of overall meaning in life. “Although skeptical scholars
criticize meaning in life as a tenuous construct, research shows that many individuals
perceive there to be a larger direction and orientation in their daily lives, and when they
lack this experience, they seem more prone to developing depression, anxiety, and other
psychological problems” [23].

Regarding some of the concrete techniques that EPP routinely employs to treat mental
disorders, the following two are of special interest: paradoxical intention and dereflec-
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tion [19] (Table 1). Frankl argued that both with anxiety disorders and with obsessive-
compulsive disorders, the technique of paradoxical intention can be effectively utilized.
As he wrote, “we define paradoxical intention in the following way: the patient will be
directed to wish (in the case of anxiety neuroses) or to resolve to do (in the case of com-
pulsive neuroses) precisely that which the patient fears so much” [19]. In other words,
paradoxical intention is a technique whereby the individual resolves themselves to opt
for an attitude that is diametrically opposed to that which they would originally want to
adopt as a “natural” reaction to their perceived psychological difficulty. For example, if
one is pathologically anxious and is terrified of having a panic attack when speaking in
front of an audience (glossophobia), then Frankl would suggest that instead of trying to
avoid the anxiety-inducing thoughts, on the contrary, they should engage these troubling
thoughts head-on and even exaggerate them. As Vos elucidates, “paradoxical intentions
are based on the assumption that individuals can choose the stance they take towards their
psychological difficulties and that their symptoms are exacerbated by avoiding problems
or feeling saddened or anxious. Frankl invited clients to deliberately practice or exaggerate
a neurotic habit or thought, so that they stopped fighting and instead identified and un-
dermined their problems. This technique has proven to be particularly effective in anxiety
disorders [23] (Table 1).

Table 1. Techniques of existential psychotherapy.

Name of the Technique How Does It Work? Application

Paradoxical intention

Resolves to opt for an attitude that is
diametrically opposed to that which they
would originally want to adopt as a “natural”
reaction to perceived psychological difficulty

Anxiety disorders
Depression [18].

Dereflection
Redirect the attention from the self, towards
other people or other phenomena in
the world

Anxiety disorders
Depression [18].

The other technique of EPP is called dereflection. It follows the opposite route of
paradoxical intention: instead of directly engaging the issues with which the individual is
principally preoccupied, the attention gets redirected, away from the self, towards other
people or other phenomena in the world. As a rule, this technique is used when the
client becomes overly self-absorbed with their own goals and problems. The excessive
absorption with one’s own problems is what Frankl called hyperreflection. In the following
passage he refers to the example of sexual impotence which is caused by psychological
dysfunction. “In logotherapy we counter hyperreflection with a dereflection. To treat the
specific hyperintention that is so pathological in cases of impotence we have developed a
special technique, which dates back to 1947. We recommend that the patient be encouraged
‘not to engage in sex, but rather to acquiesce to fragmentary acts of tenderness, like a
mutual sexual foreplay” [19]. Consequently, by the drawing away of the attention from the
perceived problem—sexual impotence—and thus from the self towards the other person—
by giving tenderness and caring, as well as by other gentle forms of mutual pleasuring—the
psychological block can be gradually lifted, and the sexual functioning can become normal
once again (Table 1).

2.2. Clinical Evidence of Meaning-Centered Psychotherapy

The EPP is practiced as a MCP in general. MCP has proved its efficacy against de-
pressive and anxiety symptoms in patients with a wide range of diseases from psychiatric
disorders, cardiovascular disease to terminal cancer. Systematic search was conducted in
PubMed/Medline with keywords “meaning-centered” and “psychotherapy” on 16 Decem-
ber 2020. Fifty-three articles were retrieved, and twelve articles were eventually deemed
appropriate for synthesis (Supplement Figure S1).

269



Biomedicines 2021, 9, 340

An exploratory pilot study reported that advanced cancer patients receiving home
palliative care showed a significant decrease in levels of despair, anxiety, depression, and
emotional distress by receiving individual MCP (IMCP), compared to those who received
only counseling [24]. Randomized control trials showed the efficacy of IMCP and meaning-
centered group psychotherapy (MCGP) for psychological and existential distress in patients
with advanced cancer. The IMCP and MCGP were superior to enhanced usual care and
supportive psychotherapy [25–28]. In MCGP the improvements of quality of life, depression,
hopelessness, and desire for hastened death in advanced cancer patients were mediated
by an enhanced sense of meaning and peace in life [29]. A longitudinal mixed-effects
model also showed significant increases in alleviating burden, anxiety, and depression and
finding meaning, benefit, and spiritual well-being among cancer caregivers in response
to web-based MCP [30]. A one-year follow-up study showed that cancer survivors who
completed MCGP presented more personal growth than those who received supportive
group psychotherapy. A two-year follow-up study reported that MCGP cancer survivors
showed better positive relations than usual care receivers, suggesting that MCGP carries
higher efficacy in the long term [31]. The effectiveness and cost-effectiveness measurements
of MCGP for cancer survivors have been designed to compare meaning making, quality of
life, anxiety and depression, hopelessness, optimism, adjustment to cancer, and costs with
supportive group psychotherapy and usual care [32].

The results may reinforce the evidence of the efficacy and determine the cost-benefit
ratio of MCGP. Furthermore, an open trial study reported the preliminary results that
meaning-centered grief therapy for parents who lost a child to cancer presented improve-
ments in prolonged grief, sense of meaning, depression, hopelessness, continuing bonds
with their child, posttraumatic growth, positive affect, and quality of life. The treatment
gains were maintained or improved after three months [33]. The meaning-centered interven-
tion was shown to provide perceived benefits to palliative care nurses who faced recurrent
burden, but improvement of spiritual and emotional quality of life remains unclear [34].

A meta-analysis which included 60 trials and 3713 samples reported that MCP had
large effect sizes on quality of life and psychological stress in the immediate time frame and
follow-up compared to controls. Quality of life is larger in effect size in the immediate time
frame than meaning in life, hope and optimism, self-efficacy, and social well-being. More-
over, meta-regression analysis revealed that meaning in life is a predictor of psychological
stress [35].

In summary, both IMCP and MCGP are more effective than supportive psychotherapy,
counselling, or supportive care. MCGP nurtures personal growth and positive relations.
MCGP is effective in the long term and more cost-effective. However, most MCP studies
mentioned above dealt with terminal cancer patients presenting mood symptoms. MCP
analysis targeting a population of neurologic or psychiatric diseases, MCP for individuals
without comorbidity, and comparison with patients under pharmacotherapy will further
reveal the efficacy, the applicability, and the limits of MCP for the treatment of a wide range
of diseases.

3. Neurological Sciences’ Approach to Mood and Anxiety Disorders
3.1. Neuroimaging

Recent advances in neuroimaging technology have facilitated the investigation of brain
structure and function. Among magnetic resonance imaging, computed tomography, and
positron emission tomography, functional MRI (fMRI) provides information on the proper-
ties of functional connectivity (FC). Resting-state fMRI investigates behavioral characteristics
such as psychological states, sustained attention, personality, temperament traits, creative
ability, and cognitive ability including working memory and motor performance [36–39].
Furthermore, the patterns of resting-state fMRI are correlated with specific symptoms and
respond to treatment [40,41]. Analytical methods of resting-state network connectivity in-
clude seed-based analysis, the amplitude of low-frequency fluctuation (ALFF) and fractional
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ALFF techniques, regional homogeneity (ReHo), independent component analysis (ICA),
and graph theory.

3.1.1. Functional Magnetic Resonance Imaging
The Default Mode Network

The default mode network (DMN) is a network of interacting brain regions which
shows synchronized activation and deactivation during tasks [42]. DMN includes the
medial prefrontal cortices (mPFC), the posterior cingulate cortex (PCC), precuneus, inferior
parietal lobule, lateral temporal cortex, and hippocampal formation [43,44]. DMN activity
is associated with internal processes including self-referential thinking, autobiographical
memory, or thinking about the future [45–47]. The DMN is divided into an anterior subdi-
vision centered in the mPFC and a posterior subdivision centered in the PCC. The anterior
DMN is more related to self-referential processing, and emotion regulation through its
strong connections with limbic areas. The posterior DMN is associated with conscious-
ness and memory processing through its connection with hippocampal formation [48,49]
(Figure 4).
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Figure 4. Large-scale brain network including the default mode network, the executive control network,
and the salience network. DMN: default mode network; ECN: executive control network; SN: salience
network; ACC: anterior cingulate cortex; dlPFC: dorsolateral prefrontal cortex; INS: insular cortex; LPC:
lateral parietal cortex; mPFC: medial prefrontal cortex; PPC: posterior parietal cortex.

A relative increase in DMN connectivity and significant ReHo reduction were ob-
served in the posterior DMN of patients with late-life depression (LLD) [50–53]. ICA studies
revealed an increased connectivity within the anterior DMN of patients with depression
compared to healthy controls [54]. The dissociation between the anterior and posterior DMN
subdivisions was observed in patients with major depressive disorder [55]. Antidepressant
treatment restored FC abnormality in the posterior DMN but did not correct the FC abnor-
mality in the anterior DMN. Network homogeneity was increased in the anterior DMN
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but decreased in the posterior DMN [56]. Seed-based analysis using mPFC showed the
dissociation between the anterior and posterior DMN and increased connectivity between
the anterior DMN and the salience network (SN) in depression [57,58]. Decreased PCC
connectivity and increased connectivity in the anterior DMN were observed in depressive
patients without medication and 12-weeks treatment of paroxetine partially restored the
decreased connectivity [59]. In general, FC between PCC and left medial frontal gyrus de-
creased in patients with depression and 12-weeks of antidepressant treatment increased FC
between PCC to the bilateral medial frontal gyrus [60]. Psychedelics are known to disrupt
the activity of the DMN. Serotonergic psychedelic psilocybin-assisted therapy significantly
reduced the depression scores of patients with severe depression [61].

The Executive Control Network

The executive control network (ECN) plays an important role in the integration of
sensory and memory information, the regulation of cognition and behavior, and the process
of working memory [62]. The ECN consists of the dorsolateral prefrontal cortex (dlPFC),
medial frontal cortex, lateral parietal cortex, cerebellum, and supplementary motor area [63].
Changes in the ECN were reported in ageing and in patients with LLD, mild cognitive
impairment, Alzheimer’s disease, and Parkinson’s disease [64–68] (Figure 4).

Disruptions of the ECN were reported in non-demented elders with LLD [69–71]. Seed-
based analyses using the dlPFC showed decreased FC in the frontoparietal areas in patients
with LLD and current depression [72]. Seed-based analyses of the cerebellum presented
decreased FC in ECN nodes in dlPFC and the parietal cortex and DMN nodes [73,74]. ICA
analyses reported decreased FC in the dlPFC and superior frontal areas, which is consistent
with other resting-state fMRI studies with ReHo and ALFF [52,75–77]. Decreased FC in the
frontal-parietal cortex was also reported in LLD remitters 3 months after remission [78].
Alteration of the ECN was associated with susceptibility to distraction, and difficulty in
sustaining attention, multi-tasking, organizational skills, and concrete thinking [79]. The
FC between the dlPFC and other bilateral regions was negatively associated with executive
function in patients with LLD [80]. Furthermore, the levels of functional disability were
positively correlated with executive dysfunction in LLD [81,82]. Low and slow response
to antidepressants and relapse were correlated with deficits in word-list generation and
response inhibition which are governed by the executive function network [83,84]. In
addition, dissociation between the posterior DMN and ECN was also reported in patients
with LLD and current depression [85,86].

The Salience Network

The SN detects and filters salient stimuli and recruits relevant functional networks [87].
The SN is responsible for detecting and incorporating sensory and emotional stimuli,
allocating attention, and switching inward and outward cognition. The SN is located in
the ventral anterior insula and includes nodes in the amygdala, hypothalamus, ventral
striatum, and thalamus [88]. The ventral components play a role in emotional control, while
the dorsal components play a role in cognitive control [89]. Cognitive tasks activate the
dorsal components including the dorsal anterior cingulate cortex and the right anterior
insula. During cognitive tasks, the SN engages ECN and disengages DMN, but vice versa
in rest [89–91]. Dissociation between the ECN and SN is correlated with cognitive task
performance [92] (Figure 4).

Decreased FC from the amygdala to the hippocampus was observed in patients with
depression and individuals at high risk of depression [93,94]. A disrupted pattern of SN
connectivity was reported in depression, especially in the insula and amygdala [95]. El-
evated connectivity was found between the insula and DMN in patients with LLD [96].
Seed-based analysis using the amygdala as a seed region was positively associated with
increased amygdala FC with DMN nodes and long-term negative emotions [97]. Increased
FC between the SN and DMN is considered to predispose individuals to depression but
decreased FC between the amygdala and precuneus was reported in patients with depres-
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sion [70,98,99]. Decreased negative FC between the ECN and the SN was associated with
cognitive impairment and severity of depression in patients with LLD. Disrupted standard
SN pattern was associated with a worse treatment response [100].

3.1.2. Task-Related Functional Magnetic Resonance Imaging

Mood disorders, anxiety disorders, and posttraumatic stress disorder (PTSD) share
neurobiologically common characteristics in task-related fMRI. A meta-analysis was con-
ducted using articles studying stereotactic coordinates of whole-brain-based activation in
task-related fMRI as between adult patients and controls [101]. Patients with mood disor-
ders, anxiety disorders, or PTSD shared abnormalities in convergence of task-related brain
activity in regions associated with inhibitory control and salience processing [101]. Patients
who suffered from mood and anxiety disorders presented abnormally lower activity in the
inferior prefrontal and parietal cortex, the insula, and the putamen [101]. These regions
are responsible for cognitive and motional control, and inhibition of and switching to new
mental activities. The patients also showed higher activity in the anterior cingulate cortex,
the left amygdala, and the thalamus which process emotional thoughts and feelings [101].

3.2. Other Relevant Biomarkers and Therapeutic Targets

Besides the large-scale brain network, natural products, endogenous metabolites, neu-
ropeptides, receptor agonists, their synthetic analogues, plasma proteins, and lipids are un-
der extensive study in search of biomarkers and novel drugs for mental disorders [102–109].
In addition, the disruption of neural circuitry-neurogenesis coupling was observed in
depression [109]. Several neurotransmitters including serotonin, dopamine, adrenaline, his-
tamine, gamma-aminobutyric acid, and peptides play an important role in the pathogenesis
of mood and anxiety disorders. Selective serotonin reuptake inhibitors (SSRIs), selective
norepinephrine reuptake inhibitors (SNRIs), and monoamine oxidase inhibitors (MAOIs)
are major classes of antidepressants currently prescribed for the treatment of depression
and anxiety. SSRIs, SNRIs, and MAORs all act on components of neurotransmission. Sero-
tonergic psychedelics are a subclass of hallucinogens that act on the serotonin 5-HT2A
receptors. The naturally occurring psychedelic prodrug psylocibin was reported to alle-
viate depression and anxiety in patients with life-threating diseases [106]. Glutamatergic
neural transmission is drawing increasing attention because normal human brain functions
are maintained in balance of 80% of excitatory neuronal and 20% of inhibitory neuronal
activities [110]. Excitatory neurotransmission is governed by glutamatergic neurons with
the N-methyl-D-aspartate (NMDA) receptor [111]. NMDA receptor antagonists are under
extensive study for the treatment of TRD [112]. The subanesthetic dose of NMDA receptor
antagonist ketamine rapidly improves depressive symptoms and leads to the resolution
of suicidal ideation in patients with serious depression [113]. However, the NMDA re-
ceptor appears not to be a single pharmacological target of ketamine in the alleviation of
depression [114].

Kynurenines (KYNs) are intermediate metabolites of the tryptophan (TRP)-KYN
metabolic pathway, which exhibit a wide range of bioactivity such as neurotoxic, neuropro-
tective, oxidative, antioxidative, and/or immunological actions [115]. The KYN metabolites
include a NMDA receptor agonist as well as a NMDA antagonist [116]. Furthermore, the
KYN pathway supplies neuroactive metabolites which trigger biological functions not
only in synaptic spaces, but also in the non-synaptic microenvironment around the neu-
rons [117]. Moreover, increasing attention has been paid to the KYN pathway since over
95 percent of TRP is metabolized through the KYN pathway, leaving about one percent
to the synthesis of serotonin that plays an important role in mood disorders. Kynurenic
acid (KYNA) is found to be a diagnostic as well as predicative biomarker for depression,
while KYN and KYNA are potential predictive biomarkers for escitalopram treatment in
depression [118]. KYNs are agonists or antagonists at the NMDA receptor of the gluta-
matergic nervous system. Thus, the glutamatergic nervous system has been proposed to
be a target for mood disorders [110]. A meta-analysis concluded that an increased risk
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of depression was correlated with inflammation in chronic illness through the TRP-KYN
metabolic pathway [119]. A systematic review reported KYN metabolism abnormalities
in TRD and suicidal behavior, proposing the KYN enzymes as novel targets in TRD and
suicidality [120].

Gastrointestinal microbiota were observed to participate in development of visceral
pain, anxiety, depression, cognitive disturbance, and social behavior and microbiota compo-
sition was proposed to be a potential biomarker and target [121,122]. Serum plasma profiles
may serve as a potential predictive biomarker for the choice of antidepressants [123]. Foods,
or fortified food products beneficial to physiological body functions, were proposed for the
treatment of metabolic dysfunction in ageing neurodegenerative diseases [124]. In addition
to biomolecules, any measurable indicators are important for risk, diagnosis, prognostic,
and predictive biomarkers and interventional targets. Depression was found to be a risk
factor for Alzheimer’s disease and dementia. Dyslipidemia treatment reduced the risk of
development of dementia in diabetics [125]. The presence of depressive symptoms follow-
ing acute stroke or transient ischemic attack increased mortality and disability within the
following 12-month period, suggesting that depression is a prognostic biomarker in cerebral
ischemia [126]. Therefore, the treatment of depression is a crucial measure to avoid the
development of comorbid conditions and psychotherapy is certainly able to contribute to
the prevention of disease progression and complications for a better quality of life. In addi-
tion, depression is a measurable psychobehavioral component of dementia, which can be
ameliorated by animal-assisted and pet-robot interventions in patients with dementia [127]
(Figure 5).
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Figure 5. Meaning-centered psychotherapy, its effective targets, and endpoints. Meaning in life is
a predictor of psychological stress. Psychological stress causes depression, anxiety, and cognitive
impairment. Depression is a measurable indicator which predicts diagnosis and/or treatment of
depression with kynurenines (KYNs), chronic diseases with inflammation, disability and mortality
of stroke and transient ischemic attack, and Alzheimer’s disease and dementia. Depression of
Alzheimer’s diseases and dementia can be ameliorated by AAI (animal-assisted intervention) and
pet-robot intervention (PRI).
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4. Future Perspective: Bridging the Expertise

Clinical evidence including randomized-controlled clinical trials and meta-analysis
presented solid evidence that EPP, which is generally practiced as MCP, provides substantial
relief to individuals under psychological stress such as depression and anxiety. MCP
improves quality of life and ameliorates psychological stress, while meaning in life predicts
the degree of psychological stress in patients with advanced cancer.

Neurological sciences have shed more light on the understanding of the pathomech-
anisms of depression and anxiety and explores possible interventional targets. Imaging
studies and various network analyses have provided enormous data on and presented
possible mechanisms of mood and anxiety disorders, but changes in the networks in indi-
viduals under psychotherapy have been rarely reported. Neither have been measurable
biomarkers in individuals under psychotherapy. Recent research revealed that depression
itself is a risk, diagnostic, prognostic, and/or predictive biomarker for various diseases such
Alzheimer’s disease, dementia, strokes, major depressive disorders, and chronic diseases
(Figure 5). Thus, depression may be a desirable interventional target to reduce the risk,
morbidity, disability, and mortality of illness. It has been observed that neurologic diseases
are commonly associated with psychiatric comorbidities, exposing neurologic patients to
a sense of hopelessness and consequently a higher risk of suicidal ideation and suicidal
behavior. Thus, neurologic diseases may be the ideal territory for bridging existential psy-
chotherapy and neurological sciences from the side of clinical medicine [21,22]. Meanwhile,
characterizing the behavior traits of animal models of neurologic and psychiatric diseases
and developing animal models of happiness and wellbeing to assess hedonic and eudai-
monic components, if there are any, may pave an approach toward the converging point
from the side of laboratory medicine. On the other hand, the introduction of DSM-5 and
ICD-11 has accelerated a trend toward discounting the psychological and social factors of
psychiatric disorders. The roles of transdisciplinary psychiatry are expected to be explored
and refined to fill the gap between psychiatry and neuroscience [128].

Further translational and integrative research on both psychotherapy and neuroscience
is expected in order to provide symptomatic relief from psychological stress, to prevent the
development of comorbidity, and to avoid exacerbation of diseases, especially for individ-
uals contraindicated to pharmacotherapy, making available more options for treatment
and realizing a possible individualized combination therapy based on psychotherapy and
pharmacotherapy.
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Abbreviations

AAI animal-assisted intervention
ALFF amplitude of low-frequency fluctuation
dlPFC dorsolateral prefrontal cortex
DMN default mode network
ECN executive control network
EPP existential phenomenological psychotherapy
FC functional connectivity
fMRI functional magnetic resonance imaging
ICA independent component analysis
IMCP individual meaning-centered psychotherapy
KYN kynurenines
KYNA kynurenic acid
LLD late-life depression
MAOI monoamine oxidase inhibitors
MCGP meaning-centered group psychotherapy
MCP meaning-centered psychotherapy
NMDA N-methyl-D-aspartate
mPFC medial prefrontal cortices
PCC posterior cingulate cortex
PRI pet-robot intervention
PTSD posttraumatic stress disorder
ReHo regional homogeneity
SNRI selective norepinephrine reuptake inhibitor
SSRI selective serotonin reuptake inhibitor
SN salience network
TRD treatment-resistant depression
TRP tryptophan
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125. Kowalska, K.; Krzywoszański, Ł.; Droś, J.; Pasińska, P.; Wilk, A.; Klimkowicz-Mrowiec, A. Early Depression Independently of
Other Neuropsychiatric Conditions, Influences Disability and Mortality after Stroke (Research Study—Part of PROPOLIS Study).
Biomedicines 2020, 8, 509. [CrossRef] [PubMed]

126. Carrillo-Mora, P.; Pérez-De la Cruz, V.; Estrada-Cortés, B.; Toussaint-González, P.; Martínez-Cortéz, J.A.; Rodríguez-Barragán,
M.; Quinzaños-Fresnedo, J.; Rangel-Caballero, F.; Gamboa-Coria, G.; Sánchez-Vázquez, I.; et al. Serum Kynurenines Correlate
with Depressive Symptoms and Disability in Poststroke Patients: A Cross-sectional Study. Neurorehabilit. Neural Repair 2020,
154596832095367.

127. Park, S.; Bak, A.; Kim, S.; Nam, Y.; Kim, H.; Yoo, D.-H.; Moon, M. Animal-Assisted and Pet-Robot Interventions for Ameliorating
Behavioral and Psychological Symptoms of Dementia: A Systematic Review and Meta-Analysis. Biomedicines 2020, 8, 150. [CrossRef]
[PubMed]

128. Di Nicola, V.; Stoyanov, D.S. Psychiatry in Crisis At the Crossroads of Social Sciences, the Humanities, and Neuroscience; Springer
Nature Switzerland AG: Cham, Switzerland, 2021. [CrossRef]

281





biomedicines

Article

The Therapeutic Potential of Carnosine/Anserine
Supplementation against Cognitive Decline: A Systematic
Review with Meta-Analysis

Giuseppe Caruso 1 , Justyna Godos 2 , Sabrina Castellano 3, Agnieszka Micek 4 , Paolo Murabito 5,
Fabio Galvano 2 , Raffaele Ferri 6 , Giuseppe Grosso 2,* and Filippo Caraci 1,6

Citation: Caruso, G.; Godos, J.;

Castellano, S.; Micek, A.; Murabito, P.;

Galvano, F.; Ferri, R.; Grosso, G.;

Caraci, F. The Therapeutic

Potential of Carnosine/Anserine

Supplementation against Cognitive

Decline: A Systematic Review with

Meta-Analysis. Biomedicines 2021, 9,

253. https://doi.org/10.3390/

biomedicines9030253

Academic Editor: Masaru Tanaka

Received: 29 December 2020

Accepted: 27 February 2021

Published: 4 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Drug and Health Sciences, University of Catania, 95125 Catania, Italy;
forgiuseppecaruso@gmail.com (G.C.); f.caraci@unict.it (F.C.)

2 Department of Biomedical and Biotechnological Sciences, University of Catania, 95123 Catania, Italy;
justyna.godos@gmail.com (J.G.); fgalvano@unict.it (F.G.)

3 Department of Educational Sciences, University of Catania, 95124 Catania, Italy; sabrina.castellano@unict.it
4 Department of Nursing Management and Epidemiology Nursing, Faculty of Health Sciences,

Jagiellonian University Medical College, 31-501 Krakow, Poland; agnieszka.micek@uj.edu.pl
5 Department of General Surgery and Medical-Surgical Specialties, Section of Anesthesia and Intensive Care,

University of Catania, 95123 Catania, Italy; paolo.murabito@unict.it
6 Oasi Research Institute—IRCCS, 94018 Troina, Italy; rferri@oasi.en.it
* Correspondence: giuseppe.grosso@unict.it; Tel.: +39-0954-781-187

Abstract: Carnosine is a natural occurring endogenous dipeptide that was proposed as an anti-aging
agent more than 20 years ago. Carnosine can be found at low millimolar concentrations at brain
level and different preclinical studies have demonstrated its antioxidant, anti-inflammatory, and anti-
aggregation activity with neuroprotective effects in animal models of Alzheimer’s disease (AD). A
selective deficit of carnosine has also been linked to cognitive decline in AD. Different clinical studies
have been conducted to evaluate the impact of carnosine supplementation against cognitive decline
in elderly and AD subjects. We conducted a systematic review with meta-analysis, in accordance
with the PRISMA guidelines coupled to the PICOS approach, to investigate the therapeutic potential
of carnosine against cognitive decline and depressive symptoms in elderly subjects. We found five
studies matching the selection criteria. Carnosine/anserine was administered for 12 weeks at a dose
of 1 g/day and improved global cognitive function, whereas no effects were detected on depressive
symptoms. These data suggest a preliminary evidence of clinical efficacy of carnosine against
cognitive decline both in elderly subjects and mild cognitive impairment (MCI) patients, although
larger and long-term clinical studies are needed in MCI patients (with or without depression) to
confirm the therapeutic potential of carnosine.

Keywords: carnosine; cognitive function; depressive symptoms; age-related cognitive decline;
Alzheimer’s disease; neuroinflammation; oxidative stress

1. Introduction

Carnosine is a natural occurring endogenous dipeptide discovered by Gulewitsch and
Amiradžibi during the analysis of a meat extract more than 100 years ago [1]. The synthesis
of this molecule starting from its constituting amino acids, β-alanine and L-histidine,
through an enzyme-catalyzed reaction requiring Mg++ and adenosine triphosphate (ATP)
was first described in 1950s [2,3]. Carnosine has been found in the tissues and organs of
vertebrates [4] as well as in the tissues of some invertebrate species [5,6]. With regard to
mammalian, this widely distributed molecule is present in different organs, such as spleen
and kidney [7], and can be found at low millimolar (mM) concentrations at brain level [8],
while it reaches high mM concentrations (up to 20 mM) in cardiac and skeletal muscles [9].
In a study by Fonteh et al., a selective deficit of carnosine has been related to cognitive
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decline in probable Alzheimer’s disease (pAD) subjects [10]. In this study, where the free
amino acid and dipeptide changes in the body fluids from pAD subjects were analyzed,
carnosine levels were significantly lower in pAD (328.4 ± 91.31 nmol/dl) than in plasma
of healthy subjects (654.23 ± 100.61nmol/dl); this deficit of carnosine correlated with
reduced global cognitive function measured by Mini-Mental State Examination (MMSE)
and Alzheimer’s Disease Assessment Scale cognitive subscale (ADAS-cog).

The decrease of carnosine levels in AD is also favored by the age-related increase in
the serum-circulating (CNDP1 or CN1) activity in specific brain regions [11]. In fact the
concentrations of carnosine in human tissues and biological fluids are regulated by the ac-
tivity of two dipeptidases: CNDP1 [12] and the cytosolic (CNDP2 or CN2) carnosinase [13],
both of them members of the M20 metalloprotease family [14]. As it has been shown for
the first time by Perry and colleagues, patients with carnosinase deficiency, a condition
also known as carnosinemia, present an excess of carnosine in the urine (carnosinuria)
and develop a progressive neurologic disorder characterized by severe mental defects and
intellectual disability [15–17].

Different mechanisms have been identified that can explain the hypothesized pro-
tective activity of carnosine against cognitive decline [18]. In fact, it can act as neuro-
transmitter [19], immune system enhancer [20], nitric oxide metabolism modulator [21,22],
heavy metal chelator [23,24], cell energy metabolism enhancer [25,26], anti-glycation, and
anti-aging agent [27,28]. Carnosine has also been shown to modulate glutamatergic system
by upregulating the glutamate transporter 1 and reducing glutamate concentrations in the
central nervous system (CNS) [29].

It is becoming increasingly evident that neuroinflammation [30–32] and oxidative
stress [33,34], along with the abnormal accumulation of proteins at brain level [35,36],
significantly contribute to the cognitive decline associated to different pathologies of
CNS. According to this scenario, the well-known antioxidant, anti-inflammatory, and
anti-aggregation activities of carnosine have been recently reconsidered [37], to better
understand the therapeutic potential of this peptide in the treatment of cognitive disor-
ders. In a preclinical study by Herculano et al., the treatment with carnosine (5 mg/day
for six weeks) was able to rescue cognitive deficits and revert oxidative stress and mi-
croglial activation induced by an high fat diet in the hippocampus of a transgenic mouse
model of AD [38]. The rescue of cognitive deficit by carnosine was also demonstrated
in streptozotocin-induced diabetic rats [39], as well as in subcortical ischemic vascular
dementia [40] and transgenic 3 × Tg-AD mice, showing both amyloid beta (Aβ)- and
tau-dependent pathology [41]. Preclinical studies in mice have demonstrated that this
dipeptide is essentially non-toxic [42]; additionally, it is well tolerated in humans [43,44]
without known drug interactions and dangerous side effects.

Moving from mice to humans, different clinical trials have been conducted to explore
the therapeutic effects of carnosine in cognitive disorders. In a randomized double-blind
placebo controlled 12-week dose escalation study, involving 25 Gulf War illness subjects,
carnosine (1500 mg/day) gave beneficial cognitive effects [45]. In a study carried out by
Masuoka et al., the potential protective effects of anserine/carnosine (3:1) supplementa-
tion against cognitive decline in APOE4 (+) mild cognitive impairment (MCI) subjects
were shown, possibly by preventing a transition from MCI to AD [46]. Improvements
on cognitive functioning have also been observed in two different studies, using a pill-
based nutraceutical (NT-020) containing carnosine in older adults [47] or a formulation
(formula F) including carnosine administered along with donepezil to moderate probable
AD subjects [48].

Carnosine was proposed as an anti-aging agent more than 20 years ago [28]. During
the following years, several human studies have been carried out to test its possible
positive effects in the elderly. It has been shown that dietary supplementation of carnosine
(250–350 mg/daily) in combination with its methylated analogue anserine (β-alanyl-1-N-
methyl-L-histidine) (650–750 mg/daily) for about 13 weeks is able to improve cognitive
function [49,50] and physical activity [50], to preserve verbal episodic memory and brain
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perfusion [49,51], and to modulate network connectivity changes associated with cognitive
function [49] in elderly people.

Despite numerous preclinical and clinical studies that have been carried out, the
effects of carnosine supplementation in preventing and/or counteracting cognitive decline
in humans have not yet been completely understood. Recent reviews provide a comprehen-
sive overview of the role of carnosine in neurological, neurodegenerative, and psychiatric
disorders [52], although no specific meta-analyses have been conducted to analyze the
clinical efficacy of carnosine in different double-blind randomized placebo-controlled trials.

With the present study, we aimed to address this specific gap in the knowledge of the
therapeutic potential of carnosine against cognitive decline by conducting a systematic re-
view with meta-analysis, in accordance with the PRISMA guidelines coupled to the PICOS
approach, to investigate the effects of this peptide with a multimodal pharmacodynamic
profile on cognitive function and depressive symptoms in elderly subjects.

2. Methods

The design, analysis, and reporting of this study followed Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) (Supplementary Table S1) [53]. More-
over, eligibility criteria for the search and meta-analyses were specified using the PICOS
approach: Determination of the population (P), intervention (I), comparison (C), outcomes
(O), study design (S) (Table 1).

Table 1. PICOS criteria.

PICOS Description

P (Population) Men and/or women, adults.

I (Intervention) Carnosine supplementation (carnosine alone or combined with other treatment).

C (Comparison) Carnosine supplementation group (carnosine alone or combined with other
treatment) versus placebo/control group.

O (Outcomes) Changes in cognitive function, depressive symptoms, and overall mental health.
Long term changes rather than acute effect.

S (Study design) Systematic review with meta-analysis.

2.1. Study Selection

A systematic search on PubMed (http://www.ncbi.nlm.nih.gov/pubmed/ (accessed
on 4 March 2021)), EMBASE (http://www.embase.com/ (accessed on 4 March 2021)), and
Web of Science (www.webofknowledge.com (accessed on 4 March 2021)) databases of
studies published up to April 2020 was performed using the following search strategy:
(carnosine OR l-carnosine OR n-acetyl-carnosine OR n-acetyl-l-carnosine OR histidine OR
beta-alanyl-l-histidine OR b-alanyl-l-histidine OR L-Histidine OR l-alpha-alanyl-l-histidine
OR beta-alanine OR β-alanine OR beta alanyl 3 methylhistidine OR 3-aminopropionic-
acid OR anserine) AND (cognitive OR cognition OR mental OR mood OR memory OR
learning OR attention OR depression OR depressive OR schizophrenia OR Alzheimer OR
Alzheimer’s OR autism OR sleep) AND (randomized clinical trial OR controlled clinical
trial OR randomized OR placebo OR clinical trial OR trial OR randomly OR intervention
OR enrolled). The search was restricted to the studies conducted in humans. Studies
were eligible if they met the following inclusion criteria: (i) were intervention studies
with control group; (ii) were conducted on adults; (iii) evaluated the effect of carnosine
supplementation on cognitive function and/or depression; (iv) evaluated long term effects
of carnosine rather than acute effects. Studies which evaluated the effect of carnosine
on cognitive performance were excluded. Finally, the studies that provided sufficient
statistical data were further considered for the meta-analysis. Reference lists of eligible
studies were scanned for any additional study not previously identified. If more than
one study reported results on the same individuals, only the study including the larger
sample size, the longest follow-up, or the most comprehensive statistical data was included
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in the meta-analysis. The systematic search and study selection was performed by two
independent authors (J.G. and G.C.).

2.2. Data Extraction

Data were extracted using a standardized extraction form. The following information
was collected: (i) First author name and publication year; (ii) study design and country;
(iii) sample size and intervention duration; (iv) sex and mean age of participants; (v) type
of intervention and its main characteristics; (vi) outcome scores, including means and
standard deviations or standard errors or 95% confidence intervals (Cis) for each score
at baseline and after follow-up for each group (intervention and control) or p-value for
significance of this change (from paired t-test or Wilcoxon test).

2.3. Study Quality and Risk of Bias Assessment

The quality of each eligible study was assessed according to the NIH Quality As-
sessment of Controlled Intervention Studies (Supplementary Table S2). This tool allows
the rater to assign a three-level quality score (“good”, “fair”, or “poor”), based on the
consideration of 14 items. The tool for controlled intervention studies evaluates the follow-
ing: adequate randomization, treatment allocation and blinding, similarity of groups at
the baseline, dropout rates, adherence to the treatment, avoidance of other interventions,
outcome measures assessment, sample size and power calculation, pre-specified outcomes,
and intention-to-treat analysis. Risk of bias across included studies was assessed using
Cochrane risk-of-bias tool for randomized trials (RoB-2) [54].

2.4. Statistical Analysis

All studies identified during systematic search had the independent-group pre-test–
post-test design (i.e., the outcome was measured before and after intervention, and different
groups received the experimental intervention or served as control group) [55]. We used
standardized mean difference (SMD) due to necessity of harmonizing different scores
measuring the same outcome with different tools. We used the so-called raw score metric
to focus on group differences (i.e., the effect size for SMD in each intervention group was
defined as the pre-test–post-test change divided by the pre-test standard deviation, due to
likeness being more consistent across studies as not being influenced by the experimental
manipulations) [56]. Transforming effect sizes into raw score metric required an estimate
of the population correlation between pre- and post-test, which was [55]. Fixed-effects
models were used to perform all meta-analyses irrespectively of heterogeneity due to small
number of trials. In order to compare tools with differences in the direction of the scale, the
mean values from one set of studies was multiplied by −1. Finally, in order to test whether
variation between studies in effect size was associated with differences in methodology of
the studies or in characteristics of participants, meta-regression analyses were performed
taking into account age, sex, sample size, length of trial, and baseline scores value. A
two-sided p-value 0.05 was set as the level of significance for comparisons of SMD. Data
were analyzed using R software version 3.6.1 (Development Core Team, Vienna, Austria).

3. Results
3.1. Study Identification and Selection Process

The systematic search yielded 516 studies, out of which 403 and 77 were excluded
based on the title and abstract evaluation, respectively. Thirty-six articles were assessed
based on the full-text version, and 31 studies did not meet the pre-specified inclusion
criteria. In particular, the studies were excluded as they (i) reported on the acute effects
of carnosine supplementation, (ii) reported results on children, (iii) reported on other
outcomes, such as quality of life of cognitive performance, (iv) did not explore the outcomes
of interest, and (v) were conducted on partially same patients (thus, only the latest report
was included). Finally, five studies [46,48,50,57,58] were included in the systematic review,
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out of which three provided sufficient statistical data and were included in the quantitative
analysis (Figure 1).

Figure 1. Study selection process.

The main characteristics of the studies included in the systematic review and meta-
analysis are presented in Table 2.
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One study was conducted in USA [48], three in Asia [46,57,58], and one in Europe [50].
The outcome measures explored in the studies included Mini Mental State Examination
(MMSE) [46,48,50,57], Alzheimer’s Disease Assessment Scale (ADAS) [46,57], Clinical
Dementia Rating (CDR) [46,50], Geriatric Depression Scale (GDS) [46,50], Beck Depression
Inventory (BDI) [57], Wechsler Memory Scale Logical Memory (WMS-LM) [46,49], Profile
of Mood Scale (POMS) [58], Mental health Component Summary (MCS) [57], and Short Test
of Mental Status (STMS) [50]. Sample size and trial length ranged from 48 to 72 individuals
and six to 13 weeks, respectively.

3.2. Study Quality Assessment

Based on the NIH Quality Assessment of Controlled Intervention Studies, four of
the studies reached a “good” quality score, while one scored as “fair” quality. The main
limitation was that the studies did not use intention-to-treat analysis and in several cases
the sample size was not sufficiently large to be able to detect a difference in the main
outcome between groups with at least 80% power.

3.3. Risk of Bias

According to the Cochrane RoB-2, most of the studies had low risk of selection and
attrition bias (Figure 2, Supplementary Figure S1).

Figure 2. Summary of the risk of bias assessment according to the Cochrane risk-of-bias tool for
randomized trials (RoB-2).

However, one study demonstrated high risk of performance bias due to the lack of
blinding [58], and one study high reporting bias as some of the data were not reported in
the manuscript [48].

3.4. Carnosine Supplementation and Cognitive and Memory Function

Four individual studies explored whether carnosine supplementation did affect cog-
nitive function [46,48,50,57]. The study of Cornelli [48] involved 52 patients (mean age
about 75 years old) affected with moderate probable Alzheimer’s disease already be-
ing treated with donepezil (5 mg/day for at least two months); the authors reported
that the MMSE remained stable in the group treated with standard therapy and placebo,
while significant improvements were found in the intervention group with donepezil
plus a formula containing 100 g of carnosine (among other antioxidants). In the study of
Szcześniak et al. [50], 56 healthy subjects (age 65+ years old) were administered chicken
meat extract containing 40% of anserine and carnosine components or a placebo for a
13 weeks of supplementation; the mean values of the Short Test of Mental Status (STMS)
scores showed a significant increase in the intervention group, specifically in the sub scores
of construction/copying, abstraction, and recall. The study of Katakura et al. [57] involved
60 healthy elderly volunteers administered 1 g carnosine/anserine or a placebo for three
months; preservation of verbal memory, assessed by the WMS-LM, was observed in the
intervention group (especially among older participants), while no significant changes were
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observed in other cognitive function measures. A significant correlation was also found
between the preservation of verbal memory and suppression of C-C Motif Chemokine
Ligand 24 (CCL24; an inflammatory chemokine) expression in the group that was in their
70s. The last published trial from Masouka et al. [46] on 54 subjects with MCI, randomized
to an active group receiving a dose of 1 g per day of carnosine/anserine or a placebo
for 12 weeks, showed improvement in the global Clinical Dementia Rating in the active
group, as compared for placebo, but no significant results in the other psychometric tests,
including the MMSE and the ADAS. The authors did not detect improvements in verbal
episodic memory, but, interestingly, when they separated APOE4 positive (APOE4 (+)) or
negative (APOE4 (−)) subjects, a clinically-relevant change was observed in the APOE4 (+)
subjects both in MMSE and in gloCDR scores.

Out of the four studies, three provided sufficient data to be eligible for quantitative
comparison of cognitive outcomes. The meta-analysis included two studies testing cogni-
tive function through the MMSE [46,50] and one through the ADAS tool [57]. Although
the results from individual studies did not show significant differences between interven-
tion and control groups, results from the meta-analysis (presented in Figure 3) revealed
that supplementation with carnosine led to a SMD of -0.25 (95% CI = −0.46, −0.04) in
favor of the intervention compared to the control group, indicating an improvement in
cognitive function.

Figure 3. Standardized mean differences in cognitive outputs between intervention groups supplemented with carnosine
and control groups in randomized controlled trials. Abbreviations: ADAS (Alzheimer’s Disease Assessment Scale), CI
(confidence interval), F (female), M (male), MMSER (Mini Mental State Examination), SE (standard error), SMC (standardized
mean change), SMD (standardized mean difference).

No evidence of heterogeneity between studies (I2 = 0%, p = 0.969) nor asymmetry on
funnel plots (Supplementary Figure S2) were found.
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Meta-regression analyses were conducted to test whether study-related characteris-
tics may have affected the results; however, none of the other variables investigated as
moderators substantially influenced the overall effect size (Supplementary Table S3).

Results from the two studies reporting comparable quantitative data on verbal mem-
ory, assessed through the Wechsler memory scale–revised logical memory immediate recall
(WMS-LM1) and delayed recall (WMS-LM2) tests, are shown in Figure 4.

Figure 4. Standardized mean differences in verbal memory outputs between intervention groups supplemented with
carnosine and control groups in randomized controlled trials. Abbreviations: CI (confidence interval), F (female), M (male),
SE (standard error), SMC (standardized mean change), SMD (standardized mean difference), WMS (Wechsler Memory Scale).

While nearly no differences could be observed for the WMS-LM1, an improvement,
yet not significant, in the WMS-LM2 was found in the intervention compared to the control
group (SMD = 0.22, 95 CI: −0.06, 0.50), with no evidence of heterogeneity between studies
(I2 = 8.95%, p = 0.295; Figure 4).

All studies but one lasted less than 12 weeks, thus no meta-regression was conducted
on length of trial. None of the other variables investigated as moderators substantially
influenced the overall effect size (Supplementary Table S3).

3.5. Carnosine Supplementation and Depressive Symptoms

The effect of carnosine supplementation toward depressive symptoms was investigated
in three studies [46,50,57]. One of these studies reported no improvement of depressive
symptoms among all subjects measured with the GDS, also authors did not observe any
altering of the distribution of ratings of depressive symptoms in the carnosine supplemented
individuals [50]. Additionally, Masuoka et al. reported null results when considering
depressive symptoms as an outcome [46]. However, in another study, a weak trend towards
improvement in the BDI test for assessing the level of depression following three-month
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supplementation was observed [57]. When pooling together results from all investigations,
no significant results were found (SMD = −0.01, 95% CI: −0.20, 0.18; Figure 5).

Figure 5. Standardized mean differences in depressive symptoms outputs between intervention groups supplemented
with carnosine and control groups in randomized controlled trials. Abbreviations: BDI (Beck Depression Inventory), CI
(confidence interval), F (female), GDS (Geriatric Depression Scale), M (male), SE (standard error), SMC (standardized mean
change), SMD (standardized mean difference).

No findings are to be reported concerning meta-regression analysis on the role of
potential moderators on results (Supplementary Table S3).

3.6. Carnosine Supplementation and Mood

Solely one eligible study explored the effect of carnosine supplementation on mood
(measured using POMS questionnaire). The study enrolled 72 healthy full-time office work-
ers and randomized them into either treatment group, which received a daily supplement
drink with 200 g of carnosine together with computer cognitive behavior treatment (CCBT),
or placebo group. After a six-week follow-up period, the study demonstrated that the
carnosine and CCBT group showed significant improvements in fatigue [58].

4. Discussion

Carnosine is a natural occurring dipeptide and an over-the-counter food supplement
that has been shown to exert multimodal and neuroprotective activity, including the
detoxification of free radicals [59], the down-regulation of pro-inflammatory markers [60],
as well as the modulation of immune cells (e.g., macrophages and microglia [25,26,61,62]),
including the synthesis and the release of neurotrophins such as transforming growth
factor beta-1 (TGF-β1) [62].

Interestingly, carnosine is able to counteract different factors, such as neuroinflamma-
tion, oxidative stress, and the deficit of neurotrophic factors which are strictly connected
with aging-related cognitive decline and the risk to develop dementia [37] (Figure 6).
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Figure 6. Improvement of global cognitive functions following carnosine/anserine supplementation. Carnosine can be
found at mM concentrations at brain level as well as in cardiac and skeletal muscles (indicated in fuchsia). A selective
deficit of carnosine and an age-related increase in the serum-circulating carnosinase have been linked to cognitive decline in
elderly, MCI and AD subjects (indicated in purple). Red ↑ indicates an increase of carnosinase activity; red ↓ indicates a
decrease of carnosine bioavailability. Abbreviations: AD (Alzheimer’s disease); MCI (mild cognitive impairment).

There is evidence that dietary factors may modulate oxidative stress, which in turn
play a role on cognitive decline with aging in healthy adults [63]. A review written by Gore-
lick, including observational epidemiological studies and clinical trials, strongly suggests
that inflammation also significantly contribute to cognitive impairment and dementia [64].
Last on the background, it has been demonstrated that immune system dysfunction and
the impairment of neurotrophins signaling, such as brain-derived neurotrophic factor
(BDNF) and TGF-β1, could promote cognitive decline [65] and neurogenesis [66], while the
activation of immune cells (e.g., group 2 innate lymphoid cells) alleviates aging-associated
cognitive decline [67].

Starting from the strong preclinical evidence, the therapeutic potential of carnosine
to enhance cognition in elderly people as well as in patients suffering of brain-related
disorders has been recently considered [52], but the question on the clinical impact of
carnosine on cognitive decline still remains open.

We conducted the present systematic review with meta-analysis, in accordance with
the PRISMA guidelines coupled to the PICOS approach, to examine the clinical efficacy
of carnosine on cognitive function and depressive symptoms in elderly subjects. We
first examined the effects of carnosine on cognitive function. When considering all the
available studies evaluating the impact of carnosine supplementation on cognitive function,
we found that only three trials provided sufficient data to be eligible for quantitative
comparison of cognitive decline (Figure 1).
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The studies included in our meta-analysis involved partially elderly patients with
age-related cognitive decline and MCI patients, a population at high risk of developing
AD [46,50,57]. All studies reported, to a various extent, improvements in certain measure-
ments of cognitive status. Another two studies [49,51] conducted on a subgroup sample of
Masuoka et al., not included in our meta-analysis, showed similar results as for the main
study. It is noteworthy to underline that when restricting the analysis to psychometric
tools for the evaluation of global cognitive function (i.e., MMSE and ADAS, specifically),
individual studies failed to report significant changes, while an overall effect could have
been observed when pooling the results. This observation might have different expla-
nations. First, it may be possible that carnosine might affect specific cognitive functions,
perhaps observable in the clinical context with more specific tools rather than a general
assessment of cognitive status. However, we were not able to detect clinically-relevant
effects of carnosine on verbal memory as assessed by WMS-LM in 2 different clinical trials
(Katakura et al. [57], Masuoka et al. [46]). Verbal memory deficits are associated with
age-related cognitive decline and, most importantly, with MCI [68]. If we consider the
increased effects detected by Masuoka et al. in the APOE4 (+) MCI subjects [69], larger long
term (i.e., six months) double-blind, randomized, placebo-controlled trials in amnestic MCI
patients are needed to confirm this preliminary evidence of clinical efficacy of carnosine.
Second, as individual studies reported improvements in cognitive function of individuals
in the intervention groups compared to placebo, but failed showing significant results, it
may be possible that larger sample sizes are needed to achieve statistical significance in
individual intervention trials.

Most of the studies selected in the present meta-analysis elderly patients received a
formula containing 500 mg of carnosine/anserine or 1 g carnosine/anserine. Anserine
is a natural derivative of carnosine, usually adopted because it is not cleaved by human
carnosinase, which is abundant in human serum and is known to reduce carnosine bioavail-
ability [70]. Anserine and carnosine have equivalent reported physiological functions [7],
but the high preclinical evidence on the procognitive effects of carnosine suggest that
further clinical studies with carnosine alone (1 g/die) vs. placebo are needed to better
understand the therapeutic potential of carnosine against cognitive decline.

Carnosine could prevent and/or counteract the cognitive decline observed in MCI and
AD patients through its anti-aggregation activity [71,72]. Insoluble protein aggregates have
been found in MCI and AD brain [73], and carnosine might exert its precognitive effects by
preventing the transition from Aβ monomers to Aβ oligomers [37]. Furthermore, it cannot
be excluded that carnosine can exert its therapeutic potential against cognitive decline,
by rescuing BDNF and TGF-β1 signaling [62,74], two neurotrophins whose impairment
has been linked to age-related cognitive decline and MCI [65,75,76]. In addition to the
well-known antioxidant, anti-inflammatory, and anti-aggregation activities, it has also been
shown that carnosine is able to reduce advanced glycation end products (AGEs) and tumor
necrosis factor-α (TNF-α) levels in patients with type 2 diabetes mellitus (T2DM) [77].
T2DM is known to be a risk factor for MCI and AD [78], and different neurobiological
links have been identified between T2DM and AD such as insulin resistance, low-grade
inflammation, increased oxidative stress, and accumulation of AGEs [79,80]. When con-
sidering the preliminary evidence of clinical efficacy of carnosine in T2DM patients on
insulin resistance, AGEs, and TNF-α, future clinical studies should be conducted in T2DM
patients with MCI to better understand the therapeutic potential of carnosine against
cognitive decline.

In the present systematic review and meta-analysis, we also examined the effects of
carnosine on depressive symptoms, starting from a large body of evidence which shows a
strong link between depression and cognitive deficits both in elderly depressed patients
and MCI patients [81]. In the present study we failed to find any effect of carnosine supple-
mentation on depressive symptoms, as assessed by different and validated psychometric
tools in the elderly, such as the Geriatric Depression Scale (GDS). These results can be
explained by considering the high heterogeneity of psychometric tools adopted in the
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selected studies, as well as the exclusion from these trials of patients with major depres-
sive disorder (MDD). Cognitive dysfunction represents a distinct biological and clinical
dimension in MDD that strongly affects psychosocial functioning in MDD patients [82]. A
recent study conducted by Araminia et al. [83] found the first evidence of clinical efficacy
of L-Carnosine (400 mg twice daily) against affective symptoms as add-on therapy in MDD
patients, but the authors did not analyze the impact of the peptide on cognitive symptoms.
Further double-blind, randomized, placebo-controlled trials are needed in elderly MDD
patients or depressed MCI patients to evaluate the clinical efficacy of carnosine both on
cognitive and affective symptoms in MDD.

5. Conclusions

A selective deficit of carnosine has been linked to cognitive decline in AD, also pro-
moted by the age-related increase in CN1 activity in the brain. Along this line, different
preclinical studies have demonstrated the neuroprotective and procognitive effects of
carnosine in experimental models of AD. It is; therefore, expected that carnosine supple-
mentation can improve cognitive function in elderly subjects with age-related cognitive
decline as well as in MCI patients with a high risk to develop AD. We conducted the
present systematic review with meta-analysis to investigate the therapeutic potential of
carnosine against cognitive decline and depressive symptoms in elderly subjects. We
found that carnosine/anserine administered for 12 weeks, at a dose of 500 mg−1 g/day,
improved global cognitive function and verbal memory in the four selected double-blind,
randomized, placebo-controlled trials, whereas no effects were detected on depressive
symptoms. These data suggest preliminary evidence of the clinical efficacy of carnosine
against cognitive decline, both in elderly subjects and MCI patients, although larger and
long-term clinical studies are needed in MCI patients (with or without depression) to
confirm the therapeutic potential of carnosine.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-905
9/9/3/253/s1, Supplementary Figure S1: Risk of bias assessment of the included studies according
to the Cochrane risk-of-bias tool for randomized trials (RoB-2), Supplementary Figure S2: Funnel
plots of studies for cognitive (A), verbal memory (B,C), and depressive symptoms (D) outputs,
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Abstract: Schizophrenia (SCZ) treatment is essentially limited to the use of typical or atypical an-
tipsychotic drugs, which suppress the main symptoms of this mental disorder. Metabolic syndrome
is often reported in patients with SCZ under long-term drug treatment, but little is known about the
alteration of lipid metabolism induced by antipsychotic use. In this study, we evaluated the blood
serum lipids of a validated animal model for SCZ (Spontaneously Hypertensive Rat, SHR), and a
normal control rat strain (Normotensive Wistar Rat, NWR), after long-term treatment (30 days) with
typical haloperidol (HAL) or atypical clozapine (CLZ) antipsychotics. Moreover, psychostimulants,
amphetamine (AMPH) or lisdexamfetamine (LSDX), were administered to NWR animals aiming
to mimic the human first episode of psychosis, and the effects on serum lipids were also evaluated.
Discrepancies in lipids between SHR and NWR animals, which included increased total lipids and
decreased phospholipids in SHR compared with NWR, were similar to the differences previously
reported for SCZ patients relative to healthy controls. Administration of psychostimulants in NWR
decreased omega-3, which was also decreased in the first episode of psychosis of SCZ. Moreover,
choline glycerophospholipids allowed us to distinguish the effects of CLZ in SHR. Thus, changes
in the lipid metabolism in SHR seem to be reversed by the long-term treatment with the atypical
antipsychotic CLZ, which was under the same condition described to reverse the SCZ-like endophe-
notypes of this validated animal model for SCZ. These data open new insights for understanding
the potential influence of the treatment with typical or atypical antipsychotics on circulating lipids.
This may represent an outcome effect from metabolic pathways that regulate lipids synthesis and
breakdown, which may be reflecting a cell lipids dysfunction in SCZ.

Keywords: lipidomics; schizophrenia; animal models; antipsychotics

1. Introduction

Schizophrenia (SCZ) is a severe, complex and chronic mental disorder (MD), with a
serious impact on patients and their families and caretakers. This highly disabling MD im-
poses an unemployment rate of about 80%, in addition to an important reduction in the life
expectancy of patients, which is estimated to be shortened up by about 20 years compared
to the general population without psychiatric dysfunctions [1]. In general, SCZ patients
are characterized by positive symptoms such as delusions, hallucinations, psychosis, or
negative symptoms, which include impaired motivation, reduction in spontaneous speech
and social withdrawal, emotional processing/cognitive deficits, and may possibly include
impaired neurocognitive deficits, confused speech or behavior alterations [2,3].
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The most accepted theory to explain the neurobiology of SCZ is based on abnormal-
ities in neurotransmission, as for instance, the alterations in dopaminergic, serotoniner-
gic, glutamatergic, among other signaling pathways [1,4]. The main drugs used to treat
SCZ symptoms are antipsychotic drugs, which are usually employed to normalize the
dysfunctions in neurotransmission. Although antipsychotic drugs can control the main
symptoms of SCZ, the disease progression is not stopped by long-term treatments with
antipsychotics [5]. Another pathway implicated in SCZ pathophysiology is the kynure-
nine pathway (KP), which involves the tryptophan metabolism [6]. The KP metabolites
modulate neurotransmitters related to cognition [7]. Individuals with MDs presented
lower levels of kynurenines, which may be involved in cognitive impairment [8], while
conversely, SCZ patients showed increased kynurenine levels [6,8]. Therefore, tryptophan–
kynurenine metabolism in psychiatric disease is well established, and disturbance of the
tryptophan–kynurenine metabolic pathway might be a promising target to unravel the
therapeutic effects of psychoactive drugs. Additionally, the KP is also related to lipid
metabolism [6,7].

Several studies have pointed to some abnormalities in cell membranes and brain lipids
that compromise the structural integrity and functional properties of neurons in patients
with MD [9,10]. Moreover, insufficient uptake, excessive breakdown and/or changes
in membrane phospholipids composition are all associated with SCZ and dysfunctional
synapses [9–11]. The analytical evaluation of the effects of drugs currently employed
in clinics is of utmost importance for the progress in the knowledge in the field. For
this purpose, optimized animal models have the power to contribute for understanding
the pharmacological effects of each class of antipsychotics on animal metabolism and,
consequently, to the discovery of new pathways underlying complex diseases such as
MDs [12].

The Spontaneously Hypertensive Rat (SHR) strain was recognized as a reliable animal
model for studying SCZ due to the depicted SCZ-like behaviors, which were reversed
by the treatment with typical and atypical antipsychotics [13,14]. It is worth mentioning
that these animal behavior alterations following the treatment with antipsychotics were
not associated with the high blood pressure of adult SHR [15], although they were asso-
ciated with differences in biochemical biomarkers in blood serum and brain from SHR
compared with normotensive Wistar rats (NWR) [14,16]. Moreover, these altered levels of
biochemical biomarkers in SHR relative to NWR were also observed in SCZ compared with
healthy control subjects [17–19], reinforcing the validity of this animal model for studying
pathophysiological pathways associated with this psychiatric disorder.

The power of analytical approaches for lipid metabolism in neuropsychiatric disor-
ders is increasingly recognized [20–23], and a better understanding of blood lipids could
potentially add important knowledge. Nuclear magnetic resonance (NMR) spectroscopy is
a powerful analytical tool that provides relevant information for comparison of different
samples, and allows the identification of lipids [24]. In the present study, we tested the
alterations in the lipid content by comparing the effects of typical haloperidol (HAL) and
atypical clozapine (CLZ) antipsychotic drugs after 30 days of treatment of a validated ani-
mal model for studying SCZ (namely SHR), which were compared with a control normal
strain (namely NWR). In addition, to mimic the increases of dopamine release, expected
to occur in episodes of psychosis, NWR animals were challenged by acute administration
of psychostimulants–amphetamine (AMPH) or lisdexamfetamine (LSDX) [16]—for blood
lipid contents evaluation. Herein, the lipidomics by NMR analyses aimed to identify
potential changes in lipids that could provide insights into the metabolic consequences of
the pharmacological interventions with pro-psychotic psychostimulants or antipsychotics
employing animal models. These results may contribute to the understanding of the
metabolic effects of the treatments of SCZ patients with typical or atypical antipsychotics
under clinical conditions.
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2. Materials and Methods
2.1. Animals

Spontaneously Hypertensive Rat (SHR) and normotensive Wistar rat (NWR) strains were
treated under previously described conditions [13–16]. Male 4–5 months-old animals, from our
own local colony, were housed in groups of 3–4 animals per cage (41 × 34 × 16.5 cm3), under
controlled temperature (22–23 ◦C) and 12/12 h light/dark cycle conditions, with lights on
at 07:00 AM, and with free access to water and a normocaloric Nuvilab CR-1 irradiated
diet (Quimtia®, Curitiba, Brazil). The animals were maintained following the guidelines
of the Committee on Care and Use of Laboratory Animal Resources, National Research
Council, USA. This study was approved by the Ethical Committee of the Universidade
Federal de São Paulo (UNIFESP/EPM), identification CEUA Nº 7290170315, approved on
15 March 2015.

2.2. Reagents and Drugs

The solvents (chloroform, methanol, and acetone) used for lipids extraction were
from LabSynth Products Laboratories (Diadema, SP, Brazil), and deuterated chloroform
(CDCl3, with 99.8% of D) was from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA,
USA). Other reagents were of analytical grade from Sigma-Aldrich (St. Louis, MI, USA).
Antipsychotics haloperidol (HAL, Sigma-Aldrich, St. Louis, MO, USA) and clozapine (CLZ,
Pinazan, Laboratório Cristália, São Paulo, Brazil), as well as the psychostimulants am-
phetamine (AMPH, Sigma-Aldrich) and lisdexamfetamine dimesylate (LSDX, Vynvase™,
Shire LLC, São Paulo, Brazil), were dissolved in saline solution, and they were injected by
intraperitoneal (ip) route in a volume of 1 mL/kg of animal body weight. The volume of
the vehicle administered for the negative controls was also 1 mL/kg of animal body weight.

2.3. Drug-Naïve Animals

The blood samples of drug-naïve NWR and SHR male animals (5 months-old) were
collected in dry blood tubes, soon after the animal euthanasia by decapitation, strictly
following the standards described in the Guidelines for Ethical Conduct in the Care and
Use of Animals.

2.4. Treatment with Psychostimulants

Male NWR (5 months-old) were grouped in each cage with 4–5 animals, and a single
dose of the propsychotic psychostimulants (0.5 or 5.0 mg/kg), namely AMPH or LSDX,
was administered by ip route, aiming to mimic the SCZ-like psychotic episodes [13]. Before
(baseline) and 2 h after this single ip injection of either psychostimulants, the blood of the
animals was collected in heparin tubes by tail punction.

2.5. Treatment with Antipsychotics

Male NWR and SHR (4 months-old) animals were kept in cages for a month to accli-
mate before starting the daily treatment for 30 days. This treatment was performed exactly
as previously described to evaluate and reverse the characteristic SCZ-like behavioral
and biochemical changes [13,14,16]. Then, animals were grouped into: Group I—control
animals receiving vehicle (saline 0.9%, 0.1 mL/kg, ip); Group II: animals treated with HAL
(0.5 mg/kg, ip); and Group III: animals treated daily with CLZ (2.5 mg/kg, ip). At the
end of the treatments, one day after the last administration of antipsychotics (experimental
groups) or saline vehicle (negative control group), the blood was collected in dry blood
tubes, soon after the euthanasia of animals by decapitation.

Sixty-one animal serum samples underwent lipids extraction and subsequent proton
NMR (1H-NMR) analysis. The serum samples from animals were:

(a) non-treated animal strains, NWR (control group, N = 4), and SHR (SCZ group,
N = 4), with a total animal serum sample equal to 8;

(b) NWR animals challenged with psychostimulants (AMPH or LSDX) and controls
receiving saline, in which:
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(1) NWR receiving saline 0.9% (N = 5); (2) NWR receiving single administration of
0.5 mg/kg (N = 5) or 5.0 mg/kg (N = 5) of AMPH; (3) NWR receiving single administration
of 0.5 mg/kg (N = 5) or 5.0 mg/kg (N = 5) of LSDX, with a total animal serum samples
equal to 25;

(c) treatment with antipsychotics for 30 days: (1) NWR receiving saline 0.9% (N = 4);
(2) SHR receiving saline 0.9% (N = 4); (3) NWR treated with CLZ (N = 5); (4) NWR treated
with HAL (N = 5); (5) SHR treated with CLZ (N = 5); (6) SHR treated with HAL (N = 5),
with a total animal serum samples equal to 28.

2.6. Extraction of Lipids from Serum Samples and NMR Analysis

Animal serum (0.5 mL) was mixed for 1 min, using a vortex, with 2.4 mL of the solvent
mixture composed of methanol: chloroform: sodium chloride solution (0.15 mol/L) in a
ratio of 1:2:2 (v/v/v). Then, the mixture was centrifuged for 20 min at 2200× g at 10 ◦C,
and the chloroform phase that contained serum lipids was carefully separated from the
hydro-alcoholic phase. Chloroform was evaporated and obtained samples were weighted
and stored at −20 ◦C until the analysis by NMR [24].

Lipids (10 mg) were dissolved in 600 µL of 99.8% deuterated chloroform (CDCl3,
Cambridge Isotope Laboratories, Inc.) and were transferred into the NMR tubes (5 mm)
and kept at 4 ◦C, to avoid the chloroform evaporation and/or lipid oxidation. 1H-NMR
analyses were conducted in a Bruker Avance III NMR 600 MHz spectrometer equipped
with the Triple Resonance Broad Band NMR probe (Bruker Corp., Billerica, MA, USA).
1H-NMR spectra were recorded at 25 ◦C with the acquisition time of 2.66 s, spectral window
width of 26.564 Hz, relaxation time decay (relaxation delay) of 2 s, and 128 number of scans.

For quantitative analysis, some representative samples were chosen and prepared by
adding 100 µL of the standard solution of 1,2,4,5-tetrachloro-3-nitrobenzene (5 mg/mL,
99.86% purity; Sigma-Aldrich) into a solution of 10 mg of lipids previously dissolved in
500 µL of deuterated chloroform (CDCl3) with tetramethylsilane (TMS) [25]. 1H-NMR
spectra were recorded using 90◦ pulse sequence at 25 ◦C, acquisition time of 8.19 s, spectral
window width of 9.9955 Hz, 64 k, relaxation delay of 40 s (5 times T1), and 56 scans.
1H-NMR data were assigned in accordance with the previously reported NMR data for
lipids [26].

2.7. Data Processing
1H-NMR (600 MHz) spectra for statistical and quantitative analyses were first pro-

cessed using the TopSpin software (Bruker Corp.). Free induction decays were multiplied
by a 0.3 Hz exponential multiplication function prior to Fourier transformation; the tetram-
ethylsilane (TMS) signal was calibrated at δ 0.00, and only a zero-order phase correction
was allowed.

For statistical analysis of spectra, the binning of 0.04 ppm was applied to spectral data
using MestreNova software, and spectra were transformed into a data matrix. The Metabo-
Analyst 3.0 platform (http://www.metaboanalyst.ca/faces/home.xhtml accessed on 1
December 2020) was used for principal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA). No data filtering, no sample normalization, and Pareto
scaling (mean-centered and divided by the square root of the standard deviation of each
variable) were used in data preprocessing. Leave-one-out cross-validation (LOOCV) was
applied in PLS-DA. The accuracy, variable importance in projection (VIP) and clustering
results shown as heatmaps (distance measure using euclidean, clustering algorithm using
ward.D, view options only group aver-ages of top 15 PLS-DA VIP) were also assessed.

For quantitative purposes, specific 1H-NMR signals were manually integrated, and the
concentrations of omega-3 (L–linolenic acid) and omega-6 (Ln–linoleic acid) type fatty acids
were calculated following the method previously reported by others [26,27]. The concentra-
tions of fatty acids were expressed in molar percentages according to Equations (1) and (2).

Ln% = 100 × Aomega 3/3 × AG (1)
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L% = 100 × 2 × Aomega 6/3 × AG (2)

in which Aomega-3 and Aomega-6 are the areas of the bis-allylic proton peaks for omega-3
and omega-6 fatty acids, respectively, and AG is the area of the proton peaks of glyceryl
groups; L refers to omega-3, linolenic acid, and Ln refers to omega-6, linoleic acid.

For statistical analysis of the ratio of omega-3/omega-6, data analyses were performed
using the GraphPad Prism version 7.0 for Windows (GraphPad Software Corp., La Jolla, CA,
USA). Standard parametric (Student’s t-test and one-way Analysis of variance, ANOVA)
tests were applied accordingly to variables type and distribution, with post-hoc test Dun-
nett’s for multiple comparisons. All distribution was checked using a Shapiro–Wilk test.
All results are expressed as the value of mean± standard deviation (SD). The significance
threshold was considered at p≤ 0.05.

3. Results
3.1. Identification of Lipids

1H-NMR data of serum lipids (Table 1) were assigned according to the peak numbers
(1–25), as indicated in Figure S1 (Supplementary Information). Chemical shifts, peak multi-
plicity, and coupling constants for the 1–25 compounds were checked against databases and
lipids NMR libraries. Lipids from the animal serum samples showed peaks of cholesterol,
saturated fatty acids, unsaturated fatty acids, i.e., omega-3 and omega-6 fatty acids, phos-
phocholines, cardiolipins, and sphingomyelines. Additionally, glycerol esters, glycerolipids
(triacylglycerols), glycerophospholipids, and saccharolipids were identified in lipid sam-
ples of drug-naïve and treated animals, receiving acute administration of psychostimulants
or treated for 30 days with typical or atypical antipsychotics. It is worth mentioning that the
lipids identified in the present study are in agreement with the previously described down-
regulation of phosphatidylcholine [10,28,29], and upregulation of triacylglycerols [30,31]
in SCZ patients compared with healthy control volunteers. In addition, low levels of
polyunsaturated fatty acids phospholipid content, specifically in phosphatidylcholine and
phosphatidylethanolamine, were reported in first-episode psychosis of SCZ [32,33].

Table 1. Rat serum 1H-NMR spectral assignments. The NMR peaks were numbered as illustrated in Figure S1 (Supplemen-
tary Information). Legend: a omega-6, b omega-3, and c glycerol (see Equations (1) and (2) in Methods Section).

Peak Chemical Shift (ppm) Assignment

1 0.58–0.70 Terminal methyl group in cholesterol -CH3
2 0.75–1.00 -CH3 protons of saturated, oleic and linoleic acyls (omega-6)
3 0.93–1.02 -CH3 protons of linolenyl chain (omega-3)
4 1.20–1.50 Methylene protons of aliphatic chains -(CH2)n
5 1.50–1.75 β–methylene protons of the carbonyl –OC(O)-CH2-CH2-
6 1.95–2.10 Methylene protons in the α-position of double bonds –CH2-CH=CH-
7 2.20–2.50 Methylene protons in the carbonyl α-position –OC(O)-CH2-
8 2.70–2.84 CH2-bis-allyllic protons of polyunsaturated fatty acid (PUFA) chains
9 2.80–2.90 a Divinyl methylene protons =HC-CH2-CH= of omega-6 including linoleyl chain

10 2.79 b Divinyl methylene protons =HC-CH2-CH= of omega-3 including linolenyl chain
11 3.10–3.20 Methylene protons α to the heteroatom –CH2-OH
12 3.20–3.40 Methyl protons of charged nitrogen –+N(CH3)3
13 3.40–3.60 Heteroatom proton –OH
14 3.44–3.59 CH of cholesterol relative to the C-3 proton
15 3.50–3.85 Methylene protons α to a charged nitrogen CH2-N+(CH3)3
16 3.65–3.75 Hexoses protons on α-carbon to the heteroatom
17 3.88 Methine proton at C-4 of galactose
18 4.00–4.30 Protons on α-carbon to the heteroatom
19 4.10–4.40 Protons on α-carbon to the heteroatom (OH) and β to the amine -O-CH2-CH2-N+(CH3)3
20 3.90–4.40 Methylene protons α to the heteroatom in phosphorus CH2-O-P
21 4.10–4.30 c Sn-1 and Sn-3 protons of glycerol -CH2-OC(O)R
22 5.00 Anomeric carbon protons of galactose
23 5.20–5.40 Amine protons –HN(CH3)2
24 5.25–5.50 Sn-2 protons of glycerol > CH-O-C(O)R
25 5.27–5.38 Protons of double bonds with conformation Z-CH=HC-
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3.2. Comparison of Lipids among Drug-Naïve NWR and SHR Animals, and NWR
Receiving Psychostimulants

Blood serum lipidomes of drug-naïve NWR animals were significantly different
compared to drug-naïve SHR or NWR under psychostimulants effects, as presented in
Figure 1. In fact, the lipids isolated from drug-naïve NWR and SHR animals were different
from each other, and formed distinct groups (Figure 1A, Supplementary Information
Table S1). The drug-naïve NWR lipids showed to be richer in unsaturated fatty acids (UFA),
cholesterol (chol), phospholipids (PL)-saccharolipids, and choline glycerophospholipids
(ChoGpl) (Figure 1C). On the other hand, the serum lipids in SHR showed different patterns
with high quantities of PUFA and fatty acids in general (Figure 1C). In addition, the drug-
naïve SHR strain presented lower amounts of PL compared with drug-naïve NWR, but with
increased amounts of PUFA (Supplementary Information Figure S2). Further investigation
may clarify if omega-3 PUFA works in compensation of phospholipids loss, as previously
described by others [26,27]. The main observation is that the amounts of phospholipids are
stable in the SCZ animal model (SHR), but differences in the chemical structures of these
phospholipids, as the ratio between omega-3 and omega-6, could be crucial for the disease
and treatments, as we will further discuss.

The lipids from drug-naïve NWR animals suffered alterations under the effects of
psychoactive drugs, and they were exposed to psychostimulants (AMPH or LSDX) at
different doses (0.5 or 5.0 mg/kg), forming the sub-groups NWR-AMPH*, NWR-AMPH**,
NWR-LSDX*, and NWR-LSDX** (Figure 1B,D). Cross-validation of the obtained model
is presented in Supplementary Information (Table S2). Curiously, serum lipids from the
AMPH and LSDX were more similar when the dose dependence was analyzed, and lower
doses of psychostimulants determined different effects on NWR lipids compared to higher
doses (Figure 1D). However, similarly to the findings for the differences between drug-
naïve NWR vs. SHR strains, the 1H-NMR signals representing the phospholipids (PL) were
less intense in NWR animals receiving AMPH or LSDX compared with control drug-naïve
NWR. Additionally, NWR under psychostimulant effects presented higher levels of PUFA.
The evaluation of omega-3 and omega-6 concentrations allowed calculating the omega-6 to
omega-3 ratio (Table 2). Excessive amounts of omega-6 polyunsaturated fatty acids (PUFA),
and high omega-6/omega-3 ratio are both often associated with eicosanoids production in
many diseases [34].

The animals receiving LSDX presented the highest concentrations of omega-6 among
all studied groups, although the omega-6/omega-3 ratio was not different from NWR
receiving AMPH. Moreover, NWR animals receiving psychostimulants showed a remark-
able different blood serum lipidome patterns compared with untreated drug-naïve NWR,
with a dose-independent decrease in omega-3, as observed for 10-fold different doses of
psychostimulants (0.5 and 5.0 mg/kg).

It is important to point that the decrease of omega-3 and of omega-6 acids were statis-
tically significant (p = 0.0019 and p = 0.0002, respectively), as well as the omega-6/omega-3
ratio (p = 0.0042), compared with drug-naïve SHR or drug-naïve NWR. However, only
omega-3 (decrease) and omega-6/omega-3 (increase) ratio were significantly changed
(p < 0.0001) in NWR after administration of psychostimulants. Thus, we suggest that the
omega-3 acid levels could be used as a parameter to evaluate the effects of psychostimulant
drugs on lipid changes in animal models.
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Figure 1. Partial least squares discriminant analysis (PLS-DA) on animal serum lipids 1H-NMR data: (A) schizophrenia
(SCZ) model (spontaneously hypertensive rat, SHR) vs. control (normotensive Wistar rat, NWR) score plot in PC 1 and
PC 2. A total of 23 spectra were used for PLS-DA analysis of SHR against NWR, being four samples of each treatment
in triplicate excluding one outlier (SHR group). (B) 3D score plot for evaluation in NWR of the effects on lipids of
psychostimulants amphetamine (AMPH) or lisdexamfetamine (LSDX) with doses of (*) 0.5 mg/kg and (**) 5.0 mg/kg.
A total of 62 spectra were used for PLS-DA analysis of NWR after AMPH or LSDX administration, with five samples
for each treatment (four samples for NWR), performed in triplicate, but excluding three outliers in NWR-LSDX* group,
three outliers in NWR-AMPH* group, two outliers of NWR-LSDX** group, and two outliers in NWR-AMPH** group.
(C) Heatmap for SHR vs. NWR shows relative concentrations of the 15 most important variables in projection (VIP).
(D) Heatmap for NWR vs. AMPH or LSDX shows the relative concentrations of the fifteen variables (VIP) before and
after psychostimulants administration. In (C,D), chemical shifts marked for omega 3 *, omega 6 *, may come from other
acyl groups. PL: phospholipids, ChoGpl: choline glycerophospholipids, chol: cholesterol, FFA: free fatty acids, PUFA:
polyunsaturated fatty acids, UFA: unsaturated fatty acids.
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Table 2. Changes in omega-3 and omega-6 acids determination using the 1H-NMR data from control NWR animals after
the administration of psychostimulants (mean values ± SD).

Omega 3 (%) Omega 6 (%) Omega 6/3

Groups

NWR 50.16 ± 9.04 25.74 ± 5.18 0.52 ± 0.05
SHR 26.37 ± 5.39 7.43 ± 1.06 0.29 ± 0.10

NWR-AMPH * 5.41 ± 1.56 22.28 ± 7.68 4.12 ± 1.30
NWR-AMPH ** 6.03 ± 2.52 25.86 ± 3.10 4.66 ± 1.25

NRW-LSDX * 10.10 ± 3.75 43.50 ± 17.40 4.33 ± 0.81
NRW-LSDX ** 10.13 ± 2.55 33.65 ± 6.05 3.49 ± 1.05

p-Values

NWR × SHR 0.0025
(t = 5.24)

0.0002
(t = 6.85)

0.0042
(t = 4.16)

NWR × NWR-AMPH * <0.0001
(t = 10.90)

0.5400
(t = 0.83)

0.0003
(t = 6.15)

NWR × NWR-AMPH ** <0.0001
(t = 10.51)

0.9992
(t = 0.042)

< 0.0001
(t = 7.41)

NWR × NWR-AMPH * + NWR-AMPH ** <0.0001
(F (2, 14) = 109.0)

0.5403
(F (2, 14) = 0.64)

< 0.0001
(F (2, 14) = 23.26)

NWR × NWR-LSDX* <0.0001
(t = 9.14)

0.0467
(t = 2.57)

< 0.0001
(t = 10.42)

NWR × NWR-LSDX ** <0.0001
(t = 9.52)

0.4440
(t = 2.31)

< 0.0001
(t = 6.28)

NWR × NWR-LSDX * + NWR-LSDX ** <0.0001
(F (2, 14) = 78.27)

0.0749
(F (2, 14) = 3.24)

< 0.0001
(F (2, 14) = 33.74)

SHR × NWR-AMPH * + NWR-AMPH ** <0.0001
(F (2, 14) = 54.64)

0.0005
(F (2, 14) = 16.30)

0.0002
(F (2, 14) = 20.37)

SHR × NWR-LSDX * + NWR-LSDX ** <0.0001
(F (2, 14) = 24.42)

0.0016
(F (2, 14) = 12.18)

< 0.0001
(F (2, 14) = 29.97)

Note: Normal Wistar rat (NWR); Spontaneously Hypertensive rat (SHR); amphetamine (AMPH) and lisdexamfetamine (LSDX)
(* 0.5 and ** 5.0 mg/kg); standard deviation (SD). Student’s t-test for NWR × SHR; NWR × NWR-AMPH *; NWR × NWR-AMPH **;
NWR × NWR-LSDX * and NWR × NWR-LSDX **. One-way ANOVA, post-hoc test Dunnett’s for multiple comparisons for NWR ×
NWR-AMPH * × NWR × AMPH **, NWR × NWR-LSDX * × NWR × LSDX **, SHR × NWR-AMPH * × NWR × AMPH ** and SHR ×
NWR-LSDX * × NWR × LSDX **. Values are significantly different for p ≤ 0.05 (N = 5).

3.3. Influences of Antipsychotics HAL and CLZ on Lipids in SHR and NWR Animals

The PLS-DA based on the 1H-NMR spectra of lipids extracted from the serum of
animals treated with typical HAL or atypical CLZ antipsychotics showed significant
differences in lipids composition in antipsychotics-treated SHR compared with control
SHR receiving vehicle (Figure 2A,C, and Supplementary Information—Table S3, and
Figure S3A,B). The atypical antipsychotic CLZ modified serum lipids to a greater extent
relative to the effects determined by the treatment with HAL (Figure 2A), with greater
variations in the most chemical shifts (Figure 2C, VIP) compared with the effects determined
by the treatment of SHR animals with HAL. Additionally, increases in 4/15, and decreases
in 11/15 lipids levels after treatment with CLZ (see dendogram in Figure 2C) were among
the most prominent effects. Analysis in the variations in PUFA and omega-3 chemical shifts
(Figure S3B) showed important decreases with CLZ treatment. It is also important to point
to omega-3, and phospholipids (PL) levels decrease in SHR strain, following the treatment
with CLZ (Figure 2C), in addition to the decrease in omega-6 (0.84 ppm), and increase in
fatty acids (1.24 ppm). However, an increment in membrane omega-6 fatty acids in SCZ
patients after treatment with CLZ was described by others [35].

Moreover, CLZ treatment showed the greatest lipids variations for comparisons be-
tween antipsychotic-treated and control NWR animals receiving vehicle (Figure 2B,D,
Supplementary Information Table S4). Treatment with HAL slightly increased PUFA
and phospholipids (PL) in NWR. In addition to the decreases in PUFAs levels (particu-
larly omega-6), and phospholipids levels observed after the treatment with CLZ, choline
glycerophospholipids (ChoGpl) were also identified as an important lipid subclass of
phospholipids to distinguish the effects of CLZ in NWR, as ChoGpl were also decreased by
CLZ treatment (Figure 2D and Supplementary Information Figure S4D). This last effect
was opposite to that observed for SHR strain treated with CLZ, as illustrated in Figure S4C,
in which ChoGpl increased in SHR animals after CLZ treatment. In addition, the CLZ
effect on omega-3 and omega-6 levels and their ratio in NWR strain were also observed.
CLZ determined decreases in omega-3 and omega-6 in both NWR and SHR strains.
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Figure 2. PLS-DA charts obtained for 1H-NMR of lipids isolated from drug-naïve SHR (A,C) and drug-naïve NWR animals
(B,D) after the treatment with typical haloperidol (HAL) or atypical atypical clozapine (CLZ) antipsychotic drugs. SHR
lipid profile changes are shown as PLS-DA scores (A) or heatmap (C) with the relative concentrations of the 15 best-ranked
chemical shifts (VIP scores). NWR lipid profile changes are shown as PLS-DA scores (B) or heatmap (D) with the relative
concentrations of the 15 best-ranked chemical shifts (VIP scores). A total of 34 spectra were used for PLS-DA analysis of
SHR after treatment with typical HAL or atypical CLZ antipsychotic drugs, with five samples for each treatment (4 samples
for SHR), performed in triplicate, but excluding one outlier of SHR, five outliers of SHR CLZ, and two outliers of SHR-HAL.
A total of 34 spectra were used for PLS-DA analysis of NWR treated with typical HAL or atypical CLZ antipsychotic
drugs, with five samples for each treatment (four samples for NWR), performed in triplicate, but excluding two outliers of
NWR-CLZ, and five outliers of NWR-HAL. In (C,D), chemical shifts marked for omega 3 *, omega 6 *, may come from other
unsaturated acyl groups. PL: phospholipids, ChoGpl: choline glycerophospholipids, chol: cholesterol, FFA: free fatty acids,
PUFA: polyunsaturated fatty acids, UFA: unsaturated fatty acids.
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The treatment with the atypical antipsychotic CLZ modified the blood serum lipid
profiles in SHR animals by causing a different trend compared with what was observed
in NWR. Changes in omega-3 and omega-6 determined by the treatment with (typical or
atypical) antipsychotic drugs in NWR and SHR (mean values ± SD) are shown in Table 3.

Table 3. Changes in omega-3 and omega-6 determined by 1H-NMR in NWR and SHR after the treatment with (typical or
atypical) antipsychotic drugs (mean values ± SD).

Omega-3 (%) Omega-6 (%) Omega 6/3

Groups

NWR 50.16 ± 9.04 25.74 ± 5.18 0.52 ± 0.05
SHR 26.37 ± 5.39 7.43 ± 1.06 0.29 ± 0.10

NWR-HAL 0.75 ± 0.26 2.15 ± 0.54 3.02 ± 0.71
SHR-HAL 0.92 ± 0.09 2.96 ± 0.77 3.16 ± 0.62
NWR-CLZ 0.90 ± 0.44 2.69 ± 1.48 2.87 ± 1.42
SHR-CLZ 1.00 ± 0.57 1.07 ± 0.50 2.60 ± 2.08

p-Values

NWR × SHR 0.0019
(t = 5.24)

0.0002
(t = 7.83)

0.0042
(t = 3.74)

NWR × NWR-HAL < 0.0001
(t = 14.05)

<0.0001
(t = 11.48)

0.0037
(t = 6.89)

NWR × NWR-CLZ < 0.0001
(t = 14.03)

<0.0001
(t = 10.71)

0.0163
(t = 3.31)

NWR × NWR-HAL + NWR-CLZ <0.0001
(F (2, 14) =195.4)

<0.0001
(F (2, 14) = 114.4)

0.0708
(F (2, 14) = 3.41)

SHR × SHR-HAL <0.0001
(t = 10.73)

0.0002
(t = 7.27)

0.0110
(t = 8.92)

SHR × SHR-CLZ <0.0001
(t = 10.68)

<0.0001
(t = 10.75)

0.0456
(t = 2.66)

SHR × SHR-HAL + SHR-CLZ <0.0001
(F (2, 14) = 114.6)

<0.0001
(F (2, 14) = 64.81)

0.0143
(F (2, 14) = 6.69)

Note: Normal Wistar rats (NWR); Spontaneously Hypertensive rats (SHR); haloperidol (HAL); clozapine (CLZ); standard deviation (SD).
Student’s t-test for NWR × SHR; NWR × NWR-HAL; NWR × NWR-CLZ; SHR × SHR-HAL and SHR × SHR-CLZ, and One-way ANOVA,
post-hoc test Dunnett’s for multiple comparisons for NWR × NWR-HAL × NWR-CLZ and SHR × SHR-HAL × SHR-CLZ. Values are
significantly different for p ≤ 0.05 (N = 5).

The levels of omega-3 and omega-6 were both significantly different between NWR
and SHR lipidomes (p = 0.0019 and p = 0.0002, respectively). The levels of omega-3
decreased with the treatment with antipsychotic drugs (HAL or CLZ) (p < 0.0001), while
the omega-6/omega-3 ratios were significantly increased in SHR and NWR after the
treatment with HAL or CLZ.

The levels of omega-3, omega-6, and phospholipids may suggest that these important
PUFAs were incorporated into ChoGpl, which play important roles in cell membranes.
ChoGpl were decreased in NWR treated with CLZ, and were increased in SHR treated with
CLZ, and ChoGpl levels in SHR after the treatment with this atypical antipsychotic were
closer to those in control NWR receiving vehicle (Supplementary Information Figure S4).

The differences in the effects of typical and atypical antipsychotics were evidenced
by the greater lipid changes observed for the treatment with CLZ compared with HAL,
as one could expect based on the well-known general pharmacological superiority of
CLZ compared to typical antipsychotics, as reported by many [36–38]. In addition, CLZ
is approximately 30% more effective in controlling schizophrenic episodes in treatment-
resistant patients than other antipsychotic drugs [1]. However, both typical HAL and
atypical CLZ antipsychotic drugs equally induced changes in omega-6/omega-3 values in
both NWR and SHR strains (Table 3).

4. Discussion

The presence of cholesterol in the serum samples from SCZ-animal model studied here
could be associated with the accumulation of cholesterol in the nigrostriatal pathway, which
was suggested to contribute to the dopaminergic neurodegeneration in mice brain [39], or
to induce cognitive dysfunctions in rats [40]. Additionally, dysfunctions in brain cholesterol
homeostasis have been extensively correlated to several other brain disorders, such as
autism, Alzheimer’s, Parkinson’s and Huntington’s diseases [35,41–43].
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In addition, polyunsaturated fatty acids (PUFAs) are reported to be significantly
correlated with the negative SCZ symptoms, and their incorporation into plasma mem-
brane phospholipids can remodel the molecular organization of cholesterol-enriched lipid
microdomains [44,45]. Some changes in the composition of membrane phospholipids
could be associated with SCZ, since the abnormal composition of esterified fatty acids,
such as phospholipids, has been reported in plasma, red blood cells, fibroblasts and in
post-mortem prefrontal cerebral cortical tissues of SCZ patients. Then, the storage and
release of neurotransmitters may also be affected by the changes in the lipid composition
of neuronal cell membranes [9–11,28,30,46–49]. Interestingly, omega-3 PUFA deficiency in
blood was reported to be a trigger of the effects on the dopamine system, and this blood
PUFA deficiency was also associated with SCZ [50]. In addition, omega-3 PUFA deficiency
was associated with cognitive impairment, which directly impacts the social functioning
in patients with SCZ [51]. Thus, the decreases of phospholipids in SHR animals, and also
in NWR animals after receiving psychostimulants (such as AMPH and LSDX) possibly
validate the SCZ animal model adopted here. However, the decreased amounts of omega-3
and omega -6 fatty acids in SCZ animal models compared with control NWR strain could
point out to possible compensation mechanisms [52].

The differences between animals receiving AMPH or LSDX, including the highest
concentrations of omega-6 observed after LSDX administration, could be explained by the
fact that psychostimulant effects of AMPH are immediate, while LSDX is a prodrug of
AMPH and requires its conversion to the active metabolite AMPH, explaining the differ-
ences in their action onset [53]. However, despite the same mechanisms of action of these
psychostimulants, they also differ in the determination of blood pressure increases, which
is more evident for AMPH compared with LSDX, even when used at same doses [1], but
which was not correlated with the changes in biochemical biomarkers or in SCZ-like animal
behavior [13–15,54]. Taking this into account, two different doses of psychostimulants were
evaluated here, as they could potentially lead to different effects on lipids metabolism, as
we, in fact, observed here.

The linoleic (omega-6) and alpha-linolenic (omega-3) fatty acids are two essential
PUFAs that must come from diet, and they are also constituents of neuronal membrane
phospholipids with a reported contribution to proliferation and differentiation of neural
stem cells [55]. Moreover, the importance of omega-3 fatty acids for the structure and
function of neuronal membranes is also well-known [56,57]. Therefore, the increased
levels of omega-3 in drug-naïve control NWR compared to drug-naïve SHR strain may
point out a possible “healthier” cerebral condition in NWR animals. There are some
recognized differences in susceptibility to psychostimulant-induced neurotoxicity [58],
as for instance, the psychostimulant-induced release of dopamine into the extracellular
space, from the newly synthesized pool of transmitter, which plays an essential role in
drug-induced neurotoxicity [59]. And this may possibly explain the differences observed
for the effects of different doses of AMPH or LSDX evaluated here. Furthermore, lipid
metabolism in SCZ might be related not just to the aberration of neural pathways, but
also to disturbances in the tryptophan–kynurenine metabolic pathway [6–8], which may
warrant future investigation.

Again, since phospholipids are essential constituents of the brain cell membranes,
their metabolism might be of great importance in SCZ, as the structural integrity and
functional properties of neurons are strongly affected in SCZ patients [9,10]. Moreover,
insufficient uptake and biosynthesis or even excessive breakdown of phospholipids from
the brain membrane were all hypothesized to be associated with SCZ and dysfunctional
synapses [9–11]. Thus, the greater levels of phospholipids in the SCZ animal model treated
with antipsychotics HAL or CLZ might be indicative of a possible de novo stimulated
synthesis of phospholipids aiming to supply the deficiency of these phospholipids.

Ward and collaborators suggested that the exposure to atypical antipsychotics may
not differentiate metabolic phenotypes of patients with SCZ [36], in spite of the several
other reports suggesting the neurotoxicity of antipsychotics [37–39,60]. In addition, we also
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need to consider that these antipsychotics could possibly inhibit the intracellular traffic of
lipids [61]. Therefore, in general, we can suggest that typical and atypical antipsychotic
drugs had opposite effects on lipid changes, as both HAL and CLZ increased the relative
concentrations of omega-6/omega-3 ratio in SHR, although also increasing the levels
of ChoGpl.

Considering the well-known importance of omega-3 fatty acids for the structure and
function of neuronal membranes [56,57], the decreases in omega-3 and phospholipids
in SHR after the treatment with HAL may suggest a possible negative effect of typical
antipsychotics in the lipid profile of SCZ patients. However, the increases in omega-
6/omega-3 ratios, and the decreases of omega-3 and phospholipids (mainly ChoGpl) levels
after the treatment with CLZ, may both suggest a good correlation with the recognized
general pharmacological superiority of CLZ compared to typical antipsychotics [36–38].
Moreover, more evident changes in lipid profiles in both rat strains were observed for the
treatments with the atypical antipsychotic CLZ compared with typical antipsychotic HAL.

5. Conclusions

Taken together, the results presented here support a concept of altered lipids metabolism
in a validated animal model for schizophrenia (SCZ), namely SHR. Acute administration
of psychostimulants in control animal strain (NWR) showed similar lipid composition
alterations as observed in SHR serum samples, and as also observed in the first episode
of psychosis or SCZ patients. In addition, the SCZ-like serum lipids profile was reversed
more efficiently by the long-term treatment with the atypical antipsychotic drug clozapine
(CLZ), relative to the typical antipsychotic haloperidol (HAL). Considering that CLZ is
approximately 30% more effective in controlling schizophrenic episodes in treatment-
resistant patients than other antipsychotic drugs, it would be possible to hypothesize that
CLZ effects on SCZ symptoms could also benefit from the serum lipids alterations as
described herein. Moreover, the treatment with the HAL did not determine significant
turnover in serum lipids in the present animal model for SCZ, as the lipids remained almost
unaltered even after long-term treatment with this typical antipsychotic drug. Therefore,
although metabolic syndrome has been more often correlated with the long-term treatment
with atypical antipsychotic drug CLZ, it seems to be a better option to minimize the
alteration in serum lipids in SCZ patients.
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1 H NMR Proton NMR
AMPH Amphetamine
ANOVA Analysis of variance
ChoGpl Choline glycerophospholipids
Chol Cholesterol
CLZ Clozapine
FFA Free fatty acids
HAL Haloperidol
LOOCV Leave-one-out cross-validation
LSDX Lisdexamfetamine
MD Mental disorder
NMR Nuclear magnetic resonance
NWR Normotensive Wistar rat
PCA Principal component analysis
PL Phospholipids
PLS-DA Partial least squares discriminant analysis
PUFA Polyunsaturated fatty acid
SCZ Schizophrenia
SD Standard deviation
SHR Spontaneously hypertensive rat
UFA Unsaturated fatty acids
VIP Variable importance in projection
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