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An exciting and relevant topic is addressed in this paper collection encompassing
both peripheral and central nervous system mechanisms of damage. This is of partic-
ular interest since neurons are a perennial cell population and, therefore, neurotoxicity
understanding and management is a relevant challenge to treat/prevent neurological
disorders [1-3]. There are many different potentially neurotoxic agents which include
chemotherapy drugs, environmental pollution, et cetera. Mechanisms of damage that
involve the peripheral and/or central nervous system are explored to pave the way to
potential treatment strategies relying on a robust biological rational.

Since neurons are excitable cells, ion channels/transporters can be a pivotal element
leading to axonal damage and neuronal death [4,5]. A clear-cut review of their involvement,
exploiting as a playground chemotherapy-induced peripheral neurotoxicity (CIPN) is
provided as well as an in depth reasoning on how ion channels/transporters are quire
susceptible, in their functioning, to changes in the environment the cell is exposed to which
can be also triggering neurotoxicity.

The central nervous system is not overlooked too in this paper collection, as men-
tioned above, and the role of excitotoxicity [6,7] is also dissected in the in depth in the
neurodegenerative disorder and in pain modulation.

Another topic that is presented via research data is the role of oxidative stress in
determining alterations of the nervous system [8-11], exploiting zebrafish models, as well
as its role in determining neurotoxicity acting against glial cells.

Last, but not least, our Special Issue is enriched by a detailed review of mechanisms
leading to an entity that is becoming more and more relevant: HIV-associated neurocogni-
tive disorder (HAND) [12,13].
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Abstract: In recent years, methamphetamine (METH) misuse in the US has been rapidly increasing,
and there is no FDA-approved pharmacotherapy for METH use disorder (MUD). In addition to
being dependent on the drug, people with MUD develop a variety of neurological problems related
to the toxicity of this drug. A variety of molecular mechanisms underlying METH neurotoxicity
has been identified, including the dysfunction of the neuroprotective protein parkin. However,
it is not known whether parkin loss of function within striatal dopaminergic (DAergic) terminals
translates into decreased DA storage capacity. This study examined the relationship between parkin,
its substrate cell division cycle related-1 (CDCrel-1) associated with synaptic vesicles, and vesicular
monoamine transporter-2 (VMAT?2) responsible for packaging DA in an in vivo model of METH
neurotoxicity. To assess the individual differences in response to METH’s neurotoxic effects, a large
group of male Sprague Dawley rats were treated with binge METH or saline and sacrificed 1 h or 24 h
later. This study is the first to show that CDCrel-1 interacts with VMAT?2 in the rat striatum and that
binge METH can alter this interaction as well as the levels and subcellular localization of CDCrel-1.
The proteomic analysis of VM AT-2-associated proteins revealed the upregulation of several proteins
involved in the exocytosis/endocytosis cycle and responses to stress. The results suggest that DAergic
neurons are engaged in counteracting METH-induced toxic effects, including attempts to increase
endocytosis and autophagy at 1 h after the METH binge, with the responses varying widely between
individual rats. Studying CDCrel-1, VMAT?2, and other proteins in large groups of outbred rats can
help define individual genetic and molecular differences in responses to METH neurotoxicity, which,
in turn, may aid treating humans suffering from MUD and its neurological consequences.

Keywords: methamphetamine neurotoxicity; vesicular monoamine transporter-2; parkin; CDCrel-1;
exocytosis/endocytosis cycle

1. Introduction

Methamphetamine (METH) is a highly addictive and powerful central nervous system
psychostimulant that induces a feeling of intense euphoria. Therefore, METH misuse is a
worldwide health problem. In the United States, there are close to 2,000,000 people who
misuse METH, and deaths from METH overdose are rapidly rising [1,2]. METH overdose
is not the only danger to health. METH is highly neurotoxic, and its misuse causes a variety
of serious neurological problems and is associated with a risk of developing Parkinson’s
disease [3-5]. A deficiency in dopamine (DA) within the nigrostriatal DA pathway is
believed to underlie this risk [6]. Despite numerous clinical trials conducted to date, there is
no FDA-approved medication for METH use disorder (MUD) or the neurological problems

Int. ]. Mol. Sci. 2024, 25, 13070. https:/ /doi.org/10.3390/1jms252313070 3

https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 13070

associated with the disorder. Such medication is particularly needed for people with severe
MUD (people who use METH heavily) as they have the most difficulty quitting METH
use, are at high risk of overdosing on the drug, and suffer the most from the neurological
consequences of METH neurotoxicity.

In experimental animals, high METH doses (4 x 5-20 mg/kg or single > 30 mg/kg)
are neurotoxic to DAergic and serotonergic nerve terminals in selective brain areas, with the
dorsal striatum being the most affected [7,8]. At the molecular level, METH neurotoxicity
to DAergic and serotonergic terminals in experimental animals is manifested by persistent
(long-lasting after METH cessation) reductions in DAergic and serotonergic markers (DA,
serotonin and their metabolites, DA and serotonin transporters, vesicular monoamine
transporter-2 (VMAT2), tyrosine hydroxylase, and tryptophan hydroxylase) [9-12], mi-
croglial activation and gliosis [13,14], as well as morphological and structural abnormalities
such as brain edema, increased blood-brain barrier permeability, swollen neuronal axons,
and damaged myelin [15-17]. The METH-mediated neurotoxic effects and their manifesta-
tion in individuals addicted to METH are similar to those observed in experimental animals;
however, the actual degeneration of DAergic and five serotonergic nerve terminals, or
cell bodies, has been questioned [6]. Nevertheless, many human METH users suffer from
persistent DAergic and serotonergic deficits as well as from brain structural and metabolic
abnormalities in the same brain areas as those affected by METH in experimental animals,
suggesting the functional dysregulation of these areas (reviewed in [7,8,18]).

Our previous studies showed that parkin, a neuroprotective ubiquitin-protein ligase,
protected DAergic terminals in rat dorsal striatum from METH neurotoxicity [19] and
might be a potential new drug target in severe MUD [20]. Others have shown an essential
role of VMAT?2 in METH neurotoxicity and MUD [21-24]. It is not known whether there is
an interaction between parkin and VMAT2 in METH neurotoxicity.

The VMAT?2 is a proton pump localized on synaptic monoaminergic storage vesicles
and controls intracellular DA levels, transporting DA from the cytoplasm into the vesicles
in exchange for protons [25,26]. METH reverses VMAT2 function and disrupts the proton
gradient of the vesicles, mechanisms through which it stimulates the efflux of DA from
the storage vesicles to the cytoplasm [27,28]. The release of DA by METH is a first step in
METH neurotoxicity as DA rapidly autoxidizes in the cytoplasm, leading to oxidative stress
and damage to proteins, lipids, and organelles within DAergic terminals [29]. In addition,
neurotoxic METH doses rapidly redistribute rat striatal VMAT2 immunoreactivity from
synaptic vesicle-enriched, nonmembrane subcellular fractions to a location not retained
in the preparation of the synaptosomes while leaving VMAT2 membrane expression
unchanged [30] or increased [31]. This impaired recycling of synaptic VMAT?2 vesicles from
the plasma membrane to the cytosol suggested a possibility that high-dose METH might
render membrane VMAT?2 vesicles trapped at the plasma membrane and nonfunctional
while removing other VMAT?2 vesicles from DAergic terminals via retrograde axonal
transport. These changes render DAergic terminals with a decreased ability to sequester
DA, thus increasing the pro-oxidant effects of the neurotransmitter.

Parkin is an E3 ligase in the ubiquitin-proteasome system that protects DA neurons
from diverse cellular insults, including METH- and DA-induced oxidative stress [19,32].
This protection may be partially exerted via the regulation of DAergic neurotransmission.
Thus, parkin has been found to regulate DA transporter trafficking between the plasma
membrane and cytosol in vitro [33]. It is not known whether parkin has a similar effect on
VMAT2 under physiological or neurotoxic conditions in vivo. The available literature data
suggest that parkin may regulate VMAT? vesicle trafficking via parkin substrates involved
in the exocytosis/endocytosis cycle, namely, x-synuclein [34], x- and 3-tubulin [35], synap-
totagmins IV and 11 [36,37], synphilin-1 [38], endophilin, dynamin, synaptojanin-1 [39],
and CDCrel-1 (septin 5) [40,41]. Without parkin, these substrates would abnormally accu-
mulate. Song and colleagues reported that parkin modulated the endo-lysosomal pathway
in cultured cells [42]. Feng and colleagues reported that parkin stabilized microtubules
(MTs) and facilitated the transport of misfolded proteins along the MTs for degradation [35].
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It is not known whether the METH neurotoxicity-induced deficit in striatal parkin levels
that our group demonstrated in [12] mediates the redistribution of VMAT2 vesicles away
from striatal terminals observed by the aforementioned previous studies [30,31].

CDCrel-1 is a filament-forming protein involved in the inhibition of the exocytotic pro-
cess [43,44]. The overexpression of CDCrel-1 produces DA neuron-specific cell death [45],
which can be prevented by increasing parkin levels [46]. Both parkin and VMAT2 were
shown to be oxidatively damaged and decreased after the administration of high METH
doses [12,47,48], while the effects of METH on CDCrel-1 have not been studied. More-
over, little is known about the interactions between parkin, VMAT2, and CDCrel-1 under
METH-induced neurotoxic conditions. Knowledge of the effects of neurotoxic METH
doses on endocytic and exocytic proteins is also limited. We tested the hypothesis that
METH-induced parkin deficit increases CDCrel-1 levels in rat striatal neuronal terminals,
which, in turn, alters the localization of VMAT?2 vesicles and decreases DA storage within
the terminals.

2. Results
2.1. The 4 x 8 mg/kg METH Binge Elicits Variable Thermal Responses in Wild-Type Rats

In experimental animals, high doses of METH are known to cause hyperthermia,
which is one of the mediators and indicators of METH neurotoxicity [29,49]. To confirm
that METH binge-induced hyperthermia in the rats, their core body temperature was
measured at 1 h after each METH or saline injection. Significant increases in core body
temperatures were observed in all METH-treated wild-type (WT) rats compared to saline
controls (two-way RT ANOVA followed by the Sidak post hoc test) (Figure 1b,c). All the WT
rats reached 39 °C at least once. There was a significant main effect of the treatment (METH
vs. saline) in both experimental cohorts, i.e., rats sacrificed at 1 h and those sacrificed at
24 h after the last METH injection (1 h cohort: treatment F(1,28) = 52.6, p < 0.0001, time
(F(2.42,67.8) =10.7, p < 0.0001, and treatment X time interaction (F(4,112) = 16.2, p < 0.0001;
24 h cohort: treatment F(1,16) = 60.6, p < 0.0001), time (F(2.42,37.6) = 5.99, p < 0.01, and
treatment X time interaction (F(4,62) = 11.6, p < 0.0001)). It was observed that despite the
same METH regimen, the thermal responses to METH were highly variable. The METH-
treated rats could be divided into two groups depending on the severity of hyperthermia:
those with high hyperthermia (HH) and those with low hyperthermia (LH) (Figure 1d,e).
Significant differences in core body temperatures were observed between the saline and
METH treatments as well as between the subgroups (1 h cohort: treatment F(2,27) = 106,
p <0.0001, time (F(3.15,83.5) = 53.1, p < 0.0001, and treatment X time interaction (F(8,106) =
29.3, p < 0.0001; 24 h cohort: treatment F(2,15) = 61.1, p < 0.0001), time (F(3.31,49.7) = 23.5,
p <0.0001, and treatment x time interaction (F(8,60) = 18.3, p < 0.0001)). Areas under the
curve (AUC) were calculated for all METH-treated rats.

2.2. The Effects of the 4 x 8 mg/kg METH Binge on a-Tubulin and B-Actin Immunoreactivity in
Striatal Synaptosomal Fractions

There is surprisingly little literature on the effect of METH on the cytoskeleton. The
available data suggest that METH can disorganize both MTs and actin filaments [50]. There-
fore, we compared (3-actin and «-tubulin immunoreactivities in all striatal synaptosomal
fractions at 1 h and 24 h after the last dose of METH vs. saline. -Actin immunoreac-
tivity was significantly decreased in all three synaptosomal fractions at 1 h after METH
(total fraction: —17%, membrane/endosomal fraction: —19%, and vesicular/cytosolic
fraction: —26%, p < 0.05, multiple unpaired ¢-tests with Holm-Sidak correction for mul-
tiple comparisons, n = 7-11) (Figure 2a). No significant changes were detected in 3-actin
immunoreactivity at 24 h after METH (Figure 2b). No statistically significant changes were
detected at 1 h or 24 h after METH in the levels of «-tubulin; however, individual variability
in its immunoreactivity was observed in the total and membrane/endosomal synaptosomal
fractions from binge METH-treated rats at the 1 h time point (Figure 2¢,d), thus suggesting
that METH influenced a-tubulin levels differently in different rats. Consequently, to control



Int. J. Mol. Sci. 2024, 25, 13070

for METH effects on the cytoskeleton, we used total protein levels (measured by Ponceau S

dye) as a loading control in the subsequent quantification of immunoreactivity on Western
blots.

a
Experimental Design

tissue tissue SDS-PAGE/WB, HPLC
harvest  harvest @ VIMAT2
l membrane/endosomal co-immunoprecipitation
l . " (M/E) fraction with anti-VMAT2 antibody
isolation of
=3 SYynap

total fraction \ vesicular/cytosolic

01 2 3 4 5 6 7 24h (VIC) fraction
mass spectrophotometry
METH or saline injection

SDS-PAGE/WB

— temperature measurement Co-IP

SDS-PAGE/WB

b c
Core Body Temperatures Core Body Temperatures
Rats Sacrificed at 1h after METH Rats Sacrificed at 24h after METH
41 411
e -~ SAL = -e- SAL
& 40 = METH 5 -= METH
& e
§ 39 e
o j
38 387 g
13 £
© 374 S
36 T T T 1 36 T T T 1
0 2 4 6 8 0 2 4 6 8
Hours Hours
d e
Subgroups of Core body Temperatures Subgroups of Core body Temperatures
Rats Sacrificed at 1h after METH Rats Sacrificed at 24h after METH
437 i 42 iff
il - SAL -~ SAL
42+ ff 41+
G (s = METH <40°C G = METH <40°C
® 4 —+ METH >40°C @ 407 —+~ METH >40°C
40
& 2 30
:
£ 35 g 38+
S &
374 374
36 T T T 1 36 T T T 1
0 2 4 6 8 0 2 4 6 8
Hours Hours

Figure 1. Experimental design and assessment of METH neurotoxicity. (a) A total of 8.0 mg/kg free
base METH or saline (1 mL/kg) was administered to rats every 2 h in four successive intraperitoneal
(i.p.) injections. Core body temperatures (°C) were measured before the first METH or saline injection
and 1 h after each METH or saline injection. The rats were sacrificed 1 h or 24 h after the last injection
of METH or saline. Stratal synaptosomes were isolated, separated into total, membrane/endosomal,
and vesicular/cytosolic fractions, and analyzed. Proteomic analysis was performed on VMAT?2-
associated proteins coimmunoprecipitated from membrane /endosomal fractions. (b,c) Core body
temperatures of rats euthanized at 1 h (b) or 24 h (c) after METH or saline. (d,e) The METH-treated
rats were divided into two groups depending on the severity of hyperthermia: those with high
hyperthermia and those with low hyperthermia (average of 4 temperature readings >40 °C and
<40 °C, respectively) and euthanized at 1 h (d) or 24 h (e) after METH or saline. Significant differences
between saline and METH rats: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Significant
differences between HH and LH rats: // p < 0.01, /// p < 0.001, and //// p < 0.0001. Values expressed
as mean + SEM. Abbreviations: METH, methamphetamine; SAL, saline.
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Figure 2. The effects of the 4 x 8 mg/kg METH binge on «-tubulin and B-actin immunoreactivity
in striatal synaptosomal fractions. Immunoreactivity of 3-actin (a,b) or «-tubulin (c,d) in the total
(TOT or T), membrane/endosomal (M/E or M), and vesicular/cytosolic (V/C or C) synaptosomal
fractions of the striatum in rats that were euthanized at 1 h (a,c) or 24 h (b,d) after the last dose of
saline or METH. * p < 0.05, n = 7-11. Values are expressed as mean 4+ SEM. Vertical grey lines show
where the blot was cut for rearrangement. Abbreviations: METH, methamphetamine; SAL, saline;
PonS, Ponceau S.

2.3. The Effects of the 4 x 8 mg/kg METH Binge on Parkin Immunoreactivity in Striatal
Synaptosomal Fractions

We previously determined that 4 x 10 mg/kg METH decreased parkin immunore-
activity in the total striatal synaptosomal fraction at 1 h and 24 h after the last dose of the
drug, with parkin immunoreactivity returning to the baseline by 48 h [12]. In this study,
we used 4 x 8 mg/kg METH to decrease the mortality rate. The 4 x 8 mg/kg dose did
not significantly decrease parkin immunoreactivity in synaptosomal fractions compared
to the saline controls; however, a trend toward statistical significance was observed in
the total and vesicular/cytosolic synaptosomal fractions (—18% and —20%, respectively,
p = 0.09, unpaired multiple ¢-tests with Holm-Sidak correction for multiple comparisons,
n =10-17) at 1 h after the last METH dose (Figure 3a). No significant changes in parkin
levels (or trends toward statistical significance) were detected at 24 h after METH compared
to the saline controls (Figure 3b). As with core body temperature, high variability in parkin
immunoreactivity in METH-treated rats was observed at both time points (Figure 3a,b).
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When the HH and LH rats from the 1 h group were assessed separately, a significant deficit
in parkin immunoreactivity was detected in the LH rats in all synaptosomal fractions
(two-way ANOVA followed by the Holm-Sidak post hoc test; main effect of treatment:
F(1,52) = 15.74, p < 0.001; total fraction: —23%, p < 0.05; membrane/endosomal fraction:
—28%, p < 0.01; vesicular/cytosolic fraction: —23%, p < 0.05), with HH rats displaying
unchanged parkin immunoreactivity (Figure 3d). However, there was no significant cor-
relation between core body temperature and parkin immunoreactivity in synaptosomal
fractions, indicating an influence of additional factor(s) on parkin immunoreactivity in
the METH-treated rats. In METH neurotoxicity-resistant cerebellum, a significant increase
in synaptosomal parkin was detected compared to the saline controls (Supplementary
Figure S1).
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Figure 3. The effects of the 4 x 8 mg/kg METH binge on parkin immunoreactivity in striatal synap-
tosomal fractions. Immunoreactivity of parkin in the total (TOT or T), membrane/endosomal (M/E
or M), and vesicular/cytosolic (V/C or C) synaptosomal fractions of the striatum in rats euthanized
at (a) 1 h or (b) 24 h. (c) Immunoreactivity of parkin in striatal synaptosomal fractions in high-
hyperthermia (HH) and low-hyperthermia (LH) rats. (d) Correlations of parkin immunoreactivity in
synaptosomal fractions with core body temperature (area under the curve AUC) of the rats sacrificed
1 h after the last METH dose. * p < 0.05, ** p < 0.01, n = 10-17. Values are expressed as mean + SEM.
Abbreviations: METH, methamphetamine; SAL, saline; PonS, Ponceau S.

2.4. The Effects of the 4 x 8 mg/kg METH Binge on VMAT?2 Immunoreactivity in Striatal
Synaptosomal Fractions

Of the three isoforms of VMAT2, our anti-VMAT?2 antibody easily identified the par-
tially glycosylated form (~55 kDa) and the glycosylated form (68-75 kDa) of the protein;
the non-glycosylated VMAT?2 (45 kDa) was detected at low levels (Figure 4). At 1 h after
METH, we did not detect significant changes in VMAT2 immunoreactivity in synaptosomal
fractions as compared to the saline controls (Figure 4a). At 24 h after METH, a significant
decrease in VMAT?2 immunoreactivity was detected in the vesicular/cytosolic fraction
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(—34%, p < 0.05, unpaired multiple ¢-tests with Holm-Sidak correction for multiple compar-
isons, n = 9-11) in METH-treated rats relative to the saline-treated rats (Figure 4b). As with
individual parkin levels, high variability in individual synaptosomal VMAT2 immunoreac-
tivity was observed after the METH binge at both time points, 1 h and 24 h. Subgrouping
VMAT?2 values from the 1 h METH group according to the levels of hyperthermia did
not produce significant changes in VMAT2 immunoreactivity as compared to the corre-
sponding saline group (Figure 4c). There was no significant correlation between core body
temperature and VMAT2 immunoreactivity in the vesicular/membrane fraction in the
METH-treated rats (Figure 4d); however, the correlation between core body temperature
and membrane/endosomal VMAT?2 displayed a strong trend toward statistical significance
(p = 0.055, R? = 0.21, Pearson’s correlation test).
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Figure 4. The effects of the 4 x 8 mg/kg METH binge on VMAT2 immunoreactivity in striatal
synaptosomal fractions. Immunoreactivity of VMAT2 in the total (TOT or T), membrane/endosomal
(M/E or M), and vesicular/cytosolic (V/C or C) synaptosomal fractions of the striatum in rats
euthanized at (a) 1 h or (b) 24 h. ** p < 0.01, n = 9-11. (c) Immunoreactivity of VMAT?2 in striatal
synaptosomal fractions in high-hyperthermia (HH) and low-hyperthermia (LH) rats. (d) Correlations
of VMAT2 immunoreactivity in synaptosomal fractions with core body temperature (area under
the curve, AUC) of rats sacrificed 1 h after the last METH dose. A strong trend toward statistical
significance was detected in the membrane/endosomal fraction (p = 0.055). Values are expressed
as mean 3 SEM. Vertical grey lines show where the blot was cut for rearrangement. Abbreviations:
METH, methamphetamine; SAL, saline; PonS, Ponceau S.
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2.5. Parkin Does Not Affect VMAT?2 Immunoreactivity in Striatal Synaptosomal Fractions

Since parkin binds with MTs and actin filaments [51,52] and the available evidence
suggests its involvement in the exocytosis/endocytosis cycle, parkin may play a role in the
intracellular trafficking of VMAT2-containing vesicles. To test this hypothesis, we assessed
VMAT?2 immunoreactivity in striatal synaptosomes from rats overexpressing parkin in the
nigrostriatal DA pathway. Parkin overexpressed about 5-fold in all synaptosomal fractions
(Figures S2b and S3). The binge METH-treated parkin-overexpressing rats displayed a
similar profile of thermal response to METH as the WT rats did (treatment F(1,10) = 102,
p <0.0001, time (F(1.77,17.7) =18.1, p < 0.01, and treatment X time interaction (F(4,40) = 4.92,
p < 0.01, one-way RT ANOVA followed by the Sidak post hoc test) (Figure 5a). As in
the first METH experiment, binge METH treatment caused a small decrease in parkin
immunoreactivity in WT rat striatum that displayed a trend toward statistical significance
when analyzed by Student’s t-test (—26%, p = 0.09, n = 5) (Figure 4b; a representative
blot is presented in Supplementary Figure S3). The trend was lost when WT and parkin
overexpression data were analyzed using two-way ANOVA. METH treatment did not
significantly change parkin immunoreactivity in parkin-overexpressing rats (treatment and
treatment x parkin levels p > 0.05; parkin levels F(1,16) = 31.4, p < 0.0001) (Figure 5b). The
overexpression of parkin did not affect VMAT2 immunoreactivity in any synaptosomal
fraction in the saline-treated rats (p > 0.05, n = 5, multiple unpaired #-tests with Holm-Sidak
correction for multiple comparisons) (Figure 5c). Binge METH did not decrease VMAT2
immunoreactivity in striatal synaptosomal fractions from the WT or parkin-overexpressing
rats at 1 h after the last METH injection (p > 0.02, n = 5, two-way ANOVA with the
Holm-Sidak post hoc test) (Figure 5d). There was no significant correlation between
total parkin immunoreactivity and total, membrane/endosomal, or vesicular/cytosolic
immunoreactivity of VMAT2 in METH-treated rats at 1 h after the treatment (p > 0.05,
Pearson’s correlation test) (Figure 5e).

2.6. The Effects of the 4 x 8 mg/kg METH Binge on CDCrel-1 Immunoreactivity in Striatal
Synaptosomal Fractions

To determine the effect of the METH binge on CDCrel-1 levels in rat striatal synap-
tosomes, we assessed CDCrel-1 immunoreactivity in the WT rats treated with saline or 4
x 8 mg/kg binge METH. As compared to the saline controls, no significant changes in
CDCrel-1 immunoreactivity in striatal synaptosomal fractions were detected in the WT rats
at 1 h after the last METH injection (Figure 6a), whereas a significant decrease in CDCrel-1
immunoreactivity was detected in the total and vesicular/cytosolic fractions at 24 h after
METH as compared to the saline controls (—13% and —22%, respectively, p < 0.05, n = 9-10,
multiple unpaired ¢-tests with Holm—-Sidak correction for multiple comparisons) (Figure 6b).
As with other measured indices, a wide range of individual responses to the drug was
observed at 1 h, with some rats having very high CDCrel-1 immunoreactivity (Figure 6a).
After dividing the METH group into two subgroups (group 1 with total synaptosomal
CDCrel-1 immunoreactivity at a >120% increase and group 2 with total synaptosomal
CDCrel-1 immunoreactivity at a <120% increase, with no change, or at a decrease), signifi-
cant METH-induced increases in the total and membrane/endosomal fractions in group 1
were observed (+58%, p < 0.0001 and +55%, p < 0.001, n = 6-13, multiple unpaired t-tests
with Holm-Sidak correction for multiple comparisons) and significant METH-induced de-
creases in the total and vesicular/cytosolic fractions in group 2 emerged (—10% and —21%,
respectively, p < 0.05, n = 11-13, multiple unpaired ¢-tests with Holm-Sidak correction for
multiple comparisons) (Figure 6c,d). CDCrel-1 immunoreactivity was not significantly
changed or markedly varied in the control cerebellum (Supplementary Figure S1). Af-
ter dividing the METH rats according to their thermal responses to METH (low or high
hyperthermia: LH or HH), a small statistically significant decrease in CDCrel-1 immunore-
activity was observed in the vesicular/cytosolic fraction in the HH rats as compared to the
saline controls (—22%, p < 0.05, multiple unpaired t-tests with Holm-Sidak correction for
multiple comparisons) (Figure 6e). There was no significant correlation between the core
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body temperature and CDCrel-1 immunoreactivity in synaptosomal fractions, suggesting
that core body temperature does not have marked influence on CDCrel-1 levels in striatal
synaptosomes (p > 0.05, Pearson’s correlation test) (Figure 6f).
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Figure 5. Parkin does not affect VMAT2 immunoreactivity in striatal synaptosomal fractions. (a) Core
body temperatures (°C) of the wild-type rats and rats overexpressing parkin in the nigrostriatal
dopamine pathway. * p < 0.05, ** p < 0.01. (b) Immunoreactivity of parkin in the total synaptosomal
fraction of the striatum in rats euthanized at 1 h after METH or saline. ** p < 0.01 n = 5. Parkin
overexpression was about 5-fold in both treatment groups. METH did not significantly alter parkin
immunoreactivity in the wild-type (p = 0.09) or parkin-overexpressing (p > 0.1) striatal synaptosomes
at 1 h after the treatment. (¢) Immunoreactivity of VMAT?2 in the total (TOT), membrane/endosomal
(M/E), and vesicular/cytosolic (V/C) synaptosomal fractions in the striatum from wild-type and
parkin-overexpressing saline-treated rats. (d) Immunoreactivity of VMAT2 in striatal synaptosomal
fractions in the wild-type and parkin-overexpressing rats treated with METH or saline at 1 h after
the treatment. (e) Correlations of VMAT2 immunoreactivity in synaptosomal fractions with total
synaptosomal parkin immunoreactivity. Values are expressed as mean + SEM. Vertical grey lines
show where the blot was cut for rearrangement. Abbreviations: AAV2/6, adeno-associated viral
vector 2/6; METH, methamphetamine; SAL, saline; PO, parkin-overexpressing; WT, wild-type; PonS,
Ponceau S; AAV2/6-parkin, parkin-encoding AAV2/6; AAV6, non-coding AAV2/6.

11



Int. J. Mol. Sci. 2024, 25, 13070

a b
Striatal CDCrel-1 1h after METH Striatal CDCrel-1 24h after METH
37 _ 159 x *
3 ° e SAL g — . .I_ e SAL
N
= e METH 5 o 2 Sl e METH
E 2- o E 1.0 o
o 14 o & °, L]
< ° - ° T Sl e
: e . &l L]
@ 14 = £ 0.5+
- 2 2
> >
3 S
0 T T T 0.0
TOT MI/E viC TOT M/E vic
Synaptosomal Fractions Synaptosomal Fractions
SAL METH SAL METH
CDCrel-1 S S CDCrel-1
T MV T MV T M V T M V
~”-~n- PonS ) "-“'“ PonS
- 5wl o e vty
c d
Striatal CDCrel-1 at 1h: High Values Striatal CDCrel-1 at 1h: No High Values
=47 2.0
2 Forkok *okok ¢ SAL ° ¢ SAL
2.1 M (| e METH 8] * * e METH
E . g 1 e i
L] 5 e o S .
_% FE * KR w
g 0y .
a . . = :|[%
2 1 . 3 0.5
o
3 y g
- -
0 p T T 0.0 T
TOT M/E vic TOT M/E vic
Synaptosomal Fractions Synaptosomal Fractions
f
Effect of Hyperthermia on CDCrel-1 CDCrel-1 at 1h vs. Core Body Temperature
49 34
) e SAL 3 ° - TOT
8 i e METH1hLH = ° o ME
E - . % E 2 ° ®
5 “ — e METH 1h HH £ . ° o V/C
c | . T o [
a2 ® ° 3 © o
< & [ ‘. g ® (]
(723 © ° « 14 p . | _l’ PY
2 1 @ g X
g $ . } o, o
@ o
-l -l
0= 0 T T T T 1
TOT M/E vic 5 10 15 20 25 30
Synaptosomal Fractions AUC

Figure 6. The effects of the 4 x 8 mg/kg METH binge on CDCrel-1 immunoreactivity in striatal
synaptosomal fractions. Immunoreactivity of CDCrel-1 in the total (TOT or T), membrane/endosomal
(M/E or M), and vesicular/cytosolic (V/C or C) synaptosomal fractions of the striatum in rats
euthanized at (a) 1 h or (b) 24 h. * p < 0.05, n = 9-10. (c,d) Immunoreactivity of CDCrel-1 in
striatal synaptosomal fractions separated into two subgroups based on individual variability to
METH. * p < 0.05, *** p < 0.001, **** p < 0.0001, n = 6-13. (e) Immunoreactivity of CDCrel-1 in striatal
synaptosomal fractions in high-hyperthermia (HH) and low-hyperthermia (LH) rats. * p < 0.05,
n = 6-10. (f) Correlations of CDCrel-1 immunoreactivity in synaptosomal fractions with core body
temperature (area under the curve, AUC) of the wild-type rats sacrificed 1 h after the last METH
dose. Values are expressed as mean £ SEM. Vertical grey lines show where the blot was cut for
rearrangement. Abbreviations: METH, methamphetamine; SAL, saline; PonS, Ponceau S.
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2.7. CDCrel-1 Interactions with Parkin in Striatal Synaptosomal Fractions

In vitro, parkin regulates the levels of CDCrel-1, a protein that regulates cytoskeleton
organization and inhibits exocytosis [41,43]. CDCrel-1 also induces the neurodegeneration
of DA neurons when overexpressed in the nigrostriatal DA pathway [45]. Consequently,
the METH-induced deficit in parkin could have increased CDCrel-1 levels and contributed
to METH-induced neurodegeneration of DAergic terminals in the rat striatum, at least
in some of the METH-treated rats. To determine the effect of parkin on CDCrel-1 levels
in rat striatal synaptosomes, we first performed a coimmunoprecipitation experiment.
As shown in Figure 7a, the anti-parkin antibody coimmunoprecipitated a small amount
of CDCrel-1 with parkin in striatal synaptosomes from the WT rats. Next, we assessed
CDCrel-1 immunoreactivity in parkin-overexpressing rats. The overexpression of parkin
in the nigrostriatal DA pathway resulted in trends toward statistical significance in the
total and vesicular/cytosolic fractions in METH-naive rats (—18%, p = 0.09 and —43%,
p = 0.09, n = 5, multiple unpaired t-tests with Holm-Sidak correction for multiple com-
parisons) (Figure 7b). CDCrel-1 immunoreactivity showed a trend toward a statistically
significant decrease in the vesicular/cytosolic fraction after binge METH administration
in the WT rats (—33%, p = 0.079, n = 5, multiple unpaired t-tests with Holm-Sidak cor-
rection for multiple comparisons) (Figure 7b). The trend towards statistical significance
was lost when all treatment data were analyzed using two-way ANOVA (Figure 7c). No
METH-induced high CDCrel-1 immunoreactivity was observed in this experiment, likely
because of the smaller sample size as compared to the first experiment with the WT rats.
These results agree with those shown in Figure 7d (a subgroup with no high CDCrel-1
values). As aforementioned, the METH-naive parkin-overexpressing rats displayed a 33%
decrease in vesicular/cytosolic CDCrel-1 as compared to the WT rats. The administration
of the METH binge did not further decrease CDCrel-1 immunoreactivity in this fraction
in the rats overexpressing parkin in the nigrostriatal DA pathway (PO rats) (Figure 7c).
The correlation of parkin immunoreactivity with CDCrel-1 immunoreactivity was positive
and statistically significant in the total synaptosomal fraction at 1 h after METH (p < 0.05,
R? = 0.259, Pearson’s correlation test) (Figure 7d).

2.8. CDCrel-1 Interactions with VMAT?2 in Striatal Synaptosomes

We next examined whether there is CDCrel-1: VMAT?2 interaction in striatal synapto-
somes in the METH-naive and METH-exposed rats. Anti-VMAT2 antibody immunopre-
cipitated CDCrel-1 from untreated synaptosomes and METH-treated synaptosomes, with
more CDCrel-1 being pulled down at 1 h after METH treatment (Figure 8a,b). Furthermore,
there was a significant correlation between CDCrel-1 and VMAT2 immunoreactivity in the
membrane/endosomal fraction (Figure 8c).

2.9. The Effects of the 4 x 8 mg/kg METH Binge on Dopamine Levels in the Synaptosomal
Membrane/Endosomal Fraction

Neurotoxic binge METH largely depletes DA from all VMAT?2 vesicle pools in striatal
synaptosomes by 1 h. To assess how much DA remained in membrane-bound VMAT2
vesicles, we assessed DA content in synaptosomal membrane/endosomal fractions at 1 h
after the last dose of METH or saline. There was a significant main effect of the treatment
(METH vs. saline) but no significant main effect of time (1 h vs. 24 h) on DA content in the
membrane/endosomal fraction (F(1,18) = 22.3, p < 0.001, n = 5-7, two-way ANOVA with
the Holm-Sidak post hoc test). DA content was decreased by 29% and 66% at 1 h and 24 h
post-METH, respectively (Figure 8d,e).
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Figure 7. CDCrel-1 interactions with parkin in striatal synaptosomal fractions. (a) Anti-parkin
antibody immunoprecipitated CDCrel-1 from untreated striatal synaptosomes (asterisk). (b) There
was a weak trend toward statistical significance for the overexpression of parkin in the nigrostriatal
dopamine pathway decreasing CDCrel-1 levels in the total and vesicular/cytosolic synaptosomal
fractions (p = 0.09, n = 5). (c) Trends toward statistical significance for parkin and METH decreasing
CDCrel-1 immunoreactivity in the wild-type rats at 1 h after the last dose of the drug were detected
(p = 0.054 and p = 0.079, respectively, n = 5). METH treatment did not decrease CDcrel-1 levels in
parkin-overexpressing rats. (d) Correlations of CDCrel-1 immunoreactivity in synaptosomal fractions
with parkin immunoreactivity of the wild-type rats sacrificed 1 h after the last METH dose. A
statistically significant positive correlation was found in the total synaptosomal fraction. Values are
expressed as mean + SEM. Abbreviations: METH, methamphetamine; SAL, saline; PonS, Ponceau S;
AAV2/6-parkin, parkin-encoding AAV2/6; AAV6, non-coding AAV2/6; IP, immunoprecipitation;
WB, Western blotting.
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Figure 8. CDCrel-1 interactions with VMAT?2 in striatal synaptosomes. (a) Anti-VMAT2 antibody
immunoprecipitated CDCrel-1 from untreated striatal synaptosomes. (b) METH treatment increased
the amount of immunoprecipitated CDCrel-1 at 1 h after the last dose of the drug. (c) There was
a significant positive correlation between CDCrel-1 and VMAT2 immunoreactivity in the mem-
brane/endosomal fraction of striatal synaptosomes (p < 0.05). (d) Striatal VMAT?2 vesicles associated
with the membrane/endosomal fraction had significantly lower dopamine content in METH-treated
rats than the saline-treated rats at 1 h after the treatment (—29%). Over the next 24 h, dopamine
content decreased to 66%. (e) Representative chromatogram for (d). * p < 0.05, ** p < 0.01, n = 5-7.
Values are expressed as mean + SEM. Abbreviations: DA, dopamine; METH, methamphetamine;
SAL, saline; IP, immunoprecipitation; WB, Western blotting.

2.10. The Effects of the 4 x 8 mg/kg METH Binge on VMAT2-Associated Proteins in the
Synaptosomal Membrane/Endosomal Fraction

The intracellular transport of vesicles within terminals is mediated not only by MTs
but also by actin microfilaments [53]. Both MTs and actin filaments, as well as filamen-

15



Int. J. Mol. Sci. 2024, 25, 13070

tous CDCrel-1, play essential roles in the neuronal exocytosis/endocytosis cycle. To ex-
amine whether a METH binge alters exocytic and endocytic proteins associated with
VMAT?2 vesicles, we immunoprecipitated VMAT?2 and its interacting partners from mem-
brane/endosomal synaptosomal fractions of saline- and METH-treated rats sacrificed at 1 h
after their treatment and analyzed the immunoprecipitated proteins by mass spectrometry
(n =4). Among the 1281 proteins detected, an abundance of 10 proteins was significantly
altered at FDR < 0.15: 9 increased and 1 decreased (Table 1). Of the 10 proteins, 6 were
involved in axonal/intracellular transport and the exocytosis/endocytosis cycle: x-tubulin
N-acetyltransferase 1 (ATAT1), protein kinase C, and casein kinase substrate in neurons
protein 1 (PACNI, syndapin-1), MT-associated protein RP/EB family member 2 (MARE2),
receptor-type tyrosine-protein phosphatase-like N (PTPRN), glia maturation factor beta
(GMEFB), and sorting nexin-17 (SNX17). Ten differentially expressed proteins are presented
in Table 1).

Table 1. List of differentially changed (FDR < 0.15, fold change > 1.5) proteins after binge METH
treatment.

Accession # Protein Protein Name Function Fold Change
Symbol
Alpha-tubulin Acetylates a-tubulin on MTs, promotes MT
Q6MGI1 ATAT RAT N-acetyltransferase 1 destabilization, and accelerates MT dynamics 92
Protein kinase C and casein Reorganizes MT and actin cytoskeleton,
Q9Z0W5 PACN1_RAT kinase substrate in neurons decreases MT polymerization and stability, 2.7
protein 1 and is required for bulk endocytosis
Microtubule-associated . .
Q3B3Q0 MARE2_RAT protein RP/EB family Unknown; may be involved in MT 1.9
polymerization and dynamics
member 2
Receptor-type Neurotransmitter loading into dense-core
Q63259 PTPRN_RAT tyrosine-protein N Vesfcles 2.4
phosphatase-like N ynap
Role in the growth, differentiation, and stress
Q63228 GMFB_RAT Glia maturation factor beta responses in neurons and glia, and 11
actin-mediated endocytosis
Regulates endocytic trafficking of several
Q6AYS6 SNX17_RAT Sorting nexin-17 proteins, plays a role in protein sorting 0.45
and autophagy
Pyruvate dehydrogenase . .
Q63065 PDK1_RAT (acetyl-transferring) kinase Regulatlon of glucose and fatty acid 3.3
. . . metabolism, and responses to cellular stresses
isozyme 1, mitochondrial
Mitochondrial coenzyme A Transports coenzyme A into mitochondria in
POC546 52542_RAT transporter SLC25A42 exchange for ADP 2.0
P06399 FIBA_RAT Fibrinogen alpha chain ~ ROI€ int responses to injury and inflammation, 25
and axonal repair
Role in lipid trafficking, food intake,
P23593 APOD_RAT Apolipoprotein D inflammation, antioxidative responses, and 5.8

axon regeneration

3. Discussion

The major findings of this study are as follows: (1) there are wide individual differences
in measured indices among outbred Sprague Dawley rats in responses to a 4 X 8 mg/kg
METH binge, (2) CDCrel-1 interacts with VMAT?2 in vivo and may have a role in VMAT2
trafficking under METH-induced neurotoxicity, (3) parkin does not have a major role in
the regulation of VMAT?2 or CDCrel-1 levels or trafficking in striatal neuronal terminals,
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and (4) changes in exocytosis/endocytosis cycle proteins are early responses to the METH
binge.

Previous studies have determined that binge administration of high METH doses
causes the degeneration of DAergic terminals in the dorsal striatum via oxidative stress,
excitotoxicity, and hyperthermia [7]. Hyperthermia is a critical determinant of METH
neurotoxicity, with higher temperatures causing more damage [54]. The rats employed in
our study were outbred but were of the same strain, sex, and age, and they were housed
and assessed under the same conditions. Therefore, the wide individual differences in the
thermal and molecular responses to the 4 x 8§ mg/kg METH binge were likely due to genetic
differences such as variations in genes encoding thermal receptors, antioxidant enzymes,
VMAT2, or DA transporters (higher function or levels of DA transporters at the membrane;
more METH gets into DAergic terminals). Most studies on METH neurotoxicity used a
4 x 10 mg/kg METH binge. The results from these studies are, for the most part, consistent.
The results from this study indicate that individual differences emerge when the sample
sizes are sufficiently increased (our sample sizes of the 1 h cohorts were larger than the
sample sizes employed in previous studies on METH neurotoxicity). In support of the latter
scenario, we found less variability in parkin and CDCrel-1 immunoreactivity in the second
experiment, which employed five rats per group (WT vs. PO rat experiment; saline vs.
METH). Neuronal responses to oxidative stress and other stressors depend on the severity
of the stress. Low-to-moderate oxidative stress increases the levels of proteins involved in
stress responses, while severe oxidative stress damages these proteins [55]. Whether stress
response proteins are increased or decreased following stress also depends on the length of
the post-stress period. The observed U-shape-like responses to METH suggest that, after
exposure to the 4 x 8 mg/kg METH binge, some rats could still upregulate their stress
response pathways, while some could not.

We previously determined that a 4 x 10 mg/kg METH decreased parkin levels in
striatal synaptosomes at 1 h and 24 h after the last dose of the drug, with parkin levels
returning to the baseline by 48 h [12]. The decrease was caused by oxidative modification
and the degradation of parkin. In this study, 4 x 8 mg/kg METH decreased parkin levels
in the total and vesicular/cytosolic synaptosomal fractions at 1 h but not at 24 h after
METH. It can be speculated that oxidative stress was less severe in the present study,
allowing parkin levels to recover within 24 h. If that was the case, the recovery was likely
due to the de novo synthesis of parkin in neuronal perikaryal and axonal transport to the
terminals [56]. The discrepancy was more likely due to the different populations of rats used
in this study, which expressed more individual differences than those used in the previous
study. As with body temperature, high variability in striatal parkin levels was observed in
METH-treated rats: a decrease in some rats and no change, or even an increase, in others.
Interestingly, significant parkin deficit was detected in rats with low hyperthermia, while
highly hyperthermic rats displayed mostly unchanged parkin levels. Hyperthermia itself
can cause oxidative stress and protein aggregation [57]. Oxidative stress can decrease the
number of viable MTs and inhibit axonal transport [58]. It can also damage degradative
systems [59]. Parkin is sensitive to DA-mediated oxidative modifications and prone to
misfolding and aggregating under oxidative stress [12,60—-63]. Under conditions of mild
oxidative stress, oxidized proteins are rapidly degraded by the 20S proteasome [64-66].
When oxidative stress becomes severe, proteasomal function decreases either because
of direct oxidative damage, because the accumulation of oxidized proteins exceeds the
capacity of proteasomes to clear them, or because proteins are so severely altered that they
are no longer recognized as substrates [65,67]. The 26S proteasome plays a predominant
role in the normal turnover of parkin, whereas the 20S proteasome and lysosome degrade
oxidized and aggregated parkin, respectively [12,60,68]. In view of this knowledge, it might
be concluded that oxidatively modified parkin was successfully removed from striatal
DAergic terminals in rats with low hyperthermia but not in highly hyperthermic rats, in
which severe oxidative stress impaired the proteasome, lysosome, and retrograde axonal
transport involved in the removal of damaged proteins from terminals [69]. Another
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possibility is that oxidative stress changed parkin conformation, obscuring the antibody-
binding epitope. Neither explanation agrees with our previous observation of parkin
deficit after 4 x 10 mg/kg METH, which would cause more DA-mediated oxidative stress
than 4 x 8 mg/kg METH. The deficit suggests viable 20S and lysosomal function and/or
MT-mediated axonal transport after 4 x 10 mg/kg METH. A potential explanation of our
results is an oxidative stress-independent hyperthermia effect on parkin immunoreactivity.

It has been established that the levels of antioxidant defenses increase in response
to mild oxidative stress and decrease in response to severe oxidative stress [70-72]. Our
finding of increased parkin levels in synaptosomes from METH neurotoxicity-resistant
cerebellum agrees with this evidence and suggests that a similar compensatory increase
in parkin levels could have taken place in non-DAergic synaptosomes, which are in the
majority in striatal synaptosomes, masking parkin deficits in DAergic synaptosomes, and
adding to the confounding effect of hyperthermia.

There are three pools of VMAT?2 vesicles in the DAergic terminals: (1) the reserve
pool, which is away from the active zone at the plasma membrane; (2) the recycling pool
that is closer to the active zone; and (3) the readily releasable pool docked and ready
for exocytosis [73]. The vesicles are transported into terminals via anterograde axonal
transport and can be removed from them via retrograde axonal transport. It has been
reported that METH neurotoxicity is associated with impaired VMAT?2 trafficking in striatal
synaptosomes at 1 h and VMAT?2 deficit at 24 h [30,31,47,48]. Specifically, decreases in
partially glycosylated VMAT2 were reported in the vesicular/cytosolic fraction at 1 h
after 4 x 10 mg/kg METH binge, with membrane/endosomal VMAT?2 levels reported
to be increased by a study in mice and not changed by a study in rats [30,31]. These
results suggest the degradation of VMAT?2 or its mobilization to a non-synaptosomal
compartment, potentially by the retrograde transport of damaged VMAT?2 to the cell
bodies in the substantia nigra pars compacta. This study detected a significant decrease
in vesicular/cytosolic VMAT?2 only at 24 h. Yamamoto’s group reported a decrease in
glycosylated VMAT?2 in the vesicular/cytosolic fraction at 1 h and it decreased across all
synaptosomal fractions at 24 h after 4 x 10 mg/kg METH [47,48]. Given that we used a
lower dose of METH binge in this study than that used in the other studies (4 x 8 mg/kg
vs. 4 x 10 mg/kg), METH-induced DA-mediated oxidative stress likely needed more
time to rise to the threshold necessary to damage VMAT2 and decreased VMAT2 levels
in the cytoplasm more than 1 h after the METH binge. Since there was high variability
in VMAT?2 levels in the METH rats, an alternative explanation for the lack of expected
VMAT?2 deficit at 1 h is an adaptive increase in VMAT?2 levels in some rats and a decrease
in others, resulting in a lack of overall change in VMAT?2 levels. Despite unchanged
levels, VMAT?2 function could have been impaired by nitrosylation at 1 h time point in
this study. Yamamoto’s group demonstrated the modification of VMAT?2 by nitrosylation
at 1 h after a 4 x 10 mg/kg METH binge [48]. No significant changes in VMAT2 levels
were detected in high-hyperthermia or low-hyperthermia rats. Still, a positive correlation
between membrane/endosomal VMAT?2 and core body temperature was observed in rats
with high hyperthermia, suggesting retention at or mobilization of VMAT?2 vesicles to the
plasma membrane in high-hyperthermia rats.

Parkin could influence axonal VMAT?2 vesicle trafficking by its known interaction
with MTs and their stabilization [51]. Moreover, parkin could influence VMAT?2 vesicle
trafficking between their pools via interactions with a-synuclein [34,74], actin [52], and
CDCrel-1, the last of which was reported to be a substrate for parkin in cultured cells [41].
CDCrel-1 is a filamentous protein found attached to membrane and synaptic vesicles [75].
CDCrel-1 binds to syntaxin-1, a component of the soluble NSF attachment protein (SNAP)
receptor complex (SNARE), a complex crucial in exocytosis. Through this interaction,
CDCrel-1 prevents the docking of vesicles to the membrane and decreases exocytosis [43].
We expected that METH neurotoxicity would decrease parkin levels with a consequent
increase in CDCrel-1 levels and an altered distribution of VMAT?2 vesicles between the
vesicular/cytosolic and membrane/endosomal fractions in striatal synaptosomes. We
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also expected that parkin overexpression would change VMAT?2 distribution between
synaptosomal fractions. We found evidence to the contrary, suggesting that parkin does
not significantly affect VMAT?2 levels or its intracellular trafficking in rat striatal terminals
in vivo. Our previous finding of unchanged VMAT?2 levels in the METH-naive striatum in
parkin knockout rats supports this conclusion [76].

CDCerel-1 was reported to be a substrate for parkin in vitro [41]. We detected only a
small effect of parkin on CDCerel-1 levels in striatal synaptosomes in the METH-naive rats
overexpressing parkin. This finding suggests that parkin is not a major E3 ligase degrading
CDCrel-1 in the rat nigrostriatal pathway and agrees with the finding of unchanged CDCrel-
1 levels in the striatum of parkin knockout mice [77]. Alternatively, as our synaptosomal
preparations contained non-DAergic synaptosomes, which also express CDCrel-1, the effect
of parkin overexpression on CDCrel-1 could have been “diluted” in DAergic synaptosomes.
The METH binge had a variable effect on striatal synaptosomal CDCrel-1 levels at 1 h.
Presently, it is unclear why some rats displayed significant increases in CDCrel-1 levels
in striatal synaptosomes while others displayed significant decreases (U-shaped response
to METH). This variability did not depend on hyperthermia; however, our correlation
analysis showed that high CDCrel-1 levels were accompanied by high parkin levels in
METH rats. The METH binge caused a deficit in CDCrel-1 in the WT rats at 1 h, and parkin
overexpression appeared to protect vesicular/cytosolic CDCrel-1 from being decreased by
METH. These results suggest that parkin is not engaged in the degradation of CDCrel-1
in vivo, but the proteins might interact and that METH damages both proteins via oxidative
stress and alters their interaction. At 24 h, CDCrel-1 levels were decreased in the total and
vesicular/cytosolic fractions, suggesting the removal of damaged CDCrel-1 from cytosol
following the METH binge.

The most apparent interaction found in this study was between CDCrel-1 and VMAT2.
This interaction was higher in METH-treated rats than in the saline-treated rats at the
1 h time point and was significant in the membrane/endosomal fraction. CDCrel-1 has
been suggested to negatively regulate synaptic vesicle release at presynaptic terminals
by forming filamentous barricades at the presynaptic membrane upon interaction with
syntaxin-1 [43]. It is possible that, in some rats, METH binge-induced oxidative stress
leads to CDCrel-1 accumulation at the plasma membrane, which disables the release of
syntaxin-1 and VMAT?2 vesicle docking and exocytosis [41]. Such “entrapment” could also
prevent the recycling of VMAT?2 vesicles and proper sequestration of cytosolic DA.

In summary, multiple toxic effects of METH (hyperthermia, oxidative stress, and
excitotoxicity) differently influence the levels and interactions of parkin, VMAT?2, and
CDCerel-1 in striatal terminals in different rats. This individual variability in responses to
binge METH indicates variability in sensitivity to METH neurotoxicity and stress responses
in Sprague Dawley rats.

Tubulin and actin are cytoskeletal proteins found in abundance in the cytosol and
synaptic active zones, [78] where they are involved in intra-neuronal transport and the
exocytosis/endocytosis cycle. The deficits in 3-actin immunoreactivity observed in all
synaptosomal fractions at 1 h after METH suggest that METH damages actin filaments
in striatal terminals. This conclusion is supported by reports of oxidative stress and heat
shock inducing the collapse of actin filaments and MTs [79,80]. As parkin binds to both
actin filaments and MTs, a deficit in its levels might have contributed to the disorganization
of the cytoskeleton in METH binge-treated rats.

[3-Actin mediates exocytosis and all kinetically distinguishable forms of endocytosis
via membrane pit formation [81,82]. Consequently, METH-induced deficit in 3-actin would
negatively impact intra-synaptosomal transport as well as the exocytosis/endocytosis
cycle of synaptic vesicles, including VMAT?2 vesicles. There is evidence for METH alter-
ing the exocytosis/endocytosis cycle. Thus, in addition to non-exocytic DA release via
the DA transporter, METH upregulates vesicular DA release in the striatum [83,84]. Pro-
teomic/genetic studies have reported altered brain levels of proteins with functions related
to the cytoskeleton, transport, endocytosis, and exocytosis after exposure to repeated low
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and medium METH doses [85,86]. A functional study showed that amphetamines in-
crease endocytosis of the DA transporter [87] and glutamate transporter EAAT3 [88] in DA
neurons. Oxidative stress was reported to decrease or increase endocytosis in neurons de-
pending on the stressor and experimental conditions (reviewed in [89]). Finally, our group
demonstrated that binge METH administration decreases the function of 26S proteasome
and the levels of parkin ([12] and Figure 3a) at 1 h after the last METH injection. Parkin is
a component of the ubiquitin-proteasome system. The function of the 26S proteasome is
important for exocytosis/endocytosis and DAergic neurotransmission [90], and several
parkin substrates are involved in the mediation of exocytosis and/or endocytosis, namely,
a-synuclein [34], «- and B-tubulin [35], synaptotagmins IV and 11 [36,37], synphilin-1 [38],
endophilin, dynamin, synaptojanin-1 [39], and CDCrel-1 [40,41]. These reports, however,
do not provide a complete understanding of METH neurotoxicity-induced alterations
in the VMAT2 vesicle exocytosis/endocytosis cycle in DAergic terminals in vivo. Our
proteomic data provide more insight into these alterations. The endocytosis-/exocytosis-
related parkin substrates mentioned above were found among proteins associated with
membrane/endosomal VMAT?2; however, their levels were not significantly changed by
the METH binge, likely due to the small sample sizes (n = 4). Nevertheless, ten proteins
were found differentially expressed by the binge METH treatment at 1 h: nine increased
and one decreased in abundance. Six of these proteins are involved in axonal/intracellular
transport and exocytosis/endocytosis—ATAT1, PACNI1, (syndapin-1), MARE2, PTPRN,
GMFB (increased), and SNX17 (decreased)—suggesting that the 4 x 8 mg/kg METH binge
altered these processes.

ATAT1 localizes to clathrin-coated pits and acetylates x-tubulin. It promotes MT desta-
bilization and accelerates MT dynamics [91]. Tubulin hyperacetylation is associated with
cellular responses to stresses, including oxidative stress [92], and increased cell survival
through the induction of autophagy [93]. Protein syndapin-1 also decreases MT stability,
assists in actin polymerization, and regulates actin cytoskeleton dynamics [94]. Syndapin-1
is required for activity-dependent bulk endocytosis (ADBE) of synaptic vesicles [94]. ADBE
generates many synaptic vesicles after intense neuronal activity or increased temperature,
replenishing the reserve pool of the vesicles [95,96]. The observed increase in syndapin-1
levels likely occurred in response to METH binge-induced increase in synaptic exocytosis
and, therefore, a need for ADBE and new vesicles for the storage of DA released into
the cytosol. PTPRN is an important transmembrane protein in dense-core synaptic vesi-
cles (DCVs), involved in cargo loading and the exocytosis of DA in PC12 cells [97]. The
function of MARE2 is unknown. The available evidence suggests it may play a role in
MT dynamics [98] and axonal delivery of DCVs [99]. The upregulation of PTPRN and
MARE?2 suggests the mobilization of DCVs to the plasma membrane of DAergic terminals.
VMAT?2 is associated mainly with small synaptic vesicles but is also found in DCVs [100].
Furthermore, DA was reported to be co-stored with cholecystokinin in DCVs [101]. It
is plausible that DCV vesicles were mobilized from substantia nigra pars compacta cell
bodies to striatal terminals to increase DA storage by replacing vesicles with dysfunctional
nitrosylation-damaged VMAT2. Nexin-17 interacts with many receptors, including inte-
grins, in a sequence-specific manner to regulate their recycling [102-104]. Furthermore,
nexin-17 participates in the endocytic trafficking and processing of potentially harmful
proteins and is linked to autophagy [104]. Autophagy is required to maintain pre-synaptic
machinery during neuronal activity under physiological and stressful conditions [105,106].
In presynaptic terminals, the process involves the formation of the autophagosome around
the organelle marked for destruction and MT-mediated retrograde transport to cell bodies
for fusion with lysosomes and degradation. Nexin-17 is essential for autophagosome
component recycling [107]; therefore, the observed downregulation of nexin-17 at 1 h after
the METH binge may reflect an impairment of autophagy despite ATAT1 upregulation.
In support of this, it has been shown that METH impairs autophagy at several levels,
including autophagosome formation and maturation (reviewed in [105]).
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FIBA (fibrinogen «-chain) is a blood plasma protein reported to be expressed by
astrocytes and neurons under neuroinflammatory or neurodegenerative conditions [108].
FIBA also interacts with its receptors on neurons as well as with integrins and may be
involved in axonal repair [108]. For example, FIBA binds to integrin «531, which is present
on endothelial cells [103,109]. This integrin is involved in inflammatory responses and
neuronal regeneration [110]. Another protein involved in responses to stress that was found
to increase at 1 h after the METH binge was APOD. APOD is a member of the lipocalin
superfamily involved in lipid trafficking, inflammation, and antioxidative responses; it is
involved in the axon regeneration process as a lipid transporter [111].

PDK1 and SLC25A42 are mitochondrial proteins. As both mitochondria and synaptic
vesicles are attached to actin and plasma membrane, they could have been pulled down by
anti-VMAT?2 antibody via this connection. PDK1 is a kinase that inhibits the formation of
acetyl-coenzyme A and decreases mitochondrial respiration. By this mechanism, it protects
cells against oxidative stress and apoptosis [112]. SLC25A42 transports coenzyme A into mi-
tochondria in exchange for ADP. Coenzyme A is necessary for the Krebs cycle function and,
consequently, for mitochondria function. Several steps in the exocytosis/endocytosis cycle
require ATP, including ADBE, which relies on ATP-dependent actin polymerization [112].
Increases in both PDK1 and SLC25A42 would have opposing effects on mitochondrial
function, with a net result being decreased levels of ATP as it was found in deficit at
1 h after binge METH [113]. PDK1 levels likely increased in response to METH-induced
oxidative stress and inflammation, while SLC25A42 levels increased to provide ATP for
ADBE. Mitochondrial function and ATP levels could also decrease in response to increased
nigral neuron firing caused by METH.

GMEB is a protein expressed in glia and some neurons, including substantia nigra
neurons [114]. GMFB is upregulated in several neurodegenerative conditions where it
predominantly plays detrimental roles [115]. For example, DAergic neurons and astro-
cytes in GMFB~/~ mice have reduced sensitivity to oxidative stress [116]. On the other
hand, overexpression of GFMB increases the expression of the antioxidant enzyme CuZn-
SOD [115]. GMFB is also a modulator of the actin cytoskeleton [116]. GMFB overexpression
reduces the levels of actin-related protein 2/3 complex (Arp2/3), the facilitator of actin
polymerization [117]. The increase in GMFB suggests reduced actin polymerization at 1 h
after the METH binge, which agrees with previous findings of METH’s ability to modulate
actin polymerization and increased actin cycling [50].

Our proteomic data suggest an increased rate of VMAT2 endocytosis/exocytosis cycle
in striatal synaptosomes at 1 h after the 4 x 8 mg/kg METH binge, which does not result in
significant changes in VMAT?2 levels between the studied synaptosomal fractions. VMAT2
cycling could have changed only between the plasma membrane and endosomes. It is
also possible that VMAT?2 traveled between the terminals and cell body with the rate of its
removal equal to its replacement rate.

Overall, the results suggest that at 1 h after a 4 x 8 mg/kg METH binge, DAergic
terminals are engaged in counteracting METH-induced toxic effects, including attempts to
increase VMAT?2 vesicle endocytosis and autophagy. The levels and trafficking of parkin,
VMAT?2, and CDCrel-1 are altered differently between the rats, depending on the level of
hyperthermia and oxidative stress each animal could combat based on genetic makeup.

4. Materials and Methods
4.1. Animals

This study employed young adult male Spraque Dawley rats (~55 days old at the
beginning of this study) from Harlan Laboratories (now Envigo, Indianapolis, IN, USA).
Upon arrival, the animals were pair-housed and maintained under standard environmental
conditions in an AAALAC-accredited vivarium. Thus, the animals were maintained on a
12 h light/dark cycle with continuous ad libitum access to food and water.

Rats overexpressing parkin in the nigrostriatal dopamine pathway (PO rats) were
generated in our laboratory according to a previously published protocol [19]. Briefly, rat
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parkin-encoding AAV2/6 gene transfer vector (AAV2/6-parkin) was microinjected into
the left substantia nigra pars compacta (1 x 107 transduction units); whole non-coding
AAV2/6 vector was microinjected into the right one at the following coordinates: —5.6 mm
(AP) from Bregma, —2 mm (ML) from Bregma, and —7.6 mm (V) from the dura according
to the Paxinos and Watson's rat brain atlas. After 3 weeks, the rats were treated with binge
METH or saline. The non-coding AAV2/6 with a DNA segment cloned upstream of the
pgk promoter to adapt the size of vector genome to the AAV packaging capacity (AAV2/6)
and rat parkin-encoding AAV2/6 (AAV2/6-parkin) were a kind gift from Dr. Bernard
Schneider at the Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland.

A total of 95 rats were used in this study. The first experiment started with 40 rats
that were divided into the following four groups based on treatment (METH or saline)
and time of sacrifice (1 h or 24 h after the last injection of METH or saline): SAL/1 h,
METH/1 h, SAL/24 h, and METH /24 h. More rats were added to the groups because high
variability was observed in measured indices after METH administration. A few rats died
from METH overdose and were excluded from neurochemical analyses. The final number
of rats included in the analyses were as follows: SAL/1 h—n =18, METH/1 h—n =18,
SAL/24 h—n =10, and METH/24 h—n = 10. The second experiment started with 20 rats.
This cohort was divided into METH and saline group. Within each group, some rats were
microinjected with adeno-associated viral vector 2/6 coding for parkin (AAV2/6-parkin),
some were microinjected with non-coding AAV2/6, and some were microinjected with
saline, in the substantia nigra pars compacta. Rats that died following the METH binge
were excluded from further analyses. The final number of samples in each subgroup was
n = 5. To generate tissue for the HPLC and mass spectrometry analyses, 8 more rats were
treated with saline and 8 with binge METH.

4.2. Administration of Methamphetamine

(+)-Methamphetamine hydrochloride (METH, 8.0 mg/kg free base) (Sigma-Aldrich,
St. Louis, MO, USA) or saline (1 mL/kg) was administered to the rats every 2 h in
four successive intraperitoneal (i.p.) injections, ~0.25 mL each. Many previous studies,
including ours, have established this treatment paradigm to induce oxidative stress at 1 h
and the degeneration of DAergic terminals in rat striatum several days later [7,12]. METH
neurotoxicity is associated with hyperthermia, which peaks at approximately 1 h after
each injection. Therefore, core body temperatures of the rats were measured via a rectal
probe digital thermometer (Thermalert TH-8; Physitemp Instruments, Clifton, NJ, USA)
before the beginning of the treatment (baseline temperatures) and at 1 h after each METH
or saline injection. Non-anesthetized rats were killed by decapitation at 1 h or 24 h after
the last injection of the drug or saline (these time points are commonly used in METH
research to assess the short-term effects of binge METH). The brains were removed, and
the METH neurotoxicity-sensitive dorsal striatum (referred to hereafter as the striatum)
and the control METH neurotoxicity-resistant cerebellum were dissected out, flash-frozen
on dry ice, and stored at —80 °C until assayed. The experimental design is presented in
Figure 1a.

4.3. SDS-PAGE and Western Blotting

Synaptosomal fractions (total synaptosomal, membrane/endosomal, and vesicu-
lar /cytosolic) were prepared from striatal and cerebellar tissue by differential centrifugation
as previously described [19]. Specifically, tissue pieces were homogenized in 0.5 mL 0.32 M
sucrose with protease inhibitor cocktail and centrifuged at 800 x g for 24 min at 4 °C. The su-
pernatant was then centrifuged at 22,000 x g for 17 min at 4 °C. The pellet was resuspended
in 150 pL ice-cold distilled water and retained as the total synaptosomal fraction. Part of
the total synaptosomal fraction was further centrifuged at 22,000x ¢ for 17 min at 4 °C,
and the supernatant was retained as the vesicular/cytosolic fraction, while the pellet was
resuspended in 150 pL ice-cold distilled water and retained as the membrane/endosomal
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fraction. Sample protein concentrations were determined using a Bradford protein assay,
using bovine serum albumin as the standard.

Synaptosomal fractions were subjected to reducing sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The 10-20 pg proteins per lane were loaded on 4-12% Bis-
Tris gels (Life Technologies, Grand Island, NY, USA). Electrophoresis and Western blotting
were performed as previously described [76], utilizing the following primary antibodies:
CDCrel-1 (1:1000, overnight at 4 °C) (MAB5358; Chemicon International, Temecula, CA,
USA); parkin (1:1000; overnight at 4 °C) (Prk8; Cell Signaling Technology, Danvers, MA,
USA); 3-actin (1:1000; 1 h at room temperature) (8H10D10; Signaling Technology, Danvers,
MA, USA); a-tubulin (1:1000, overnight at 4 °C) (sc58668; Santa Cruz Biotech, Santa Cruz,
CA, USA), and VMAT?2 (1:3000, overnight at 4 °C) (NBP1-69750H, Novus Biologicals,
Toronto, ON, Canada), as well as appropriate secondary antibodies. Blots were developed
using ECL detection and an LAS4000 bioimager (GE Healthcare, Piscataway, NJ, USA).
Immunoreactivity was quantified using Image] software v.1.50 (National Institutes of
Health, Bethesda, MD, USA). For standardization across the blots, each blot contained all
experimental groups. The Western blot data were expressed as relative optical density
units and normalized to the controls on each blot. This approach normalized differences in
the development of the blot and across blots.

4.4. Immunohistochemistry

Midbrains were post-fixed with 4% paraformaldehyde, frozen in isopentane, and
kept at —80 °C for further immunohistochemistry procedures. Coronal brain sections
(30 pm thick) containing substantia nigra pars compacta were sliced on a cryostat (Thermo
Fisher Waltham, MA, USA) and processed as previously described [19]. Citrate buffer
antigen retrieval (ThermoFisher, Waltham, MA, USA) was applied to all tissue sections.
The sections were incubated overnight at 4 °C with the anti-parkin antibody (Prk8; Cell
Signaling Technology) and antibody against DAergic marker tyrosine hydroxylase) (AB152,
EMD Millipore Corp., Billerica, MA, USA) both diluted 1:100 in the blocking buffer. The
sections were then incubated for 2.5 h at room temperature with Alexa Fluor-488 conjugated
secondary antibody (Invitrogen, Carlsbad, CA, USA). DRAQ5 (Invitrogen) was used to
stain nuclei. The sections were then mounted using Fluoromount mounting medium
(Southern Biotech, Birmingham, AL, USA). The immunostaining on each slice (3 sections
per slice) was imaged using the Leica TCS SPE-II laser scanning confocal microscope (Leica,
Wetzlar, Germany) and averaged per rat.

4.5. Co-Immunoprecipitation

Striatal synaptosomal fractions were prepared from rats euthanized at 1 h after the
METH binge. Dynabeads (Life Technologies, Grand Island, NY, USA) were incubated
with 2 pL of either the rabbit polyclonal VMAT2 primary antibody (NBP1-69750H, Novus
Biologicals), mouse monoclonal CDCrel-1 primary antibody (MAB5358; Chemicon Interna-
tional, Temecula, CA, USA), parkin mouse monoclonal primary antibody (Prk8, 1:1000; Cell
Signaling Technology), or radioimmunoprecipitation assay (RIPA) buffer (negative control)
for 6-12 h at 4 °C. This was followed by the addition of synaptosomal fractions (100-200 pg)
and a second round of incubation (12 h at 4 °C). For all quantitative coimmunoprecipitation
studies, equal protein content of the synaptosomal fraction was incubated with beads for
each representing group (saline or METH). Following each incubation, the beads were
washed three times using phosphate-buffered saline containing 0.02% Tween-20 (PBST).
Following immunoprecipitation, parkin-, CDCrel-1-, and VMAT2-associated proteins were
separated from the beads using SDS Tris-Glycine sample buffer (Bio-Rad, Hercules, CA,
USA) and heating (10 min at 70 °C). The supernatants were run on 4-12% Bis-Tris gels un-
der reducing conditions and subjected to Western blot analysis using the mouse CDCrel-1
primary antibody and anti-mouse secondary antibody, as described above.
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4.6. Mass Spectrometry

Membrane/endosomal fractions of synaptosomes were incubated with Dynabeads
conjugated with anti-VMAT?2 antibody and processed as described for coimmunoprecipita-
tion. The resulting eluted samples were washed and subjected to SDS-PAGE. After staining
with Sypro Ruby stain to visualize proteins, multiple gel pieces were excised, washed with
25 mM NH4HCOj3/50% acetonitrile (for 15 min with each solution), dehydrated in 100%
acetonitrile (ACN), rehydrated in 50 mM NH4HCOj3 and dehydrated again in 100% ACN.
Subsequently, the gel pieces were vacuum-dried for 5 min. Next, the following reactions
were performed: reduction with 5 mM dithiothreitol in 50 mM NH4HCOj3; and alkylation
with 15 mM iodoacetic acid in 50 mM NH4HCOs3. The gel pieces were again dehydrated
with ACN, the solvent was removed, and sequencing-grade trypsin (Promega, Madison,
WI, USA) in 25 mM NH4HCO3/10% ACN was added to rehydrate the gel slices and initiate
overnight digestion. Following digestion, peptides were extracted from the gel plugs using
50% ACN/0.05% formic acid. The free peptides were then speed-vacuumed to dryness
and solubilized in 2% ACN/0.1% formic acid.

The peptides were separated by reverse phase chromatography (Acclaim PepMap
RSLC C18 column, Thermo Scientific, Waltham, MA, USA), followed by ionization with
the Nanospray Flex Ion Source (Thermo Scientific), and introduced into a Q Exactive
mass spectrometer (Thermo Scientific). Abundant species were fragmented with high-
energy collision-induced dissociation (HCD). Data analysis was performed using Proteome
Discoverer 1.4 (Thermo Fisher, Waltham, MA, USA), which was incorporated with the
Mascot algorithm (Matrix Science, Boston, MA, USA). The Swiss Prot rat protein database
downloaded on March 2013 was used, and a reverse decoy protein database was run simul-
taneously for false discovery rate (FDR) determination. Secondary analysis was performed
using Scaffold 4.2.1 (Proteome Software, Portland, OR, USA). The minimum protein identi-
fication probability was set at >95% with 2 unique peptides at >99% minimum peptide
identification probability. Only those proteins identified with at least 2 unique peptides,
a p < 0.05, a Benjamin—-Hochberg FDR < 0.15, and a fold change >1.5 were considered
differentially expressed.

4.7. High-Performance Liquid Chromatography

The synaptosomal membrane/endosomal pellet was obtained as described in Chu
et al. [118]. Briefly, striatal tissue was homogenized in ice-cold 0.32 M sucrose solution.
The homogenate was centrifuged at 800x g for 24 min at 4 °C. The supernatant was cen-
trifuged at 22,000x g for 17 min at 4 °C to obtain the synaptosomal pellet. The pellet
was resuspended in 75 pl of ice-cold water, and osmolarity was immediately restored by
adding an equal volume of pH 7.5 buffer containing 25 mM HEPES and 100 mM potassium
tartrate. The resulting solution was fractionated at 22,000 x ¢ for 17 min at 4 °C into the
membrane/endosomal and vesicular/cytosolic fractions. The membrane/endosomal pel-
let was resuspended in ice-cold perchloric acid (final concentration 0.3 N). The resulting
solution was then centrifuged at 22,000x g for 30 min 4 °C to obtain the precipitated
protein pellet. The supernatant was analyzed for DA content using high-performance
liquid chromatography (HPLC), using a Shimadzu Prominence HPLC system with electro-
chemical detection (Shimadzu Scientific Instruments, Columbia, MD, USA) as published
previously [12]. Samples (20 puL) were injected onto a 3 pm C-18 reverse phase column
(150 x 3.2 mm, 3 uM particle size, Thermo Scientific). DA was eluted with a mobile
phase consisting of 90 mM sodium dihydrogen phosphate monohydrate, 50 mM citric acid,
1.7 mM 1-octane sulfonic acid, 50 uM EDTA, and 10% acetonitrile (pH 3.8). The analytes
were detected using an electrochemical detector (Dionex Coulochem III, E1 = —150 mV,
E2 = +220 mV). The protein pellet was resuspended in 1 N NaOH overnight at 4 °C, and its
concentration was determined using the Bradford assay. To determine DA content, 20 pL
of the supernatant was injected into a C-18 reverse phase column (ThermoScientific). The
mobile phase consisted of 50 mM sodium citrate, 50 mM sodium phosphate, 200 uM EDTA,
1.5 mM heptane sulphonic acid, and 14% methanol adjusted to pH 3.8. The concentration of
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DA was quantified by interpolating peak areas relative to those generated by a range of ap-
propriate standards (Sigma Aldrich, St. Louis, MO, USA). The DA values were normalized
to protein content in each sample and expressed as pg of analyte per pg of protein.

4.8. Statistical Analyses

Statistical analyses were performed using the program GraphPad Prism (GraphPad
Software, version 10.3.1, San Diego, CA, USA). The comparisons made in this study were
pre-planned. We established a priori that the striatum was the METH-affected brain region
while the cerebellum was unaffected by METH based on existing knowledge of the effects
of binge METH in the rat brain. Based on previously published results, samples were
assumed to come from populations with the same standard deviations. Two-way or mixed
model (if values were missing) repeated measures (RT) ANOVA followed by the Sidak post
hoc test was performed on body core temperature data. The Greenhouse-Geisser correction
was used if there was a lack of sphericity. Differences between the control and METH
groups were analyzed separately in each synaptosomal fraction by multiple unpaired
t-tests and the Holm—-Sidak method to correct for multiple comparisons. Two-way ANOVA
followed by the Holm-Sidak post hoc test was employed when the data had two variables.
Correlations were determined using simple regression analysis and Pearson’s correlation
test. The Western blotting data were expressed as relative optical density units on each gel
normalized to the controls. This approach normalized differences across blots, allowing
standardization across the treatment groups. The data are presented as mean + standard
error (SEM). Statistical significance was set at p < 0.05.

5. Limitations of This Study

There are several limitations of this study. The sample sizes were small in the second
(PO vs. WT rats) and third (HPLC, DA content) experiments. Given the individual
differences that emerged in the first experiment, substantially increasing the sizes of all
experimental groups would provide more information on individual responses to METH
neurotoxicity. Oxidative stress indices were not measured. An assessment of the severity
of oxidative stress in each experimental animal would provide information on whether
it was a factor driving individual differences in responses to the METH binge. This
study was largely observational and did not establish causal relationships between the
measured variables. Another limitation of our research is that a mix of DAergic and non-
DAergic synaptosomes was assessed. However, this was because the population of DAergic
synaptosomes in the striatum constitutes <1% of the overall synaptosomal population and
is difficult to separate. The presence of non-DAergic terminals (mostly glutamatergic)
introduced a confounder and complicated data interpretation.

6. Conclusions and Future Directions

The major conclusion of this study is that studying large groups of outbred rats such
as Sprague Dawley rats can help define individual molecular and genetic differences
in responses to a neurotoxic METH binge. Our research shows, for the first time, that
individual differences include the trafficking of VMAT2 and CDCerel-1 in striatal terminals
as well as core body temperature. Our results also indicate that a neurotoxic METH
binge induces changes to multiple proteins involved in the exocytosis/endocytosis cycle
in striatal, most likely DAergic, terminals. This has not been shown before. Finally, we
demonstrate that outbred rats, such as Sprague Dawley rats, can serve as a model for
studying individual differences in responses to METH and other neurotoxins.

Future experiments should employ large sample sizes in longitudinal studies to
delineate the subgroups differing in responses to METH neurotoxicity. Adding more time
points will reveal changes over time, providing a more comprehensive understanding of
striatal terminal responses to METH neurotoxicity. Future genetic and proteomic analyses
of these responses will shed light on molecular mechanisms driving these responses.
Variations in genes encoding thermal receptors, antioxidant enzymes, VMAT2, or the DA
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transporter should be of particular focus. The incorporation of experimental designs for
establishing causal relationships between variables should follow. Establishing a causal
relationship between genetic makeup and individual ability to handle METH-induced
stresses in rodents will aid the development of individual treatment strategies for humans
suffering from METH use disorder and its neurological consequences.
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Abstract: Environmental concerns have consistently been a focal point for the scientific community.
Pollution is a critical ecological issue that poses significant threats to human health and agricultural
production. Contamination with heavy metals and pesticides is a considerable concern, a threat to
the environment, and warrants special attention. In this study, we investigated the significant issues
arising from sub-chronic exposure to imidacloprid (IMI), mercury (Hg), and cadmium (Cd), either
alone or in combination, using zebrafish (Danio rerio) as an animal model. Additionally, we assessed
the potential protective effects of polyfloral honey enriched with natural ingredients, also called
honey formulation (HF), against the combined sub-chronic toxic effects of the three contaminants. The
effects of IMI (0.5 mg-Lfl), Hg (15 pg~L*1), and Cd (6 ug-Lfl), both individually and in combination
with HF (500 mg-L~'), on zebrafish were evaluated by quantifying acetylcholinesterase (AChE)
activity, lipid peroxidation (MDA), various antioxidant enzyme activities like superoxide dismutase
and glutathione peroxidase (SOD and GPx), 2D locomotor activity, social behavior, histological and
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immunohistochemical factors, and changes in body element concentrations. Our findings revealed
that all concentrations of pollutants may disrupt social behavior, diminish swimming performances
(measured by total distance traveled, inactivity, and swimming speed), and elevate oxidative stress
(OS) biomarkers of SOD, GPx, and MDA in zebrafish over the 21-day administration period. Fish
exposed to IMI and Hg + Cd + IMI displayed severe lesions and increased GFAP (Glial fibrillary
acidic protein) and S100B (5100 calcium-binding protein B) protein expression in the optic tectum and
cerebellum, conclusively indicating astrocyte activation and neurotoxic effects. Furthermore, PCNA
(Proliferating cell nuclear antigen) staining revealed reduced cell proliferation in the IMI-exposed
group, contrasting with intensified proliferation in the Hg + Cd group. The nervous system exhibited
significant damage across all studied concentrations, confirming the observed behavioral changes.
Moreover, HF supplementation significantly mitigated the toxicity induced by contaminants and
reduced OS. Therefore, the exposure to chemical mixtures offers a more complete picture of adverse
impacts on aquatic ecosystems and the supplementation with bioactive compounds can help to
reduce the toxicity induced by exposure to environmental pollutants.

Keywords: honey formulation; environmental contaminants; protective effects; combined exposure;

physicochemical properties; antioxidant properties; antimicrobial activity

1. Introduction

The functional food product market is growing due to increased consumer awareness
of healthy food, the connection between nutrition and diseases, and the demand for inno-
vative products. Efforts to enhance honey’s nutritional value with functional ingredients
are ongoing, as honey can be enriched with additional components to boost its health
benefits and overall dietary composition [1-4]. Introducing additives to honey not only
enhances the sensory properties of honey, such as color, taste, or smell, but also significantly
amplifies its pharmacokinetic, physicochemical, and microbiological effects, as evidenced
by previous research [2,5-9]. For example, flavored honey has been proven to possess
antioxidant, antiviral, antibacterial, antifungal, and hepatoprotective properties [3,5,7,8].
Sowa et al. (2019) found that polyfloral honey enriched with Melilotus flowers contains
coumarin and that coumarin may hold therapeutic potential [8]. Additionally, honey sup-
plemented with sea buckthorn leaf and black raspberry fruits effectively inhibited S. aureus
biofilm formation [5]. Furthermore, a synergistic hepatoprotective effect was observed for
a mixture of chestnut honey, artichoke (Cynara cardunculus var. scolymus L.), milk thistle
(Silybum marianum L.), and borututu (Cochlospermum angolensis Welw.) [7]. Moreover, the
usefulness of natural supplements has attracted ample interest due to their potential pro-
tective role against the adverse effects of pollutants. It has been demonstrated that sesame
oil alleviates cypermethrin-induced brain toxicity [10], Ginkgo biloba extract provides pro-
tective benefits against mercury chloride (HgCly)-induced oxidative damage [11], dietary
supplementation with Arthrospira platensis (Gomont, 1892) may restore normal hepatic
function disrupted by cadmium chloride (CdCl,) exposure [12], and Turnera diffusa (Willd)
may play a protective role against testicular toxicity induced by fenitrothion (FNT) and/or
hexavalent chromium [13].

The co-occurrence of metals and pesticides in aquatic environments has been demon-
strated by environmental surveys [14-16], and their presence in food and drinking water
has also been indicated by several studies [17,18]. However, little knowledge exists about
their combined toxic effects and potential interactions. Studies have associated acute and
chronic exposure to heavy metals and pesticides with testicular toxicity [13], hepatotoxic-
ity [19,20], and neurotoxicity [21,22]. For instance, co-exposure to chlorpyrifos (CPF) and
Cd has been found to cause synergistic injury, reducing the viability of Hep G2cells [20]. It
has been observed that the combination of CPF and Cd forms a complex that promotes the
bioaccumulation of metal, leading to increased toxicity. Similar synergistic impairment has
been reported in zebrafish (Danio rerio, Hamilton, 1822) embryos due to the combination
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of nickel sulfate (NiSOy4) and buprofezin [23]. Lajmanovich et al. (2019) demonstrated the
synergistic toxicity of a glyphosate-based herbicide and arsenite (As (III)) mixture, which
negatively affected tadpole development by increasing OS and thyroid hormone levels [24].
In a previous study, it was shown that acute exposure to deltamethrin (DM) and lead
(Pb) induces damage to zebrafish, resulting in significant alterations in their behavior [22].
Conversely, the DM-associated behavioral changes and OS were mitigated in the presence
of nickel (Ni) and Cd [21]. Thus, evaluating the effects of single contaminants may not fully
reflect the real exposure risk to aquatic ecosystems and human health.

The limited availability of data on the toxicity of joint compound exposure concerning
animal behavior and cognitive responses is an intriguing aspect worth considering [25].
Most toxicology studies predominantly focus on alterations in physiological and biochem-
ical parameters [26], rather than on the relationship between biological and behavioral
processes [22]. As a result of its complex behavioral responses, the zebrafish (Danio rerio)
has rapidly emerged as a popular model organism for screening the effects of various toxic
and bioactive compounds and the associated mechanisms [27,28]. In addition to sharing
many molecular, biochemical, cellular, and physiological similarities with mammals, ze-
brafish have several advantages including a high reproductive rate, external fertilization,
optical transparency, small size, rapid development, a short life cycle, easy husbandry, and
cost-effectiveness [29,30]. Therefore, by evaluating the impact of various substances on
zebrafish, valuable information for both human and fish safety can be obtained.

In our study, a stress condition was induced by exposing zebrafish to a ternary mixture
of Cd, Hg, and IMI. Previous research indicates that exposure to these contaminants can
result in organ and system damage in zebrafish. For instance, Cd exposure can elicit neuro-
toxicity, microbiota dysbiosis, disruption of thyroid endocrine and reproductive systems,
and developmental abnormalities [27,31-35]. Xia et al. (2020) demonstrated that exposure
to 5 ug-L~! Cd for 7 days induced changes in locomotor activities and in microbiota diver-
sity and richness in zebrafish [31]. Combined exposure to 10 pg-L~! Cd and polystyrene
beads (5 um in diameter) for 3 weeks induced oxidative damage and inflammation in
zebrafish tissues [27]. In addition, co-exposure of zebrafish adults to 0.1 ug-L’1 Cd and
tributyltin (TBT) for 90 days can cause neurotoxicity and disruption of the thyroid system
as well as developmental impairments in the offspring larvae [34]. Stronger effects were
found for zebrafish exposed to ionic Cd compared to Cd-containing nanoparticles (5 nm
in diameter), for the same nominal concentration of Cd (10 ug-L_l) [35]. Likewise, Hg
exposure may lead to cumulative impacts on motor and cognitive functions, characterized
by increased anxiety-related responses [36] and decreased aggressive behavior [37]. More-
over, the short-term exposure to 7.7 and 38.5 pg-L~! HgCl, resulted in morpho-functional
alterations in zebrafish gills and changes in the expression patterns of Na*/K*-ATPase
and metallothioneins [38]. The reproductive function of adult zebrafish can be impaired by
exposure to environmentally relevant concentrations of Hg (0.6-15 pg-L~!) during early
life [39]. Sun et al. (2018) revealed that exposure of zebrafish embryos/larvae to Hg in the
range of environmentally relevant concentrations (1-16 pg-L~!) for 7 days augmented the
whole-body thyroid hormone levels and altered the transcription of related hypothalamic—
pituitary-thyroid axis genes [40]. Similarly, IMI treatment has been associated with adverse
effects on social behavior [41] and oxidative damage [42]. For instance, low concentrations
of IMI (100 and 1000 pg-L~') caused intestinal histological injury, OS, an inflammatory
response, and gut microbiota dysbiosis [42]. Co-exposure to 100 ug-L~! IMI and 20 pg-L~!
polystyrene (PS) microplastics for 21 days led to growth inhibition and alterations in hep-
atic parameters and OS-related biochemical parameters [43]. Similarly, Hou et al. (2024)
showed that exposure to 10-500 pg-L~! IMI inhibited the growth of zebrafish, but also
altered liver glucose metabolism and decreased plasma insulin levels [44].

Therefore, the present study aims to assess the impact of two heavy metals and one
pesticide on zebrafish and to investigate the potential protective effects of HF against toxic-
ity induced by these contaminants. Our study involved a comprehensive analysis of adult
zebrafish, including their behavior, biochemical profiles, and body element concentrations,
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as well as histological and immunohistochemical changes. Furthermore, there is currently
a lack of research on the effectiveness of HF in mitigating the toxic effects of a combination
of heavy metals and pesticides.

2. Results and Discussion
2.1. Physicochemical Analysis and Antimicrobial Activity of HF

According to the literature, honey’s physicochemical and biological properties are
related to the botanical and geographical origins and bee species, as well as harvesting,
processing, storage, and transport conditions [45]. The physicochemical parameter values
for raw polyfloral honey (control) enriched with 12 ingredients (HF) are given in Table 1.
Polyfloral honey showed a moisture content of 19.46%, which is below the maximum limit
(20%) set by Codex Alimentarius and European standards [46,47]. While higher moisture
content was noticed in the HF (22.66%), the addition of aqueous extracts increased the
water content. The amount of water present in honey may affect its quality and stability
during storage; e.g., honey with higher moisture content is more prone to fermentation
and the formation of acetic acid [48]. In general, honey with low moisture content has
high total soluble solids [49], which is in agreement with our result. Moreover, the TSS
for raw honey was similar to that reported by Albu et al. (2021), who found a TSS of
80.6 = 1.41 °Brix [50]. The pH mean values for honey samples were acidic and relatively
close, ranging between 3.93 £ 0.01 for raw honey and 4.05 =+ 0.05 for HE. According to
published results, a pH range of 3.2 to 4.5 is considered acceptable for honey samples and
is a good indicator of honey’s stability and quality [48]. Also, both honey samples met
the maximum level of acidity requirement, which is 50 meq-kg ! [46]. Similar results for
polyfloral honey acidity were published by Sakac et al. (2019) [48], who found an acidity
level of 19.3 + 1.88 meq-kg~!. As the literature describes, free acidity increases during
the storage time and fermentation because the sugars and the alcohols from the honey
composition are transformed into organic acid by the action of yeasts [51,52]. Another
important parameter in honey quality control is electrical conductivity, which correlates
with the content of ions, organic acids, and proteins [53,54]. As depicted in Table 1,
the obtained mean values of electrical conductivity were below the maximum limit of
0.8 mS-cm~! set by Codex Alimentarius [46] and close to the data previously published
by Kunat-Budzyriska and co-authors [55]. On the other hand, with the introduction of the
additives, the final product is characterized by a vibrant color and robust flavor (Figure S1
in Supplementary Materials).

The mineral content is one of the parameters used to assess the nutritional value
of honey, but also an indicator of environmental pollution. According to literature data,
darker honey tends to have slightly higher mineral amounts compared to lighter honey [56].
Our data support this finding, the total mineral content of honey enriched with additives
accounts for 871.53 ug-g~!, which is 2.4 times higher than the value of polyfloral honey
(361.17 ug-g~'). K was the most abundant macroelement in both tested samples, with
a mean concentration of 238.56 ug-g~! for the control sample and 534.63 ug-g~! for HF,
respectively. The results obtained are strongly supported by other authors’ findings [56-58].
Further, the Pb and Cd concentrations did not exceed the acceptable levels proposed by the
World Health Organization (WHO) and the Food and Agriculture Organization (FAO) of
25 ug-kg~! for Pb and 7 ug-kg~! for Cd [56].

Moreover, the addition of additives enhanced the total content of phenolic compounds
(2.6-fold), flavonoids (4.5-fold), and carotenoids (5.7-fold increase) compared to the control
sample. Further, the flavonoid fraction of total phenolic compounds increased from 41.6% to
72.7% with the introduction of 12 additives to polyfloral honey. A similar effect of enriching
honey with polyphenolic compounds was previously observed for honey supplemented
with powdered sea buckthorn leaves and fruits, respectively [5]. Higher enrichment (over
400%) was reported for honey mixed with 4% fruit or 1% leaves of Rubus sp. [3].
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Table 1. Physicochemical parameters, bioactive compounds, and total antioxidant capacity of

honey samples.

Honey Sample

Parameters .

Polyfloral Formulation
Physicochemical parameters
Moisture (%) 19.467 +0.115° 22.667 +0.115°
TSS (°Brix) 80.533 £0.115% 77.333 +0.115°
pH 393 +£0.01° 4.0540.05°
Free acidity (meq-kg™!) 20.100 + 0.100 ® 40.067 £ 0.1152

Electrical conductivity (mS-cm~1)

0.453 £ 0.002 b

0.538 4+ 0.001 2

Metal ion concentrations (mg-g~!)
Bioelements

K

Ca

Mg

Na

Zn

238.56 + 22.24
63 +9.45b
35.53 +1.88 P
5921+ 0.51P
11.69 £ 1.252
562 +05P
0.483 + 0.053 P
0.233 £ 0.028 b
0.134 + 0.0122

534.63 4 38.11 2
180.3 +£19.832
100.89 =+ 5.06 2
38.084 4+ 5.712
931+1.01b
6.52 40532
1.139 £+ 0.159 2
0.513 + 0.035 2
0.143 +0.0132

Toxic metals
Cd
Pb

19+02(x1073)2

9+2(x1073)a

2+03(x1073)2
10 £2.5(x1073) 2

Bioactive compounds

TPC (mg GAE per 100 g sample) 143.415 + 1.771 371.318 £+ 0.740
TFC (mg RE per 100 g sample) 59.751 £0.272 269.932 + 5.203
TAC (mg CGE per 100 g honey) 1.761 £ 0.127 10.086 £ 0.421
Antioxidant capacity (AC)

DPPH (mg GAE per 100 g honey) 0.584 4 0.075 4.851 = 0.058

1214.72 £ 86.036

2315.716 4+ 110.638

ABTS (mg TE per 100 g honey)

Note: Data are expressed as mean + SD, and values sharing the same letter indicate no significant differences at a
confidence level of 95% using the t-test.

The superiority of the antioxidant activity (DPPH and ABTS) of HF over raw honey
was also observed, which is in agreement with other studies [2,59]. For example, a several-
fold increase in the antioxidant capacity was found for creamed honey enriched with
lavender (~3 times), lemon balm (~6.8 times), nettle (~3.2 times), peppermint (~5.9 times),
and ginger (1.8 times) in contrast to polyfloral honey [2]. The results of Wilczyriska et al.
(2017) [59] showed that the addition of cinnamon, ginger, and cardamom to polyfloral
honey may cause changes in its antioxidant capacity. The highest antioxidant activity was
obtained for honey flavored with cinnamon [59].

Among the 12 compounds explored, syringic acid, quercetin, ferulic acid, riboflavin, and
pyrogallol were present in various amounts in both studied samples. As illustrated in Table 2,
syringic acid was the dominant phenolic acid in the raw honey sample, and pyrogallol in
the HF sample, while quercetin was found among flavonoids. Other authors indicate the
presence of caffeoylquinic acids in rape honey enriched with mulberry leaves or fruits [1]
and coumarin and o-coumaric acid in polyfloral honey fortified with Melilotus officinalis and
M. albus [8]. Also, an increase in rutin and quercetin concentrations was observed in honey
supplemented with Sophora flower [60], while Tomczyk et al. (2019) [1] highlight the potential
of using mulberry leaves as a source of phenolic compounds for enriching honey instead
of fruits.
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Table 2. Identification and quantification of common phenolic acids, flavonoids, and vitamins in
honey samples.

Control Sample HF

Compound tr (min) (mg per100 g (mg per100 g
Sample) Sample)

Phenolic acids
Gallic acid Tr Tr
Pyrogallol 5.94 0.05 4+ 0.01 1.76 £ 0.33
Caffeic acid Tr Tr
Vanillic acid Tr Tr
Syringic acid 8.79 0.78 + 0.0168 0.27 + 0.02
p-Coumaric acid Tr Tr
Rosmarinic acid Tr Tr
Ferulic acid 11.00 0.36 + 0.01 0.58 + 0.01
Flavonoids
Rutin Tr Tr
Catechin Tr Tr
Quercetin 11.40 0.50 + 0.01 1.21 +£0.01
Kaempferol Tr Tr
Vitamin
Riboflavin (Vitamin By) 8.19 0.1 £0.01 0.13 +0.013
Ascorbic acid (Vitamin C) Tr Tr

Note: tg—retention time; Tr—traces (below limit of detection).

Furthermore, the results reveal that the HF at the tested concentrations (0.5, 1, and
1.5 g'mL~!) does not exhibit antibacterial activity against Gram-negative and Gram-positive
bacteria (Figure S2 in Supplementary Materials). Similarly, no antibacterial activity was
observed against E. coli [5] and P. aeruginosa [9] for other types of flavored honey irrespective
of the added additives (e.g., fruit, herbs, and spices). The lack of antibacterial activity of
HF might be attributed to the relatively low contents and diversity of polyphenols and
flavonoids (Table 2). Alzahrani et al. (2012) have shown that the honey antimicrobial effects
decrease as the polyphenols content decreases [61]. In their study, the highest antimicrobial
activity was reported for manuka honey with a total polyphenol content of 899.09 mg
gallic acid per kg, followed by acacia honey (627.56 mg gallic acid per kg), wild carrot
honey (503.09 mg gallic acid per kg), and lavender honey (111.42 mg gallic acid per kg) [61].
Equally important is the composition and content of polyphenols found in honey. For
instance, the high antimicrobial effects of manuka honey were attributed to the presence of
caffeic acid, pinocembrin, chrysin, and galangin among the polyphenols [62]. However,
according to Cheung et al. (2019), the composition of phenolic compounds depends on
the geographical origin, while the concentrations of the compounds are influenced by the
floral source [63]. Apart from the phytochemical composition, other factors influencing
the antibacterial activity of honey include its chemical composition (water content, acidity,
level of HyO,, non-peroxide components or sugar concentration), origin (geographical,
seasonal, and botanical), and harvesting, processing, and preservation conditions. In
addition, the low concentrations used in the experiment could have played an important
role in the absence of antimicrobial effect. In general, the concentrations reported as
having antibacterial activity can range from less than 3% to more than 50% [64—66]. Thus,
the effectiveness of different types of honey against bacteria can vary significantly, with
differences between them being as much as 100-fold [64].

2.2. Effects of HF on Mixture of Heavy Metals and IMI-Induced Toxicity in Zebrafish
2.2.1. Behavioral Analysis

Since animal behavior integrates effects across multiple biological levels, subtle
changes can be observed following short-term exposures to low concentrations of com-
pounds. Thus, behavioral assays have drawn increasing attention in toxicity studies,
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particularly in the ecotoxicology and pharmacology fields, as they offer numerous ad-
vantages in assessing the impact of various compounds on organisms [21,22]. Common
behavioral assays include the evaluation of locomotor activity, conspecific interaction,
aggressiveness, and various sensory responses [67]. In this context, we used both the
locomotor activity and conspecific interaction assays to investigate whether sub-chronic
exposure to heavy metals alone and in combination with IMI has any detrimental effects
on fish locomotion parameters and on the time spent near the social stimulus. In addition,
the efficiency of HF supplementation in alleviating behavioral impairments induced by the
three toxicants was assessed.

According to the results shown in Figure 1A-C, there is no significant difference
in behavioral endpoints between HF-treated zebrafish and the control group, as well
as in the baseline performance of animals. Instead, the sub-chronic exposure to heavy
metals and IMI mixture caused significant changes in zebrafish swimming behavior com-
pared to the control and individual contaminant groups, which were characterized by
an increased period of inactivity and reduced average swim velocity and total distance
traveled. For instance, the simultaneous exposure to Hg, Cd, and IMI decreased the
total distance traveled by 33% and 38.6% in relation to the control (p = 0.01) and IMI
(p < 0.001) groups, while decreasing the mean velocity by 48.6% and 56.9% compared with
the control (p = 0.002) and IMI (p < 0.001) groups, respectively. Similarly, the results of other
studies indicated that co-exposure to Pb and TiO, nanoparticles [68] or carbendazim and
chlorpyrifos [69] can lead to slower exploration behavior in zebrafish.
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Figure 1. Locomotor activity of control and treated groups. (A) Total distance traveled (cm), (B) mean
speed (cm-s~1), and (C) immobility duration (s). Data are expressed as mean + SD and analyzed by
two-way ANOVA followed by Tukey’s multiple comparison test. Statistically significant differences
are denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001. The experiments were repeated 2 times with
7 animals per group.

In addition, we found a significant increase in the inactivity time of the zebrafish from
an average of approximately 8% of the time for both the control and HF-exposed group to
an average of 24% and 12.5% for the ternary mixture (p < 0.001) and Hg + Cd (p < 0.001).
Similar to our observation, zebrafish exposed to 50 ug-L’l PbCl, [67], 45 ug-L’1 IMI [70],
and 0.75 mM acrylamide [71] showed behavioral changes, characterized by a significant
increase in immobility duration. A previous study also reported an augmentation in
immobile time and a decrease in the total distance traveled by zebrafish after 96 h exposure
to various proportions of a hospital effluent [72]. On the other hand, the results indicate that
the locomotor impairments induced by the ternary mixture can be partially attenuated by
HF supplementation. Interestingly, there were no significant differences when comparing
the velocity and distance moved by the animals from the mixture group with those from
the HF and control groups, respectively. The period of inactivity for zebrafish exposed to
the mixture (Hg + Cd + IMI + HF) was partially restored to the control value (p = 0.043).
Consequently, the fish exposed to Hg, Cd, and IMI in combination with HF moved faster
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(1.7 times) and a longer distance (1.5 times) and had a lower immobility duration (2.5 times)
than those from the Hg + Cd + IMI group. Our results are in agreement with an earlier
study by Abdulmajeed et al. (2016) [72] who showed that honey supplementation may
mitigate lead-induced memory and locomotor activity impairments.

Furthermore, we found that exposure to singular and combined chemical treatments
for 21 days impaired the zebrafish’s social behavior, as indicated by the reduced time spent
in the zone near conspecific individuals compared to the control group (Figure 2A). The
time spent near the social stimulus decreased by 37% when zebrafish were treated with
Hg + Cd and IMI (p = 0.031) compared to the control group, while the highest magnitude
of reduction was observed for the group exposed to heavy metals in combination with IMI
(p = 0.004). As shown in Figure 2A,B, the HF co-treatment with chemicals restored social
preference to the normal level (p = 0.094), but with an increase in the time spent in the
central segment compared to the control group (p = 0.002). Similarly, the results of Robea
et al. (2020) showed that the simultaneous administration of vitamin C [73] and vitamin
By, [74] with fipronil and pyriproxyfen can partially reverse the social interaction deficits
induced by insecticides, but with an increase in the time spent in the right arm compared
to the control group on day 14 of exposure.
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Figure 2. Social interaction behavior observed among zebrafish after chemical compound exposure.
Time spent in the left (social area) (A), central (B), and right (C) arms. Data are expressed as
mean + SD (n = 7) and analyzed by two-way ANOVA followed by Tukey’s multiple comparison
test. Statistically significant differences are denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001. The
experiments were repeated 2 times with 7 animals per group.

Moreover, the zebrafish exposed to heavy metals alone and in combination with IMI
showed a preference for the central segment, spending 107.4 4= 16.3 s and 105.3 £ 22.8 s,
respectively. Also, the IMI (p < 0.001) and Hg + Cd + IMI (p < 0.001) groups showed a marked
difference with the control regarding the time spent in the right arm (Figure 2C). Similar to our
observation, valproic acid [75,76], tetrabromobisphenol A [77], silver nitrate [78], bisphenol
S and estradiol [79], and antidepressant [80] treatments induced social interaction deficits
in zebrafish.

2.2.2. Biochemical Analysis

Biochemical responses of organisms are frequently used as early warning signs of
environmental contamination [43]. The imbalance between the production and elimination
of reactive oxygen species (ROS) in tissues leads to the appearance of OS, which is a key
factor for many chronic diseases like neurological, metabolic, and cardiovascular disor-
ders [70,81]. However, organisms have evolved a complex system of defense to neutralize
ROS, consisting of a network of enzymatic (e.g., SOD, GPx, CAT, etc.) and non-enzymatic
(e.g., vitamin C, uric acid, vitamin E, melatonin, etc.) antioxidants. The antioxidants
can act at various levels, inhibiting the formation of free radicals, scavenging them, and
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repairing or removing the oxidized biomolecules [81]. Antioxidants are substances that
counteract the deterioration caused by oxidants such as O,, OH™, superoxide, and/or lipid
peroxyl radicals [82]. Cells have a defense system against oxidative damage, which includes
free radicals and other protective agents such as catalase, SOD, peroxidase, ascorbic acid,
tocopherol, and polyphenols [83].

Honey from different floral origins in various countries has been shown to possess
high antioxidant properties [82]. The antioxidant activity of honey is primarily attributed
to phenolic acids [84] and flavonoids [85-87]. Antioxidant agents stimulate biomolecules
like carbohydrates, proteins, lipids, and nucleic acids [83]. This stimulation ultimately
triggers an antioxidant response in cells. Honey and honey infused with herbs have been
found to exhibit strong antioxidant activity, and this capacity contributes to the prevention
of several acute and chronic disorders [83,88]. The precise antioxidant mechanism remains
unclear, but proposed pathways include scavenging of free radicals, donation of hydrogen
atoms, chelation of metal ions, and the role of flavonoids as substrates for neutralizing
hydroxyl and superoxide radicals [83].

The present study aims to evaluate the single and combined sub-chronic effects
of IMI, Hg, and Cd treatments on selected OS parameters and AChE activity and to
determine whether HF co-administration can alleviate contaminant-induced OS. To assess
the oxidative damage induced by pollutants in zebrafish, we measured the activities of
SOD and GPx, as well as the MDA contents. As is described in the literature, SOD and
GPx are the body’s first line of defense against the toxic effects of ROS, while MDA is a
marker of oxidative damage caused by these chemical compounds against zebrafish [74].
In addition, the AChE is a key nervous system enzyme often employed as a biomarker
for evaluating the effects of various environmental pollutants on aquatic organisms [89].
Figure 3A-D show no significant difference in SO parameters between HF-treated (500
mg-L~1) zebrafish and the control group; in contrast, exposure to IMI treatment for 21 days
increased MDA content (p = 0.003) and SOD activity (p = 0.047).
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Figure 3. MDA level (A), GPx (B), SOD (C), and AChE (D) activities in zebrafish following treatment
with Hg (15 ug-Lfl), Cd (5 ug-Lfl), and IMI (0.5 mg-Lfl) alone and in combination with HF
(500 mg-Lfl) for 21 days. Data are expressed as mean & SD (n = 5 animals per group with two
replicates), and bars sharing the same letter indicate no significant differences at the level of p < 0.05
using one-way ANOVA followed by Tukey’s multiple comparison test.

39



Int. J. Mol. Sci. 2024, 25, 11730

In a previous study, neotropical fish (Prochilodus lineatus Valenciennes, 1837) exposed
to different IMI concentrations showed liver, gill, kidney, and brain lipid peroxidation as
well as increased SOD activity in the liver and gills [90]. Also, Ge et al. (2015) showed that
5 mg-L~! IMI treatment markedly increased MDA content and SOD activity in zebrafish
liver at day 14 [91]. Moreover, sub-chronic exposure to heavy metals caused a significant
increase in MDA level (p = 0.003) and GPx activity (p = 0.047), which were about 1.2- and
1.7-fold higher than those in control fish, respectively. Similar to our results, various reports
demonstrated that HgCl, [92], CH3zHgCl [93], CdCr; [94], and simultaneous CdCl, and
HgCl, [95] exposure induced lipid peroxidation.

The ternary mixture affected not only the main parameters related to the OS but also
the AChE activity. As shown in Figure 3A-D, sub-chronic exposure to heavy metals and
IMI promoted a significant inhibition of AChE activity (—30.7% compared to the control
group) in the fish brains and a remarkable elevation in antioxidant enzyme activities
(p = 0.047 for SOD and p < 0.001 for GPx) and MDA level (p < 0.001) in fish tissues,
respectively. According to our findings, an earlier study by Rosales-Pérez et al. (2022)
showed that acute exposure to a mixture of contaminants from a hospital effluent markedly
inhibited the AChE activity and increased antioxidant enzyme activities (e.g., SOD, CAT,
and GPx) in fish brains [96].

The changes in AChE activity concerning behavioral observations provide valuable
insights. However, a more comprehensive investigation is needed to understand the un-
derlying mechanisms. The partial reduction in AChE inhibition with HF supplementation
suggests reversibility, raising the possibility of adaptive mechanisms mitigating neuro-
toxic effects in zebrafish. The preservation of swimming behavior despite inhibited AChE
activity may point to the activation of compensatory motor control strategies.

In addition, Abdulmajeed et al. (2016) and Azman et al. (2015) found that honey sup-
plementation reduced anxiety, memory impairment, decreased locomotor activity, and OS
levels in rats [72,97]. In our study, co-administration of HF partially normalized OS markers
in zebrafish, thus indicating a protective role against oxidative damage. Furthermore, the
cholinergic system has a critical role in mediating locomotor responses to novel stimuli and
facilitating spatial memory, highlighting the impact of disruptions to AChE breakdown
due to compromised AChE activity [32,94,95]. While our research found that metal concen-
trations and pesticides negatively impacted AChE activity, it is essential to note that some
studies, such as that of Bui Thi et al. (2020), have reported increased AChE activity in fish
following heavy metal exposure [67]. This variability underscores the need for further ex-
ploration of the context-dependent compensatory mechanisms that zebrafish may employ
in response to environmental neurotoxins, which can enhance our understanding of their
resilience to neurotoxic stress at both molecular and behavioral levels.

In addition, the co-administration of HF attenuated ternary mixture-induced changes
in OS parameters and AChE activity. For example, in rats, honey supplementation ame-
liorated the enhanced MDA level and normalized the SOD activity [98]; meanwhile, in
the case of AChE, Tualang honey improved cholinergic transmission, protecting against
hypoxia-induced neuronal damages [99].

2.2.3. Zebrafish Body Element Concentrations

Cu, Fe, Zn, Mn, Ni, Mg, Na, and Ca constitute essential elements crucial for the
optimal functionality of various cellular enzymes and proteins [100,101]. The impact of
bioelements on biological processes can turn toxic when their concentrations exceed specific
thresholds [100,102]. Notably, certain heavy metals possess the potential to influence metal
ion dynamics within aquatic environments, prompting a growing interest in evaluating the
efficacy of dietary products in mitigating pollutant toxicity [103-106].

In general, honey or honey-based products are described by elevated concentrations
of essential elements [45,101]. In the context of our study, the administration of HF pro-
duced significant effects on some of the elemental composition of the zebrafish body
(Figure 4A-G). This intervention led to a reduction in Fe* levels while elevating the con-
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centrations of Mg* and Na*. This outcome underscores the vital physiological role of Na*

in nerve transmission [107] and the enhanced metabolism of Mg™ a factor of particular
importance [108]. The observed decrease in Fe* levels suggests a potential regulatory effect
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Figure 4. Concentration (pg-g{1 wet weight) of essential elements ((A)—Ca; (B)—Na; (C)—K;
(D)—Mg; (E)—Fe; (F)—Zn; (G)—Cu) involved in biological structures and biochemical processes
analyzed from entire fish body mass and reported as mean £ SD (1 = 5 animals per group), with bars
sharing the same letter indicating no significant differences at the level of p < 0.05 using one-way
ANOVA followed by Tukey’s multiple comparison test.

Our study indicates a 10% decrease in Na levels within the zebrafish group exclusively
exposed to neonicotinoid insecticides and heavy metals. For example, Araujo et al. (2022)
showed a significant reduction in Na levels after 96 h in carbamazepine (CBZ) + acetamiprid
(ACT) and ACT + Cd groups [109].

Regarding K levels, no significant differences were observed in the group exposed to
the mixture compared to the control; these findings imply that the losses of K* and Ca?*
were proportional to the ionic disparities between the fish plasma and the surrounding
water, suggesting a common mechanism of acute toxicity [110]. The previously mentioned
finding is in line with the finding of Araujo (2022), who showed that CBZ + ACT and
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CBZ + ACT + Cd treatments did not result in significant differences compared to the
control group after 96 h exposure [109]. Similarly, there was no significant difference
between K levels in the control groups and zebrafish exposed to 2 mg-L~! of Cr [VI] for
60 days [111].

Our study further demonstrated that exposure to a combination of Hg and Cd led to a
20% increase in Ca levels, while exposure to Cd, Hg, and IMI resulted in a 24% increase
in Ca levels. The present study aligns with the findings of Siblerud et al. (2019) [112],
linking Hg to elevated intracellular Ca concentrations. Increased Ca levels were measured
in zebrafish exposed to CBZ, ACT, Cd, and their combined treatments [109]. Similarly,
Shaw et al. reported an increase in Ca amount in the zebrafish treated with 2 mg-L~! of Cr
[VI][111].

The levels of Cu and Zn did not differ significantly between the control group and the
fish exposed to Cd, Hg, and IMI; these substances did not cause considerable changes in
Cu and Zn metabolism. Devarapogu and Asupatri (2023) suggested a potential role for
Zn in alleviating Cd toxicity [113]. Contrary to our results, significant differences in Zn
and Cu levels compared to controls were measured in zebrafish exposed to CBZ, ACT, Cd,
and their binary combination [109], as well as for Cr [VI]-treated zebrafish [111]. However,
further analysis is necessary to understand the possible interactions and effects of mixtures
on essential elements comprehensively.

2.2.4. Evaluation of Histologic and IHC Lesions

Zebrafish from the control and HF groups did not present histologic changes in the
studied nervous system areas. The lesion severity score was (-). Contrarily, the optic tectum
in fish exposed to IMI and Hg + Cd + IMI showed severe spongiosis in the neuronal layer,
edema, and vacuolization of the neuropil with multiple areas of extravasated erythrocytes,
as shown in Figure 5.

GFAP

S100B

PCNA

Figure 5. IHC expression of GFAP, S100B, and PCNA markers in the optic tectum for the control and
exposed groups green arrow marks IHC positive cells (n = 5 animals per group; scale bar = 50 pum).

In addition, degenerative changes of neurons and neuropil and focal aggregation
of microglial cells were recorded in the optic tectum for heavy-metal- and IMI-exposed
animals with the lesion score (+++) (Table S2 in Supplementary Materials). The Hg + Cd
group had the lesion score (+). The intensity of DAB anti-GFAP staining was significantly
higher in IMI, Hg + Cd, and Hg + Cd + IMI (+++). An intermediate intensity score
(++) was observed in the optic tectum of the group exposed to Hg, Cd, and IMI. Thus,
GFAP expression is confirmed to increase with astrocytic emergence and activation; it is
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commonly adapted as a marker to study astrocyte response to various physiological and
pathological conditions. Astrocytes play a significant role in nervous system development,
synaptic transmission, and nerve tissue repair.

Researchers identified GFAP as a sensitive indicator of early response to neurodegen-
erative injury [114], and it can be detected in astrocytes even in the absence of neuronal
death [115]. The severity of the injury correlates with the intensity of GFAP expression
in reactive astrocytes [116,117]. In various central nervous system (CNS) disorders, acti-
vated astrocytes exhibit an increased GFAP expression due to elevated mRNA levels and
increased cytoskeletal GFAP proteins. It is important to note that the elevation of GFAP
levels alone is insufficient for classifying reactive astrocytes, suggesting that increased
GFAP levels occur in response to pathological stimuli and regional astrocyte differences.
Furthermore, initial GFAP expression in astrocytes can occur following physiological stim-
uli [116]. Astrocytes, as integral CNS cells, play crucial and diverse roles [118]. They are
involved in metal uptake and sequestration, thereby preventing the accumulation of met-
als in the CNS at toxic concentrations [119,120]. Additionally, astrocytes protect neurons
against various insults, including excess glutamate [121,122] and heavy metals, which are
a primary source of neurotoxicity leading to neurodegenerative changes. The influx of
heavy metals affects astroglial homeostatic and neuroprotective cascades, including the
glutamate/GABA—glutamine complex, antioxidant systems, and energy metabolism. The
astrocytes produce nerve growth factor and S100 protein, essential for neurite elongation
and outgrowth [123,124]. Activated astrocytes are involved in angiogenesis, a crucial pro-
cess in CNS development and repair that relies on physical interaction between astrocytes
and endothelial cells. Notably, endothelial cells separated from astrocytes do not form
capillaries [125,126].

In the control and HF groups, there was a noticeable difference in the reaction to
anti-GFAP DAB staining. The HF group showed a more intense response. Additionally,
the scoring indicated a result of (-) in the control group and a result of (+) in the HF group.

Figure 5 demonstrates the presence of the S100B protein in all experimental groups.
The mesencephalic optic tectum predominantly contains S100B in nerve fibers rather than
nerve cells. The protein showed immunoreactivity across all the fiber profiles, which
run from the bottom to the top of the optic tectum perpendicular to its outer surface.
Additionally, immunoreactivity in the medial and lateral regions of the cerebral valve was
noticed. The inner surface of the optic tectum, adjacent to the tectal ventricle, contained
S100B-positive ependymal and subependymal cells. The bulkier and rounder shapes of
ependymal cells set them apart and make them easily identifiable.

In contrast, subependymal (glial) cells exhibited elongated radial processes that ex-
tended through the optic tectum and reached the surface of the pial membrane (pia mater).
In the control group, the observed immunoreactivity was rated as (+), while in the HF
group, it was (++). The mixed group displayed intense positivity (+++) in cytoplasmic and
extracellular regions, whereas moderate positivity (++) was detected in groups exposed
to individual or combined chemicals (IMI, Hg + Cd). Furthermore, the dorsal and lateral
sections of the torus longitudinalis were lined with S100B-positive ependymal cells, and
the nerve fibers forming the commissure in the ventral region of the torus longitudinalis
were also S100B-positive. The presence of extracellular protein S100B might have a role in
regulating tissue development and facilitating regeneration or repair processes.

In the assessment involving IHC staining for PCNA (Figure 5), a marker indicative of
the nuclei of dividing cells, it was observed that the PCNA marker was evident in both the
control group and the group exposed to HF (++). The neurotoxic effects reduced the PCNA
staining in the IMI-exposed group, indicating a decrease in cell proliferation. An intense
(+++) reaction was recorded in the Hg + Cd group, a moderately intense (++) reaction in
the IMI and mixture groups, and a weakly positive (+) reaction in the Hg + Cd + IMI (refer
to Table S2 in the Supplementary Materials). The toxicities of Cd and Hg may be mitigated,
prompting the body to stimulate cell regeneration and potentially repair the damage.
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In the cerebellum, IMI and Hg + Cd + IMI cause neuronal degeneration, spongiosis,
and vacuolation with focal aggregation of glial cells and damage to granule neurons. A
reduction in cell density, depletion of the nuclear area, and chromatin condensation in
granular cells were also identified (Figure 6).
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Figure 6. IHC expression of GFAP, S100, and PCNA markers in the cerebellum for the control and
exposed groups, green arrow marks IHC positive cells (1 = 5 animals per group; scale bar = 50 um).

Vacuolation of grey and white matter, necrotic cells, and the presence of tissue edema
that caused large lesions due to OS were observed during the analysis. Significant damage
was documented in the cerebellar cortex after exposure to Hg + Cd, resulting in a neuronal
loss lesion score of ++ (Table S3 in Supplementary Materials). The cerebellum showed
slight vacuolization and degeneration of cells in the Purkinje cell layer with a score of (++).
No changes were recorded in the control and HF groups, while in the mixture group, the
lesion score was (++).

The intensity of DAB anti-GFAP staining in the cerebellum was as follows: significantly
more intense, receiving a score of (+++) for the mixture group; intermediate intensity (++)
for the Hg + Cd, Hg + Cd + IMI, and IMI-exposed groups; and reduced intensity for the
control group (Table S3 in the Supplementary Materials). The distribution pattern of the
S100B protein in the cerebellum differs from that of other central nervous segments. It
is mainly localized in neurons and less in glial cells. The cerebellar body showed S100B
protein in small neurons, localized primarily in the superficial layer. In addition, neurons
forming the deep cerebellar nuclei were also immunoreactive for S100B. Purkinje neurons
localized in the basal zone showed a strong reaction for S100B protein in both the perikaryon
and the dendritic arbor. Intense reactions were observed in the group exposed to a ternary
mixture of S100B, and reactions were rated as medium (++) in HF and Hg + Cd and low
in the control group. The PCNA reaction was most intense (+++) in the Hg + Cd group,
followed by a medium reaction (++) in the mixture, HF, and control groups, and low in the
Hg + Cd + IMI group.

In the spinal cord, the intensity of DAB anti-GFAP staining was as follows: significantly
more intense (+++) for the mixture group; of intermediate intensity (++) in Hg + Cd,
Hg + Cd + IMI, and IMI-exposed groups, and reduced (+) in the control group, as shown
in Table S4 in the Supplementary Materials. The distribution pattern of S100B protein in
the cerebellum differs from that of other central nervous segments. It was localized mainly
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in neurons and less in glial cells. The reaction to PCNA was most intense (+++) in the
Hg + Cd group, followed by a medium reaction (++) in the mixture, HE, and control group,
and low (+) in the Hg + Cd + IMI group (Figure 7).
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Figure 7. IHC expression of GFAP, 5100, and PCNA markers in the spinal cord for the control and
exposed groups, green arrow marks IHC positive cells (n = 5 animals per group; scale bar = 50 um).

In the current investigation, the exposure of zebrafish to contaminants triggered a
cascade of responses characterized by heightened oxidative and nervous system stress. This
radical interference led to membrane damage, potential impairment, and morphological
alterations in mitochondrial cristae, culminating in disrupted adenosine triphosphate (ATP)
production and a subsequent decrease in intracellular ATP content [127]. The observed
mitochondrial effects may have substantial implications for neurological function. Neurons
have the highest energy requirements of all somatic cells. They are the largest consumers
of oxygen (Oy)—the brain consumes O, at a rate ten times higher than any other tissue,
making it much more vulnerable to oxidative damage [128,129]. In addition, cells have
difficulty repairing the distal ends of dendrites and axons due to their distance from the
cell body [129]. The heightened impact is associated with oxidative injury to mitochondria,
which play a significant role in upholding the health of axons [130]. Although considerable
efforts have been dedicated to the IMI toxicity on aquatic organisms, only a few data
are on apoptosis and immunotoxicity [131]. IMI in common carp moderately induces
apoptosis in the brain but also induces severe histopathological changes, inflammation,
and OS in the gills, liver, and brain, in agreement with our results. The mechanisms
of the activation of some biomarkers (iNOS, 8-OHdG, TNF-x) and expression of some
apoptotic genes (caspase 3) during pesticide intoxication have been reported [132,133].
Cd also induces caspase-mediated apoptosis and necrosis in cortical neurons [127]. In
addition, Cd exposure can cause a decrease in several critical brain enzymes, including
AChE, acid phosphatases, alkaline phosphatase, ATPase, and catalase [134]. The observed
neurotoxic effects of MeHg on zebrafish embryos could be because MeHg is known to
disrupt microtubule formation [135], which could profoundly affect cell division. The
toxic impact of MeHg could also be because it negatively affects mitochondrial function,
thus decreasing the metabolic capabilities of cells. A study in adult zebrafish showed
that exposure to 15 ug-L~! of MeHg under ambient conditions caused uncoupling and
mitochondrial oxidative phosphorylation in skeletal muscle [136].
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The GFAP and S100B markers were selected for the protein homology studies between
human, mouse, and zebrafish orthologs. GFAP (astrocyte intermediate filament), whose
expression increases as astrocytes arise (astrocyte activation), is commonly adopted as
a marker to study the reaction of astrocytes in various situations of physiological and
pathological conditions, playing a vital role in nervous system development, synaptic
transmission, and nerve tissue repair. In the present study, the expression of GFAP was
considerably increased in the IMI-treated group and discrete in the control group. The
observed changes may suggest heightened dopaminergic and serotonergic activity in the
brain, along with initial behavioral shifts [137]. This study noted strong and extensive
expression of S100B and moderate, discrete expression of GFAP in the zebrafish’s cen-
tral and peripheral nervous systems, aligning with previous research findings [138]. For
instance, S100B is recognized for its direct interaction with Dbf2-related nuclear protein
kinase (NDR kinase), inhibiting the recruitment of NDR kinase substrates [138-140]. S100B
deactivates advanced glycation end products (RAGEs) by binding with vital fibroblast
growth factor and its receptor [139,140]. Extracellular S100 proteins play a role in regulating
the apoptosis, proliferation, differentiation, and migration of various cell types, such as
monocytes, macrophages, neutrophils, lymphocytes, myoblasts, epithelial cells, endothelial
cells, smooth muscle cells, neurons, and fibroblasts. Additionally, besides their function
as Ca-binding proteins, S100 proteins were later identified as DAMP molecules [141] as-
sociated with cell death and tissue damage, triggering rapid inflammatory responses or
producing biologically active molecules [142,143]. S100B protein’s presence in the adult
zebrafish nervous system contributes to intracellular Ca homeostasis regulation as a trigger-
ing or activating protein. It also exhibits neurotrophic activity, suppresses phosphorylation,
induces apoptosis [144], and maintains cytoskeletal stability [145]. Furthermore, S100B
protein is produced, stored, and released by astrocytes, tanycytes, oligodendrocytes, and
radial cells and exerts paracrine and autocrine effects on neurons and glia. It has been
shown that S100B expression defines a late developmental stage, after which the GFAP-
expressing stage of development loses its potential as neuronal stem cells [146]. Since S100
protein continues to be deposited in these regions of adult zebrafish, and subventricular
zone glial cells play an essential role in adult zebrafish neurogenesis, S100 protein could
be involved in this function, which is maintained in zebrafish during their entire lifes-
pan [147,148]. Using immunohistochemical staining for PCNA, a marker for the nuclei of
cells undergoing cell division is expressed in developing zebrafish [149]. The expression
of PCNA was significantly decreased in animals exposed to different concentrations of
MeHg [150]. The neural toxicity of MeHg tested in this study caused a decrease in PCNA
staining, suggesting a decline in cell proliferation. Smith et al. (2010) observed that in adult
zebrafish, the telencephalic cell density was significantly decreased at all MeHg exposures
during development [151]. These observations are similar to those reported by Yang et al.
(2007), where MeHg exposure significantly impaired zebrafish development [152].

Higher production of antioxidants can act as a protective shield during oxidative
damage [153-155]. OS has been implicated in the pathogenesis of neurotoxic mechanisms
of several pesticides because the brain has a higher susceptibility to oxidative damage. OS
occurs due to a mismatch between pro-oxidant and antioxidant systems. The resulting OS
can cause oxidative damage to lipids, nucleic acids, and proteins [137]. The combination of
heavy metals and IMI causes degenerative changes in the optic tectum and cerebellum and
is somewhat reduced in the spinal cord. The use of GFAP, 5100, and PCNA markers high-
lights the lesions in groups exposed to pesticides and heavy metals and their amelioration
by reducing the effect of OS.

3. Materials and Methods
3.1. HF Composition and Analysis
3.1.1. HF Composition

The commercial HF was received directly from the producer. This product contains a
mixture of 90.39% polyfloral honey and 9.61% other natural ingredients, such as royal jelly,
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Spirulina Arthrospira platensis, extracts of Arctium lappa L., Matricaria chamomilla, Eleutherococcus
senticosus, Silybum marianum, Panax ginseng, Astragalus membranaceus, Boswellia serrata, and
essential oils from Matricaria chamomilla, Salvia sclarea, and Salvia officinalis. Adding natural
ingredients to the polyfloral honey resulted in a notable alteration in its color, causing it to
transition to a deep shade of blue (as depicted in Figure S1 in Supplementary Materials). Of
the 12 constituents, the royal jelly [156], Eleutherococcus senticosus [157], Arctium lappa L. [158],
Matricaria chamomilla [159,160], and Silybum marianum [161] are reported to exhibit neuro-
protective effects and reduce oxidative damage. Polyfloral honey was obtained from the
apiary located in the Bunesti-Viscri region (Romania) in the 2021 bee-keeping season. For
transparency and to avoid any potential conflicts of interest concerning honey-based products,
the brand name of the producer has been kept confidential. This product was chosen for this
study to simulate a realistic scenario.

3.1.2. Physicochemical Analysis

The moisture content (%), total soluble substances (°Brix), and free acidity (mequiv~kg_1)
for polyfloral honey without (control) or with additives (HF) were assessed following the
guidelines provided by the Codex Alimentarius Commission—Revised Codex Standard for
Honey Codex Stan 12-1981, Rev. 1 (1987), Rev. 2 (2001) [46]. Furthermore, the pH and
conductivity (mS-cm~!) were measured using multiparameter analysis equipment from XS
Instruments, Carpi, Italy.

3.1.3. Determination of Mineral Elements

The mineral analysis was conducted at the laboratory of the Faculty of Food Science
and Engineering, Dunarea de Jos University of Galati, Romania. In preparation for the
quantification analysis, minerals from polyfloral honey samples were extracted. This pro-
cess involved treating approximately 0.5 g of honey samples (with and without additives)
with a mixture of 5 mL HNOj3 Suprapur® of 65% concentration (certified Merck, Darmstadt,
Germany) and 2 mL H,O, EMSURE® of 30% concentration (certified Merck, Darmstadt,
Germany), followed by digestion using a microwave-assisted pressure digestion system
(TOPwave, Analytik Jena, Jena, Germany) The mineralized samples were then transferred
into decontaminated polyethylene flasks (50 mL volume) and diluted with ultrapure wa-
ter (18.2 MQ-cm~2, equipment LaboStar " UV 4 Siemens Water Technologies, Barsbiittel,
Germany). The treated samples were processed and then analyzed for the quantification
of Calcium (Ca), potassium (K), magnesium (Mg), and sodium (Na) through the flame
atomic absorption spectrometry technique (FL-AAS) using an air—-acetylene—nitrous oxide
flame. Furthermore, the determination of copper (Cu), iron (Fe), manganese (Mn), and zinc
(Zn) was performed using the graphite furnace atomic absorption spectrometry technique
(GF AAS). The ContrAA 700 equipment manufactured by Analytik Jena, Jena, Germany,
was utilized to conduct these measurements. Calibration curves were established through
the preparation and analysis of a reference standard solution, ICP multi-element standard
solution IV with 23 elements in diluted HNO3 (Certipur®, 1000 mg~L’1, Merck, Darmstadt,
Germany). Each sample underwent triplicate analysis, and the metal ion content was
determined at the mg-g~! level.

3.1.4. Determination of Total Phenolic Content (TPC), Total Flavonoid Content (TFC), and
Total Carotenoid Content (TCC)

The TPC was determined according to the method proposed by Csakvari et al. (2021) [162],
while the TFC and TAC were measured as outlined by Rababah et al. (2014) [163], for 4%
solutions of honey in distilled water. The results for TPC and TFC were expressed in gallic
acid equivalents (GAE) and quercetin equivalents (QE) per 100 g sample, respectively, using
appropriate calibration curves with standard solutions (gallic acid monohydrate, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany).
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3.1.5. Quantification of the Total Antioxidant Capacity (TAC)

The total antioxidant activity was determined by 1,1-diphenyl-2-picrylhydrazyl
(DPPH; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and 2,2'-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic) acid (ABTS; Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) assays, as earlier reported by Bogdan et al. (2021) [164] and Csakvari et al.
(2021) [162]. The results were expressed as mg gallic acid equivalents (GAE) per 100 g of
sample and mg Trolox equivalents (TE) per 100 g of sample, respectively.

3.1.6. RF-HPLC Analysis of Honey Flavonoids and Other Phenolic Derivates

The identification and quantification of phenolic compounds were performed using
an ultra-high-performance liquid chromatograph (Nexera X2, Shimadzu, Tokyo, Japan)
equipped with a diode array detector (M30A, Shimadzu, Tokyo, Japan) and a Nucleosil
100-3 C18 reversed-phase column (4.0 mm column inner diameter x 125 mm column length,
3 um particle size, Macherey-Nagel GmbH, Diiren, Germany). The column temperature
was maintained at 30 °C, and the flow rate was 0.5 mL per min. The solvents used for
the chromatographic elution consisted of ultrapure water (18.2 MQ-cm ™2, equipment
Adrona Crystal EX, Adrona, Riga, Latvia) with 0.1% trifluoroacetic acid (A) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) and acetonitrile (B) (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). The chromatographic elution program used was as follows: 5%
B, then 42% B for 5 min, followed by 35% B, 5% B in 35 min. The HF was diluted 1:5
with 96% ethanol (CH3CH,OH, EMSURE®, Merck KGaA, Darmstadt, Germany) and then
filtered using 25 mm syringe filters (Labbox Labware S.L., Barcelona, Spain). Then, the
HF was injected at a volume of 10 uL and the spectra were acquired between 200 and
600 nm. The standards used were ascorbic acid, pyrogallol, gallic acid, riboflavin, rutin,
caffeic acid, vanillic acid, syringic acid, p-coumaric acid, catechin, rosmarinic acid, ferulic
acid, quercetin, and kaempferol (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany).
Polyphenols were identified by comparing the retention times and UV-Vis spectra with the
previously mentioned standards.

3.1.7. Antibacterial Assay

The screening of HF for antibacterial activity was performed by the disk diffusion
approach. It was performed using six standard strains of microorganisms from Microbiologics
(Saint Cloud, MN, USA), including three strains of Gram-negative bacteria [Escherichia coli
(ATCC 8739), Salmonella enteritidis (ATCC 13076), Pseudomonas aeruginosa (ATCC 27853)] and
three strains of Gram-positive bacteria [Staphylococcus aureus (ATCC 25923), Enterococcus
faecalis (ATCC 19433), Listeria monocytogenes (ATCC 13932)]. The strains were first grown on
Mueller-Hinton Agar (MHA, Scharlab, Barcelona, Spain) for 24 h at 37 °C in order to develop
single colonies, and then one colony was inoculated in 10 mL of Mueller-Hinton Broth (MHB,
Carl Roth, Karlsruhe, Germany) under shaking conditions (160 rpm) at 37 °C for 24 h. After
incubation, an inoculum of 0.5 MacFarland turbidity standards (~2 x 108 CFU-mL~!) of each
strain was prepared, and 200 puL was surface-spread on MHA plates. Antibiotic assay discs
(Whatman™, Cytiva, Marlborough, MA, USA) of 6 mm in diameter, saturated with 20 uL
of 0.5 mg-mL~!, 1 mg-mL~!, and 1.5 mg-mL~! HF solutions prepared with sterile distilled
water, were placed on the surface of inoculated plates. As a reference, two different antibiotics
(Bio-Rad, Marnes-la-Coquette, France) for each bacterial strain were used as presented in
Table S1 (Supplementary Materials). The plates were incubated at 37 °C, and the zone of
inhibition against the test microorganism was measured after 24 h. The test was carried out
in triplicates.

3.2. Zebrafish Protocols and Analysis
3.2.1. Chemicals and Reagents Used for Exposure Protocols and Biochemical Analysis

A standard solution of Hg Certipur® (1000 mg-L~1), a standard solution of Cd
Certipur® (1000 mg-L~1), nitric acid 65% Suprapur® (HNO;, 100441), hydrogen peroxide
30% Perhydro® (H,0,, 107210), phosphate-buffered saline (PBS, P4417-50TAB), acetylthio-
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choline iodide (ATChl, A5751), Tris hydrochloride solution (Tris-HCI) solution (Trizma®,
T2819), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, 322123), Bovine Serum Albumin (BSA,
AB8022-10G), Bradford Reagent (B6916), Lipid Peroxidation Assay Kit (MDA, MAKO085),
Glutathione Peroxidase Cellular Activity Assay Kit (GPx, CGP1-1KT), and Superoxide Dis-
mutase Determination Kit (SOD, 19160-1KT-F) were all purchased from Merck, Darmstadt,
Germany. The IMI used in the experiment is the active compound of a known insecticide
(IMI, 100 g-L~!) bought from a local market. To ensure transparency and mitigate any
potential conflict of interest related to the IMI, the manufacturer’s identity has been kept
confidential. This product was deliberately selected for this study to represent an accurate
real-life scenario.

3.2.2. Zebrafish Maintenance and Exposure Protocols

Wild-type (AB strain) zebrafish (Danio rerio) of both sexes (6-8 months old, 0.38 & 0.06 g)
were obtained from a local supplier and acclimated in the experimental room for two weeks
before the experiments. Zebrafish maintenance and experimental procedures were based on
previous publications with slight modifications [21,51]. After acclimatization, the animals
were randomly separated into the following six groups with 15 animals in each group, as
shown in Figure 8: Group 1 (control)—fish were exposed to standard tank water and served
as the control group; Group 2 (HF)—fish were exposed to honey enriched with additives at a
concentration of 500 mg-L~!; Group 3 (Hg + Cd)—fish were exposed to 15 ug-L~! Hg and
5 ug-L~! Cd; Group 4 (IMI)—fish were exposed to 0.5 mg-L~! IMI; Group 5 (Hg + Cd + IMI)—
fish were exposed to 15 pg-L~! Hg, 5 ug-L~! Cd, and 0.5 mg-L~! IMI; Group 6 (mixture)—
fish were exposed to 15 pug-L~! Hg, 5 ug-L~! Cd, and 0.5 mg-L~! IMI, in combination with
500 mg-L~! HF. According to a previous study [70], a density of approximately 1.59 g of fish
per L of water was maintained. Two replicated experiments were carried out for the control
and each treatment. During the acclimatization and the 21 days of exposure, the fish were fed
twice a day with commercial fish food (TetraMin) at a level of approximately 1% of their body
weight per day. Also, the test solutions were renewed every day to maintain the compounds’
concentrations and water quality at stable levels. The concentrations of the heavy metals and
pesticide were set based on previous studies [31,37-39,42,43,165], while the concentration of
HF was selected based on its maximum solubility in water, to achieve a homogeneous and
clear aqueous solution of HE.
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Figure 8. The schematic illustration of the experimental setup (1 = 15 for each experimental group
with two experimental replicates).
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3.2.3. Behavioral Assessment

Initially and at the end of the 21 days of exposure, zebrafish from control and ex-
posed groups were submitted to behavioral tests to evaluate animal locomotion and so-
cial responses (shoal preference). Both tests were performed in a multipurpose T maze
(10 cm height x 50 cm length x 50 cm width) filled with water to a height of 5 cm. The
fish were allowed to acclimate to the experimental tank for 30 s, after which behavior was
video-recorded over a 4 min period.

The video files were recorded with a professional infrared light camera located above
the T maze and analyzed with EthoVision® XT 11.5 software (Noldus Information Tech-
nology BV, Wageningen, The Netherlands). The software was previously programmed,
calibrated, and optimized for the behavioral tests. The total distance traveled (cm) and
mean speed (cm-s~!) were considered the main parameters of locomotion, whereas the
immobility duration (s), characterized in zebrafish by the delay in the swimming activity,
represented a parameter of anxiety-like behavior. For the social interaction test, 4 fish from
the same experimental group were placed in a compartment in the left arm closed with a
transparent slot. During the 4 min session following 30 s of acclimation, the fish could freely
swim from the central zone to the other (left zone—social zone; right zone—non-social
zone). The analysis of behavior changes was based on a comparison of responses of ex-
posed zebrafish either to responses of unexposed zebrafish (control group) or to responses
measured during the pre-exposure period (baseline behavior assessment).

3.2.4. Biochemical Assays

Following the completion of treatment, the zebrafish brains of each group were dis-
sected and homogenized with a KIMBLE® Dounce tissue grinder (Sigma-Aldrich, Saint
Louis, MO, USA) by adding 6-fold ice of 0.05 M Tris-HCI with a pH of 8.0, according
to the approach of Richetti et al. (2011) [166]. Then, the supernatant was used for the
determination of AChE activity, according to a previously reported protocol [22].

For the determination of SOD, GPx activities, and MDA levels, the fish bodies were
homogenized with 10 volumes of 0.1 M ice-cold PBS with a pH of 7.4 and then centrifuged
(microcentrifuge Biocen 22 R, ORTO ALRESA, Madrid, Spain) for 15 min at 5500 rpm
(4 °C). The enzyme activities and MDA levels were measured using test kits according to
the manufacturer’s instructions. All measurements were normalized by the determined
protein concentration in each sample according to the Bradford method with BSA as
a standard.

3.2.5. Mineral Analysis of Zebrafish Whole Body

The concentrations of Cu, Zn, Fe, Ca, Mg, K, and Na were determined following
a previously described protocol [22,28,167] and using the same reagents and equipment
described in Section 3.1.3. Five fish specimens were selected from each experimental group
and subjected to the mineralization process after being washed with ultrapure water.

The validation of the method was performed using a certified reference material (fish
muscle, ERM-BB422), which was prepared by applying the same protocol used for experi-
mental samples. The reference material has been certified by the Institute for Reference
Materials and Measurements (IRMM) of the European Commission’s Joint Research Centre
(JRC). All concentrations are reported as pg-g ~' wet weight.

3.2.6. Histological Analysis and Immunohistochemistry Activity for Brain and Spinal
Cord Tissues

After each fish was euthanized using ice-cold water, specimens were fixed in 10% neu-
tral buffered formalin (HT501128, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
for 1 h and 48 h in Bouin’s solution (HT10132, Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and then dehydrated in different ethanol solutions (Ethanol absolute for analysis,
EMSURE®, Merck, Darmstadt, Germany), embedded in paraffin, and sectioned at 5 pm
thickness using a rotary microtome (Cut 6062, SLEE medical GmbH, Mainz, Germany).
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Five microscope slides were prepared from each paraffin block and subjected to staining
following the standard hematoxylin and eosin (H&E) staining protocol (Sigma-Aldrich,
Saint Louis, MO, USA). Inmunohistochemistry (IHC) staining was conducted using a
series of specific antibodies as markers. Three key regions were thoroughly discussed and
analyzed (optic tectum, cerebellum, and spinal cord) with three markers, proliferating
cell nuclear antigen (PCNA), S100 beta (5100B), and glial fibrillary acidic protein (GFAP),
respectively. These antibodies included GFAP from Synaptic Systems GmbH (Catalog
No. 173002, Gottingen, Germany), S100B from Signalway Antibody (Catalog No. C48942,
Greenbelt, MA, USA), and PCNA from GeneTex (catalog No. GTX124496, Irvine, CA,
USA). For each fish, three slides were subjected to the following procedure: They were
initially dewaxed and then microwaved at 95 °C for 10 min in a citrate buffer, pH 6.0,
10x, Antigen Retriever (C9999, Sigma-Aldrich, Saint Louis, MO, USA). Afterward, the
slides were allowed to cool for 20 min and subsequently rinsed twice in PBS (P4417, Sigma-
Aldrich, Saint Louis, MO, USA) for 5 min each. Next, they were incubated overnight at
4 °Cin a humid chamber with primary antibodies. The primary antibodies were diluted
to a ratio of 1:1000 for GFAP, 1:100 for S100B, and 1:250 for PCNA. On the following day,
the slides were washed three times with PBS for 5 min each and then incubated with
secondary antibodies (Goat Anti-Rabbit HRP, ab205718, Abcam, Cambridge, UK) diluted
to the same ratio as primary antibodies. Immunohistochemistry sections were developed
using a 3,30-diaminobenzidine Substrate Kit (DAB, ab64238, Abcam, Cambridge, UK)
and subsequently counterstained with hematoxylin (Merck KGaA, Darmstadt, Germany).
Subsequently, they were examined and photographed using an optical microscope (Le-
ica DM750, Leica Microsystems CMS GmbH, Wetzlar, Germany). In addition, the IHC
lesion severity scores were calculated as follows: (—) = absent or rarely observed label-
ing, no lesions; (+) = mild—low lesions (numbers of cells positively labeled up to 10%),
(++) = moderate-medium lesions (numbers of cells positively labeled between 10 and 50%),
(+++) = severe, major lesions (more than 50% of cells positively labeled) [168].

3.3. Statistical Analysis

The data are represented by mean =+ standard deviation (SD), and the statistical
difference was analyzed either by two-way ANOVA followed by a Tukey’s HSD post
hoc test for multiple comparisons between groups or a t-test using a statistical analysis
software, GraphPad Prism (GraphPad Prism Software, San Diego, CA, USA), version
10.3.1 for Windows. The SigmaPlot software (Systat Software Inc., Erkrath, Germany),
version 15 for Windows, was used for the normality test (Shapiro-Wilk), equal variance
test (Brown—Forsythe), and the power of the test, with a = 0.050. Moreover, a priori sample
size calculation was carried out on various studies [44,169-172] and assuming a one-way
between-subjects ANOVA for independent groups to detect a medium to large effect with
power exceeding 80% with a = 0.05 by using G*Power 3.1.9.7 software (University of
Diisseldorf, Germany).

4. Conclusions

In our study, we observed that the combined exposure of zebrafish to Cd, Hg, and
IMI resulted in a more pronounced impact than any individual treatment alone. Thus,
co-exposure to these two heavy metals and IMI over 21 days led to a significant decline
in main locomotion parameters and an increase in immobile duration. Exposure to these
contaminants adversely affected the social behavior of the fish, with the most substantial
reduction in time spent near social stimuli recorded in the group subjected to the ternary
mixture. The presence of heavy metals and a pesticide in the habitat of zebrafish resulted in
a noticeable decrease in AChE activity within their brains. This decline was accompanied
by increased levels of MDA and heightened activity of antioxidant enzymes, such as
SOD and GPx, in the fish’s tissues. In addition, the group exposed to the mixture of
Cd, Hg, and IMI exhibited excess Ca levels, while elevated Mg levels were noted in the
Hg + Cd and mixture groups. In contrast, significant deficiencies in Fe and K were
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observed in the Hg + Cd and mixture groups. Furthermore, the mixture treatment resulted
in degenerative changes in the optic tectum and cerebellum, with relatively milder effects
observed in the spinal cord. The results showed that HF co-administration can attenuate the
contaminant-induced social and locomotor activity impairments, changes in OS parameters
and AChE activity, and brain injury. These supplements hold potential utility within the
fish industry for alleviating the adverse effects of environmental contaminants infiltrating
aquaculture systems through various pathways. Future research endeavors are warranted
to elucidate the precise mechanisms underlying both the toxicological effects induced by
concurrent exposure to heavy metals and pesticides and the observed protective effects
of health supplements. Furthermore, establishing a dose-response relationship for these
supplements remains crucial for advancing our understanding.
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Abstract: The effects of exposure to environmental pollutants on neurological processes are of
increasing concern due to their potential to induce oxidative stress and neurotoxicity. Considering
that many industries are currently using different types of plastics as raw materials, packaging, or
distribution pipes, microplastics (MPs) have become one of the biggest threats to the environment
and human health. These consequences have led to the need to raise the awareness regarding MPs
negative neurological effects and implication in neuropsychiatric pathologies, such as schizophrenia.
The study aims to use three zebrafish models of schizophrenia obtained by exposure to ketamine
(Ket), methionine (Met), and their combination to investigate the effects of MP exposure on various
nervous system structures and the possible interactions with oxidative stress. The results showed
that MPs can interact with ketamine and methionine, increasing the severity and frequency of optic
tectum lesions, while co-exposure (MP+Met+Ket) resulted in attenuated effects. Regarding oxidative
status, we found that all exposure formulations led to oxidative stress, changes in antioxidant defense
mechanisms, or compensatory responses to oxidative damage. Met exposure induced structural
changes such as necrosis and edema, while paradoxically activating periventricular cell proliferation.
Taken together, these findings highlight the complex interplay between environmental pollutants
and neurotoxicants in modulating neurotoxicity.

Keywords: microplastics; zebrafish; oxidative stress; immunohistochemistry; schizophrenia
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1. Introduction

Schizophrenia (SZ) is a chronic psychiatric disorder with a global prevalence of ap-
proximately 0.4% [1]. This disorder is generally characterized by the presence of positive
symptoms (delusions, hallucinations), cognitive symptoms (disorganized speech and
thought processes) [2], negative symptoms (reduced emotional expression, inability to start
or continue tasks, anhedonia, alogia) [2,3], or a combination of the above. The presence of
negative symptoms is correlated with a significant segment of the comorbidities associated
with SZ [2]. The onset of SZ usually occurs early during neurogenesis, well before cognitive
development, meaning that the development of the social skills needed in adulthood could
be impaired [4,5]. The poor prognosis of SZ is associated with early onset, the male sex,
occurrence of negative symptoms, a family history of SZ, social isolation, adverse childhood
experiences, and a lack of affection [6].

Zebrafish has become a reliable species for modeling schizophrenia-like symptoms,
anxiety, depression, and neurodegenerative disorders [7], especially through pharmaceuti-
cal manipulation [8]. In the context of the present study, one of the most popular approaches
for modeling schizophrenia is the administration of ketamine [9] for mimicking the positive
symptoms [10], methionine for the negative symptoms [11], and their combined effect for a
more robust model that includes the cognitive dysfunction as well [12].

Diet plays a crucial role in psychiatric disorders due to its impact on brain function
and overall mental health; it is worth mentioning that this is an often-missed component in
SZ management. The proper function of the brain requires a variety of nutrients, including
vitamins, minerals, omega-3 fatty acids, and amino acids [13,14]. Thus, it was shown
that deficiencies of certain nutrients could contribute to the development or exacerbation
of psychiatric symptoms. Also, while chronic inflammation was associated with several
psychiatric disorders, it was recently reported that diets rich in processed food, refined
sugars, and unhealthy fats could promote inflammation [15]. On the other hand, diets
mainly based on fruits, vegetables, whole grains, and omega-3 fatty acid intake could
exhibit anti-inflammatory effects [15].

Emerging research has suggested a strong connection between the brain and the gut,
known as the brain-gut axis. The gut microbiota, consisting of trillions of microorganisms
living in the gastrointestinal tract, was demonstrated to modulate several brain functions
and behavior via the production of neurotransmitters and immune regulators [16,17].

A growing concern of modern society is related to the widespread presence of PM in
various environments, even reaching food sources [18]. MPs can contaminate food sources
via air, water, and soil contamination, as well as via packaging and processing [19,20].
While the effects of MP-contaminated food are not currently fully described, there are
some concerns about the potential impact of MPs on human health [21]. Additionally, MPs
were recently detected in human’s samples such as thrombi [22] or, even worse, in semen
samples [23]. This is an even clearer indication of the fact that people are extraordinarily
exposed to this type of pollutant. MPs can be mixed with additives and other pollutants
that were previously linked to inflammatory response when entering a living body [24], or
cyanobacteria, if we consider seafood, where recent studies indicate that co-exposure of
Microcystin-LR, an natural toxin produced by cyanobacteria, lead to an increased MDA
level along with hepatic histopathological injuries [25] Thus, the intake of MP-contaminated
food could indirectly affect psychiatric health by influencing gut microbiota composition
and function [20,26]. MPs have been shown to induce oxidative stress, leading to cellular
damage and inflammation [27-29]. Oxidative stress is an important pathophysiological
component of psychiatric disorders, having the potential to exacerbate or aggravate some
of the symptoms [30-33], as well as to actively contribute to the development of several
neuropsychiatric diseases (i.e., SZ, Alzheimer’s disease, Parkinson’s disease, and major
depressive disorder) [34-39].

According to several studies conducted in zebrafish models, MPs can pass through
the blood-brain barrier [38], accumulating at high levels in nervous system structures and
leading to a considerable increase in oxidative imbalance and apoptosis [39,40]. In addition,
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SZ patients have been shown to exhibit increased levels of lipid peroxidation and protein
oxidation in the blood, cerebrospinal fluid, and tissues, along with altered antioxidants and
reduced glutathione [40—42].

In the present study, we experimentally induced schizophrenia-like symptoms in
zebrafish using methionine, ketamine, and a combination of methionine and ketamine,
along with exposure to microplastics. Thus, we aimed to study the contribution of con-
taminated food in the development of oxidative imbalance, with special attention to the
systemic and tissue status in the context of well-established models of SZ in zebrafish based
on methionine (Met) and ketamine administration (Ket), as previously described by our
group [12].

2. Results
2.1. Oxidative Stress Levels

The analysis of biochemical data revealed several effects of MPs and pharmacological
agents. We observed that the administration of Ket, Met, and their combination did not
lead to significantly increased SOD specific activity compared to the control group. On the
other hand, only MP administration in MP+Ket led to a decrease in SOD specific activity
compared to the Ket group (p = 0.018) (Figure 1A, Table 1). Other significant variations
in the specific enzymatic activity of SOD were recorded for Met vs. MP+Ket (p = 0.046),
Met+Ket vs. MP+Ket (p = 0.049), and MP+Ket vs. MP+Met (p = 0.005).

UE SOD/ mg TSP
mUE GPx/ mg TSP
umol MDA/ mg tissue

L ‘,e\;pq L L \@"@Q L &8¢ "‘&e*‘&q x_s; &
SR ‘s“q,& 8 éq,& S
§ & §

Figure 1. The graphic representation of the oxidative stress markers levels. (A)—SOD specific activity
(UE SOD/mg TSP), (B)—GPx specific activity (nUE GPx/mg TSP), (C)—relative MDA content (pumol
MDA /mg tissue). All data are expressed as means + SEM (n = 5/per group, * p < 0.05; ** p < 0.01;
*** p < 0.001, two-tailed student ¢ test). TSP = total soluble protein content.

Regarding GPx specific activity (Figure 1B, Table 1), we observed significant differences
between the following groups: CTR vs. MP+Met+Ket (p < 0.001), MP vs. MP+Met+Ket
(p = 0.005), Ket vs. MP+Met+Ket (p = 0.041), MP+Ket vs. MP+Met+Ket (p < 0.01), and
MP+Met vs. MP+Met+Ket (p = 0.01), MP+Ket vs. MP+ Met+ KET (p = 0.003). When
strictly compared with the control group, all groups had higher levels of GPx except
MP and MP+Ket, indicating different degrees of antioxidant defense mechanisms and a
compensatory mechanism.

We found significant variations in the relative content of MDA (Figure 1C) when
compared with the control group in two treatments, namely MP (p = 0.006) and MP+Ket
(p = 0.0211), indicating increased oxidative stress. Moreover, significant differences oc-
curred for MP vs. MP+Met, with a significant decrease in the MDA content (p = 0.002),
as well as for MP vs. MP+Met+Ket (p = 0.022). Other significant differences were found
also in the following combinations: Ket vs. MP+Met (p = 0.028) and MP+Ket vs. MP+Met
(p =0.012) (Table 1).
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Table 1. Oxidative stress marker variation, depending on the administered treatment.

Experimental Group Oxidative Stress Parameters ¥
MP Ket Met SOD MDA GPx
1 + — — ! 1w _
2 - + - 1 1 1
3 - - ' 1 t T
4 - + + 1 t 1
5 + + - ' 1" '
6 + — + — + T
7 + + + — — o

+ substance administered; — substance not administered; f the control group was used as reference; */**/*** the
power of significance between the treatment and the control groups (* p < 0.05; ** p < 0.01; *** p < 0.001).

2.2. Immunohistology Results

Several histopathological changes were observed in the different layers of the optic
tectum in zebrafish following exposure to microplastics, ketamine, methionine, and their
combination (Figure 2, Table 2). The severity and frequency of lesions in these layers were
more pronounced when combining MP+Ket and MP+Met and more attenuated when
combining MP+Met+Ket and Met+Ket.

Contro! MP+Ket MP+Met MP+Ket+Met

o=
o

Cox4l-i  TNFAIB  TNFAIB

__C0x41-i B

Figure 2. Different expression of PCNA, TNFAI8, and Cox41-i in different experimental and control
groups. In rows 1, 3, and 5 the periventricular expression is observed, and in rows 2, 4, and 6, the
expression is observed at the level of the optic tectum (bar = 50 um).

63



Int. J. Mol. Sci. 2024, 25, 8331

Table 2. Score of expression of PCNA, TNFAIS, and Cox41-i in different experimental and control

groups (number of positive immunolabeled cells/field at a magnitude of x400).

Antibody Control MP MP+Ket MP+Met = MP+Met+Ket Ket Met Met+Ket

PCNA

spy ++ ++ + +++ ++ +++ +++ +
PCNA

TO ++ +++ ++ ++ ++ + + +
TNFAIS + +++ ++++ ++ ++++ ++ ++ ++

SPV
TNFAIS

TO + +++ ++ ++ +++ ++ ++++ ++
Cox41-i

SPV ++ +++ +++ +++ ++++ +H++ ++ ++
Cox 41-i

TO + +++ ++++ +++ ++ +H++ ++ ++

SPV = periventricular space; TO = optic tectum; + = 1-15 positive cells; ++ = 15-30 positive cells;
+++ = 30-60 positive cells; ++++ = 60-100 positive cells.

The optical tectum showed marked structural differences in fish from all experimental
groups. Areas of granular cell necrosis and detachment in the SPV area, granular cell
spongiosis in SFGC, small areas of necrosis in the outer layer, connective tissue degenera-
tion, edema, and elevated and degenerated external squamous cells were observed. These
changes were more pronounced in individuals exposed to the combination of microplastics
and ketamine and included detachment and necrosis in the granular cells in the SPV area
and necrosis in mononuclear cells, as well as the high detachment and degeneration of
neuronal cells in the SO and MS areas.

The pathology was also pronounced in fish exposed to ketamine and methionine, and
observations included the spongiosis of granular cells in the SPV area and vacuolation in
granular cells in the SAC layer due to degeneration. A large number of blood capillaries in
the SFGC area and a reduction in the SO and MS layers due to neuronal cell degeneration
were also observed. In the periventricular area, ectasia of the vessels, a variable proliferation
of periventricular stem cells, and edema were observed.

PCNA expression varies by group. The number of positively labeled cells was
recorded, in descending order, in the following groups: MP, MP+Met, Met, Ket, MP+Ket,
MP+Met+Ket, and Met+Ket. In the control group, positive PCNA cells are present, in
moderate amounts, at the level of the regeneration areas.

MPs and Met have an important role in stimulating the multiplication of progenitor
stem cells or radial glial cells (RGCs) in the periventricular zone, optic tectum, and valvula
cerebeli. In all experimental groups, both MPs, Met, and Ket alone and combined produce
many changes that are preceded by stimulation of neurogenesis. Thus, the presence of
positive PCNA cells can be explained, both at the level of the regeneration niches and at
those in migration, in groups with MP, MP+Ket, and MP+Met (Figure 2).

In the groups receiving ketamine, PCNA positive cells were observed in the two areas
of the periventricular and cerebellar valve, but a smaller number of migratory cells was
also noted. It is possible that ketamine treatment not only alters the expression pattern
of PCNA but also the time of migration/differentiation of cerebellar cell types in adults,
contributing to a state of general alteration of CNS cell proliferation.

Regarding methionine, it caused structural changes in all groups that were exposed
to the agents, either alone or in combination, and generated areas of necrosis in the ZPV,
edema, and blood vessels and also an activation of periventricular neurogenesis with
PCNA positive cells. PCNA expression varied by group. In the SPV area, the number
of positively labeled cells was recorded, in descending order, as follows: MP+Met, Met,
Ket, MP, MP+Met+Ket, control, Met+Ket, and MP+Ket (Table 2). In the TO, the number
of positively labeled cells was recorded, in descending order, as follows: MP, MP+Met,
Met+Ket, and MP+Met+Ket and there was a more reduced positivity in Ket, Met, and
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Met+Ket (Table 1). In the control group, 1-30 positive PCNA cells/field were present at the
level of the regeneration areas.

TNF«IS8 registers the most intense expression in the periventricular area and in the
optical tectum and, subsequently, varies by group. In the SPV area, the number of positively
labeled cells was recorded, in descending order, as follows: MP+Met, MP+Met+Ket, MP,
Met+Ket, Met, Ket, and control. In TO, the number of positively labeled cells for TNFAI8
expression was recorded in descending order, as follows: Met, MP, MP+Met+Ket, Ket,
Met+Ket, MP+Met, MP+Ket, and control (Table 2). The presence of TNFaI8 expression in the
nervous system of fish from experimental groups denotes the presence of an inflammatory
process generated by MP, Ket, Met, and their combination (Figure 2).

The expression of Cox41-i was also recorded. In the SPV area, the number of positively
labeled cells for Cox41-I was recorded, in descending order, as follows: MP+Met+Ket, KET,
MP, MP+Ket, MP+Met, Met, Met+Ket, and control (Table 2). In the TO, the number of
positively labeled cells for Cox41-i was recorded, in descending order, as follows: MP+Ket,
Ket, MP+Met, MP, MP+Met+Ket, Ket, Met+Ket, and control (Table 2).

The presence of a different Cox41-i expression in cells in the SPV zone and the TO
denotes different degrees of ATP generation, dependent on the expression of hypoxia
induction factor (Figure 2). The Cox41-i overexpression in some groups indicates increased
energy requirements to restore the cellular metabolism of nerve cells as a result of the
oxidative stress and neurotoxicity produced by types of various exposure.

BDNF 2 expression in the SPV area was recorded, in descending order, as follows:
control, MP+Met +Ket, MP+Met, MP, Ket, Met, MP+Ket, and Met+Ket. In the TO, the
number of positively labeled cells was recorded, in descending order, as follows: MP+Met,
Met, MP+Met+Ket, control, MP, MP+Ket, Ket, and Met+Ket (Figure 3, Table 3).

Control MP MP+Ket MP+Met  MP+Ket+Met Ket Met Ket+Met

BDNF

MAP2 BDNF

MAP2

H2A

Figure 3. Different expression of BDNF, MAP2, and H2A in different experimental groups and

controls. In rows 1, 3, and 5, the periventricular expression is observed, and in rows 2, 4, and 6, the
expression is observed at the level of the optic tectum (bar = 50 um).

MAP2 expression in the SPV area was recorded, in descending order, in the following
groups: Met, MP+Met+Ket, Ket, control, MP, Met +Ket, MP+Met, and MP+Ket. In the
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TO, MAP2 expression was recorded, in descending order, as follows: Met, MP+Met+Ket,
MP+Ket, Ket, MP+Met, control, MP, and Met+Ket (Figure 3, Table 3).

Table 3. Score for the expression of BDNF, MAP2, and H2A in different experimental groups and the
control (number of positive immunolabeled cells/field at a magnitude of x400).

Antibody Control MP MP+Ket MP+Met  MP+Met+Ket Ket Met Met+Ket
BDNF 44+ +++ ++ 4+ ++++ +++ +++ ++
SPV
BDNF ++ ++ ++ ++ ++ + +++ +
TO
MAP2
J— +++ +++ ++ +++ ++++ +++ -+ +++
MAP2
++ ++ 4+ ++ 4+ +++ 4 +
TO
24 ++ +++ +++ ++ ++++ 4+ +++ 44+
SPV
H2A
++ +++ +++ ++ +++ ++ +++ +++
TO
SPV = periventricular space; TO = optic tectum; + =1-15 positive cells; ++ = 15-30 positive cells;
+++ = 30-60 positive cells; ++++ = 60-100 positive cells.
H2A expression in the SPV area was recorded, in descending order, as follows:
MP+Met+Ket, Met+Ket, MP+Ket, Met, Ket, MP, MP+Met, and control. In the TO, H2A ex-
pression was recorded, in descending order, as follows: MP+Ket, Met, Met+Ket, MP+Met+Ket,
MP, Ket, MP+Met, and control (Figure 3, Table 3).
The expression of 5100 is intense in all groups (Figure 4, Table 4). Because the S100
protein continues to be expressed in these regions of adult zebrafish and by subventricular
zone glial cells, the S100 protein plays an important role in the neurogenesis of adult
zebrafish. In the SPV area, S100 expression was recorded, in descending order, as follows:
MP, MP+Ket, MP+Met+Ket, Ket, MP+Ket, Met, Met+Ket, and control. In the TO, S100
expression was recorded, in descending order, as follows: MP+Met, Ket, MP, Met+Ket,
MP+Ket, Met, MP+Met+Ket, and control (Figure 4, Table 4).
Table 4. Score of expression of expression of S100, GFAP, and Tub2 in different experimental and
control groups (number of positive immunolabeled cells/field at a magnitude of x400).
Antibody Control MP MP+Ket MP+Met MP+Met+Ket Ket Met Met+Ket
S100
SPV +++ -+ ++++ +++ ++++ +++ +++ +++
S100
TO +++ 4+ 4+ ++++ 4+ 44+ +++ +++
GFAP + 44+ +++ ++++ 4+ 44+ ++ +++
SPV
GFAP
TO + -+ ++++ ++ + ++ ++ ++
Tub?2
SPV +++ ++ +++ 4+ +++ ++ + 4+
Tub2 ++ ++ ++ 4+ ++ ++ + ++
TO

SPV = periventricular space; TO = optic tectum; + = 1-15 positive cells; ++ = 15-30 positive cells;
+++ = 30-60 positive cells; ++++ = 60-100 positive cells.

The expression of GFAP varies, including having the lowest intensity of expression in
the control group and the most intense expression in the MP group. In the SPV area, GFAP
expression was recorded, in descending order, as follows: MP, MP+Ket, MP+Met, Ket,
MP+Met+Ket, Met+Ket, Met, and control. In the TO, the expression of GFAP descended in
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the following order: MP+Ket, MP, Ket, Met, Met+Ket, MP+Met, MP+Met+Ket, and control
(Figure 4, Table 4). The changes produced by MP, Met, and Ket alone and combined caused
a reaction in astrocytes but without producing scar areas as in mammals.

Control MP MP+Ket ~ MP+Met  MP+Ket+Met Ket Met  Met+Ket

§ 3-

Tub2

Tub2

Figure 4. Different expression of S100, GFAP, and Tub2 in different experimental and control groups.
In rows 1, 3, and 5, the periventricular expression is observed, and in rows 2, 4, and 6, the expression
is observed at the level of the optic tectum (bar = 50 pum).

Tub2 expression was observed in periventricular cells in all experimental groups
but was lower in the control. In the SPV area, the expression of Tub2 is more intense in
the MP+Ket group, descending in the following order: MP+Ket, MP+Met, Met+Ket, MP,
MP+Met+Ket, Ket, control, and Met. In the TO area, Tub2 expression was recorded, in
descending order, as follows: MP+Met, MP+Met+Ket, MP, MP+Ket, Met+Ket, Ket, control,
and Met (Figure 4, Table 4).

3. Discussion

This study demonstrated effects on oxidative stress and immunohistochemistry (IHC)
for microplastics alone and in three Schizophrenia models, focusing on an already vulner-
able population category; this approach represents an important step forward to fill the
gaps in this field of molecular toxicology.

In terms of oxidative stress, SOD is an antioxidant enzyme that plays a crucial role in
neutralizing superoxide radicals. High levels of SOD activity suggest an adaptive mecha-
nism to counteract increased oxidative stress and protect cells from potential damage [43].
On the other hand, decreased SOD activity could suggest a drop in this enzyme’s ability
to neutralize superoxide radicals, which could lead to the increased vulnerability of cells
to oxidative stress. These effects could be seen in locations when the balance between
the production of reactive oxygen species and the antioxidant defense performance is dis-
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rupted [43]. Previous studies have shown that 28-day chronic exposure to polypropylene,
both alone and co-exposed with triclosan, could lead to antioxidant defense weakening
via decreasing the neutralizing activity of SOD [44,45]. In these situations, increased MDA
production was often observed [45]. High MDA levels could be associated with increased
oxidative stress and could at least explain the occurrence of certain pathological processes,
including inflammation, cardiovascular disease, and neurodegenerative disorders [46].

In a study designed to assess the transgenerational effects of methionine exposure,
it was found that MDA levels show decreases over the control group, whereas SOD
activity increased in the f1 generation [47]. Notably, a significant decrease in SOD activity
was observed after cessation of Met exposure [48]. With regards to the effects of Ket
administration, the previous studies indicated that the levels of SOD and MDA were
increased in a dose-dependent manner even after Ket administration discontinuation [49].
In these contexts, it was suggested that both Met and Ket could alter the oxidative balance,
influence the antioxidant enzymatic defense performance, and lead to the occurrence of
cellular damage, in a similar manner to the results of our current study.

GPx is another member of the antioxidant enzymatic defense system that is implicated
in cellular protection against the harmful effects of ROS overproduction. Its main action is
to catalyze the neutralization of hydrogen peroxide. However, in some situations, GPx can
also use other peroxides as enzymatic substrates, leading to their neutralization (including
lipid peroxides) [50]. Our results showed that the exposure to MPs alone did not lead to
altered GPx antioxidant activity; this was in contrast to [29], which showed that 21-day
exposure to a cocktail of different microplastics (1 mg L™!) led to significantly lower GPx
activity as compared to the control group. On the other hand, we observed decreased GPx
activity when MP and Ket were co-administered, meaning a reduced ability to neutralize
ROS and increased cellular susceptibility to oxidative damage.

In contrast to other studies that reported no changes in GPx activity when Met and
Ket were independently administered [51,52], we found that the co-administration of MP,
Met, and Ket led to significantly increased GPx activity. As the effects of Met and Ket on
the dynamics of GPx activity were similar to those in the already mentioned studies [51,52],
the different patterns of variation we observed for the MP+Met+Ket co-administration
could suggest that the fish metabolism deployed counteractive measures against oxidative
stress by modulating defense mechanisms. This response is often observed in various
conditions, including inflammation, the immune response to pathogens, or upon exposure
to environmental stressors [53].

Plastic pollution is a critical worldwide environmental concern and comprises dif-
ferent sizes of plastic particles, categorized by the scientific community as macroplastics,
microplastics, and nanoplastics [54]. MPs are currently defined as small plastic fragments
of various shapes and sizes (ranging between 100 nm and 5 mm) and are considered to
be an ecological danger that requires the utmost attention due to their presence in aquatic
ecosystems and their toxicity for all living organisms [55]. Moreover, the association of
MPs with other substances, such as pharmaceutical products and byproducts, has become
of great interest to researchers [56-59].

Multiple studies have shown that MPs, alone or in combination with heavy metals,
could exhibit detrimental effects on the neurological functions of fish, such as acetyl-
cholinesterase activity inhibition [60,61] or neurotransmitter activity alterations [28,62-64].
Moreover, studies have reported on the negative effects of MPs in zebrafish during differ-
ent developmental stages, especially early neurogenesis impairment, which could lead to
persistent and severe alterations of morphology and locomotion, as well as feeding and
predator avoidance behavior [61,65-67]. Furthermore, the multi-generational maternal and
paternal transfer of nanoplastics was previously documented in the Danio rerio species [68].

Regarding the potential of MPs to modulate ROS production within the brains of fish,
several studies have reported that this effect could be observed regardless of the size of
the MPs (nano, micro, and macro) [69-71]. In this context, the over-production of ROS
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within the tissues of the central nervous system was previously associated with decreased
cognitive performances and weakened antioxidant defense [72].

Previous studies on the effects of MPs revealed that a concentration of 100 mg L~! of
MP in tilapia and carp is sufficient to produce several histopathological changes, including
necrosis, spongiosis, degeneration, and oedema [73,74]. Similar effects were reported in
goldfish (Carassius auratus) exposed to pure MP [75] and zebrafish larvae (Danio rerio)
exposed to pure low-density polyethylene fragments [76]. Exposure to polypropylene MP
in concentrations of 300 mg L~! and 600 mg L~ lead to downregulated pathways and
genes associated with cell proliferation regulation and DNA damage repair mechanisms in
the liver, highlighting the need for future studies regarding PP toxicity [77]. Savari et al. in
2020 analyzed the brain tissues of Epinephelus coioides and reported hyperemia, hemorrhage,
karyosis, tissue necrosis, hyper chromatin, vacuolation, endothelial hypertrophy, dropsy
degeneration, and granular ectopic accumulation following the exposure to methylmer-
cury [78]. These findings suggest that MP exposure could lead to similar effects to those
observed in the case of heavy metal intoxication.

The optic tectum is a bilobate structure located in the dorsal part of the midbrain. This
region of the central nervous system (CNS) mainly acts as a visual center and consists of six
different layers with neurons of different shapes and sizes. In contrast to mammals, adult
zebrafish have a high number of neurogenic niches distributed throughout the brain with a
high capacity for regeneration without the formation of scars or injuries that contribute
to visual information processing [79,80]. Also in zebrafish, these highly proliferative
areas are widespread and can be detected in all subdivisions of the brain, including the
telencephalon, diencephalon, midbrain, and metencephalon [81]. Significant levels of
proliferation could be found, especially in the thalamus and specifically in the regions
surrounding the habenula, near the optic tectum, along with its subdivisions [80,81]. Adolf
et al. (2006) have shown via IHC staining with proliferating cell nuclear antigen (PCNA)
that the telencephalon contains two different types of neural precursor cells: (1) slow-
cycling ones, distributed along the ventricular surface, and (2) fast-cycling ones, mainly
organized in a sub palatial group [82]. Slow-cycling progenitors have been identified as
radial glial cells (RGCs), while rapidly multiplying progenitors have been described as
neuroblasts [81].

Cell proliferation and neurogenesis are two processes susceptible to environmen-
tal pollution that have negative consequences for the body. Some studies mention that
PCNA-positive cells and cell proliferation themselves decrease in zebrafish brains after
exposure at very young ages to Cu and Cu+MP, consistent with reduced PCNA gene
expression [61]. This inhibition of proliferation and the reduction in PCNA expression was
recorded in the Ket+Met group, suggesting that this combination could be responsible for
oxidative stress, changes in protein phosphorylation, inhibition of G1 to S transition during
mitosis, and dysregulation of intracellular calcium ion (Ca%*) homeostasis, as previously
documented [82].

It has been shown that between 6 months and 2 years of age, the pool of neural
stem cells and progenitor cells gradually depletes, which impacts neuronal regeneration,
especially in adults [83]. Thus, despite the observation of cyclic cells in the brains of 7-
month-old zebrafish via IHC, the lack of detection of PCNA via WB agrees with the findings
in the literature, indicating a decrease in the population of NSC cells and cyclic cells in the
CNS of zebrafish that were older than 6 months, which makes quantification more difficult.

Our findings showed that Ket administration altered autophagy, as well as prolifera-
tion. Researchers have suggested that Ket-induced neurotoxicity could be correlated with
increased levels of ROS [84]. In addition, Ket increased ROS production alongside the cell
death and differential expression of oxidative-stress-related genes in human neurons in a
time- and dose-dependent manner [85]. It is recognized that frequent Ket administration
reduces the expression of autophagy proteins, such as LC3, in rat models of traumatic brain
injury, probably by activating the mTOR signaling pathway [86], and indeed, Ket has been
described as activating mTOR signaling in mammals [84], which is a key regulator of cell
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growth and proliferation. These results support the disruption of neuronal proliferative
and autophagic processes by Ket, as reported in other species and described in humans.

BDNF could act as an antioxidant factor, as it is known to increase the activity levels
of some antioxidant enzymes (i.e., SOD and GPx) [87]. The presence of intense BDNF
expression in the experimental groups demonstrated the ability to activate the antioxidant
enzyme system to restore damage caused by MP, Met, Ket, and their combination. The
presence of MAP2 in dendritic extensions emphasizes their role in stabilizing microtubules
and is characteristic of differentiated neurons. In addition, immunostaining revealed that
H2A.z was ubiquitously expressed in the developing cortex and was predominantly local-
ized to the nucleus in the VZ/SVZ (indicating H2A.z expression in neuronal progenitor
cells), suggesting that H2A.z is required for cortical neurogenesis. Thus, our study pro-
vides further potential evidence to identify H2A.z as a risk gene for neurodevelopmental
disorders.

Some significant observations of the current study are the fact that the PCNA and
BDNF expression in the MP groups increased, which suggests the presence of DNA lesions
and a possible cognitive decline, whereas in terms of inflammation, it was present in
all groups besides the control. Moreover, MAP2 expression has been associated with
schizophrenia, which in the context of our study supports the animal models used. In
terms of the connection between the immunohistology findings and oxidative stress, Cox41-
i expression is responsible for the production of superoxide species, whereas tumor necrosis
factor interleukin-8 (TNFIL-8) is responsible for inducing oxidative stress by producing
reactive oxygen species (ROS) and pro-inflammatory cytokines.

Broadly speaking, the results of our current study contribute to filling the knowledge
gap within the topic of the neurotoxicity risks of MPs to aquatic organisms. The biochemical
and immunohistological responses are consistent with the neurotoxic effects observed in
fish treated with MP, Ket, Met, and their combinations. Moreover, alterations in fish exposed
to microplastics are consistent with those observed in fish treated with other environmental
toxicants, such as heavy metals and metal nanoparticles. It was also observed that the
alteration of the evaluated biomarkers was dependent on the exposure design (with special
regards to the co-exposure groups), which could lead to further criteria for biological
responses to MP exposure, especially in the context of Schizophrenia disorder models.
The effect of MP size may be related to the ability to penetrate cells and tissues and their
potential to induce molecular damage due to their physical and chemical properties.

4. Materials and Methods
4.1. Ethical Statement

All experimental procedures were approved by the Ethics Committee of the Faculty of
Biology, “Alexandru loan Cuza” University of lasi (no. 2533/08.09.2022) and the Ethics
Committee of the Faculty of Veterinary Medicine, University of Agricultural Sciences and
Veterinary Medicine “Ion Ionescu de la Brad”, Iasi (no. 165/26.01.2022) and were conducted
in agreement with the European Directive and Romanian Legislation (2010/63/EU and
43/2014) regarding the protection of animals used for scientific or experimental purposes.

4.2. Animals and Housing

A total of 80 wild-type adult zebrafish obtained from an authorized local source
were housed according to the literature guidelines (28 °C, 10 L tanks with oxygen pumps,
light/dark cycle of 12:12 h, and fed once a day with commercial food for fish). To eliminate
any possibility of interference with our experiments and animal welfare, we tested the water
parameters daily, measuring nitrites, nitrates, water hardness, alkalinity, pH, and chloride.

4.3. Experimental Models of Schizophrenia and MPs Pollution

After the acclimatization period (14 days), the batch of zebrafish was randomly as-
signed to eight experimental groups (n = 10/group), the control group (CTR), ketamine
group (Ket), methionine group (Met), ketamine+methionine group (Met+Ket), microplas-
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tics control (MP), ketamine + MP group (MP+Ket), methionine + MP group (MP+Met), and
the co-exposure group (MP+Met+Ket).

Since the current report is part of a more complex study, the experimental design was
performed according to the previously published protocol [12]. Briefly, Ket and Met were
chronically administrated (5 min exposure to 0.1% Ket/day in separate individual tanks
for 5 consecutive days; the tank water containing extemporaneously prepared 6.0 mM Met,
replaced every 24 h for 7 consecutive days), while MPs (polypropylene microfibers, <2 mm
size) were administered at a concentration of 2 mg L~ at the same time as the food, in an
amount required based on the weight of the fish, for 7 consecutive days [88]) for a period
of 7 days. The co-exposure protocol consisted of delayed Ket administration (48 h after MP
and Met administration).

4.4. Oxidative Stress Analysis

After the exposure protocol was performed, all the animals were euthanized according
to European guidelines for standard euthanasia procedures by immersion in cold water for
at least 10 min or until opercular movements ceased. The whole bodies were rinsed with
distilled water and underwent mechanical processing. The homogenate was mixed with
phosphate-buffered saline (PBS) solution and centrifuged at 3500 rpm for 15 min. The fresh
supernatant was collected, aliquoted, and used to determine the enzymatic activities of
superoxide dismutase (SOD) and glutathione peroxidase (GPx) and the malondialdehyde
(MDA) content.

Superoxide dismutase (SOD) activity was determined via an indirect method based
on Dojindo’s tetrazolium salt (WST-1) reaction with a superoxide anion according to the
manufacturer’s analytical kit protocols (SOD Assay Kit, Sigma, Roedermark, Germany).

Likewise, GPx activity was determined according to the manufacturer’s protocols (GPx
Cellular Activity Assay Kit CGP-1, Sigma, Germany) via an indirect method of dynamic
observation of substrate consumption, where the rate of NADPH consumption during the
considered time unit was used as an indicator of GPx activity.

Malondialdehyde (MDA), which is a measure of lipid peroxidation, was spectropho-
tometrically measured at 532 nm in a UV-VIS spectrum (Analytik Jena Specord 200, Ger-
many). The MDA content was determined using the thiobarbituric acid reactive substances
(TBARS) method, according to the previously described protocols [89,90]. The concentra-
tions of MDA were expressed as relative content per mg of tissue (umol MDA /mg tissue).

The total soluble protein (TSP) content was assessed based on the Bradford method
using a commercial kit according to the manufacturer protocols (Rapid Protein Quantifica-
tion Kit, Sigma, Germany). The results obtained were calculated against a bovine serum
albumin etalon curve and were used to express the antioxidant enzyme activity as specific
activity (EU/mg TSP) [89,90]

4.5. Statistical Analysis

All the numerical analyses were performed using Graph Pad Prism software version
9 (San Diego, CA, USA). Firstly, the normality and distribution of the data were deter-
mined using the Shapiro-Wilk test. Since the normality test was passed, a two-tailed
Student’s ¢ test was applied for comparisons between the groups. The data are expressed
as the average + standard error of the mean (SEM), and a p < 0.05 was considered to be
statistically significant.

4.6. Immunohistology Assays

The fish heads were collected shortly after the fish were euthanized, fixed with Bouin
for 48 h and decalcified with EDTA 15% for 7 days, followed by dehydration with ethylic
alcohol 70-99.8% and clarification with xylene and fixing in paraffin. The samples were then
sectioned at 4 um, stained with hematoxylin plus eosin (H&E), and immunohistochemically
(IHC) colored with the following antibodies: PCNA, TNFAI8, Cox41, BDNF, Map2, H2A,
5100, GFAP, and Tub2 (Table 5). The sectioning was performed longitudinally.
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For each antibody, the number of immunolabeled cells was counted on five fields at
magnitude of x400. The score for immunopositivity was established as follows:
+ = 1-15 positive cells; ++ = 15-30 positive cells; +++ = 30-60 positive cells; ++++ = 60-100
positive cells.

Table 5. Primary and secondary antibodies alongside the originating species and the applied dilution.

. Species for Primary Species for Secondary
Primary Prima Antibod Seconda Antibod
Antibody mary L nody ndary FPOCy
Antibody Dilution Antibody Dilution
PCNA Rabbit 1:250 Goat anti rabbit 1:250
TNEFEAIS Rabbit 1:150 Goat anti rabbit 1:150
Cox41 Rabbit 1:250 Goat anti rabbit 1:250
BDNF Mouse 1:50 Goat anti mouse 1:50
Map?2 Mouse 1:100 Goat anti mouse 1:100
H2A Rabbit 1:100 Goat anti rabbit 1:100
S100 Rabbit 1:100 Goat anti rabbit 1:100
GFAP Rabbit 1:1000 Goat anti rabbit 1:10,000
Tub2 Mouse 1:100 Goat anti mouse 1:100

5. Conclusions

Considering the impact that microplastics pollution may have on health and overall
wellbeing, the present study proposed an experimental approach measuring the effect of
MPs on certain a psychiatric condition, namely schizophrenia. This approach represents an
important step forward as it focuses on an already vulnerable category of people and the
importance of a clean diet. The presence of MPs alone can alter the measured biomarkers,
indicating the potential toxicity of microplastics even without additional contaminants. The
severity and frequency of lesions in the optic tectum are more pronounced when MPs are
combined with ketamine, as well as with methionine. MPs and methionine seem to play a
significant role in stimulating the multiplication of progenitor stem cells or radial glial cells
in areas such as the periventricular region, optic tectum, and cerebellar valve. Moreover,
methionine exposure leads to structural changes, including creating areas of necrosis in
the periventricular zone, across all exposed groups, whether alone or in combination.
Despite these detrimental effects, methionine also activated periventricular neurogenesis,
as evidenced by the presence of PCNA-positive cells. Moreover, we observed that MPs
could have protective effects against oxidative stress, as their combined exposure with Met
and Met+Ket led to a successful second antioxidant line of defense alongside reduced lipid
peroxidation. Overall, the findings suggest complex interactions between microplastics,
ketamine, and methionine in the context of neurogenesis and optic tectum lesions. Future
studies will be necessary for a more complete understanding of the mechanisms of action.
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Abstract: Astrocytes and microglia, the most abundant glial cells in the central nervous system, are
involved in maintaining homeostasis in the brain microenvironment and in the progression of various
neurological disorders. Lipocalin-2 (LCN2) is a small secretory protein that can be transcriptionally
upregulated via nuclear factor kappa B (NF-«B) signaling. It is synthesized and secreted by glial
cells, resulting in either the restoration of damaged neural tissues or the induction of neuronal
apoptosis in a context-dependent manner. It has recently been reported that when glial cells are
under lipopolysaccharide-induced inflammatory stress, either reduced production or accelerated
degradation of LCN2 can alleviate neurotoxicity. However, the regulatory mechanisms of LCN2
in glial cells are not yet fully understood. In this study, we used primary astroglial-enriched cells
which produce LCN2 and found that the production of LCN2 could be reduced by sodium arsenite
treatment. Surprisingly, the reduced LCN2 production was not due to the suppression of NF-
kB signaling. Mild oxidative stress induced by sodium arsenite treatment activated antioxidant
responses and downregulated Lcn2 expression without reducing the viability of astroglial-enriched
cells. Intriguingly, reduced LCN2 production could not be achieved by simple activation of the nuclear
factor erythroid-2-related factor 2 (Nrf2)-Kelch-like ECH-associated protein 1 (Keap1) pathway in
astroglial-enriched cells. Thus, it appears that mild oxidative stress, occurring in an Nrf2-independent
manner, is required for the downregulation of Lcn2 expression. Taken together, our findings provide
new insights into the regulatory mechanisms of LCN2 and suggest that mild oxidative stress may
alter LCN2 homeostasis, even under neuroinflammatory conditions.

Keywords: astrocyte; lipocalin-2; oxidative stress; glial cells; sodium arsenite

1. Introduction

In the central nervous system, astrocytes and microglia perform diverse physiological
functions, including the control of extracellular ion concentration, nutrient provision, and
the regulation of blood flow by interacting with endothelial cells in the blood-brain bar-
rier [1,2]. Moreover, they are involved in several neurological disorders through reactive
astrogliosis [3]. The conventional classification of reactive astrocytes as Al or A2 is based on
their molecular and cellular characteristics [4]. According to a previous study, A1l astrocytes
are induced by the activation of nuclear factor kappa B (NF-«kB) signaling, while A2 astro-
cytes are induced by the activation of Janus kinase (JAK)/signal transducer and activator
of transcription 3 (STAT3) signaling [5,6]. Al and A2 astrocytes show high expression
levels of pro-inflammatory and anti-inflammatory cytokines, respectively. Al astrocytes
are considered to be neurotoxic as they secrete neurotoxins, such as lipocalin-2 (LCN2),
and A2 astrocytes are neuroprotective as they secrete neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF) or vascular endothelial growth factor (VEGF) [7-9]. In
neuroinflammatory diseases, several cytokines derived from other cells, such as microglia,
induce massive transcriptome alterations in quiescent astrocytes, resulting in a dominant
population of Al astrocytes and the secretion of neurotoxic molecules, including LCN2 [10].
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However, it is widely accepted that the characteristics of reactive astrocytes should be
considered in a context-dependent manner, rather than the traditional dichotomous concept
that A1l astrocytes are neurotoxic and A2 astrocytes are neuroprotective [11,12].

LCN2, also known as neutrophil-associated gelatinase lipocalin or 24p3, has been
identified as an acute-phase protein as its concentration dramatically increases in the blood
under inflammatory stress conditions [13,14]. This secretory protein is conserved between
mice and humans and it binds to several types of siderophores, which are strong iron
utilizers found in some infectious bacteria and fungi, resulting in the sequestration of
iron-utilizing molecules and inhibition of the growth of the bacteria and fungi. Therefore,
increased LCN2 levels in plasma and several tissues, such as the kidney, lung, and brain,
are often observed in pathological conditions [15-18]. Lcn2 expression is regulated by
several cell signaling pathways that are activated under inflammatory stress conditions,
such as the NF-«B signaling and JAK/STAT3 signaling pathways [19]. Tumor necrosis
factor alpha (TNF-«) and interferon gamma (IFN-y) are required for the upregulation of
Lcen2 expression in various cell types [19,20]. Recently, several studies have found that
LCN2 is produced and secreted by reactive astrocytes or activated microglia in the nervous
system and is involved in the pathological progression of neuroinflammatory diseases or
the restoration of nervous tissue after ischemic injury [21,22]. Of note, LCN2 secreted from
reactive astrocytes can affect both damaged and healthy neurons [7].

Herein, we demonstrated that LCN2 production in primary astroglial-enriched cells
can be significantly reduced under mild oxidative stress conditions induced by sodium
arsenite treatment. Mild oxidative stress did not affect the viability of astroglial-enriched
cells. Although activation of the nuclear factor erythroid-2-related factor 2 (Nrf2)-Kelch-
like ECH-associated protein 1 (Keapl) pathway, the major antioxidant response pathway,
has been suggested to suppress NF-kB signaling based on their molecular crosstalk, these
two pathways may not interact or their interaction might be complex in astroglial-enriched
cells [23]. Neither the activation of the Nrf2-Keap1 pathway nor the suppression of NF-«B
signaling was the cause of reduced Lcn2 expression under sodium arsenite treatment. Mild
oxidative stress, induced by sodium arsenite treatment in an Nrf2-independent manner,
seems to be responsible for the downregulation of Lcn2 expression. Our current study
suggests a novel strategy for reducing LCN2 levels to prevent its potentially neurotoxic
effects without altering the NF-«B signaling pathway.

2. Results
2.1. Astroglial-Enriched Cells Are Resistant to Mild Oxidative Stress without Reduced Viability

When astroglial-enriched cells were exposed to sodium arsenite at concentrations of
100 puM or higher, their viability was markedly reduced (Figure 1A). According to previous
studies, treatment with 10 pM sodium arsenite reduces the viability of primary neurons
and mouse embryonic fibroblasts [24]. However, we found no reduction in the viability of
astroglial-enriched cells when treated with the same concentration of sodium arsenite as
used previously (10 uM), indicating that these cells may be more resistant to oxidative stress
than other types of primary cells (Figure 1B). In fact, the LC50 of sodium arsenite was about
60 uM (Figure S1). Moreover, we observed that the MTT absorbance levels of astroglial-
enriched cells did not markedly decrease until 50 tM sodium arsenite treatment, but rather
increased with 10 uM sodium arsenite treatment (Figure 1B). Therefore, in this study, we
defined the oxidative stress induced by sodium arsenite treatment of astroglial-enriched
cells, without cytotoxicity, as “mild oxidative stress”.

2.2. Mild Oxidative Stress Activates the Nrf2—Keap1 Pathway and Reduces Lcn2 Expression Levels
in Astroglial-Enriched Cells

We cultured astroglial-enriched cells without mechanistically removing microglia and
oligodendrocytes until passage number two (P2). We found that glial fibrillary acidic pro-
tein (Gfap)-positive cells (astrocytes) were the dominant population (Figure 2A), although
Gfap-negative cells (e.g., microglia) were also present under these conditions. Of note, we
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observed that prolonged exposure of astroglial-enriched cells to fetal bovine serum during
the culture period induced their activation and subsequent production of LCN2, even
without lipopolysaccharide (LPS)-induced inflammatory stress (Figure 2B,D). Although
consistent expression of Lcn2 in astroglial-enriched cells may not fully recapitulate nor-
mal physiological conditions, it is highly relevant to pathophysiological conditions and is
suitable for investigating strategies to reduce LCN2 levels.
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Figure 1. Astroglial-enriched cells survive under mild oxidative stress conditions without reduced
viability. (A) astroglial-enriched cells were treated with sodium arsenite (NaAsO;) at the indicated
concentrations up to 1000 uM for 1 d. The cells were then subjected to MTT assays. After incubation
and elution with DMSO, the converted MTT level in each well was measured using a microplate
reader. Data are expressed as MTT absorbance levels (arbitrary units, A.U; n = 3). (B) MTT assays
were performed using astroglial-enriched cells, which were treated with NaAsO, at the indicated
concentrations up to 50 uM for 1 d. Data are expressed as described in (A) (1 = 3). Arrowheads
indicate the concentration of NaAsO, that showed the highest MTT absorbance levels. All data are
expressed as the means =+ standard error of the mean (SEM) from the indicated number of samples.

Next, we investigated whether mild oxidative stress in astroglial-enriched cells acti-
vated the antioxidant response pathway. The levels of heme oxygenase 1 (Hmox1) and
NAD(P)H quinone dehydrogenase 1 (Nqol) in these cells increased under mild oxidative
stress, suggesting that the Nrf2-Keap1 pathway was activated (Figures 2B,C and S2A).
Intriguingly, under the same conditions, intracellular LCN2 was reduced at the protein level,
as confirmed by both immunoblot and immunofluorescence analyses (Figures 2A,B and S2B).
Moreover, reduced LCN2 levels and increased Hmox1 levels were also observed in astroglial-
enriched cells treated with LPS under mild oxidative stress conditions (Figures 2B and S2A,B).
Thus, the effect of sodium arsenite seemed to override LPS-induced pro-inflammatory cy-
tokine signaling, which can upregulate the expression of Lcn2.
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Figure 2. Mild oxidative stress activates the antioxidant response pathway and reduces LCN2
levels in astroglial-enriched cells. (A) immunofluorescence staining to detect intracellular LCN2 and
Gfap in astroglial-enriched cells was performed with or without 10 pM NaAsO, treatment. DNA
was visualized with DAPI. (B) immunoblot detection of Hmox1, LCN2, and Gfap was performed
using astroglial-enriched cells treated with 10 uM sodium arsenite (NaAsO,) or 100 ng/mL LPS for
1 d. Negative control cells were treated with an equal volume of PBS. (C) astroglial-enriched cells
treated with 10 uM NaAsO, and/or 100 ng/mL LPS for 1 d were subjected to immunoblot detection
of Hmox1, Nqol, NF-«B, and I«B. (D) the expression levels of Lcn2 in astroglial-enriched cells at
passage number 1 (P1) and 2 (P2) were determined by qRT-PCR, normalized against Gapdh levels, and
expressed as the fold change relative to the control (P1; n = 3). (E-I) astroglial-enriched cells treated as
described in (C) were subjected to total RNA isolation and qRT-PCR analysis. The expression levels
of Hmox1, Nqgol, Lcn2, Tnf, and Il1a were determined by qRT-PCR, normalized against Gapdh levels,
and expressed as the fold change relative to the control (—LPS, —NaAsOj; n = 3). For immunoblot
analysis, 3-actin was used as a loading control. Representative images of cells or immunoblots are
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shown (1 = 3). qRT-PCR data are expressed as the means + SEM from the indicated number of
samples. Scale bar, 50 pm. * p < 0.05, ** p < 0.01; *** p < 0.001 between two groups as indicated by the
horizontal bars.

As expected, LPS treatment activated NF-«B signaling, as indicated by the reduced
levels of inhibitory IkB (Figures 2C and S2D). However, activation of the Nrf2-Keap1 path-
way via sodium arsenite treatment did not appear to affect NF-«kB signaling in astroglial-
enriched cells (Figures 2C and S2C). Furthermore, Lcn2 expression levels increased signifi-
cantly after passaging these cells to P2, even in the absence of NF-«B signaling activation
due to LPS treatment (Figure 2D). Therefore, reduced LCN2 levels under mild oxidative
stress do not seem to result from the suppression of NF-kB signaling (see Figure 2B). Con-
sistent with the protein levels, Hmox1 and Ngol mRNA expression levels dramatically
increased under mild oxidative stress conditions (Figure 2E, F). In addition, mild oxidative
stress induced the downregulation of Lcn2 expression in astroglial-enriched cells, regardless
of LPS treatment conditions, which was consistent with the reduced LCN2 protein levels
(Figure 2G). Interestingly, the increased expression levels of inflammatory markers due
to LPS treatment were significantly decreased by sodium arsenite treatment (Figure 2H,I).
Therefore, it is plausible that sodium arsenite may inhibit the transcription process of
NF-«B target genes, either directly or indirectly, although it may not directly affect NF-xB
signaling itself.

To further evaluate the effect of mild oxidative stress on astroglial-enriched cells, we
treated the cells with sodium arsenite for different times or at different concentrations. We
found that the expression levels of Lcn2 decreased gradually with sodium arsenite treatment
in a time-dependent manner for up to 24 h (Figure 3A). Furthermore, we observed that
treatment with sodium arsenite at concentrations less than 10 M did not sufficiently reduce
the levels of LCN2 (Figures 3B and S3A,B). Reduced levels of LCN2 were observed when the
cells were treated with 50 uM sodium arsenite, although the effect was less than the effect
of treatment at 10 pM (Figures 3C and S4A,B). We also determined whether the reduction in
LCN2 levels by sodium arsenite could be recapitulated with other oxidative stress inducers,
such as hydrogen peroxide. Although the effect was relatively smaller than the effect
of sodium arsenite, hydrogen peroxide also seemed to induce an antioxidant response
pathway and slightly reduced LCN2 levels (Figures 3D and S4C,D). Furthermore, the
reduced levels of LCN2 due to sodium arsenite treatment slightly increased in the presence
of N-acetyl-L-cysteine (NAC), which is known as a reactive oxygen species scavenger,
although co-treatment with NAC could not completely inhibit the sodium arsenite-induced
reduction in LCN2 levels (Figures 3E and S4E). Therefore, the mild oxidative stress induced
by sodium arsenite contributes to the reduction in LCN2 levels. However, we cannot
exclude the possibility that other pathways or factors are involved in reducing LCN2
levels. Taken together, our results suggest that the induction of mild oxidative stress via
sodium arsenite treatment induces the activation of the antioxidant response pathway and
decreases LCN2 levels in astroglial-enriched cells at both the mRNA and protein level.

2.3. The Nrf2-Mediated Antioxidant Response per se Cannot Reduce LCN2 Levels in Astroglial-
Enriched Cells

To determine if activation of the Nrf2-Keap1 pathway alone is sufficient to reduce
LCN2 levels, we used tertiary-butylhydroquinone (tBHQ) as an Nrf2 stabilizer without
inducing oxidative stress. We investigate whether the antioxidant response pathway is
directly involved in the regulation of LCN2 levels. However, tBHQ treatment did not reduce
LCN2 levels in astroglial-enriched cells, despite significantly increasing Hmox1 levels at
both the mRNA and protein levels (Figures 4A-C and S5A,B). These results suggest that
activation of the Nrf2-Keap1 pathway alone may not be sufficient to reduce LCN2 levels in
astroglial-enriched cells. Thus, mild oxidative stress, induced in an Nrf2-independent manner,
may be responsible for the reduced LCN2 levels in astroglial-enriched cells.
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Figure 3. Lcn2 expression levels are reduced by mild oxidative stress in a time-dependent manner.

(A) astroglial-enriched cells were treated with 10 uM sodium arsenite (NaAsO,) for 0 to 24 h. Lcn2
expression levels were determined by qRT-PCR, normalized against Gapdh levels, and expressed
as the fold change relative to the control (0 h; n = 3). (B) immunoblot detection of Hmox1 and
LCN2 was performed using control astroglial-enriched cells (without LPS or NaAsO, treatment)

and cells treated with 100 ng/mL LPS and various concentrations of NaAsO, up to 10 uM for 1 d.
(C) astroglial-enriched cells were treated with 100 ng/mL LPS or with 10 or 50 uM NaAsO, for 1 d.

The cells were then subjected to immunoblot detection of LCN2, Hmox1, and Gfap. (D) immunoblot
analysis was performed, as described in (C), using astroglial-enriched cells treated with 100 ng/mL
LPS or with 50 or 500 uM hydrogen peroxide (H,O;) for 1 d. (E) immunoblot detection of LCN2 in
astroglial-enriched cells treated with 10 mM N-acetyl-L-cysteine (NAC) and/or 10 uM NaAsO, for
1 d. To investigate the effect of NAC, 10 mM NAC was added 2 h before NaAsO, treatment. For
immunoblot analysis, 3-actin was used as a loading control. Representative images of immunoblots
are shown (n = 2). qRT-PCR data are expressed as the means = SEM from the indicated number of
samples. ** p < 0.01; *** p < 0.001 between two groups as indicated by the horizontal bars.

To investigate whether the reduction in Lcn2 expression levels by sodium arsenite
can be achieved without activation of the Nrf2-Keap1 pathway, we knocked down Nrf2
in astroglial-enriched cells. We confirmed Nrf2 knockdown by the reduced expression
levels of N#f2 and the reduced responses of the Nrf2 target genes, Hmox1 and Nqol, to
sodium arsenite (Figure 4D-F). As Hmox1 expression is also known to be regulated via
an Nrf2-independent pathway, the effect of Nrf2 knockdown on Hmox1 expression was
less significant than its effect on Ngol expression (Figure 4E,F). When we knocked down
Nrf2 in astroglial-enriched cells, reduced expression levels of Lcn2 due to mild oxidative stress
were still observed (Figure 4G). Therefore, our data suggest that reduced LCN2 levels in
response to sodium arsenite treatment in astroglial-enriched cells were not simply mediated
by activation of the Nrf2-Keap1 pathway. Although further detailed investigation may be
required, a method to reduce LCN2 levels in astroglial-enriched cells will provide insights

into how to reduce reactive-astrocyte-induced neurotoxicity in various neurological disorders.
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Figure 4. The Nrf2-mediated antioxidant response is not responsible for reduced Lcn2 expression
levels. (A) astroglial-enriched cells were treated with 40 or 80 uM tBHQ, 10 uM sodium arsenite
(NaAsO,) or 100 ng/mL LPS for 1 d. The cells were then subjected to immunoblot detection of LCN2,
Hmox1, and Gfap. (B,C) astroglial-enriched cells were treated with 10 uM NaAsO, or 40 uM tBHQ
for 1 d. The expression levels of Lcn2 and Hmox1 were determined by qRT-PCR, normalized against
Gapdh levels, and expressed as the fold change relative to the control (—NaAsO,, —tBHQ; n = 3).
(D-G) astroglial-enriched cells were subjected to Nrf2 knockdown (KD) via lentiviral transduction.
Negative control cells were transduced with a lentivirus harboring scrambled shRNA sequences.
One day after infection, control (—shN#f2) and Nrf2 KD (+shNrf2) cells were treated with 10 uM
NaAsO; or PBS for 1 d. Total RNA was isolated from the cells and subjected to qRT-PCR analysis.
The expression levels of Nrf2, Hmox1, Ngol, and Lcn2 were determined by qRT-PCR, normalized
against Gapdh levels, and expressed as the fold change relative to the control (—shN7f2, —NaAsO;;
n = 3). For immunoblot analysis, 3-actin was used as a loading control. Representative images of
immunoblots are shown (1 = 2). qRT-PCR data are expressed as the means &= SEM from the indicated
number of samples. * p < 0.05, ** p < 0.01; *** p < 0.001 between two groups as indicated by the
horizontal bars. NS, not significant.

3. Discussion

To investigate the regulatory mechanisms of LCN2 in the central nervous system, we
cultured primary glial cells isolated from the cortical regions of mouse brains. According
to previous studies, cultured cortical cells are composed of mixed populations of glial cells,
including astrocytes and microglia [25-27]. Based on the suggestion from a previous report,
here, we refer to these cells as astroglial-enriched cells [25]. In this study, we treated these
cells with sodium arsenite, which is generally regarded as a cytotoxic reagent that induces
the production of reactive oxygen species, DNA damage, autophagosome formation, and
even apoptosis [24,28,29]. However, sodium arsenite treatment at a concentration of 10 uM
did not compromise the viability of astroglial-enriched cells.

Previous studies have shown that Lcn2 expression is upregulated by the activation of
NF-«B signaling, which is essential for the production of various inflammatory cytokines
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and for cell growth and survival [19,20]. Interestingly, intracellular crosstalk between
NF-«B signaling and the Nrf2-Keap1 pathway has previously been reported [23]. Briefly,
increased levels of Hmox1 induced by activation of the Nrf2-Keap1 pathway block the
activation of inhibitory kB kinase (IKK), resulting in the stabilization of IkB and suppression
of NF-kB signaling. Therefore, we first speculated that crosstalk between the Nrf2-Keap1
pathway and NF-«B signaling may be required for the mild oxidative stress-induced
reduction in LCN2 levels. However, increased levels of Hmox1 did not seem to affect IkB
levels in astroglial-enriched cells (see Figure 2C). Thus, reduced LCN2 levels under mild
oxidative stress may not result from the suppression of NF-«B signaling. In fact, reduced
Lcn2 expression can also be observed without LPS stimulation or activation of the NF-«B
signaling pathway.

We have recently reported that under neuroinflammatory conditions induced by LPS
treatment, LCN2 production can be reduced by bortezomib treatment and autophagic
degradation of LCN2 can be accelerated by torin 1 treatment [30]. Proteasome inhibition
through bortezomib treatment suppresses NF-«B signaling due to the stabilization of IkB
even under neuroinflammatory conditions, in contrast to sodium arsenite treatment. In
reactive astrocytes, LCN2 is a short-lived protein with a half-life of ~30 min and is targeted
to the autophagy-lysosome pathway for degradation. However, when secreted from the
cells, it induces the loss of nearby neurons. We have clearly demonstrated that reduced
secretion of LCN2 from reactive astrocytes has beneficial effects on neurons, leading to the
restoration of neuronal viability under neuroinflammatory conditions.

In this study, we demonstrated that LCN2 levels can be reduced by mild oxidative
stress in an Nrf2-independent manner, regardless of neuroinflammatory conditions. Mild
oxidative stress may represent a novel strategy for reducing LCN2 levels in astroglial-
enriched cells, thereby preventing its potentially neurotoxic effects without altering or
impacting the NF-kB signaling pathway. Therefore, pharmaceutical approaches targeting
LCN2 in neurological diseases have emerged and regulating LCN2 levels may become an
important therapeutic approach for various neurological disorders.

4. Materials and Methods
4.1. Mouse Experiments

Wild-type CD-1 (ICR) mice were purchased from Raon Bio (Yongin, Republic of Korea)
and were transferred to the mouse facility before the experiments. All mice were housed in
plastic cages with ad libitum access to food and water under a 12 h light/dark cycle. All
mouse experiments, including the isolation of primary cells from postnatal mouse brains,
were approved by the University of Seoul Institutional Animal Care and Use Committee
(approval no. UOS-IACUC-2020-03-A, UOS IACUC-2021-01-TA). All animal procedures
were performed in accordance with relevant guidelines and regulations approved by the
UOS TACUC.

4.2. Primary Astroglial-Enriched Cell Culture

Astrocytes were enriched and subsequent processes were performed as previously
described [26]. Briefly, brains were isolated from pups on postnatal day 1 and placed in
sterilized Petri dishes containing Hank’s balanced salt solution (HBSS). The isolated brains
were further processed by removal of the cerebellum, olfactory bulbs, and meninges to
obtain the cortical regions. After cutting the cortex into small pieces (1-2 mm?), the collected
pieces (from 3 to 4 pups) were incubated in a 0.05% trypsin/EDTA solution (CellGro,
Manassas, VA, USA) for 30 min at 37 °C. To prevent over-trypsinization, an equal volume of
cell culture medium (Dulbecco’s modified Eagle medium [DMEM] supplemented with 10%
fetal bovine serum, 20 mM L-glutamine, and 1% antibiotics/antimycotics) was added and
the samples were gently mixed. After centrifugation at 300x g for 5 min, the supernatant
was removed and the pelleted cortical pieces were gently triturated in 5 mL of additional
cell culture medium. After adjusting the volume of the cell suspension to 10 mL with
additional cell culture medium, the cell suspension (from 3 to 4 pups) was transferred into a
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previously prepared 100 mm cell culture dish coated with poly-D-lysine (MW 30,000-70,000;
Sigma-Aldrich, St. Louis, MO, USA). The medium was changed every 2 days. After 7-8
days, confluent astroglial-enriched cells were split in half and passaged. After 12-14 days,
the cells were seeded on cell culture dishes or cover glasses, depending on the experiment,
48 h before beginning the experiment.

4.3. Immunoblot Analysis

Cell lysates were prepared from astroglial-enriched cells treated with sodium arsenite,
tertiary-butylhydroquinone (tBHQ), lipopolysaccharide (LPS), or other chemicals, using
radioimmunoprecipitation (RIPA) buffer. After lysis for 30 min on ice, the samples were
centrifuged at 13,000x g for 15 min at 4 °C, and the resulting supernatant was collected.
The protein concentration of each sample was determined using the Pierce™ BCA assay
kit (Thermo Fisher Scientific, Waltham, MA, USA). Proteins (15-30 ng) were separated
via sodium dodecyl sulfate (SDS) polyacrylamide gel (10%) electrophoresis at 25 mA
(per gel) for 60-75 min. After electrophoresis, the separated proteins were transferred to
polyvinylidene fluoride (PVDF) membranes at 100 V for 90 min. The transferred mem-
branes were blocked with 5% skim milk in TBST (Tris-buffered saline [TBS] containing
0.05% Tween-20) for 1 h at room temperature and incubated with primary antibodies
suspended in 5% skim milk/TBST at 4 °C overnight. After primary antibody incubation,
the membranes were washed with TBST and subsequently incubated with secondary an-
tibodies (horseradish-peroxidase [HRP]-conjugated goat anti-mouse IgG or rabbit IgG)
suspended in 5% skim milk/TBST for 1 h at room temperature. Finally, chemiluminescent
signals were detected and images were captured using an enhanced chemiluminescence
solution (WSE-7120L; ATTO, Tokyo, Japan) with a ChemiDoc system (Bio-Rad, Hercules,
CA, USA). The antibodies used in this study are as follows: anti-LCN2 (PA5-79590; rab-
bit polyclonal, 1:1000; Thermo Fisher Scientific); anti-Gfap (MAB360; mouse monoclonal,
1:1000; Millipore, Burlington, MA, USA); anti-Hmox1 (5061; rabbit polyclonal, 1:1000; Cell
Signaling Technology, Danvers, MA, USA); anti-Nqo1 (ab34173; rabbit polyclonal, 1:2000;
Abcam, Cambridge, UK); anti-NF-«B/p65 (51-0500; rabbit polyclonal, 1:1000; Thermo
Fisher Scientific); anti-IkBa (MA5-15132; mouse monoclonal, 1:1000; Thermo Fisher Sci-
entific); anti-B-actin (SC-47778; mouse monoclonal, 1:1000; Santa Cruz Biotechnology,
Dallas, TX, USA); HRP-conjugated goat anti-mouse or anti-rabbit IgG (ADI-SAB-100-] or
ADI-SAB-300-J; goat polyclonal, 1:10,000; Enzo Life Sciences, Farmingdale, NY, USA).

4.4. Quantitative Reverse Transcription Polymerase Chain Reaction (gqRT-PCR) Analysis

After chemical treatment or lentivirus-mediated cell transduction, total RNA was
isolated from cells using TRI Reagent (Molecular Research Center, Cincinnati, OH, USA)
following the manufacturer’s protocol and reconstituted in RNase-free ddH,O. RNA con-
centration was measured using a NanoDrop One™ instrument (Thermo Fisher Scientific),
and 1 ug of RNA was incubated with DNase I (Invitrogen, Carlsbad, CA, USA) for 15 min at
room temperature. After inactivating DNase I, following the manufacturer’s protocol, the
prepared RNA samples were used as templates for reverse transcription using an oligo(dT)
primer (18-mer) and SuperiorScript Il reverse transcriptase (Enzynomics, Daejeon, Republic
of Korea) following the manufacturer’s protocol. cDNA samples generated from mRNA
were used as templates for qRT-PCR using 2x SYBR Master Mix (Enzynomics), primer
pairs, and an iCycler system (IQ5; Bio-Rad). The mRNA expression levels of Lcn2, Nrf2,
Hmox1, and Ngol were normalized to the levels of glyceraldehyde 3-phosphate dehydroge-
nase (Gapdh). The primers used in this study were as follows: Lcn2-F, 5'-CTG AAT GGG
TGG TGA GTG TG-3'; Len2-R, 5'-GCT CTC TGG CAA CAG GAA AG-3'; Nrf2-E, 5'-ATC
CAG ACA GAC ACC AGT GGA TC-3'; Nrf2-R, 5'-GGC AGT GAA GAC TGA ACT TTC
A-3'; Hmox1-F, 5'-CCT GGT GCA AGA TAC TGC CC-3'; Hmox1-R, 5'-GAA GCT GAG AGT
GAG GAC CCA-3'; Ngo1-E, 5’-GGT AGC GGC TCC ATG TAC TC-3'; Ngo1-R, 5'-CAT CCT
TCC AGG ATC TGC AT-3'; Tnf-F, 5’-TCT CAT CAG TTC TAT GGC CC-3'; Tnf-R, 5'-GGG
AGT AGA CAA GGT ACA AC-3'; Il1a-F, 5’-CAC CAA AGA ACA AAG TCG GG-3'; Il1a-R,
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5'-GGA AGG TTC CTG TAC ATG GTA C-3'; Gapdh-F, 5'-GGC ATT GCT CTC AAT GAC
AA-3'; and Gapdh-R, 5'-CTT GCT CAG TGT CCT TGC TG-3'.

4.5. MTT Assay

Astroglial-enriched cells were seeded into 24-well cell culture plates and treated with
various concentrations of sodium arsenite. After 24 h of incubation, the medium was
replaced with a thiazolyl blue tetrazolium bromide (MTT) solution (500 pg/mL of MTT in
DMEM) and the cells were incubated for 3 h at 37 °C. The converted MTT was solubilized
with dimethyl sulfoxide (DMSO) and measured using a microplate reader at a wavelength
of 570 nm with background subtraction at 650 nm.

4.6. Immunofluorescence Analysis

Astroglial-enriched cells were seeded on poly-D-lysine-coated coverslips 2 days before
beginning the experiments and treated with sodium arsenite overnight. Cells were washed
briefly with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde/PBS for
10 min at room temperature, permeabilized with 0.3% Triton X-100/PBS for 10 min at room
temperature, and blocked with 3% bovine serum albumin/PBS for 1 h at room temperature.
The cells were then incubated with primary antibodies (1:500, anti-LCN2 and anti-Gfap)
at 4 °C overnight. After primary antibody incubation, the cells were washed with PBS
and incubated with fluorophore-conjugated secondary antibodies (1:1000, Alexa Fluor
488-conjugated goat anti-mouse IgG and 555-conjugated goat anti-rabbit IgG) and 4, 6-
diamidino-2-phenylindole (DAPI) for 1 h at room temperature. The cells were washed with
PBS and mounted using the Prolong Gold Antifade Reagent (Thermo Fischer Scientific).

4.7. Lentivirus Production

Lentivirus production in Lenti-X HEK293T cells (Takara Bio, Kusatsu, Japan) was
performed using the general calcium phosphate transfection method, as previously de-
scribed [31]. pLKO.1-scrambled was purchased from Addgene and pLKO.1-shNrf2 was
generated using the oligonucleotide targeting mouse Nrf2 [23]. Briefly, one day before
transfection, HEK293T cells were split and seeded on poly-D-lysine-coated 100 mm cell
culture dishes at 2.0 x 10° cells/dish. Three hours before transfection, the medium was
changed to achieve optimal transfection conditions. The concentrations of all plasmids
(pLKO.1-scrambled shRNA, pLKO.1-shN7f2, psPAX2, and pMD2.G) were measured using
a NanoDrop One™ instrument. Ten pg of pLKO.1-shNrf2 (or pLKO.1-scrambled shRNA
as a negative control), 8 pg of psPAX2, and 3 ng of pMD2.G were mixed with 500 pL of
HEPES-buffered saline (HEBS) and 250 pL of CaCl,, and the volume of the mixture was
adjusted with ddH,O to 1 mL. After incubation for 30 min at room temperature, the mix-
ture was sprinkled evenly onto the prepared cells and mixed with the medium by gentle
shaking. After an overnight incubation, the medium was replaced with fresh medium,
incubated for an additional 24 h, and then collected. The collected medium (containing
lentivirus) was filtered through a 0.45 um low-protein-binding filter (Pall Corporation,
Port Washington, NY, USA), mixed with 3 mL of Lenti-X™ concentrator (Takara Bio), and
incubated at 4 °C overnight. The mixture was centrifuged at 1500 g for 45 min at 4 °C,
and the pelleted lentivirus was resuspended in PBS and stored at —80 °C before use. Before
infection, the lentiviral titer was measured using a qPCR Lentivirus Titer Kit (Applied
Biological Materials, Richmond, BC, Canada), and the multiplicity of infection (MOI) was
calculated based on the titer. Astroglial-enriched cells were transduced with lentiviral
vectors at an MOI of 10 in the presence of 4 pug/uL polybrene. The shRNA sequences used
in this study were as follows: scrambled-sense, 5-CCT AAG GTT AAG TCG CCC TCG
CTC GAG CGA GGG CGA CTT AAC CTT AGG-3' and shNrf2-sense, 5'-CCA AAG CTA
GTA TAG CAA TAA CTC GAG TTA TTG CTA TAC TAG CTT TGG-3'.
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4.8. Statistical Analysis

Two-tailed unpaired Student’s t-tests were used to compare data between the two
groups. Differences were considered statistically significant at p < 0.05.

Supplementary Materials: The supporting information can be downloaded at:https:/ /www.mdpi.com/
article/10.3390/ijms242115864/s1.
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Abstract: Proprioceptors are low-threshold mechanoreceptors involved in perceiving body posi-
tion and strain bearing. However, the physiological response of proprioceptors to fatigue- and
muscle-acidosis-related disturbances remains unknown. Here, we employed whole-cell patch-clamp
recordings to probe the effect of mild acidosis on the mechanosensitivity of the proprioceptive neu-
rons of dorsal root ganglia (DRG) in mice. We cultured neurite-bearing parvalbumin-positive (Pv+)
DRG neurons on a laminin-coated elastic substrate and examined mechanically activated currents
induced through substrate deformation-driven neurite stretch (SDNS). The SDNS-induced inward
currents (Ispns) were indentation depth-dependent and significantly inhibited by mild acidification
(pH 7.2~6.8). The acid-inhibiting effect occurred in neurons with an Ispng sensitive to APETx2 (an
ASIC3-selective antagonist) inhibition, but not in those with an Isnpg resistant to APETx2. Detailed
subgroup analyses revealed Ispns was expressed in 59% (25/42) of Parvalbumin-positive (Pv+) DRG
neurons, 90% of which were inhibited by APETX2. In contrast, an acid (pH 6.8)-induced current
(Iacig) was expressed in 76% (32/42) of Pv+ DRG neurons, 59% (21/32) of which were inhibited
by APETx2. Together, ASIC3-containing channels are highly heterogenous and differentially con-
tribute to the IgNpg and Ia¢q among Pv+ proprioceptors. In conclusion, our findings highlight the
importance of ASIC3-containing ion channels in the physiological response of proprioceptors to
acidic environments.

Keywords: acidosis; APETx2; ASIC3; mechanotransduction; proprioceptors; SDNS

1. Introduction

Proprioception is an awareness that underlies body-limb coordination and determines
both unconscious reflexes and conscious motor tasks [1,2]. Specialized mechanorecep-
tors innervate muscle spindles (MSs) and Golgi tendon organs (GTOs), which are collec-
tively called “proprioceptors” [3]. Analysis of molecular identity in proprioceptors has
revealed that calcium-binding proteins parvalbumin (Pv), Runt-domain transcription factor
(RUNXB3), and vesicular glutamate transporter (VGULT2) are expressed predominantly
in MS afferent proprioceptors [3-8]. These MS afferents consist of mechanically activated
channels (Macs) that mediate the mechanotransduction of the peripheral nerves into the
central nervous system. Based on the channel gating mechanism, Macs can be gated by
either membrane tension change (bilayer model) or tethering proteins that link to the extra-
cellular matrix and/or cytoskeletons (tether model) [9]. Although plenty of explanations
about how Macs transduce the mechanical strain into electrical signals have been proposed,
there are a limited number of methods for describing neurosensory mechanotransduction
at the cellular level [10]. A common approach to assessing Mac activity is to directly apply
force on the cell soma via glass pipette indentation, through which Piezol and Piezo2 have
been identified as non-selective cation channels in whole-cell patch-clamp recordings [11].
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Piezo2 is expressed in parvalbumin-positive (Pv+) dorsal root ganglion (DRG) proprio-
ceptive neurons, and the conditional knockout of Piezo2 in Pv+ DRG neurons shows that
Piezo2 is the major contributor to rapid adaptive mechanically activated responses to the
direct soma indentation in proprioceptors [12]. Meanwhile, the intermediary adaptive
mechanically activated responses are slightly upregulated by Piezo2 ablation, which sug-
gests that Piezo2-independent Macs may also be involved in the mechanotransduction of
proprioceptors [13].

Contrarily, to identify the tether-mode Macs of proprioceptors, we developed a
method in which neurites on an extracellular matrix (ECM)-coated elastomeric substrate
are stretched by imposing localized substrate deformation, so that the electrical responses
of tether-mode Macs can be recorded via whole-cell patch clamping [14]. This method
can provide a deeper understanding of mechanotransduction at the subcellular level
of proprioceptors [14]. The targeted knockout of acid-sensing ion channel 3 (Asic3) on
Pv+ DRG neurons disrupts MS afferent sensitivity and impairs substrate deformation-
driven neurite stretch (SDNS) mechanotransduction, but not the soma indentation-induced
mechanotransduction [15]. Behaviorally, Asic3 knockout mice maintain normal locomotion
function as shown in open-field activity and rotarod performance, but the animals exhibit
a proprioceptive deficit in the grid walking test in the dark and a balance task using a
beam with a size of less than 6 fields [15]. Together, these findings suggest that ASIC3 is
involved in mechanosensing associated with the tether-mode mechanotransduction of pro-
prioceptors [15-17]. Since ASIC3 has a dual function of acid sensing and mechanosensing,
how ASIC3-dependent proprioception is influenced by tissue acidosis should be a topic
of scrutiny.

The fine adjustment of body coordination relies on precise proprioceptive input,
which is crucial to achieving balance. Balance can be impaired by fatigue, intermittent
training, and intensive exercise [1,18-22]; however, the molecular and cellular mechanisms
underlying fatigue-associated balance disturbances remain under-explored. Previous
microdialysis studies on humans and rodents have demonstrated that the levels of muscle
interstitial lactate and protons substantially increase during exercise as compared with rest,
and that they tend to increase further with exercise intensity [23]. Moreover, when the
rat hindlimb is subjected to a supramaximal stimulation, H" increases earlier than lactate,
which leads a minor acidic level (pH = 7.2) in the muscle [24]. When human subjects
undergo intermittent training, the H* released at exhaustion is significantly higher in the
legs of the trained subjects than in those of the untrained subjects at the 8th week of training,
and at the 30th week, the blood pH and muscle pH decrease to 7.13 and 6.82, respectively,
in the trained legs [25]. It can be concluded from these results that exercise and fatigue
affect the homogenous blood flow and muscle metabolism. However, it is still unknown
how this micro-environment affects proprioception and leads to balance impairment.

This study sought to explore how the micro-environment of fatigued muscles in-
fluences proprioception. Specifically, we used whole-cell patch-clamp recordings of Pv+
proprioceptors to probe how mild acidosis modulates the tether-mode mechanotransduc-
tion of proprioceptors.

2. Results
2.1. Pv-Expressing DRG Nerve Terminals Are Proprioceptive Fibers Innervating MSs and GTOs

To investigate the effect of acidosis on the neurosensory mechanotransduction of
proprioceptors, we used a genetic model to label the proprioceptors of DRG. We also
used the Cre::LoxP reporting system to characterize the muscle afferents in the soleus
muscle of Pv-Cre::CAG-cat-EGFP mice. In the immunofluorescence study, we examined
six Pv-expressing muscle afferents and found that they can be identified as one of three
types of proprioceptive nerve terminals, namely groups Ia and II muscle spindle afferents
and group Ib Golgi tendon organ afferents in the hind limb soleus muscle (Figure 1). On
the muscle edge, Pv+ eGFP immunoreactivity was observed in free nerve terminals in the
soleus muscle, which are the GTO afferents or group Ib proprioceptors (Figure 1a), and in
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the annunospiral fibers and the free nerve endings in the intrafusal bag, which are group Ia
and group II proprioceptive nerve terminals, respectively (Figure 1b,c). All three of these
types of DRG nerve terminals were neurofilament heavy chain-positive, which indicates
myelinated nerve fibers.

anti-GFP

»
N\

\

Figure 1. Parvalbumin+ proprioceptive muscle afferents are neurofilament heavy chain immunore-
active muscle afferents with specialized mechanosensing structures. (a) Extrafusal muscle afferent
showed the co-localized expression of green fluorescence protein (GFP) and neurofilament heavy
chain (NFH). (b) Intrafusal muscle spindle afferents, which can be classified as type II muscle spindle
afferents, displayed co-expression of parvalbumin-triggered GFP and NFH. (c¢) The annunospiral
type I muscle spindle afferents in the intrafusal bag also presented strong parvalbumin-triggered
GFP and NFH.

2.2. Acidic Environment Attenuates the Mechanically Activated Currents Induced by SDNS

We used whole-cell patch clamping to record the mechanically activated currents of
SDNS in tdTomato+ neurons isolated from Pv-Cre::tdTomato mice (Figure 2a). Laminin-
coated polydimethylsiloxane (PDMS) served as an elastic basement for Pv+ neurite growth.
For each recording, action potentials (APs) and rheobase were first analyzed in the normal
artificial cerebral spinal fluid (ACSF). Through this procedure, we identified at least three
proprioceptor subtypes, based on their firing patterns, as having single, burst, and tonic
APs (Table 1). Then, the normal ACSF was replenished with tetrodotoxin (TTX, 300 nM)-
containing ACSF for mechano-clamping. To deliver a series of mechanical stimuli to
the PDMS surface, a 40 pm-wide glass electrode with an interior opening of less than
1 MOhm was used as an indentation pipette and connected to a 3-axis mechanical actuator
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(Figure 2b). After mechano-clamping, we used a six-channel valve controller and three-
barrel pipette to apply acidic perfusion (Figure 2c). The perfusion area covered the soma
and neurites of interest. The tip of the perfusion pipette was 1 cm away from the recording
soma (Figure 2d). One of the three-barrel pipettes constantly delivered the exact pH of
ACSF as a bathing solution. These procedures were meant to reduce the effect of mechanical
stress from perfusion. The six-channel valve controller regulated the inlet of acidic ACSF
(Figure 2e).

puff pipette
<

Larminin Neurite
: 0
Bath perfusion O =
\. Indentation E
: 125 um
)] (e) s=====F
- 2R LX)
Recording h\,% 71 *? & N\
s\ \ \ [ I l ) Puff holder
Six columns D
D ké:w é"w ;- a-» @-' ®- mj
Indentation & $5566 3 I
SIO00O0 §

Six Channel Valve Gates Six Channel Valve Controller
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Figure 2. The assembly of the substrate deformation-induced neurite stretch (SDNS) approach.

PDMS
Coverslip

(a) Top view of the SDNS mechano-clamp system. The black circle points to the whole-cell patch-
clamp recording pipette. The red circle denotes the mechanical actuator-driven indentation pipette.
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The blue arrow indicates the acidic solution perfusion pipette. (b) The mechanical actuator-driven
indentation pipette was a hollow borosilicate glass pipette whose tip was forged into a 40 um blunt
opening ending. (c) Schematic view of the whole SDNS setup. The neurite-bearing DRG neuron
was cultivated on laminin-coated polydimethylsiloxane (PDMS). The neurite process extended to a
distal region, and the indentation pipette was positioned 10 pm away to avoid direct contact with
the neurite. The recording pipette was sealed with the soma. The perfusion (puff) pipette was far
away from the soma to prevent the sheer force against the cell. (d) An actual recording and the puff
pipette are shown on the right side of the image. (e) The six columns contained artificial cerebral
spinal fluid (ACSF) with different pH levels to provide an acidic challenge to the cell, controlled by
six-channel valve gates. The controller received an electrical signal, opened the gate (green arrow,
switch; red arrow, gates), and then moved the puff holder (blue arrows, puff pipette) to deliver acidic
challenges (the plastic pipes were linked between the black arrow and white arrow respectively to
conduct ACSF). (f) The schematic diagram describes the SDNS recording setup. At the beginning,
an indentation pipette was close to a target neurite and the surface of the PDMS substrate. (g) The
schematic diagram depicts the SDNS procedure. After the indentation began, the indentation pipette
was inserted into the PDMS substrate (gray arrow indicates the direction of the force), which caused
the deformation of the substrate and thus stretched the neurite (yellow arrow indicates the direction
of the stretching).

Table 1. Action potential profile of parvalbumin-positive dorsal root ganglion neurons.

Total Single Burst Tonic
Parameter Unit Mean SEM N Mean SEM N Mean SEM N Mean SEM N
Cell size pm 34.48 1.76 100 38.19 2.44 63 2954 252 23 2593  3.08 14
Resting potential mV —53.77 0.82 105 -56.03 0.71 66 —4830 241 24 —52.56  1.99 15
Cm pE 55.81 4.22 106 64.31 6.17 67 4321 417 24 38.00 5.76 15
Rm MOhm 3830 17.72 106 49.07 28.01 67 21.04 206 24 17.80  1.82 15
Rheobase PA 827.83 72.03 106 1064.18 101.30 67 441.67 5628 24 390.00 4477 15
Rise slope ms 22.68 3.21 104 25.16 4.23 67 1934  6.56 24 16.06  6.28 13
Decay slope ms —60.08 2.82 84 —61.22  3.86 51 —55.53  4.10 21 —63.19 855 12
Peak amplitude mV 80.24 1.99 105 86.51 241 66 7017  3.36 24 * 6880  4.82 15
Half-width ms 5.48 2.71 103 8.01 4.34 64 1.33 0.06 24 1.33 0.11 15

*p <0.05,** p <0.01 vs. single.

The Pv+ neurites, which were tightly bound to the PDMS surface, were stretched by
substrate deformation via a vertical pipette indentation (Figure 2f,g). We performed whole-
cell patch clamping to measure the substrate deformation-driven neurite stretch-induced
currents (Ispns) of neurite-bearing Pv+ DRG neurons and examined the effect of acidosis
(pH 6.8) on the Ispns (Figure 3a). We first identified seven Pv+ neurons that expressed Ispns
in response to mechanical stimuli with an indentation greater than 100 um in the neutral
pH 7.4 ACSF, and the Ispns was significantly attenuated when the local pH was dropped
to 6.8 (Figure 3b,c). The Ispns was force-dependently increased as the indentation depth
increased in both neutral and acidic pH (Figure 4a—c). In the pH 7.4 ACSF, the Ispns peak
amplitudes were (expressed in pA) 0.52 + 1.63, —2.02 £ 1.80, —6.01 +2.31, —13.98 £ 2.27,
and —18.96 £ 4.67 in response to indentation depths of 25, 50, 75, 100, and 125 pm, re-
spectively (Figure 4d). In the pH6.8 ACSE, the SDNS currents were only detectable with
amplitudes of —3.42 + 1.58 pA and —7.08 £ 2.66 pA with indentation depths of 100 and
125 um, respectively.

Although there were notable differences among the AP firing patterns, an analysis
of the Ispns current amplitudes at pH 7.4 in relation to cell size, theobase, and AP firing
patterns revealed no correlation between these factors (Supplementary Figure S2). This
finding indicates that the current amplitude is not associated with the properties of the AP.

To investigate the effect of acidosis on Pv+ proprioceptors in depth, we examined
the Ispns in different pH environments ranging from 6.8 to 7.4 (Figure 5a) using 100 um
indentations. The bath solution was pre-conditioned to pH 8.0 ACSF with TTX, and
the perfusion solution was applied to the recording cell two minutes before indentation.
The Ispns current amplitudes were pH-dependently attenuated as the pH dropped from
7.2 to 6.8 (Figure 5b). Quantitative analyses showed that the average current amplitude

93



Int. ]. Mol. Sci. 2023, 24, 12783

of the Ispns was —13.79 £ 1.85 pA at pH 7.4 (n = 32), which was significantly reduced
to —932+ 124 pAatpH 7.2, —716 £ 1.36 pAatpH 7.0, and —4.97 + 1.07 pA at pH 6.8
(Figure 5¢). Thus, the inhibitory effects of acidosis on the Ispng were more prominent in the
Pv+ proprioceptors with single APs or tonic APs than in the proprioceptor subtype with
burst APs (Figure 5d—f).

(a)

Pipette indentation IRR VN
Bath Perfusion "PH:8:0

Pipette Puff SR

pH 6.8
/ 100p\
Pipette indentation \\ \\ \\
30 sec
Bath Perfusion ipH 8.0
Pipette Puff
2 min
b
(b) ()
BT \ -309 %k
KM=\ ~100 pum /S | mm
g 204 7
5pA| 7]
0.5sec E 7
\k l-..w '10-
N/ ]
—_———— 7
DH 6.8 Wyt 0-

Wash-out Q:\P‘Q‘q,?’ &b\
R QW

\
N\ /" o
| - &

Figure 3. Mild acidosis at pH 6.8 attenuated the substrate deformation-driven neurite stretch
(SDNS)-induced currents with a partial reversibility. (a) Experimental protocol for testing the ef-
fect of acidosis (pH 6.8) on SDNS-induced currents in Pv+ DRG proprioceptors. The bath was a
pH 8.0 ACSF, and the perfusion pipette contained either a pH 7.4 or pH 6.8 ACSF during the record-
ings of SNDS-induced currents. Three repetitive indentations were applied to stretch the neurite
to generate SDNS currents; pH 7.4 (colored in light blue) and pH 6.8 (colored in red). (b) Three
normalized representative SDNS current traces with a 100 um depth at pH 7.4 or pH 6.8 (with three
repetitive indentation traces merged for normalization). (The scale bar indicates 5 pA and 500 ms.)
(c) The amplitude of Ispns (expressed in pA) during pH 7.4, pH 6.8, and pH 7.4 washings is shown.
One-way ANOVA revealed statistically significant differences in the mean test score between the
above three groups (F (1.245, 7.470) = 9.044, p = 0.0153). Multiple comparisons showed that the mean
value of Ispng was significantly different between the pH 7.4 and pH 6.8 washings (p = 0.0234) and
between the pH 6.8 and pH 7.4 washings (p = 0.0255). The cell numbers were labeled above the
column bars. * p < 0.05 vs. pH 6.8.
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Figure 4. The force dependency of substrate deformation-driven neurite stretch (SDNS) currents was
significantly attenuated by acidic perfusion. (a) Experimental protocol for testing the effect of acidosis
(pH 6.8) on the force dependency of SDNS currents (Ispns) in Pv+ DRG proprioceptors. The bath
was a pH 8.0 ACSF, and the perfusion pipette contained either a pH 7.4 or pH 6.8 ACSF during the
recordings of Ispns. A series of three repeated force indentations with a depth of 25 to 125 um was
applied with the indentation pipette during the recording. The recording started at 0, and the acidic
challenge began at the 5th second. The repetitive indentations stretched the neurite during the acidic
challenge to generate an SDNS current; pH 7.4 (colored in light blue) and pH 6.8 (colored in red).
(b) Force-dependent Ispnsg traces of Pv+ DRG neurons in the neutral (pH 7.4) environment. (The
scale bar indicates 10 pA and 0.5 s in the trace graph.) (c) Force-dependent Ispnss traces of Pv+ DRG
neurons in the acidic (pH 6.8) environment. (d) Bar graphs of Ispns with different indentation depths
(ranging from 25 to 125 um) in pH 7.4 and pH 6.8 conditions. Two-way ANOVA revealed statistically
significant differences in the mean test score between different depths (F(4, 20) = (12.53), p < 0.001),
pH (F(1, 5) = (10.28), p = 0.02), and depth x pH (F(4, 20) = (7.911), p < 0.001). The Holm-Sidak test
for multiple comparisons found that the mean value of IspNs was significantly different between
25 and 100 um at pH 7.4 (p < 0.001); between 25 and 125 pm (p < 0.001); between pH 7.4 and pH 6.8
with 100 um (p < 0.001); and between pH 7.4 and pH 6.8 with 125 um (p < 0.001). The cell numbers
were labeled above the column bars. *** p < 0.001, differences within the same pH group; ## p < 0.01
and ### p < 0.001, differences between the pH 7.4 and pH 6.8 groups.
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Figure 5. Mild acidosis pH-dependently attenuates SDNS-induced currents in Pv+ DRG propri-
oceptors. (a) Experimental protocol for testing the effect of a series of pH gradients (from 7.4 to
6.8) on SDNS-induced current (Ispns). The bath was a pH 8.0 ACSF, and a series of pH gradients
was applied using the perfusion pipette during the recording. The recording started at 0, and the
acidic challenge began at the 5th second. Three repetitive indentations stretched the neurite during
the acidic challenge to generate an SDNS current; pH 7.4 (colored in light blue), pH 7.2 (colored in
gray-blue), pH 7.0 (colored in blue), and pH 6.8 (representing mild acidosis, colored in red). (b) Four
normalized representative Ispns traces with a 100 um depth, with three repetitive indentation traces
merged for normalization. (The scale bar indicates 5 pA and 500 ms). (c) Representative single-firing
AP traces were held at —70 mV and depolarized via 40 steps with a 10 pA increment. The gray dotted
line represents zero potential level, and the red line represents a trace at the rheobase. The x- and
y-axes of the scale denote 20 ms and 20 pA, respectively. (d) Representative burst-firing AP traces
were held at —70 mV and depolarized via 40 steps with a 10 pA increment. The gray dotted line
represents zero potential level, and the red line represents a trace at the rheobase. (e) Representative
tonic-firing AP traces were held at =70 mV and depolarized via 40 steps with a 10 pA increment. The
gray dotted line represents zero potential level, and the red line represents a trace at the rheobase.
(f) pH-dependent effect of acidosis on Ispns of all firing types of neurons ranged from pH 7.4 to
6.8. One-way ANOVA analysis revealed statistically significant differences in the mean test score
between different pH levels (F (2.195, 68.06) = 13.59 p < 0.0001). The Holm-Sidak test for multiple
comparisons found that the mean value of Ispng was significantly different between pH 7.4 and pH
6.8 (p < 0.001); between pH 7.4 and pH 7.0 (p = 0.001); and between pH 7.4 and pH 7.2 (p < 0.001). (g)
pH-dependent effect of acidosis on Ispns of Pv+ neurons with single-firing APs. One-way ANOVA
analysis revealed
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statistically significant differences in the mean test score between different pH levels
(F (1.586, 25.38) = 6.063, p = 0.0107). The Holm-Sidak test for multiple comparisons found that
the mean values of Ispng were significantly different between pH 7.4 and pH 6.8 (p = 0.0015); between
pH 7.4 and pH 7.0 (p = 0.0239); and between pH 7.4 and pH 7.2 (p = 0.0239). (h) pH-dependent
effect of acidosis on Ispng of Pv+ DRG neurons with burst-firing APs. One-way ANOVA analysis
revealed no statistically significant differences in the mean test score between different pH levels
(F (1.467,11.73) = 3.560, p = 0.0725). (i) pH-dependent effect of acidosis on Ispng of Pv+ DRG neurons
with tonic-firing APs. One-way ANOVA analysis revealed statistically significant differences in the
mean test score between different pH levels (F (1.974, 9.872) = 5.649, p = 0.02). The Holm-Sidak
test for multiple comparisons found that the mean values of Ispng were significantly different be-
tween pH 7.4 and pH 6.8 (p = 0.05); between pH 7.4 and pH 7.0 (p = 0.05); and between pH 7.4 and
pH 7.2 (p = 0.05). The cell numbers were labeled above the column bars in each subfigure. * p < 0.05
***p < 0.001.

2.3. Role of ASIC3 in Tether-Mode Mechanotransduction during Acidosis

Previous studies have shown that ASIC3 is not only a sensitive acid sensor for mild
acidosis but also a mechanic sensor involved in the tether-mode mechanotransduction of
Pv+ DRG proprioceptors [15,26]. To explore how acidosis modulates the ASIC3-dependent
Ispns, we designed a protocol to determine the relationship of ASIC3-dependent currents
(Iasic3) with the Ispns and acid-induced current (I oqq) in different Pv+ DRG proprioceptors
(Figure 6a). We tested the effects of APETX2 (2 pM), a selective antagonist for ASIC3 [27],
on the Ispns in both pH 7.4 and pH 6.8 conditions, and on the 54 in pH 6.8 conditions. In
pH 7.4 conditions, the Ispns was expressed in 60% (25/42) of Pv+ DRG neurons, and the
current was inhibited by APETx2 in 92% (23/25) of Ispns-expressing neurons (Figure 6b,
Table S1). Quantitative analyses revealed that APETX2 significantly reduced the Ispns in
Pv+ DRG neurons with single or burst APs, but not in those with tonic APs (Figure 7a-d).
In addition, among 25 Ispns-expressing Pv+ DRG neurons, pH 6.8 acidosis attenuated the
APETx2-sensitive Ispng (7 = 23) but had no effect on the APETx2-resistant Igpng (12 = 2)
(Figure 7e). Intriguingly, among these 23 APETx2-sensitive Ispns-expressing Pv+ neurons,
acid perfusion of pH 6.8 only induced I5.q in 19 neurons, where the 54 was inhibited
by APETx2 in 11 of these neurons and defined as Iasjc3 (Figure 7f,g). Mild acidosis of pH
6.8 significantly attenuated the Ispns in both groups of neurons, respectively expressing
Ispns/Iacia and Ispns only (Figure 7f). For those 19 neurons with Ispns/Iacd, pPH 6.8
acidosis significantly attenuated the Ispns in neurons expressing Iagics (n = 11), but not in
neurons without Iasics (n = 9) (Figure 7g). All these results indicate a strong association
between the inhibitory effect of acidosis on the Ispng and on whether the Ispns or [acq can
be inhibited by APETx2.

Regarding the acid sensitivity, 76% (32/42) of Pv+ DRG neurons expressed the I 54 in
response to the pH 6.8 acid stimulation (Figure 6b). Interestingly, the I5q was expressed in
84% (21/25) of Ispns-expressing neurons and 65% (11/17) of Ispns-negative neurons. The
average peak amplitudes of the 5.4 showed no difference between Pv+ DRG neurons with
and without the Ispns (Figure 7h) or between Iagic3-positive and Iasic3-negative groups
(Figure 7i). Based on the expression of the Ispns, Iacid, and Iasic3, we organized these
42 Pv+ DRG neurons into 7 subgroups to highlight the heterogeneous functionality among
Pv+ DRG proprioceptors (Figure 8).
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Figure 6. The involvement of ASIC3-containing channels in SDNS-induced currents in different Pv+
DRG proprioceptor subtypes. (a) Experimental design for testing the role of ASIC3 in SDNS-induced
currents (Ispns) and acid-induced currents (Iz¢q) during acidosis in Pv+ DRG proprioceptors. The
neurons were bathed in a pH 8.0 ACSF, and different environmental conditions were established
using a puff pipette with ACSF pH 7.4 (colored in light blue), ACSF pH 7.4 + APETX2 (colored in
dark blue), ACSF pH 6.8 (colored in red), and ACSF pH 6.8 + APETx2 (colored in orange). In each
environmental condition, the neuron first received a 5 sec puff 3 times (with a 30 sec interval) and
was then subjected to three pipette indentations (with a 30 sec interval) during continuous puffing
with the defined pH condition. With each pipette buffer change, the bath condition was changed back
to pH 8.0 ACSF for 5 min. After all treatments, pH 6.8 ACSF was applied to confirm that APETx2
had been washed out. (b) Illustration of the subgrouping of Pv+ DRG neurons in response to SDNS
and mild acidosis. The cell numbers were labeled in the bricks and the numbers of subgroups were
labeled in the brackets.
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Figure 7. Effects of APETX2 and mild acidosis at pH 6.8 on SDNS-induced currents in different Pv+
DRG neuron subgroups. (a) The average peak current amplitude of the SDNS-induced currents
(Ispns) of Pv+ DRG neurons are shown. A paired t-test found that the mean value of Ispns was
significantly different (p = 0.0002). (b) The average peak current amplitudes of Ispns (expressed in
pA) of Pv+ DRG neurons with single AP are shown. A paired t-test found that the mean value of
Ispns was significantly different (p = 0.0074). (c) The average peak amplitude amplitudes of Ispng
(expressed in pA) of Pv+ DRG neurons with burst AP are shown. A paired t-test found that the mean
value of Ispns was significantly different (p = 0.0386). (d) The average peak amplitude amplitudes of
Ispns (in pA) of Pv+ DRG neurons with tonic AP are shown. A paired t-test found no significant
difference in the mean value of Ispns (p = 0.1018). (e) The effect of pH 6.8 acidosis on Ispns between
Pv+ DRG neurons with APETx2-sensitive and APETx2-resistant Ispns. This graph indicates which
SDNS current (Ispns) was APETx2-sensitive or -insensitive. A paired two-tailed ¢-test found that the
mean value of Ispng was significantly different between the pH levels of 6.8 and 7.4 in the APETx2
inhibition group (p = 0.0066). (f) The effect of pH 6.8 acidosis on Ispns between Ispns-expressing Pv+
DRG neurons with and without acid-induced currents (Iaiq). A paired two-tailed t-test found that the
mean value of IspNs was significantly different between the pH levels of 6.8 and 7.4, whether in the
Iacig-conducted (p = 0.0097) or I,.;q-non-conducted (p = 0.0286) group. (g) The effect of pH 6.8 acidosis
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on Ispns between Igpns-expressing Pv+ DRG neurons with APETx2-sensitive Iaqq (Iasics) and
APETx2-resistant [ 5 i4. A paired two-tailed t-test found that the mean value of Ispng was significantly
different between pH 6.8 and pH 7.4 in the I xgjc3-containing group (p = 0.02). (h) The I,q amplitudes
of Pv+ DRG neurons with and without Ispng are shown. An unpaired two-tailed ¢-test found no
significant difference in the mean value of Ispngs (p = 0.6237). (i) The I,q amplitudes of Pv+ DRG
neurons with and without I5gjc3 are shown. An unpaired two-tailed t-test found that the mean value
of Ispns was not significantly different, with p = 0.3223. The cell numbers were labeled above the
column bars in each subfigure. * p < 0.05** p < 0.01 ** p < 0.001.
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Figure 8. Representative traces of SDNS-induced currents (Ispns) and acid-induced currents (I5¢q) in
seven groups of Pv+ DRG neurons. For the SDNS traces, the x- and y-axes of the scale bar denote 500
ms and 50 pA, respectively. For the acidic current traces, the x- and y-axes of the scale denote 10 s and
50 pA, respectively. (a) Pv+ DRG neurons with APETx2-sensitive Ispng were organized into Group
(1), which expressed Iacq + Iasics; Group (2), which expressed Iaq only; and Group (3), which
expressed no Ipgq. (b) Pv+ DRG neurons with APETx2-resistant Ispng were organized into Group
(4), which expressed Iasics. (¢) Pv+ DRG neurons that did not express Ispns were organized into
Group (5) neurons, which expressed Ia¢iq + Iasic3; Group (6), which expressed I qq; and Group (7),
which expressed no Iagq-
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3. Discussion

In this study, the SDNS approach was employed to probe the effect of mild acidosis
on the tether-mode mechanotransduction of proprioceptive neurites. One advantage of
this approach is that it delivers a specific mechanical mode emulating physiologically
relevant conditions, in which the proprioceptive terminals of MSs or GTOs are stretched
during muscle contraction [10]. It was found that 59% (25/42) of Pv+ DRG proprioceptors
expressed the Ispns, and that ASIC3 was the major molecular determinant contributing
to the Ispns. This finding is consistent with previous studies that showed amiloride-
sensitive sodium channels were the main mechanically activated ion channels in response
to MS stretching in ex vivo models [28]. Moreover, using a series of experimental designs,
this study showed that mild acidosis significantly attenuated the Ispng in most ASIC3-
positive proprioceptors. The Ispns-expressing Pv+ DRG proprioceptors were functionally
heterogeneous in terms of their AP profiles, sensitivity to neurite stretching, and acidosis.
In particular, not all Ispns-expressing Pv+ DRG proprioceptors expressed the g in
response to the pH 6.8 ACSE. Of the 23 Ispns-expressing Pv+ proprioceptors, 19 expressed
the I5cq, but the I5qq was only inhibited by the ASIC3-selective antagonist APETx2 in
61% (11/18) of Pv+ proprioceptors, suggesting that the ASIC3-containing ion channels are
highly heterogenous among Ispns-expressing proprioceptors.

The fact that mild acidosis attenuated the Ispns in proprioceptive neurons provides
valuable insights into the impairment of balance caused by fatigue or intermittent exer-
cise [18]. Proprioceptive neurons play a crucial role in providing sensory information
about body position and movement for the central nervous system. The attenuation of the
Ispns due to mild acidosis suggests that acidosis could disrupt the mechanotransduction of
proprioceptors, potentially leading to a diminished ability to accurately sense and respond
to mechanical stimuli. This impairment in proprioceptive function could have significant
consequences for maintaining balance and coordinating movements during exercise or in
situations involving metabolic acidosis.

The inhibitory effect of mild acidosis on the Ispns appears to have been highly as-
sociated with the expression of ASIC3, as the acid-inhibiting effect occurred in the Ispns
sensitive to APETx2 inhibition but not in that resistant to APETx2 (Figure 7e). APETx2 is
a 42-amino-acid peptide isolated from the sea anemone Anthopleura elegantissima, known
to inhibit ASIC3 homomeric channels and ASIC3-containing heteromeric channels [27].
Although APETX2 reversibly inhibits rat ASIC3 without affecting ASICla, ASIC1b, or
ASIC2a, it exerts stronger inhibitory effects on the I5iq of homomeric ASIC3 or heteromeric
ASIC2b+3 than on that of ASICla+3 and ASIC1b+3 channels [27]. In addition, APETx2
was more effective in inhibiting the Ispng than inhibiting the I, as APETX2 failed to
inhibit the Izgq in 35% (8/23) of Ispns-expressing Pv+ proprioceptors (Figure 6b). Inter-
estingly, mild acidosis did not significantly attenuate the Ispns in neurons expressing an
APETx2-resistant [5q (Figure 7g). This suggests that mild acidosis might differentially
influence the Ispns between Pv+ proprioceptors expressing an APETx2-sensitive Ia¢qg
(possibly mediated by ASIC3 or ASIC2b+3) and those expressing an APETx2-resistant [ g
(possibly mediated by ASICla+3 or ASIC1b+3). In brief, the composition of heteromeric
ASIC3-containing channels may determine the effects of mild acidosis on proprioceptive
nerve activity during muscle contraction. Further studies should be conducted to under-
stand the functional properties and specific roles of different heteromeric ASIC3 channels
in proprioceptive neurons, as well as their modulation of proprioception through acidosis.

Taking into account the pH dependency of ASIC subtypes and heteromeric composi-
tions in heterologous expression systems, the presence of ASIC2a in the channel composi-
tion consistently leads to a half-maximum pH activation that is lower than 6.0 [29]. This
indicates that ASIC2a-containing channels require a more concentrated acidosis to activate
the proton-gated current compared with other subtype combinations. Accordingly, the
ASIC2a-containing channels (ASIC2a+3) may account for the Pv+ proprioceptor subtype
that expresses an Ispns but not an Iaqq at pH 6.8 (Figure 6b). Still, ASIC2a-containing
channels might also be expressed in some Pv+ proprioceptors without an Ispns.
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Mild-acidosis-induced structural changes in ASIC channels may underlie the observed
attenuation of SDNS currents. Acidosis alters the pH environment surrounding the ASIC
channels, potentially impacting their conformation and functional properties. ASIC3, as
a homologue to chicken ASICla, shares similarities in its activation and desensitization
mechanisms in response to low-pH environments [29,30]. Studies on chicken ASICla
crystal structures have elucidated the structural changes associated with channel activation
and desensitization [31]. In the resting state, the thumb domain of ASICla moves outward
relative to its position in the open and desensitized state, resulting in the expansion of the
acidic pocket. Activation involves the closure of the thumb domain into the acidic pocket,
the expansion of the lower palm domain, and an iris-like opening of the channel gate. The
betal1-12 linker, which separates the upper and lower palm domains, acts as a molecular
clutch and undergoes rearrangement to facilitate rapid desensitization, effectively stopping
the proton sensing current [32]. Although ASIC3 and ASICla may have divergent character-
istics, it is reasonable to assume that ASIC3 might exhibit similar structural rearrangements
and conformational changes in response to low pH and acidosis. These alterations in the
thumb and palm domains, along with the rearrangement of the betall-12 linker, could
potentially influence the mechanical gating properties of ASIC3 channels [31]. As a result,
the attenuation of the Ispns observed in mild acidosis may be attributed, at least in part, to
the effect of acidosis on the mechanical gating of ASIC3 channels.

We proposed three possible mechanisms to determine how the SDNS response of
ASIC3-containing channels in proprioceptive neurons is modulated by acidosis through
different mechanisms, depending on the channel composition. In the case of ASIC3 ho-
momeric channels, mild acidosis promoted channel opening, allowing the influx of ions
and the initiation of a proton-gated response. However, due to the inherent desensitiza-
tion properties of ASIC3, the channels were transitioned into a rapid desensitized state,
resulting in the attenuation of the SDNS current (Figure 9a). In the case of ASIC3+1a and
ASIC3+1b heteromeric channels, mild acidosis also facilitated channel opening, leading to
the initiation of a proton-gated response and thus attenuating the SDNS current. However,
the presence of ASICla or ASIC1b altered the kinetic and pharmacological responses,
potentially influencing the magnitude of the SDNS current (Figure 9b). The combination of
ASIC3 and ASIC2a in a heteromeric channel resulted in a direct transition into the desensi-
tized state upon exposure to mild acidosis, bypassing the open state of the channel. This
indicates that the SDNS response in ASIC3+2a heteromeric channels is primarily mediated
by the channels being in a desensitized state without being transitioned into the open state
(Figure 9c¢).

In summary, this study explored the complex interplay between acidosis, channel
composition, and the mechanosensitivity of ASIC3-containing channels in proprioceptive
neurons. Understanding the specific responses of ASIC3-containing channels to acidosis
and their effect on the mechanosensitivity of proprioceptive neurons may provide insight
into the regulation of sensory processing and motor control during exercise. Still, this
study had some limitations: (1) the SDNS approach only induced an Ispns in 59% of Pv+
proprioceptors, which may have only represented a subgroup of proprioceptors sensitive
to the SDNS stimuli; (2) some SDNS-insensitive neurons expressed an Iagjc3, suggesting
they are involved in tether-mode mechanotransduction but require either stronger SDNS
stimuli or a different mechanical modality; and (3) we did not know the exact compositions
of the ASIC3-containing channels among the Ispns-expressing and Ispns-insensitive Pv+
proprioceptors. Further research should be undertaken to unravel the precise molecular and
biophysical mechanisms underlying the acidosis-induced modulation of ASIC3 channel
gating, as well as its implications for proprioceptive function and balance control. Such
research may pave the way for the development of targeted therapeutic interventions aimed
at improving proprioception in individuals with acidosis-induced balance impairments.
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Figure 9. Hypothetical models illustrating the involvement of ASIC3 in the attenuation of SDNS-
induced currents through mild acidosis. (a) A tentative model depicting the mechanistic process
underlying the attenuation of SDNS-induced currents (Ispns) in response to mild acidosis, with a
particular focus on the role of acid-sensing ion channel 3 (ASIC3). The model assumes that, through
mild acidosis, ASIC3-containing channels are activated by SDNS, leading to the initiation of IspNs
in proprioceptive neurons. Mild acidosis also triggers ASCI3 homomeric channels and thus the
activation of proton-gated currents (which present APETx2-sensitive acid-induced currents (I5¢iq))-
However, due to the rapid desensitization property of ASIC3, the channel is transitioned into a
desensitized state, leading to the attenuation of the Ispns. (b) According to the expression of APETx2-
resistant [p.q in some Pv+ DRG proprioceptor neurons, the subunits ASICla and ASIC1b may
contribute to neurons with Ispng that are less affected by mild acidosis. Pharmacological studies
using APETx2, a selective ASIC3 antagonist, have shown that APETx2 effectively inhibits ASIC3
(IC50 = 63 nM) without affecting ASIC1a, ASIC1b, or ASIC2a, whereas ASICla+3 and ASIC1b+3
heteromeric channels showed low affinity to APETx2 as compared with ASIC3 or ASIC2b+3 channels.
Therefore, the inclusion of the subunit ASIC1a or ASIC1b in the heteromeric channels may modify
their response to the pH gradient of mild acidosis and kinetics to the attenuation of Ispns. (¢) In
IspNns-expressing Pv+ DRG neurons without I 54, ASIC2a may be incorporated in the composition of
the heteromeric ASIC3 channels. Previous studies have indicated that tASIC2a-containing channels
have a lower half-maximum pH activation (<pH 6.0) than other combinations lacking ASIC2a [29].
This suggests that mild acidosis (with a pH level of 6.8) cannot directly activate the proton-gated
current in these neurons but rather attenuates Ispng by transforming the resting-state channels into a
desensitized state, thus reducing their responsiveness to mechanical stimuli.

4. Materials and Methods
4.1. Animals

All the animal protocols followed in this study complied with the Guide for the Use
of Laboratory Animals (National Academy of Sciences Press) and were approved by the
Institutional Animal Care and Use Committee of the Academia Sinica, Taiwan. Both male
and female mice at ages of 12-16 weeks were used. The Pv-Cre:Td (parvalbumin-Cre
and tdTomato reporter) and Pv-Cre::CAG-cat-EGFP (parvalbumin-Cre and EGFP reporter)
transgenic lines were backcrossed to the C57BL6 background and kept as heterozygotes for
all experiments.

4.2. Immunostaining of MSs

Procedures for immunostaining and muscle tissue preparation were modified from
a picric acid fixative method. The mice were anesthetized with a combination of Zoletil
and dexmedetomidine hydrochloride; they were then perfused transcardially with 25 mL
of 0.02 M phosphate-buffered saline (PBS, Omics Bio, Taipei, Taiwan) (pH = 7.4, at 4 °C)
and cold fixative (4% (w/v) formaldehyde, 14% (v/v) saturated picric acid, and 0.1 M PBS
(pH =74, at 4 °C)). The animals’ soleus muscles were dissected and post-fixed in the cold
fixative solution (4 °C) for 1 h. The fixative was washed out with PBS for a while and
cryoprotected in 20% sucrose PBS (pH = 7.3, at 4 °C) for 24 h. After being embedded in
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the optimal cutting temperature (OCT) compound (Leica Biosystem, Deer Park, IL, USA),
the muscle tissues were frozen and sectioned into 12-16 pum thick sections, placed on a
gelatin-coated slide glass, and stored at —80 °C before usage. Before immunostaining, the
muscle sections were washed three times with PBST (PBS + 0.1% Triton X-100), blocked
with PBST containing 3% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA)
and 5% goat serum (Sigma-Aldrich, St. Louis, MO, USA), and incubated with primary
antibodies (rabbit anti-GFP 1:5000 in blocking solution, Abcam, Cambridge, UK; mouse
anti-NF-H, 1:2000 in blocking solution, Chemicon, St. Louis, MO, USA) overnight at 4 °C.
After PBST washing was performed 3 times, the muscle sections were incubated in the
secondary antibodies (Goat anti-rabbit 1:500, Invitrogen, Waltham, MA, USA) for 1 h (at
room temperature).

4.3. Primary Culture of DRG Neurons

Mice at the age of 12-16 weeks were sacrificed with CO;, and their DRG neu-
rons were collected and cultured in accordance with the procedures described in
Cheng et al., (2010) [14] and Lin et al., (2016) [15]. The dissected DRGs were digested with
0.125% collagenase (type I, Sigma-Aldrich, St. Louis, MO, USA) and 2 units/mL dispase II
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 °C. The segregated neurons were
triturated using a flame-polished Pasteur pipette and seeded on laminin (Sigma-Aldrich,
St. Louis, MO, USA)-coated polydimethylsiloxane (PDMS, UNI WARD, New Taipei City,
Taiwan) substrate, which was prepared on a 12 mm coverslip with a base-to-curing-agent
ratio of 35:1. Before the DRG neurons were seeded, the PDMS-covered coverslips were
exposed to ultraviolet light for 15 min and coated with poly-L-lysine (0.01%, Sigma-Aldrich,
St. Louis, MO, USA) for 10 min; then, they were coated with laminin (10 pg/mL, Sigma-
Aldrich, St. Louis, MO, USA) for 2 h. The neurons were cultured in a 3.5 cm Petri dish
with DMEM plus 10% fetal bovine serum and maintained in an incubator with 5% CO, at
37 °C for 2-3 days. The cultured DRG neurons were then subjected to electrophysiological
recordings of acid-induced currents or mechanically activated currents.

4.4. Electrophysiology
4.4.1. Whole-Cell Patch-Clamp Recordings

The acid-induced currents (Iz.q) in the Pv-Cre:: Td-positive DRG neurons were mea-
sured. Six-channel valve gates (white arrow) were attached to the perfusion columns, the
other side was conducted to a three-barrel pipette using a six-in one-out device (black
arrow), and the acidic artificial cerebral spinal fluid (ACSF) controlled by the six-channel
valve controller (Warner, VC-6, Science Products, Hesse, Germany) (red arrow) was applied
(Figure 2). Whole-cell patch clamping was conducted on neurite-bearing DRG neurons
cultured for 48-72 h. The recording pipette (with a resistance of 6-8 MOhm) was filled
with internal solution (in mM, 100 KCl, 2 Na-ATP, 3 Na-GTP, 10 EGTA, 5 MgCl,, and
40 HEPES, with the pH adjusted to 7.4 using KOH; osmolality 290-310 mOsm) (Sigma-
Aldrich, St. Louis, MO, USA), and the neurons were externally bathed in the ACSF solution
(in mM, 130 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 glucose, and 20 HEPES, with the pH
adjusted to 7.4 or 8.0) (Sigma-Aldrich, St. Louis, MO, USA). The puff pipette was filled
with acidic ACSE, whose pH was adjusted to 6.8, 7.0, 7.2, and 7.4. Mechanical stimuli were
delivered using a mechanical pipette on an electronically controlled micromanipulator (Sci-
entifica PatchStar Micromanipulator pc8200c, Scientifica, East Sussex, UK). The pipette was
microforge-polished (MF-900, Narishige, Tokyo, Japan) to 4-5 MOhm resistance. Loaded
with ACSF, the pipette was held at —5 to —10 mV (the leak current slowed to less than
—1500 pA) using a Multiclamp 700B (Axon instrument, San Jose, CA, USA) so that we
could monitor the contact with the PDMS surface. Once the mechanical pipette was low-
ered down and touched the PDMS surface, a leak current drop was observed, indicating
increased resistance. Thus, we synchronized the timing of the whole-cell recording with
the starting point of the PDMS indentation.
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4.4.2. Rheobase Analysis of AP Threshold

The neurons were bathed in an ACSF solution (pH 7.4) and formed by the whole-
cell patch. The membrane potential was then held at —70 mV by injecting current in the
current clamp mode, and a series of stimuli (from 100 to 2000 pA for 20 sweeps, with
a 100 pA increase per step, over a 500 ms duration) was provided to trigger an AP. The
rheobase current was determined using the minimal injected current to trigger an AP
(Supplementary Figure S1).

4.4.3. Mechanically Activated Current Recording

After the rheobase current was recorded, the neurons were transferred to be externally
bathed in an ACSF solution (pH 8.0) containing TTX (300 nM, Tocris Bioscience, Bristol,
UK) to inhibit the voltage-gated sodium channel activity, and the mechanical pipette was
placed around the distal neurite terminal in a region on the PDMS surface that satisfied the
following criteria: (i) the region did not contain any other cells such as glia or fibroblasts;
(ii) the region was at least 100 um away from the Pv-Cre::Td-selected neuron cell soma;
and (iii) the region was 15-25 um away from the distal terminal (Figure 2b,c). To indent
the PDMS substrate, the mechanical pipette was first anchored on the surface as a starting
position (p0) and then hoisted on the z-axis for 100 um (p+100). The indentation of the
mechanical pipette was programmed so that the pipette was (i) dropped down on the
z-axis for 200 pm (that is, 100 pm below the initial surface plane (p-100)) at a velocity
of 1.6 um ms—1; (ii) kept at (p-100) for 1000 ms; and (iii) elevated at the same velocity to
(p+100). After pipette indentation was performed on PDMS, the deformation of the sub-
strate stretched local neurites. A series of indentation depths (25, 50, 75, 100, and 125 pum)
were tested within the same Pv+ DRG neuron to analyze the force dependency of the
SDNS-induced currents (Ispns) (Figure 2d).

4.4.4. Mechanically Activated Currents during Acidosis

To study the effect of acidosis on mechanically activated currents, we first recorded
the Ispns with indentation depths of 25, 50, 75, 100, and 125 um in a pH 7.4 bath. A
pH 6.8 acidic bath was then applied to the same neurons, and we waited at least 5 min
for the acidic ACSF to fully immerse the neurons before measuring the Ispng under the
same indentation protocol. This allowed us to evaluate the effect of acidosis on the Ispns
(Figure 3).

To further investigate the effect of proton concentrations on different proprioceptor
groups, we triggered APs and tested the rheobase of Pv+ neurons in neutral ACSF; then,
we used a pH 8.0 TTX-containing ACSF solution for the Ispns recordings. The neurons
were perfused with a puff pipette preloaded with TTX-containing ACSF at the pH levels of
6.8,7.0,7.2, and 7.4. They were sequentially exposed to acidic challenges from the ACSF
with pH levels of 7.2, 7.0, and 6.8 to assess the effect of proton concentrations on the Ispns
(with a 100 pm indentation) (Figure 4).

4.4.5. ASIC3 Dependency

To determine whether ASIC3 contributed to the expression of the ;4 and Ispns in Pv+
DRG neurons, the ASIC3-selective antagonist APETX2 (2 pM, Alomone Labs, Jerusalem,
Israel) was included in the puff pipette containing ACSF with a pH of either 7.4 or 6.8 [15].
After the AP profile measurement, the Pv+ DRG neurons were subjected to a series of
recordings of the [5q and Ispns and tested for APETX2 inhibition (Figure 6).

4.5. Statistical Analysis

Data in all figures are presented in the form of mean =+ sem. Statistical comparison
was performed using Prism (ver. 10.0.2) (ANOVA and t-test). A non-parametric two-tailed
Mann-Whitney test was used in some electrophysiology experiments where the raw data
did not pass the normal distribution or equal variance test. The Holm—-Sidak test was
employed for post hoc tests with two-way ANOVA and paired one-way ANOVA, because
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the Holm-Sidak test is more powerful than the Tukey or Bonferroni test. The criterion for a
significant difference was set to p < 0.05.

5. Conclusions

This study focused on the significant role of ASIC3, a proton-gated ion channel with the
dual gating properties of acid sensing and mechanosensing, in modulating proprioception
under acidic physiological conditions. Understanding the role of ASIC3 in these processes
may help to clarify the underlying mechanisms of exercise-induced balance impairments,
to develop strategies for mitigating these effects, and to optimize athletic performance.
Furthermore, investigating the heterogeneity of Pv+ DRG neurons in the context of ASIC3
and its potential interactions with other ASIC subtypes may improve the understanding of
the mechanosensing capabilities of proprioceptive neurons and inform the development of
targeted interventions for conditions involving impaired proprioception.
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Abstract: Elevated excitability of glutamatergic neurons in the lateral parabrachial nucleus (PBL) is
associated with the pathogenesis of inflammatory pain, but the underlying molecular mechanisms
are not fully understood. Sodium leak channel (NALCN) is widely expressed in the central nervous
system and regulates neuronal excitability. In this study, chemogenetic manipulation was used
to explore the association between the activity of PBL glutamatergic neurons and pain thresholds.
Complete Freund'’s adjuvant (CFA) was used to construct an inflammatory pain model in mice. Pain
behaviour was tested using von Frey filaments and Hargreaves tests. Local field potential (LFP)
was used to record the activity of PBL glutamatergic neurons. Gene knockdown techniques were
used to investigate the role of NALCN in inflammatory pain. We further explored the downstream
projections of PBL using cis-trans-synaptic tracer virus. The results showed that chemogenetic
inhibition of PBL glutamatergic neurons increased pain thresholds in mice, whereas chemogenetic
activation produced the opposite results. CFA plantar modelling increased the number of C-Fos
protein and NALCN expression in PBL glutamatergic neurons. Knockdown of NALCN in PBL
glutamatergic neurons alleviated CFA-induced pain. CFA injection induced C-Fos protein expression
in central nucleus amygdala (CeA) neurons, which was suppressed by NALCN knockdown in PBL
glutamatergic neurons. Therefore, elevated expression of NALCN in PBL glutamatergic neurons
contributes to the development of inflammatory pain via PBL-CeA projections.

Keywords: chemogenetics; glutaminergic neurons; lateral parabrachial nucleus; NALCN;
inflammatory pain

1. Introduction

Inflammatory pain is a complex condition characterised by multiple mechanisms, such
as hyperexcitability and/or sensitisation of primary nociceptive neurons or nociceptors and
neural-immune-endocrine interactions [1-4]. Inflammatory pain is one of the major contrib-
utors to the health care burden and is associated with many chronic diseases [5,6]. Despite
the high prevalence and severity of inflammatory pain, the medications currently available
to treat inflammatory pain are unsatisfactory, such as nonsteroidal anti-inflammatory drugs
(NSAIDs), opioids and some adjuvant medications [7]. The combination of different drugs
with different mechanisms of action improves the therapeutic effect, but their use is limited
due to their increased risk of side effects [8]. Clinically, the “pain ladder” therapy published
by the WHO is suitable for the treatment of acute and chronic pain but has little relevance
to inflammatory pain [9]. The underlying cause of the problem is that the exact molecular
mechanisms associated with inflammatory pain are not fully understood and involve
complex peripheral and central mechanisms [2]. Therefore, it is clinically important to
investigate the molecular mechanisms mediating inflammatory pain and to develop novel
therapeutic agents.
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The parabrachial nucleus (PBN) is a heterogeneous nucleus located on the dorsal side
of the pons around the superior cerebellar peduncle (scp) [10]. PBN is involved in regulating
many physiological functions of the body, such as respiration, circulation and pain [11,12].
PBN consists of three distinct subnuclei, including PBL, PBM (parabrachial medial nucleus)
and KEN (Kolliker-Fuse nucleus) [11]. PBL mainly receives nociceptive input from dorsal
projection neurons in the spinal cord and is most relevant to pain regulation [13-16]. Yang
et al. [17] reported that PBL is essential for the transmission of pain signals from the
spinal cord to the substantia nigra of the reticular formation (SNR). SNR-projecting PBL
neurons can be activated by noxious stimuli [17]. In fact, most neurons in the PBL are
glutamatergic [11,18]. A previous study [15] found that spinal cord projections to PBL are
strictly glutamatergic. Taken together, these studies suggest an important role for PBL
glutamatergic neurons in pain regulation. However, the molecular mechanism by which
PBL glutaminergic neurons are involved in inflammatory pain is not fully understood.

The sodium leak channel (NALCN) is an unselective cation background channel that
regulates resting membrane potential and neuronal activities [4,19]. NALCN is associated
with the regulation of many important biological functions, such as respiration, pain, and
anaesthesia [4,19,20]. Ford et al. [21] demonstrated that NALCN in spino-PBN neurons
is involved in the upstream transmission of nociception and therefore may affect pain
perception. Moreover, Zhang and colleagues [19] found that elevated expression and
function of NALCN in the peripheral dorsal root ganglion and spinal cord contributes to
the development of both chronic constriction injury (CCI)-induced neuropathic pain and
complete Freund’s adjuvant (CFA)-induced inflammatory pain in rodents [4], highlighting
NALCN as a potential molecular target for the treatment of pain. However, whether
NALCN in brain nuclei is implicated in the modulation of pain remains unclear.

Based on the above evidence, this study hypothesised that NALCN in PBL glutamater-
gic neurons is involved in the modulation of CFA-induced inflammatory pain.

2. Results
e  Chemogenetic inhibition of PBL glutamatergic neurons increases the pain threshold
in mice.

Chemogenetic manipulations were used to clarify whether the activities of PBL glu-
tamatergic neurons are involved in pain regulation (Figure 1A). First, we injected viruses
encoding hM4D(Gi) receptors (AAV2/9-mCaMKIla-hM4D(Gi)-mCherry-ER2-WPRE-pA)
or its control (AAV2/9-mCaMKIla- mCherry-WPRE-pA) into the bilateral PBL of mice
(Figure 1B, left). Three weeks later, mCherry expression was observed in PBL (Figure 1B,
right). Immunofluorescence staining of C-Fos was performed after 2.5 mg-kg ! clozapine
N-oxide (CNO) injection (Figure 1C,D). Compared with the control group, there was a
significant decrease in the number of C-Fos-positive cells in the PBL of the hM4D(Gi) group
(Figure 1E, 30.3 £ 6.1 vs. 15.4 £ 4.4; n = 10 in both groups, p < 0.001), suggesting that PBL
glutamatergic neuronal activity was significantly inhibited after CNO injection.

Next, we measured the von Frey threshold and thermal withdrawal latency in mice
under chemogenetic manipulations. We intraperitoneally injected 2.5 mg-kg ! CNO or
an equal volume of saline into the mice 1 h before behavioural testing, and then the mice
were placed on a metal elevated net for acclimatisation. In the control group, there was
no significant difference in the von Frey threshold (Figure 1F 0.4 + 0.2 vs. 04+ 0.2 g;
n =10, p > 0.05) or thermal withdrawal latency (Figure 1G, 10.2 £ 1.2 vs. 112 £1.5s;
n =10, p > 0.05) after intraperitoneal injection of saline or CNO into mice. However,
after intraperitoneal injection of CNO, the von Frey threshold (Figure 1H, 0.3 £ 0.2 vs.
0.6 £0.2g; n =11, p < 0.001) and thermal withdrawal latency (Figure 1I, 10.1 £ 1.4 vs.
12.8 £1.3 5;n =11, p < 0.001) were significantly higher in the hM4D(Gi) group compared
with intraperitoneal saline injection. The von Frey threshold and thermal withdrawal
latency in control and hM4D(Gi) mice did not change significantly after saline injection
compared with the baseline (Supplementary Figure S1A-D).
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Figure 1. Chemogenetic inhibition of PBL glutamatergic neurons increases the pain threshold in
mice. (A) Flow chart of the behavioural measurements in control and genetically manipulated mice.
(B) Schematic of virus injection and hM4D(Gi) and mCherry expression in PBL glutamatergic neurons.
Scale = 100 um. (C,D) C-Fos immunofluorescence (green) in PBL after CNO injection in control
(C) and genetically manipulated mice (D). Scale = 100 pm (left) or 10 um (right). (E) C-Fos count
comparison after CNO injection in control and hM4D(Gi) mice after immunofluorescence staining
(n =10 in both groups). (F,G) Von Frey threshold (F) and withdrawal latency (G) in control mice after
saline or CNO injection (n = 10). (H,I) Von Frey threshold (H) and withdrawal latency (I) in hM4D(Gi)
mice after saline or CNO injection (n = 11). Data are presented as the mean + SD. *** p < 0.001, ns: no
significance by a two-tailed independent samples ¢ test (E-I).

e  Chemogenetic activation of PBL glutamatergic neurons decreases the pain threshold
in mice.

Next, we chemogenetically activated PBL glutamatergic neurons (Figure 2A) by in-
jecting AAV2/9-mCaMKIla-hM3D(Gq)-mCherry-ER2-WPRE-pA or AAV2/9-mCaMKIlla-
mCherry-WPRE-pA into the bilateral PBL of C57BL/6] mice (Figure 2B, left). The expres-
sion of mCherry was observed in PBL after 3 weeks (Figure 2B, right). Inmunofluorescence
staining of C-Fos (Figure 2C,D) showed a significant increase in the hM3D(Gq) group com-
pared with the control group after intraperitoneal injection of CNO into mice (Figure 2E,
29.5 £8.2vs. 61.4 £ 12.2; n = 10 in both groups, p < 0.001), suggesting that PBL glutamater-
gic neuronal activity was significantly activated by chemogenetic activation.

Then, we measured the von Frey threshold and thermal withdrawal latency of the
mice. In the control group, the von Frey threshold (Figure 2F, 0.4 £ 0.2 vs. 04 £ 0.2 g;
n =10, p > 0.05) and thermal withdrawal latency (Figure 2G, 11.2 + 1.6 vs. 11.5+ 1.6 g;
n =10, p > 0.05) of mice did not change significantly after intraperitoneal injection of
CNO compared with saline. In the hM3D(Gq) group, the von Frey threshold (Figure 2H,
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Figure 2. Chemogenetic activation of PBL glutamatergic neurons decreases the pain threshold in
mice. (A) Flow chart of the behavioural measurements in control and genetically manipulated
mice. (B) Schematic of virus injection and hM3D(Gq) and mCherry expression in PBL glutamatergic
neurons. Scale = 100 pum. (C,D) C-Fos immunofluorescence (green) in PBL after CNO injection
in control (C) and hM3D(Gq) (D) mice. Scale = 100 um (left) or 10 um (right). (E) C-Fos count
comparison after CNO injection in control and hM3D(Gq) mice after immunofluorescence staining
(n =10 in both groups). (F,G) Von Frey threshold and thermal withdrawal latency in control mice
after saline or CNO injection (n = 10). (H,I) Von Frey threshold and thermal withdrawal latency
in hM3D (Gq) mice after saline or CNO injection (n = 11). Data are presented as the mean + SD.
*** p < 0.001, ns: no significance by a two-tailed independent samples ¢ test (E-I).

° Inflammatory pain excites PBL glutaminergic neurons.

To further explore whether inflammatory pain was associated with PBL glutamatergic
neuronal activity, we used complete Freund’s adjuvant (CFA) to construct an inflammatory
pain model in mice (Figure 3A). After CFA pain modelling on the left plantar of C57 BL/6]
mice, we found that the von Frey threshold and thermal withdrawal latency were signif-
icantly lower compared with equivalent saline modelling (Figure 3B, n = 8-9, p < 0.001),
indicating successful model establishment. Imnmunofluorescence staining of C-Fos in the
PBL was then performed in saline- and CFA-modelled mice (Figure 3C,D). The results
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showed that C-Fos significantly increased in PBL after CFA modelling compared with
saline (Figure 3E, 9.4 £ 2.2 vs. 19.8 £ 5.2, n = 9-10, p < 0.001).
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Figure 3. Inflammatory pain excites PBL glutaminergic neurons. (A) Flow chart of the behavioural
measurements in wild-type mice. (B) Von Frey threshold and thermal withdrawal latency in wild-
type mice after saline or complete Freund’s adjuvant (CFA) plantar modelling (n = 8-9). (C,D) C-Fos
immunofluorescence (green) in PBL after saline (C) and CFA plantar modelling (D) in wild-type
mice. Scale = 100 pm (left) or 10 pm (right). (E) C-Fos count comparison after saline and CFA plantar
modelling in wild-type mice after immunofluorescence staining (n = 9-10). (F) Schematic of PBL
local field potential electrode implantation. (G,H) A representative spectrogram of PBL in wild-type
mice before and after saline (G) or CFA modelling (H). (I-K) Power density of LFP (I,K) and its
group difference (J) in slow-delta, theta, alpha, and beta oscillations before and after saline plantar
modelling in wild-type mice (n = 8). (L-N) Power density of LFP (L,N) and its group difference (M)
in slow-delta, theta, alpha, and beta oscillations before and after CFA plantar modelling in wild-type
mice (* p < 0.05 for slow-delta between baseline and CFA group; n = 8). Data are presented as the
mean + SD or mean + SEM ((B), left). ## p < 0.001 by two-way repeated-measures ANOVA (B).
*p <0.05, *** p < 0.001, ns: no significance by a two-tailed independent samples f test (E,I-N).
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Next, we explored the changes in neuronal activity in response to pain stimulation
by measuring local field potentials (LFPs) in PBL (Figure 3F). The results showed that
slow-delta oscillations did not change significantly before and after saline modelling
(Figure 3G,I-K, n =8, p > 0.05) but were significantly enhanced after CFA modelling
(Figure 3H,L-N, n = 8, p < 0.05). However, theta, alpha and beta oscillations did not
change notably in the saline and CFA groups (Figure 3G-N, n = 8, p > 0.05).

e Knockdown of NALCN in PBL glutamatergic neurons alleviates CFA-induced pain.

To identify whether NALCN on PBL glutamatergic neurons is involved in pain regula-
tion in mice, we specifically knocked down the expression of NALCN on PBL glutamatergic
neurons (Figure 4A). First, we performed immunofluorescence staining of NALCN in the
PBL after saline and CFA plantar pain modelling in wild-type mice (Figure 4B,C). The
results showed that NALCN was significantly increased in the PBL of mice after CFA
modelling compared with saline (Figure 4D, 20.6 &= 3.3 vs. 39.6 = 5.4, p <0. 001, n =9 in
both groups).

Then, to knock down NALCN in PBL glutamatergic neurons, we microinjected
NALCN gene silencing virus (AAV2/9-mCaMKIla-mCherry-mIRNAI (NALCN)) and
its control virus (AAV2/9-mCaMKIla-mCherry-mIRNAI (NC)) (Figure 4E, left). We con-
firmed whether the virus was correctly expressed in PBL after 3 weeks (Figure 4E, right).
We also performed fluorescence quantification of NALCN in the control and NALCN
knockdown groups of PBL using immunofluorescence staining to ensure that NALCN had
been successfully knocked down in PBL in the knockdown group (Figure 4F-H, 23.4 £ 4.5
vs. 13.4 + 3.2; n = 10 in both groups, p < 0.001). Meanwhile, we found that CFA-induced C-
Fos expression was significantly reduced after CFA modelling in the NALCN knockdown
group (Figure 41-K, 35.3 4= 6.7 vs. 17.8 & 5.2; n = 10 in both groups, p < 0.001).

Next, we conducted behavioural tests, including the von Frey threshold and thermal
withdrawal latency, in the control and NALCN knockdown groups. The von Frey threshold
(Figure 4L, n = 9-10, p > 0.05) and thermal withdrawal latency (Figure 4M, n = 9-10,
p > 0.05) were not significantly different between the two groups of mice after saline
plantar modelling. There was no difference in the basal values of the von Frey threshold
(Figure 4L, 0.4 + 0.2 vs. 0.3 £ 0.2 g; n = 8-11, p > 0.05) and thermal withdrawal latency
(Figure 4M, 12.4 £ 1.6 vs. 12.1 = 1.4 s; n = 8-11, p > 0.05) between control and NALCN
knockdown group mice. However, after CFA modelling, the von Frey threshold (Figure 4L,
n = 8-11, p < 0.05) and thermal withdrawal latency (Figure 4M, n = 8-11, p < 0.001) were
significantly increased in the NALCN knockdown group compared with the control group
during recovery. It returned to baseline levels faster than the control group.

Similarly, to further understand whether there were differences in PBL glutamatergic
neuronal activity in control and NALCN knockdown mice before and after CFA pain
modelling, we conducted local field potential analysis of PBL glutamatergic neurons. The
results showed that slow-delta oscillations were significantly increased in control mice
after CFA modelling (Figure 5A,C-E, n = 10, p < 0.05), but the NALCN knockdown group
did not show such an increase (Figure 5B,F-H, n = 9, p > 0.05). Theta, alpha and beta
oscillations were not significantly different in control and NALCN knockdown mice before
and after CFA modelling (Figure 5E,H, n = 8-11, p > 0.05).
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Figure 4. Knockdown of NALCN in PBL glutamatergic neurons alleviates CFA-induced pain.
(A) Flow chart of virus injection and behavioural measurements in mice. (B,C) NALCN immunofluo-
rescence (red) after saline (B) and CFA plantar modelling (C) in wild-type mice after immunofluores-
cence staining. Scale = 100 um (left) or 25 um (right). (D) NALCN fluorescence quantification com-
parison after saline and CFA plantar modelling in wild-type mice (n = 9 in both groups). (E) Injection
of control and NALCN knockdown viruses into PBL of C57 6] mice. Scale = 100 um. (F,G) NALCN
fluorescence (mCherry) in PBL in control (F) and NALCN knockdown mice (G). Scale = 100 pm
(left) or 25 um (right). (H) NALCN fluorescence quantification comparison in PBL of control and
NALCN knockdown mice (n = 10 in both groups). (IJ) C-Fos fluorescence (green) in PBL in control
(I) and NALCN knockdown mice (J) after CFA plantar modelling. Scale = 100 um (left) or 10 um
(right). (K) C-Fos count comparison in PBL of control and NALCN knockdown mice before and
after CFA plantar modelling (n = 10 in both groups). (L) The von Frey threshold in control and
NALCN knockdown mice before and after saline or CFA plantar modelling at 14 days (n = 8-11).
(M) Withdrawal latency in control and NALCN knockdown mice before and after saline or CFA
plantar modelling at 14 days (n = 8-11). Data are presented as the mean & SD or mean + SEM (L).
*** 1 < 0.001 by a two-tailed independent samples ¢ test (D,H,K). *# p < 0.001, # p < 0.01, # p < 0.05
by two-way repeated-measures ANOVA (L,M).
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Figure 5. Knockdown of NALCN in PBL glutamatergic neurons inhibits CFA-induced slow-delta
oscillations. (A,B) A representative spectrogram of PBL in control (A) and NALCN knockdown
mice (B) before and after CFA plantar modelling. (C—E) Power density of LFP (C,E) and its group
difference (D) in slow-delta, theta, alpha, and beta oscillations before and after CFA plantar modelling
in control mice (* p < 0.05 for slow-delta between baseline and CFA group). (F—H) Power density of
LFP (F,H) and its group difference (G) in slow-delta, theta, alpha, and beta oscillations before and
after CFA plantar modelling in NALCN knockdown mice. Data are presented as the mean + SD.
* p < 0.05, ns: no significance by a two-tailed independent samples ¢ test (C—H).

e  NALCN modulates CFA-induced pain via PBL glutamatergic neuron-central nucleus
amygdala (CeA) projections.

Next, we used anterograde viral tracers and immunofluorescence staining to explore
the downstream projections of PBL neurons involved in CFA-induced inflammatory pain
(Figure 6A). First, we injected self-EGFP-labelled scAAV2/1-hSyn-EGFP-WPRE-pA an-
terograde tracer virus into the bilateral PBL (Figure 6B) and then observed each brain
region 2 weeks later, after confirming the correct expression of the tracer virus in the PBL
region (Figure 6C). We detected the projection fluorescence of PBL neurons in several
brain regions, including the bed nucleus of the stria terminalis (BNST) (Figure 6D), central
nucleus amygdala (CeA) (Figure 6E), central nucleus of the amygdala (PAG) (Figure 6F),
and central nucleus of the inferior colliculus (CNIC) (Figure 6G).

115



Int. J. Mol. Sci. 2023, 24, 11907

A D1 D78 B

scAAV2/1-hSyn-EGFP-WPRE-pA Frozen section SCAAV2/1-hSyn-EGFP-WPRE-pA
7-8w C57 mice D1 D4
| -
% )

Plantar molding (Saline/CFA)  Immunofluorescence staining
D1 D215 D128
|

AAV2/9-mCaMKlla-mIRNAI(NALCN)  Plantar molding (Saline/CFA) Immunofluorescence staining
/ mIRNAI(NC)

Cfos positive number

Saline CFA

Cfos positive number

NALCN knockdown
Saline CA

(@]

IPAC

Cfos positive number
Cfos positive number

Saline CFA Saline CFA

Figure 6. NALCN modulates CFA-induced pain via PBL glutamatergic neuron-central nucleus
amygdala (CeA) projections. (A) Flow chart of virus injection and related experimental operations.
(B) Schematic of anterograde tracer virus injection and downstream projection of PBL. (C-G) After
injection of scAAV2/1-hSyn-EGFP-WPRE-pA anterograde tracer virus into the bilateral PBL (C), viral
fluorescence (EGFP) was distributed in the BNST (D), CeA (E), PAG (F) and CNIC (G). Scale = 50 pm.
PBL, lateral parabrachial nucleus; scp, superior cerebellar peduncle; PBM, medial parabrachial
nucleus; KF, Kolliker-Fuse nucleus; BSTLV, bed nucleus of the stria terminalis, lateral division, ventral
part; BSTMV, bed nucleus of the stria terminalis, medial division, ventral part; BSTMA, bed nucleus of
the stria terminalis, medial division, anterior part; IPAC, interstitial nucleus of the posterior limb of the
anterior commissure; CeL, central amygdaloid nucleus, lateral division; CeMVP, central amygdaloid
nucleus, medial posteroventral part; CeC, central amygdaloid nucleus, capsular part; BSTIA, bed
nucleus of the stria terminalis, intra-amygdaloid division; BLA, basolateral amygdaloid nucleus,
anterior part; DMPAG, dorsomedial periaqueductal gray; DLPAG, dorsolateral periaqueductal gray;
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LPAG, lateral periaqueductal gray; VLPAG, ventrolateral periaqueductal gray; Su3, supraoculomotor
periaqueductal gray; Aq, aqueduct; ECNIC, external central nucleus of the inferior colliculus; CNIC,
central nucleus of the inferior colliculus; DCNIC, dorsal central nucleus of the inferior colliculus.
(H,J,LN) C-Fos fluorescence (red) and DAPI fluorescence (blue) in the BNST (H), CeA (J), PAG (L)
and CNIC (N) after saline and CFA plantar modelling in wild-type mice after immunofluorescence
staining. Scale = 50 um. D3V, dorsal 3rd ventricle; B, basal nucleus; BSTS, bed nucleus of stria termi-
nalis, supracapsular part; AD, anterodorsal thalamic nucleus; AV, anteroventral thalamic nucleus;
BSTMP, bed nucleus of the stria terminalis, medial division, posterior part; CeM, central amygdaloid
nucleus, medial division; SI, substantia innominata; CeMAD, central amygdaloid nucleus, medial
division, anterodorsal part; CeMAYV, central amygdaloid nucleus, medial division, anteroventral
part; Su3, supraoculomotor periaqueductal gray; Dk, nucleus of Darkschewitsch; V1, primary vi-
sual cortex; RSA, retrosplenial agranular cortex. (I,K,M,0) C-Fos count comparison in the BNST
(I), CeA (K), PAG (M) and CNIC (O) after saline and CFA plantar modelling in wild-type mice
(n =9-10). (P,R) C-Fos fluorescence (red) and DAPI fluorescence (blue) in the CeA after saline and
CFA plantar modelling in control (P) and NALCN knockdown mice (R) after immunofluorescence
staining. Scale = 50 um. LGP, lateral globus pallidus; IM, intercalated amygdaloid nucleus, main
part. (Q,S) C-Fos count comparison in the CeA after saline and CFA plantar modelling in control (Q)
and NALCN knockdown mice (S) (n = 10 in both groups). Data are presented as the mean + SD.
*** p < 0.001, ns: no significance by a two-tailed independent samples ¢ test (ILK,M,0,Q,S).

To further identify the PBL downstream nuclei linked to pain transmission, we per-
formed CFA plantar inflammatory pain modelling in wild-type mice. Immunofluorescence
staining of C-Fos protein in the BNST (Figure 6H), CeA (Figure 6]), PAG (Figure 6L) and
CNIC (Figure 6N) was performed after saline and CFA modelling. The results showed that
C-Fos protein in the CeA was significantly increased after CFA modelling compared with
saline (Figure 6K, 3.3 £ 1.4 vs. 8.1 £ 2.2, n = 9-10, p < 0.001). However, no significant differ-
ence in C-Fos protein was observed in the BNST (Figure 61, 2.3 4= 1.3 vs. 2.8 &£ 1.3; n = 9-10,
p > 0.05), PAG (Figure 6M, 2.7 £ 1.3 vs. 3.1 £ 1.7; n = 9-10, p > 0.05) and CNIC (Figure 60,
1.9 £1.3 vs. 2.1 £ 0.7, n = 9-10, p > 0.05) in CFA modelling compared with saline.

Subsequently, we conducted saline and CFA plantar pain modelling in PBL NALCN
knockdown and control mice, followed by immunofluorescence staining for C-Fos pro-
tein in the CeA region of both groups (Figure 6PR). The results showed that C-Fos was
significantly increased in the CeA of the control group after CFA modelling compared
with saline (Figure 6Q, 3.7 £ 1.4 vs. 7.7 & 2.1; n = 10 in both groups, p < 0.001), whereas
it did not change significantly in the NALCN knockdown group (Figure 6S, 3.5 + 1.4 vs.
4.3 £+ 1.4, n = 10 in both groups, p > 0.05). This suggests that NALCN knockdown in the
PBL decreased neuronal activity in the CeA, which might be a downstream nucleus for
PBL pain transmission.

3. Discussion

In this study, we showed that upregulated expression of NALCN in PBL glutamater-
gic neurons is involved in the development of inflammatory pain in mice. First, using
chemogenetic inhibition or activation of PBL glutamatergic neurons, we demonstrated
that PBL glutamatergic neurons were associated with sensory transduction in mice under
physiological conditions. Then, we showed that PBL glutamatergic neuronal activity was
enhanced when mice experienced inflammatory pain. To investigate the underlying molec-
ular mechanism, we specifically knocked down NALCN in PBL glutamatergic neurons
and found that NALCN knockdown alleviated CFA-induced pain. We further explored the
downstream pathways of the PBL using antegrade virus tracing, which included the BNST,
CeA, CNIC, and PAG, and finally showed that NALCN may modulate inflammatory pain
via PBL glutamatergic neuron-CeA projections.

Roeder et al. [22] reported that activities of the rostral ventromedial medulla (RVM)
evoked by nociceptive inputs were significantly attenuated by inactivation of PBL neurons.
One study [18] showed that PBL sends excitatory glutamate to norepinephrine neurons
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in the A7 region of rats to participate in central analgesia and mediate pain inhibition at
the spinal dorsal horn level. In the present study, chemogenetic activation or inhibition
of PBL glutamatergic neurons reduced or increased basal pain thresholds, respectively,
in mice, suggesting a close link between PBL glutamatergic neurons and pain sensation.
However, one study [16] showed that chemogenetic inhibition of PBLYP"! neurons did
not change the thermal sensitivity of mice. Two factors may contribute to the inconsistent
findings between their study and ours. First, a hot plate was used in their study [16] to
measure the thermal sensitivity of mice, whereas we used an infrared heat pain tester. The
two types of thermal pain measurement are not identical in manner or specific nature.
Second, PBLOP"" neurons represent only a portion of PBL neurons that express mu-opioid
receptors. However, we manipulated all glutamatergic neurons in the PBL, which may
generate a much larger effect. Therefore, PBL glutamatergic neurons other than Oprm1™*
neurons are suggested to affect sensory sensation.

Zhang et al. [19] reported that elevated NALCN expression and function in the DRG
and spinal cord were associated with chronic constriction injury (CCI)-induced neuropathic
pain. Li et al. [4] showed that NALCN in the DRG and spinal cord was also implicated
in CFA-induced inflammatory pain. This evidence highlights the role of NALCN in the
peripheral DRG and spinal cord in the regulation of chronic pain conditions. However, it is
currently not known whether NALCN in brain nuclei and/or circuits regulates pain. The
present study provided evidence that NALCN in PBL glutamatergic neurons modulated
CFA-induced inflammatory pain.

Previous studies have shown that mutations in the NALCN gene are associated
with many neurological diseases, such as infantile hypotonia [23,24], severe mental retar-
dation [23,24], psychomotor retardation [24-26], and epilepsy [27]. Recently, one study
showed that NALCN modulates inflammation-induced depression by maintaining the
activity of glutamatergic neurons in the ventral dentate gyrus (DG) [28]. Future studies
will investigate whether NALCN is associated with other inflammation-related neurologi-
cal diseases.

The mechanisms by which NALCN modulates inflammatory pain are not fully un-
derstood. Evidence has shown that pain induces the release of substance P from injurious
afferent nerve endings [29,30], which can activate NALCN currents in neurons by binding
to tachykinin receptor 1 (TACR1) in a G protein-independent manner that requires the
Src family of kinases (SFKs) and UNCS80 [31-33]. A previous study also revealed that
the cAMP /PKA signalling pathway may participate in the regulation of NALCN in neu-
ropathic pain [19]. It will be interesting to explore the underlying pathways by which
NALCN modulates inflammatory pain.

Previous studies have shown that PBN is involved in the regulation of various func-
tions via different projection circuits [11,34]. For example, in the regulation of respiratory
activity, the PBN projects to the nucleus tractus solitarius (NST), preBot complex, rostral
ventral respiratory group (rVRG), etc. [7,35]. In pain regulation, the PBN mainly projects to
the CeA, BNST, PAG, intralaminar thalamic nucleus (ILN), ventral tegmental area (VTA),
etc. [14,17,34,36]. Deng et al. [14] showed that PBN directly transmits injurious signals
from the spinal cord to the intralaminar thalamic nuclei. One study [34] reported that
different efferent neurons involved in pain regulation in PBL are associated with differ-
ent components of pain regulation. For example, activation of efferent signals from the
ventral medial hypothalamus (VMH) or the lateral periaqueductal grey matter (IPAG)
drives avoidance behaviour, whereas activation of efferent signals from the ventral me-
dial hypothalamus (VMH) to the BNST or CeA produces aversive memory [34]. Another
study [17] also showed that a subpopulation of PBL neurons is essential for transmitting
nociceptive signals from the spinal cord to the substantia nigra pars reticulata (SNR). In
this study, we used cis-trans-synaptic tracer virus to bilaterally label the mouse PBL, and
green fluorescence of the tracer virus was found at the CeA, BNST, PAG, and CNIC after 2
weeks. CeA, BNST and PAG are well-known downstream nuclei of PBL that have been
reported in previous studies [14,34,36]. We further confirmed that NALCN knockdown in
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PBL glutamatergic neurons suppressed CFA-induced C-Fos expression in the CeA, suggest-
ing that NALCN may modulate CFA-induced inflammatory pain via PBL glutamatergic
neuron-CeA projections. Interestingly, we also found a small amount of tracer fluorescence
in the central nucleus of the inferior colliculus (CNIC), which was not previously reported.
The CNIC is a critical component of the auditory pathway that receives input from all infe-
rior auditory nuclei located in the brainstem and projects upwards to the medial geniculate
nucleus (MGN) of the thalamus [37]. However, C-Fos protein in the CNIC did not change
before and after CFA pain modelling, suggesting that PBL-CNIC projections might not be
involved in the regulation of CFA-induced pain. It will be interesting to determine their
function in future studies.

Although only male mice were used in this study, we speculate that there might be no
sex difference in the mechanisms of inflammatory pain associated with NALCN. In our
previous studies, we showed no sex differences in either neuropathic [19] or inflammatory
pain [4] associated with NALCN in the dorsal root ganglia (DRG) and spinal cord. In these
two studies, we also showed that neuropathic or inflammatory pain could increase NALCN
currents and neuronal excitability in both neonatal and adult rats. However, it is not clear
whether this mechanism regulates inflammatory pain in aging rodents. Nevertheless, it
will be interesting to confirm whether NALCN modulates inflammatory pain in a sex- or
age-dependent manner in future studies.

There are several limitations in this study. First, NALCN is related to the regulation
of several physiological functions, and it is not clear whether NALCN knockdown in PBL
glutamatergic neurons causes other phenotypic abnormalities. Second, the present study
did not examine the differentially expressed genes in NALCN knockdown mice. Examining
differentially expressed genes would help to elucidate downstream pathways implicated
in the diseases associated with NALCN. Finally, we did not apply patch-clamp recordings
or in vivo electrophysiological techniques to explore the NALCN currents and activities of
PBL glutamatergic neurons under CFA pain modelling.

In summary, our study uncovered a novel ion channel, namely, NALCN, that mod-
ulates inflammatory pain via PBL glutamatergic neuron-CeA projections. NALCN in
PBL glutamatergic neurons may be an underlying therapeutic target for the control of
inflammatory pain.

4. Materials and Methods
4.1. Animals

C57BL/6] male mice (8 weeks, 20-22 g) were given free access to food and water and
housed under standard conditions (22-24 °C, 45-55% humidity) with a 12:12 light cycle
in this study. All procedures were approved by the Animal Ethics Committee of the West
China Hospital of Sichuan University (Approval ID: 2021420A, Chengdu, Sichuan, China)
and complied with the Animal Research guidelines: Reporting of In Vivo Experiments
(ARRIVE) guidelines. All efforts were made to reduce the number of experimental animals
and their suffering as much as possible.

4.2. Stereotaxic Injection

Wild-type mice were randomly grouped and labelled with ear tags. Mice were anaes-
thetised with 2% isoflurane and fixed in a stereotaxic device (RWD, Life Science, Shenzhen,
China). Their body temperatures were maintained by a heating blanket. After cutting the
scalp to expose the skull of the mice, two holes were drilled into the skull above the PBL to
inject virus into the bilateral PBL (bregma: —5.4 mm, lateral: 1.2 mm, depth: —3.4 mm).
Viruses were injected at a rate of 100 nL/min, and the total volume was 500 nL except
for tracer virus (300 nL). In chemogenetic manipulation, AAV2/9-mCaMKIla-hM3D(Gq)-
mCherry-ER2-WPRE-pA,_AAV2/9-mCaMKIla-hM4D(Gi)-mCherry-ER2-WPRE-pA_and
AAV2/9-mCaMKIla-mCherry-WPRE-pA virus were bilaterally microinjected into the
PBL of C57BL/6] mice. To manipulate NALCN, we injected AAV2/9-mCaMKIla-mIRNAI
(NALCN)-mCherry-WPRE-pA_and_AAV2/9-mCaMKIla-mCherry mIRNAI(NC)-WPRE-
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PA into the bilateral PBL. To study PBL projections, scAAV2/1-hSyn-EGFP-WPRE-pA
anterograde tracer virus was used. After viruses were injected, the glass electrode re-
mained in place for five minutes and then was slowly withdrawn to prevent virus reflux.
After this procedure, the scalps of the mice were sutured and the mice were placed on a
heating blanket for resuscitation. When the mice awakened, they were put back into their
cage.

4.3. Immunofluorescence Staining

The mice were anaesthetised with 2% isoflurane and transcardially perfused with
phosphate-buffered saline (PBS, pH 7.4) and 4% paraformaldehyde until their limbs stiff-
ened. The brains were fixed in 4% paraformaldehyde for at least 24 h at 4 °C and then
immersed in 30% sucrose solution for another 24 h. A freezing microtome (CM1850, Leica,
Hesse-Darmstadt, Germany) was used to prepare 20-um-thick brain slices.

Then, brain slices were labelled with primary antibodies at 4 °C overnight, includ-
ing C-Fos (1:500, mouse, GTX16902, Neobioscience, Shenzhen, China), NALCN (1:500,
rabbit, ASC-022, Alomone, Jerusalem, Israel), and C-Fos (1:500, rabbit, ab222699, Abcam,
Cambridge, UK). After overnight incubation, the primary antibody was washed with PBS
and incubated with the secondary antibody, including Alexa Fluor 488 goat anti-mouse
(1:500, ZF-0512, ZSGB-BIO, Beijing, China), Alexa Fluor 555 donkey anti-mouse (1:500,
A-31570, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Alexa Fluor 550
goat anti-rabbit (1:500, 550045, ZEN-BioScience, Chengdu, China) for 2 h. All images were
taken with a Zeiss Axio Imager Z.2. and analysed using Image]J software V1.8.0 (National
Institutes of Health, Bethesda, MA, USA).

4.4. In Vivo Chemogenetic Manipulation

For behavioural experiments, clozapine N-oxide powder (CNO, Sigma, St. Louis,
MO, USA) was diluted to 0.5 mg-mL~! with 0.9% saline and injected intraperitoneally
at 2.5 mg-kg~!. In the control group, CNO was replaced with an equal volume of saline.
Behavioural experiments began 50-60 min after CNO or saline injection.

4.5. Behavioral Tests for Pain

Pain tests included the von Frey filaments and Hargreaves tests to evaluate mechanical
and thermal sensitivities separately. Before the formal test, the mice were acclimated on
a wire mesh elevated frame for 2 h a day for a week. On the experimental day, mice
were placed individually in a transparent cube Plexiglas chamber (length = 10 cm) and
habituated for 1 h until they were immobile but awake. For the von Frey test, an up-down
approach was used [38]. In the Hargreaves test, mice lifted their feet after a thermal
radiation beam (35% intensity) was emitted by an infrared heat pain tester (37570-001, Ugo
Basile, Italy). The latency time between the start of the radiation and the mice lifting their
feet was defined as the thermal withdrawal latency. If the withdrawal latency exceeded
20 s or the mouse moved autonomously, the data were discarded.

4.6. Inflammatory Pain Mode

Under 2% isoflurane anaesthesia, 20 uL. CFA (1 mg-mL_l, Sigma-Aldrich, St. Louis,
MO, USA) was injected subcutaneously with an insulin needle in the left plantar of mice.
Control mice were injected with an equal volume of saline.

4.7. Implantation of Local Field Potential (LFP) Electrodes

To record the PBL local field potential, three electrodes were implanted into each
mouse, including one recording electrode, one common electrode, and one grounding
electrode. The grounding electrode can prevent interference from surrounding information
during recording. The common electrode and grounding electrode were anchoring screws
(1 mm diameter, 2 mm long) fixed to the skull, and the recording electrode was an insulating
silver wire inserted into the PBL. Under 2% isoflurane anaesthesia, the mouse skull was
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fully exposed after cutting the scalp. When recording the PBL local field potential, the
recording electrode was implanted into the left PBL, the common electrode was implanted
into the right PBL, and the grounding electrode was implanted next to the bregma point
(bregma: —1 mm, lateral side: —1.2 mm). The three electrodes were all connected to a mini
plug and fixed with glass ionomer cement. When the mice awakened, they were placed
back into the cage.

4.8. LFP Recordings and Analyses

The LFP recordings were conducted one week after surgery, and signals were recorded
at a sampling frequency of 500 Hz using a Pinnacle EEG Recording System (Part# 8200-SL;
Pinnacle Technology, Salinas, CA, USA). After original signals were obtained using the Sire-
nia acquisition system, MATLAB (version 2006a; MathWorks, Santa Clara, CA, USA) and
GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA, USA) were used to am-
plify, digitise and further analyse the signals [39]. A single recording duration was 40 min.
The data from the 30-35 min period were selected for analysis and sample presentation.

4.9. Study Design

Part 1: First, we randomly and equally divided 24 C57BL/6] mice into two groups
and microinjected AAV2/9-mCaMKIla-hM4D(Gi)-mCherry-ER2-WPRE-pA and AAV2/9-
mCaMKIla-mCherry-WPRE-pA viruses. After approximately 3 weeks, 10 in the control
group and 11 in the hM4D group were used for pain behavioural tests. We first tested the
basal values of the von Frey threshold and thermal withdrawal latency in both groups. After
intraperitoneal injection of saline or CNO, the von Frey threshold and thermal withdrawal
latency were tested again (Figure 1A).

Part 2: In this part, we randomly and equally divided 24 C57BL/6] mice into two
groups, and then AAV2/9-mCaMKIla-hM3D(Gq)-mCherry-ER2-WPRE-pA and AAV2/9-
mCaMKIla-mCherry-WPRE-pA viruses were injected into the bilateral PBL of the mice.
After waiting for 3 weeks, the basal values of the von Frey threshold and thermal with-
drawal latency were tested in 10 mice in the control group and 11 mice in the hM3D group
before applying treatment measures. Then, after intraperitoneal injection of saline or CNO,
the von Frey threshold and thermal withdrawal latency were tested again in both groups
(Figure 2A).

Part 3: First, we randomly and equally divided 20 C57BL/6] mice into saline and CFA
groups (10 mice per group). The von Frey threshold and thermal withdrawal latency were
tested on days 0 (basal value), 1 (saline or CFA plantar modelling), 3, 5 and 7. On day 0,
basal values of the local field potential of PBL were tested in both groups. On day 1, the
local field potential of PBL was tested in saline- or CFA-modelled mice (Figure 3A).

Part 4: Twenty C57 BL/6] mice were randomly and equally divided into saline and
CFA groups (10 mice per group). The brains of the two groups were extracted 30 min
after saline or CFA plantar modelling. Immunofluorescence staining of NALCN was
performed in PBL. In addition, 48 C57 BL/6] mice were randomly and equally divided into
4 groups (12 mice per group); 2 groups of mice were injected with AAV2/9-mCaMKIla-
mIRNAI(NALCN)-mCherry-WPRE-pA virus into PBL, and another 2 groups were injected
with AAV2/9-mCaMKIla-mCherry mIRNAI(NC)- WPRE-pA virus. After waiting for
3 weeks, 4 groups of mice were tested for von Frey threshold and thermal withdrawal
latency on days 0 (basal values), 1 (saline or CFA plantar modelling), 3, 7, 10, and 14
(Figure 4A).

Part 5: First, scAAV2/1-hSyn-EGFP-WPRE-pA anterograde tracer virus was microin-
jected into PBL of 5 C57 BL/6] mice. After waiting for 2 weeks, the whole brains of mice
were removed and observed for tracer virus projection fluorescence. After determining
the projection nuclei, twenty C57 BL/6] mice were randomly and equally divided into
saline and CFA groups (10 mice per group). Whole brains of mice were taken 30 min
after saline and CFA plantar modelling in the two groups. Immunofluorescence staining
for C-Fos was performed on the identified projection nuclei of each mouse. Next, 40 C57

121



Int. J. Mol. Sci. 2023, 24, 11907

BL/6] mice were randomly and equally divided into 4 groups: 2 groups were injected with
AAV2/9-mCaMKIla-mIRNAI(NALCN)-mCherry-WPRE-pA virus, and another 2 groups
were injected with AAV2/9-mCaMKIla-mCherry mIRNAI(NC)-WPRE-pA virus. After
waiting for 3 weeks, the 4 groups underwent saline or CFA plantar modelling followed by
C-Fos immunofluorescence staining (Figure 6A).

4.10. Statistical Analysis

Data are expressed as the mean =+ standard deviation (SD) or mean =+ standard error
of the mean (SEM), and statistical analyses were conducted using SPSS version 25.0 (SPSS
Inc., Chicago, IL, USA) and GraphPad Prism 9.0 software (GraphPad software, San Diego,
CA, USA).

The normality of data distribution was assessed by the Shapiro-Wilk test. Data from
two groups were compared using independent samples ¢ tests. Repeated measurement data
were analysed using repeated-measures multivariate ANOVA. After immunofluorescence
staining, data from mice without corresponding viral expression in PBL were excluded.
Detailed statistical analysis methods are described in the figure legends. p < 0.05 was
considered statistically significant.

5. Conclusions

In conclusion, this study demonstrated that NALCN in PBL glutamatergic neurons is
a key ion channel involved in the regulation of inflammatory pain. NALCN may serve as a
critical molecular target for the control of inflammatory pain.
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Abstract: Oxaliplatin (OHP)-induced peripheral neurotoxicity (OIPN) is a frequent adverse event of
colorectal cancer treatment. OIPN encompasses a chronic and an acute syndrome. The latter consists
of transient axonal hyperexcitability, due to unbalance in Na* voltage-operated channels (Na*VOC).
This leads to sustained depolarisation which can activate the reverse mode of the Na*/ Ca?* ex-
changer 2 (NCX2), resulting in toxic Ca?* accumulation and axonal damage (ADa). We explored the
role of NCX2 in in vitro and in vivo settings. Embryonic rat Dorsal Root Ganglia (DRG) organotypic
cultures treated with SEA0400 (SEA), a NCX inhibitor, were used to assess neuroprotection in a
proof-of-concept and pilot study to exploit NCX modulation to prevent ADa. In vivo, OHP treated
mice (7 mg/Kg, i.v.,, once a week for 8 weeks) were compared with a vehicle-treated group (1 = 12
each). Neurophysiological and behavioural testing were performed to characterise acute and chronic
OIPN, and morphological analyses were performed to detect ADa. Immunohistochemistry, im-
munofluorescence, and western blotting (WB) analyses were also performed to demonstrate changes
in NCX2 immunoreactivity and protein expression. In vitro, NCX inhibition was matched by ADa
mitigation. In the in vivo part, after verifyingboth acute and chronic OIPN had ensued, we confirmed
via immunohistochemistry, immunofluorescence, and WB that a significant NCX2 alteration had
ensued in the OHP group. Our data suggest NCX2 involvement in ADa development, paving the
way to a new line of research to prevent OIPN.

Keywords: NCX2; voltage-operated ion channels; chemotherapy-induced peripheral neurotoxicity;
chemotherapy induced peripheral neuropathy; axonal damage; axonal hyperexcitability; immunoflu-
orescence; immunohistochemistry; nerve excitability testing; neuropathology; neuroprotection

1. Introduction

Oxaliplatin (OHP)-induced peripheral neurotoxicity (OIPN) is a frequent toxicity,
experienced by a growing population of colorectal cancer survivors that can be long-lasting,
or even permanent [1,2], altering patients” quality of life [3,4]. At the state of the art, there is
no efficacious preventive or curative treatment for OIPN [5]. One of the reasons for this un-
met clinical need is the incomplete knowledge on axonal damage (ADa) mechanisms [6,7].
Therefore, robust experimental evidence is still required to devise novel treatments. OIPN
is characterised by two different conditions. A chronic sensory neuropathy characterised by
ADa, known as chemotherapy-induced peripheral neurotoxicity (CIPN), which is one of
the commonest late toxicities of several anticancer drugs (platinum drugs, taxanes, vinca
alkaloids, proteasome inhibitors, epothilones, and thalidomide [8-11]). OIPN, however,
is also characterised by a specific acute neurotoxicity syndrome, as soon as after the first
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chemotherapy cycle. Acute signs/symptoms occur nearly in all OHP-treated patients
mirroring an axonal hyperexcitability state: transient cold-induced paraesthesia at limb
extremities, cold-induced dysesthesia at oral cavity/pharynx, jaw spasm, and cramps,
lasting mainly the 24-72 h after each OHP administration [12,13]. A possible causative
link between acute and chronic OIPN was hypothesised. Even though acute OIPN is tran-
sient and never dose-limiting, the underlying axonal hyperexcitability could be potentially
linked to cellular stress and, therefore, ADa [14,15]. Several preclinical in vitro observa-
tions showed sodium voltage-operated ion channel (Na*VOC) alterations are involved in
acute OIPN. In the literature, alternative mechanisms involving also other channels were
hypothesised [16], but there are robust in vitro data, in vivo data, and in silico modelling
demonstrating that Na*VOC alterations are pivotal and other channels/transporters, if
involved, are a secondary element [17-19]. We already provided clinical observations in
line with this: a more severe chronic OIPN was associated with a more pronounced acute
OIPN and specific Na*VOC polymorphisms [20,21], whereas K* voltage-operated ion
channels ones were not associated with OIPN [22]. Exploiting nerve excitability testing
(NET), Na"VOC dysfunctions were also demonstrated in OHP-treated patients, before
ADa ensued [15,23,24]. On the basis of these observations, we tested topiramate (TPM), a
known Na*VOC modulator approved for clinical use in a refined rat model [25]; complete
neuroprotection was demonstrated via a refined set of multiple outcome measures [26].
However, the exact causative link between acute Na*VOC dysfunctions and chronic ADa
is still to be investigated. Na®VOC alterations are only transient [1,18] and functional,
thus OIPN is quite different respect to the condition of “sick-NaV channels” extensively
described by Morris et al. [27], in relation to traumatic/ischemic/inherited conditions; in
these cases, structural degradation of axolemma bilayer is present. Therefore, we hypothe-
sised that OHP-related ADa was due to a downstream event respect to Na*VOC impaired
functioning, which would be a transient, functional, upstream event. The Na*/ CaZ* ex-
changer (NCX) family could play a pivotal role in this regard, in particular its isoform 2
(NCX2); NCX2 is widely expressed along distal parts of the axons together with Na*VOC
1.6, 1.8, and 1.9 [28], as well as in dorsal root ganglia (DRG) [28], the primary target of
OHP neurotoxicity [29]. NCX is a bidirectional transporter dependent on the gradient
of the two involved ions, Na* and Ca?* [30]. NCX is one of the key regulators of Ca**
homeostasis and, in normal conditions, NCX extrudes CaZ* from cells (forward mode),
but, in case of ion unbalance (e.g., enhanced Na* influx, which determines an aberrant
neuronal depolarization [31]) NCX starts to operate in the reverse mode, resulting in Ca%*
importing [32]. Ca?* overload is a relevant contributor leading to cellular damage due to ac-
tivation of Ca-sensitive calpain, phospholipases, and nitric oxide synthase [28,33,34]. Ca?*
intraneuronal levels should be tightly controlled; Ca*, in fact, is one the major triggers of
neurotransmitter release [35] and is essential for several other functions related to neuronal
excitability [36], integration of signals [36], synaptic plasticity [37], gene expression [38],
metabolism [39], and programmed cell death [40]. Therefore, an uncontrolled level of this
ion can lead to neuronal damage and death [41]. Since NCX reverse mode activation leads
to alterations in Ca®* balance, it is an intriguing possible downstream event leading to
ADa. Preliminary in vitro or ex vivo findings suggested that NCX2 has a relevant role in
ADa in peripheral nerves [34]. Earlier studies were done on rat optic nerves (that strictly
anatomically and embryologically speaking are part of the central and not the peripheral
nervous system), showing that metabolic anoxia-induced stress resulted in a persistent
Na* influx via Na*VOC, and this was also related to the metabolic impairment of the
Na*t/potassium ATP-ase pump, leading to NCX reverse mode activation and subsequent
Ca?*-related toxicity in axons [42]; similar findings were then replicated in peripheral
nervous system myelinated axons exposed to anoxia [43,44]. Ca2* toxicity due to the reverse
mode activation was related to several neurological diseases, and the possible beneficial role
of its modulation has been described in different conditions such as brain ischemia [31],
Alzheimer disease [45], and amyotrophic lateral sclerosis [46]. However, further observa-
tions are still required. Therefore, we performed in vitro and in vivo experiments to shed
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light into the potential role of NCX2 in ADa development. In the in vivo study, we provide
evidence of potential NCX2 involvement in OHP-related ADa, and in the in vitro part we
propose a proof-of-concept and pilot study of NCX modulation effects.

2. Results
2.1. In Vitro Observations

The role of NCX2 in OIPN was investigated in vitro using the well-established ex-
perimental DRG explant model obtained from embryonic Sprague Dawley rats; neurite
elongation is the key parameter to assess neurotoxicity and neuroprotection [47]. As
shown in Figure 1, DRG exposed to culture medium emitted long neurites, which short-
ened after exposure to OHP for 24 h (—20%, p-value < 0.05 vs. control) and 48 h (—60%,
p-value < 0.001 vs. control). DRG pre-treated with SEA0400 (20 uM), a strong and selective
NCX family inhibitor [48], for 3 h did not affect neurite elongation under control conditions,
and protected neurite outgrowth of DRG exposed to OHP for 24 h (+40%, p-value < 0.01 vs.
OHP) and 48 h (+20%, p-value < 0.05 vs. OHP).
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Figure 1. In vitro experiment results. (A) shows representative images of neurite elongation at
24 and 48 h (upper and lower panel, respectively); CTRL: control group; SEA: SEA0400-treated;
OHP: Oxaliplatin-treated. (B) shows neurite outgrowth as a percentage respect to the CTRL group
(statistical significance of one-way ANOVA (followed by Tukey’s Multiple Comparison Test) is also
provided: * p < 0.05 vs. CTRL; *** p < 0.001 vs. CTRL; ® p < 0.05 vs. OHP, °° p < 0.01 vs. OHP).

2.2. In Vivo Observations

Study design for the characterization of an in vivo comprehensive OIPN mouse model
was as follows. Nerve conduction studies (NCS) and behavioural test parameters were
used to verify homogeneity between the experimental groups before 1st chemotherapy
administration (no statistically significant difference for all parameters). Acute OPIN was
verified after 1st OHP injection monitoring NET changes in the subsequent 72 h. Chronic
OIPN and, therefore, ADa development was verified via NCS, neuropathology (caudal
nerve morphometry/morphology and intraepidermal nerve fiber density [IENFD]), and
behavioural tests after 8 weeks of treatment. Immunohistochemistry, immunofluorescence,
and western blotting were used to assess if OIPN was associated with alterations in
immunoreactivity and protein expression in DRG of animals treated with OHP for 8 weeks.

2.2.1. NET after the 1st Administration

NET verified acute OIPN ensued after the 1st chemotherapy cycle. Over 72 h of
monitoring, the most notable change was related to an upward shift in the recovery cycle
curve (p-value < 0.01 at 2 ms and at 2.5 ms refractoriness assessment, Mann—-Whitney U-
test). These findings are consistent with our previous study and suggest the onset of OHP-
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related axonal hyperexcitability that alters Na*VOC functioning, leading to an aberrant
depolarization [25]. Figure 2 gives an overview of the monitoring over 72 h showing
statistically significant parameters. Individual traces of each recording are provided in
supplementary Figure S1.
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CTRL; OHP 7Tmg/Kg@24hs; OHP 7mg/Kg@48 hs; OHP 7Tmg/Kg@72 hs

Figure 2. NET findings at recovery cycle at 24, 48, 72 h following 1st Oxaliplatin i.v., administration.
Statistical significance of Mann-Whitney U-test is shown. In the graph, individual values are
accompanied by SEM bars (** p-value < 0.01 vs. CTRL). CTRL: control group (green curves); OHP:
OHP-treated group (curves at 24 h are shown in black, at 48 h in cyan, and at 72 h in red).

2.2.2. NCS and Behavioral Tests at the End of Treatment

A pattern compatible with polyneuropathy was observed via NCS: significant de-
crease in both caudal and digital nerve sensory action potential (SAP) amplitude and digital
nerve conduction velocity was observed in OHP-treated animals. These findings demon-
strated that relevant OHP-related ADa ensued, able to cause a functional impairment of
large myelinated fibers, which are the ones tested with NCS [49]. Similarly, mechanical
allodynia (Dynamic test) had ensued in OHP-treated animals (p < 0.001), mirroring a
functional impairment ensued in small fibers (that convey painful information) [26]. Data
are summarised in Figure 3.

2.2.3. Caudal Nerve Morphology and Morphometry

Morphological examination of caudal nerves, harvested after sacrifice at the end
of 8 weeks of treatment, demonstrated mild ADa in large myelinated fibers, matching
observations obtained via NCS. Morphometrical analyses showed a statistically significant
decrease in the fiber density of large myelinated fibers in the OHP treated group. Figure 4
shows representative photographs of caudal nerve morphology and statistical tests (Mann—
Whitney U-test).
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Figure 3. In (A-D): nerve conduction study data at the end of treatment is shown. In (E) Dynamic
(mechanical allodynia) test data at the end of treatment is shown. Statistical significance of Mann-—
Whitney U-test is shown in all graphs. The box-and-whiskers graphs show median and quartile
values, as well as maximum and minimum values. * p-value < 0.05 vs. CTRL, ** p-value < 0.01 vs.
CTRL, *** p-value < 0.001 vs. CTRL. CTRL: control group; OHP7: OHP-treated group. SAP: sensory

action potential. n.s. means no significance.

129




Int. J. Mol. Sci. 2022, 23, 10063

_— Fiber diameter distribution Fiber density

1000+ —

200+

w

o

o
!

Fibers/mm?
Fibers/mm?

1004

CTRL OHP

Figure 4. Morphological and morphometrical assessment of caudal nerves at the end of treatment.
(A) shows the graph of the distribution of fiber diameters (SEM bars are represented). (B) shows the
box-plot graph (standard deviation bar is shown) of statistical analysis (f-test) of morphometry. In
(©)) representative images of CTRL and OHP animals are shown, to highlight the mild axonal loss in
caudal nerves of the OHP group: fiber density is moderately diminished and degenerating fibers are
visible in OHP group. CTRL: control group; OHP7: OHP-treated group. * p-value < 0.05 vs. CTRL.

2.2.4. Intraepidermal Nerve Fiber Density (IENFD)

Analysis of IENFD allows to formally count small nerve fibers (and eventually assess
their loss), relying on cutaneous terminals. At the end of treatment, IENFD demonstrated
a statistically significant decrease in treated animals compared to controls, mirroring the
functional impairment that was observed at Dynamic test for mechanical allodynia. Mann-
Whitney U-test significance and representative images are shown in Figure 5.
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Figure 5. IENFD at the end of treatment. In (A), representative images of IEFND in both groups are
shown; white arrows point out small fibers visible in each photograph. In (B), the graph representing
the statistical significance of Mann-Whitney U-test is shown (in the box-and-whiskers graphs median
and quartile values, as well as maximum and minimum values, are shown; *** p < 0.001 vs. CTRL).
CTRL: control group; OHP7: OHP-treated group.

2.2.5. Immunohistochemistry (IHC), Immunofluorescence (IF), and Western Blotting (WB)
for NCX2

DRG harvested at sacrifice after 8 weeks of treatment were used to assess whether
a difference can be found between control and OHP animals. We conducted analyses
with three techniques to verify the robustness of our observations. IHC and IF showed a
similar pattern of mainly cytosolic NCX2 immunoreactivity (shown in red in IF images
and in dark brown in DAB-stained IHC images); a statistically significant reduction in
the OHP group with respect to control was observed with both techniques, exploiting a
quantitative measurement of NCX2 immunoreactivity (Figure 1C,D, respectively), and a
similar reduction was demonstrated via WB analysis on the DRG pool (Figure 6E,F). This is
an indirect confirmation that NCX2 reverse mode was activated. If reverse mode was activated
due to an aberrant depolarization, as already demonstrated by Boscia et al. [50], a repetitive
spreading of depolarisation current resulted in a downregulation of NCX2 in neurons (this
is an endogenous autoprotective mechanism to prevent Ca?* overload).
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Figure 6. Inmunohistochemistry, immunofluorescence, and western blotting for NCX2. On the upper
panels representative images of immunofluorescence (A) and immunohistochemistry (B) are shown,
accompanied by graphs showing the statistical significance (t-test) for IF and DAB quantification, in
(C,D), respectively). In the bottom panel, the running lane of the western blotting (E) is shown as well
as the graph (F), showing the statistical significance in NCX2 quantification (¢-test). CTRL: control
group; DAB: 3, 3’-diaminobenzidine staining in immunohistochemistry; IF: immunofluorescence;
OHP7: OHP-treated group. For each column graph, the standard deviation bar is represented.
* p-value < 0.05 vs. CTRL; ** p-value < 0.001 vs. CTRL.
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3. Discussion

So far, no mouse model has been described reproducing both acute and chronic
OIPN; therefore, we first validated the robustness of the proposed model. Recently,
Makker et al., in fact, characterised a mouse model showing only acute OIPN features,
exploiting NET [18]. As performed in a previous study from our group in a rat model [25],
we relied on a multimodal approach to demonstrated both acute and chronic OIPN had
ensued [6,26]. Recovery cycle parameters at NET after the first cycle showed the typical
acute OIPN pattern: OHP group showed an upward shift of the recovery cycle curve, com-
patible with altered Na*VOC functioning as already demonstrated [15,18,25]. We relied
on multiple outcome measures to verify the full expression of chronic OIPN (i.e., ADa) at
the end of treatment [26]. NCS were used to demonstrate the presence of a sensory axonal
neuropathy; consistent with clinical observations, we observed mainly a significant drop
in SAP amplitude compatible with sensory ADa [20,51,52]. Morphology of caudal nerves
matched neurophysiological results, and morphometry demonstrated axonal loss of myeli-
nated fibers. Larger diameter fibers were the ones with the most evident damage, matching
clinical experience; patients mainly show sensory large fibers impairment, up to a disabling
sensory ataxia [1,11,53]. Even if large fibers are the main target of OHP ADa, impairment
in small fibers was clearly demonstrated in animal models [25,54] and was also observed
in a small clinical cohort [55]; our model also reproduced this feature as demonstrated via
IENFD reduction. Finally, allodynia was tested to demonstrate a functional impairment
in small fibers; mechanical allodynia was tested, instead of temperature-triggered allo-
dynia, to avoid possible overlap between acute OIPN and ADa, given the former is cold
triggered [1,11]. Thus, the full OIPN spectrum was reproduced in our animals allowing us
to perform NCX2-related observations in a setting mirroring the clinical condition.

We verified NCX2 immunolocalisation in DRG via immunohistochemistry/
immunofluorescence. NCX2, quite notably, is known for being well represented in DRG [33],
which are the first target in case of ADa due to OHP [11]. Even if indirectly, our data were
compatible with NCX2 reverse mode activation. First of all, we demonstrated that the pre-
requisite of reverse mode activation ensued (i.e., Na* dysfunction) via NET; this is the trigger
to switch the mode of NCX functioning. If reverse mode was activated via an aberrant depo-
larization, neurons downregulated NCX to avoid a Ca?* overload [50], which is the final
effect of a prolonged reverse mode activation. Therefore, the 2 months of treatment and
repetitive oxaliplatin administration (each injection is a trigger for reverse mode activation)
were able to determine a reverse mode activation relevant enough that the downregula-
tion mechanism was established; this is an endogenous and autoprotective mechanism
that it is not ultimately strong enough to prevent axonal damage though, as evidenced
by ADa development in OHP animals as seen at NCS, Dynamic test for allodynia, and
histopathological observations of large and small nerve fibers as discussed above.

Preliminary, mainly in vitro findings suggested that NCX2 modulation might mitigate
toxic neuropathies [56,57], pointing out that a pharmacological modulation of this axis
can be more efficacious than the endogenous mechanisms. To further investigate this,
we conducted a proof-of-concept and pilot in vitro study to test beneficial effects of NCX
modulation. Among possible inhibitors, we selected SEA0400 since it is the most potent and
selective NCX inhibitor [58]. Other options, such as the less strong NCX inhibitor KB-R7943,
showed a rather low specificity for NCX family even at low dosages, with larger impact
on off-targets with respect to SEA0400 [58-60]. Moreover, SEA0400 was already used in
studies that investigated nervous system injury due to NCX2 reverse mode activation/Ca?*
toxicity, caused by alterations of Na* currents: Matsuda et al. [58] showed that SEA0400
attenuated, dose-dependently, damage in models of brain ischemia. Koyama et al. [61] also
obtained promising neuroprotection with SEA0400 in a model of brain ischemia. Notably,
in a different model of peripheral neuropathy, Yilmaz et al. showed that some neuronal
populations of the peripheral nervous system can be resistant to the effect of KB-R7943, but
responsive to SEA0400 [57]. Therefore, SE0400 profile was the most appropriate drug for a
proof-of-concept and pilot experiment to test our hypothesis. However, the specific model
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of disease and system we are dealing with was carefully considered to select the range
of dosages to be tested. Literature data reported above, concerning the central nervous
system, mostly used nM concentrations [62], but we also considered other published works
to better mirror the peripheral nervous system setting; to obtain effects on axons (squid
giant axon), a higher—despite still selective—dosage was require in the range of uM [63].
Moreover, in the work by Yilmaz et al., in a different model of peripheral neuropathy [57],
SEA0400 was used in a microM concentrations, as well as in neuroprotection experiments
relying on SH-SY5Y cells [64]. We also carefully evaluated the most appropriate OHP dose
to be used, relying on the extensive review of Calls et al. [65], which presented an overview
of the in vitro and in vivo models of OIPN; starting from these, we selected a dosage that
was similar to the mean plasma levels in patients treated with OHP [66,67] and able to
induce neurite alterations.

To ensure SEA0400 was active against down-stream events, secondary to Na*VOC
alteration, a pre-treatment exposure to SEA0400 was performed (3 h); it was necessary,
in fact, to administer SEA0400 before OHP exposure to ensure the block of NCX activity
before the reverse mode was activated, as a consequence of Na*VOC unbalance, similarly
to what we previously performed in rats with TPM [25]. Exploiting a consolidated ap-
proach to assess neurotoxicity in vitro [68], we observed promising data suggesting the
neuroprotective role of NCX inhibition against OHP detrimental effects in neurons. This
confirms, indirectly, that NCX2 reverse mode activation plays a role in ADa. However, some
limitations should be acknowledged. Ours is a proof-of-concept and pilot study that would
require further investigation. Despite the fact that our data are promising, of course, it
could be argued that a combined administration of Na* current and Ca®* current distinct
modulators might be effective too in preventing calcium overload as described in models
of cardiac ischemia-reperfusion injury and cardiac glycoside toxicity [69]. However, tar-
geting NCX with novel drugs/approaches, instead of these ion channels, is nevertheless
a promising strategy since, differently from these ion channels, it is a relatively simpler
family; Na* and Ca?* ion channels are characterised by several subtypes with relevant
functional differences, which makes off-target effects quite easier [70,71]. Of course another
point to be considered is that SEA0400 too, despite its specificity, could exert eventual
off-target actions, in particular at higher dosages [60]; but, as stated above, the dosages we
selected are expected to be quite selective in the peripheral nervous system. Overall, it can
be suggested that our data pointed out that NCX2 is potentially a pivotal element in ADa
and, therefore, a druggable target to be further investigated. This paves the way to a new
line of research to further explore the intriguing possibility that NCX2 modulation might
prevent ADa, relying on highly selective approaches to avoid off-target effects (e.g., NCX2
modulation via siRNA in in vivo OIPN models).

4. Materials and Methods
4.1. In Vitro Experiments
4.1.1. Drugs

OHP was purchased from Sigma Chemical Co. (Milan, Italy). It was dissolved
in physiological solution to make a stock solution of 1 mg/mL, which was diluted with
medium to obtain the working concentration of 7.5 uM. This concentration has been selected
in a similar range to the mean plasma concentrations in patients treated with OHP [64,70]
and able to induce a relevant reduction in neurite elongation after exposure. The strong
and selective NCX inhibitor SEA0400 [58] was purchased from Sigma Chemical Co. (Milan,
Italy). It was dissolved in dimethyl sulfoxide (DMSO) to make a stock solution of 1 mM,
which was diluted with medium to obtain the 20 uM concentration; this concentration
was selected after proof-of-concept experiments testing a scaling dose of SEA0400 (1, 10,
20, and 30 pM) and selecting the most promising dosage in terms of neuroprotection.
The inhibition effect of SEA0400 was evaluated by a 3 h pre-treatment of SEA0400 then
followed by the OHP exposure. Pre-treatment was mandatory on the basis of our previously
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published data, demonstrating that neuroprotection against OIPN is obtained modulating
ion channels/currents before OHP exposure [25].

4.1.2. Dorsal Root Ganglia (DRG) Explants

DRG from 15-day-old embryonic Sprague Dawley rats were aseptically removed and
cultured onto a single layer of rat-tail collagen surfaces in 35 mm dishes (4 ganglia/dish).
DRG were incubated in media (MEM plus 10% calf bovine serum, 50 ng/mL ascorbic acid,
1.4 mM L-glutamine, 0.6% glucose) with 5 ng/mL NGF for 2 h in a 5% CO, humidified
incubator at 37 °C. DRG were pre-treated with SEA0400 (20 uM) and then also exposed to
OHP 7.5 uM for 24 h and 48 h. Phase contrast micrographs of all DRG were made after
24 h and 48 h of OHP exposure. For each DRG, the longest neurite was measured. These
magnified measurements were compared with a calibration grating photographed under
identical conditions. Each experiment was performed three times to validate the results.

4.2. In Vivo Observations
4.2.1. Animal and Housing

Experiments were performed on male balb/c mice weighing 18-20 g on arrival (Envigo,
Bresso, Italy). Care and husbandry of animals were in conformity with the institutional
guidelines in compliance with national (D.L. n. 26/2014) and international laws and policies
(EEC Council Directive 86/609, O] L 358, 1, Dec. 12, 1987; Guide for the Care and Use of
Laboratory Animals, U.S. National Research Council, 1996; be carried out in accordance
with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments, or the National Institutes of Health guide
for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).
Animals were maintained under standard animal housing conditions, thus with a 12 h
light-dark cycle and a room temperature and relative humidity at 20 4= 2 °C and 55 £ 10%,
respectively. Drug- and vehicle-treated mice were housed separately with free access to
water and food.

4.2.2. Study Design

Animals were divided into 2 groups (1 = 12 each) and treated as follows: control
(CTRL) group was composed of vehicle-treated animals (5% glucose solution); OHP group
was treated with OHP 7 mg/kg i.v., once a week per 8 weeks (1 qw 8 ws). Sample size for
each experiment was calculated on the basis of nerve conduction velocity (NCV) reference
values of our laboratory [72], assuming that the relevant difference between CTRL and
OHP groups is 5 m/s (standard deviation = 7); thus, if a 2-sided 5% alpha and a 80% power
is set, the sample size is 7 animals/group (www.dssresearch.com/KnowledgeCenter/
toolkitcalculators/samplesizecalculators.aspx (accessed on 12 December 2019)). In each
experiment the sample size was increased above the defined number (12 animals/group)
in order to have enough animals to be tested at each time point, taking into account the
different duration of treatment between experiments and avoiding underpowered statistical
analysis in case of animal loss due to treatment. To ensure groups homogeneity, animals
were randomised based on nerve conduction studies (NCS) values at baseline. Dynamic
test and NCS were performed at baseline to ensure homogeneity among groups and then
repeated and the end of treatment to ensure neuropathy induction on all animals/group.
Nerve excitability testing was performed at 24, 48, 72 h after the 1st OHP administration to
monitor changes in axonal excitability on all animals/group. At the end of the observational
period (after the execution of NCS and behavioural tests at the end of treatment) animals
were sacrificed and specimen for histological analysis and western blotting were harvested
(3 animals/group).
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4.2.3. Drug Administration

OHP (Oxaliplatin 5 mg/mL solution, Accord Healthcare Limited, Durham, NC, USA),
7 mg/kg or the vehicle solution (5% glucose solution) was administered i.v. in the tail vein
once a week for a period of 8 weeks.

4.2.4. Dynamic Test

The mechanical nociceptive threshold was assessed using a Dynamic Aesthesiometer
Test (model 37450, Ugo Basile Biological Instruments, Comerio, Italy), which generated a
linearly increasing mechanical force. At each time point, after the acclimatization period,
a pointed metallic filament (0.5-mm diameter) was applied to the plantar surface of the
hind paw, which exerted a progressively increasing punctuate pressure, reachingupto 15 g
within 15 s. The pressure evoking a clear voluntary hind-paw withdrawal response was
recorded automatically and taken as representing the mechanical nociceptive threshold
index. Results represented the maximal pressure (expressed in grams) tolerated by ani-
mals. There was an upper limit cut-off of 15 s, after which the mechanical stimulus was
automatically terminated.

4.2.5. Caudal Nerve Morphology and Morphometry

Caudal nerves were isolated and dissected out to avoid stretching. Nerves were
immediately fixed by immersion in 3% glutaraldehyde in 0.12 M phosphate buffer solutions
pH 7.4, post-fixed in OsO4 and embedded in epoxy resin. Then, 1.5-um semithin sections
were obtained and stained with toluidine blue. Morphometric analysis was performed
on a 60x stitched image of a single nerve section per animal (3 animals/group) with
Nexcope NE 920 light microscope (TIEsseLab S.r.l., Milan, Italy). The images were acquired
in stitching mode using Capture V2.0 Software (Revolutionary Computational Imaging
Software, TIEsseLab S.r.l., Milan, Italy) and processed by an automatic image analyser
(Image-Pro Plus Software, Immagini e Computer SNC, Milan, Italy). The fiber diameter and
the frequency distribution of myelinated fibers were determined, and data were analysed
with GraphPad Prism Software (GraphPad Software, San Diego, CA, USA).

4.2.6. IENFD

Hind paws were collected after sacrifice, and 3-mm round shapes were taken and im-
mediately fixed in PLP 2% (paraphormaldehyde-lysine-periodate sodium). Three sections
(20 um thick) were randomly obtained from each footpad and immunostained with rabbit
polyclonal antiprotein gene product 9.5 (UCHL1/PGP 9.5 (protein gene product 9.5) Rabbit
Polyclonal antibody, Proteintech, Illinois, Rosemont, IL, USA) using a free-floating protocol.
The total number of PGP-positive fibers IENFs were counted under a light microscope
(Nexcope NE 920 light microscopel TIEsseLab S.r.L.., Milan, Italy) at 40X magnification
with the assistance of a microscope-mounted video camera. Individual fibers were counted
(blind examiner) as they crossed the dermal-epidermal junction, and secondary branching
within the epidermis will be excluded. A computerised system measured epidermidis
length to calculate the linear density of IENF/mm.

4.2.7. Immunohistochemistry for NCX2

DRG of three animals per group were dissected, fixed in 10% formalin for 3 h at RT
and paraffin embedded. Three-pum-thick slices were cut with a Leica RM2265 microtome
(Microsystems GmbH, Wetzlar, Germany). Immunohistochemistry was performed using
a rabbit polyclonal anti-Na*/ CaZ* Exchanger 2 antibody (NCX-2, TA328916, OriGene,
Rockville, MD, USA). Paraffin sections were deparaffinised with xylene, rehydrated, and
heated in a steamer for 20 min (1 mM EDTA pH 7.4) to retrieve antigens. Endogenous
peroxidase activity was quenched by incubation in 3% HyO, for 10 min at RT. The slides
were washed in PBS and incubated in 5% NGS for 1 h at RT. Then, the sections were
incubated with anti-NCX-2 antibody (1:200 in 1% NGS) o/n at 4 °C. The following day, the
slides were washed and incubated with a biotinylated secondary antibody to rabbit IgG
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for 1 h at RT (1:100, Vector Laboratories, Peterborough, UK) followed by incubation with
streptavidin-conjugated horseradish peroxidase for 1 h at RT (1:100, ABC kit Vectastain,
Vector Laboratories, Peterborough, UK). The antigen-antibody complex was visualised by
incubating the sections with 3,3-diaminobenzidine hydrochloride (DAB) (Sigma, St. Louis,
MO, USA) dissolved in PBS with 10 uL of 3% H,O,. Negative controls were incubated only
with the secondary antibody. DAB intensity of images was then quantified using Image]
software and Colour Deconvolution plugin.

4.2.8. Immunofluorescence for NCX2

Three-pm-thick paraffin DRG sections were deparaffinised with xylene and rehydrated
and non-specific tissue binding was blocked with 5% NGS and 5% BSA in PBS for 1 h.
Samples were then incubated overnight at 4 °C with NCX2 primary rabbit antibody (1:200,
OriGene, Rockville, MD, USA) and with a goat anti-rabbit secondary antibody Alexa red
546 (1:200, Invitrogen Waltham, MA, USA) for 1 h at room temperature. Sections were then
examined, and stitched images were acquired using an epifluorescence microscope (Cell
observer. Zeiss, Germany). Fluorescence intensity of images was then quantified using
Image] software.

4.2.9. Western Blotting for NCX2

DRG specimens were harvested at sacrifice at end of treatment, and proteins were
extracted after chemical and mechanical lysis. Lysis solution was made up of 10% glycerol,
25 mM TrisHCl pH 7.5, 1% Triton X-100, 5 mM EDTA pH 8.0, 1 mM EGTA Ph 8.0, 10 mM
sodium orthovanadate, 4 mM PMSE, 1% aprotinin, and 20 mM sodium pyrophosphate.
Protein concentration was quantified by Bradford method, and 10 pug were denatured and
loaded onto 10% SDS-PAGE. After electrophoresis, proteins were transferred to nitrocel-
lulose membranes and immunoblotting analysis was performed following manufacturer
instructions. Briefly, membranes were blocked with 5% non-fat milk blocking solution and
then incubated with primary antibodies against NCX2 (1:500, OriGene, Rockville, MD,
USA) and beta actin (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA). After incubation,
membranes were washed and then incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies (anti-rabbit, 1:1000, PerkinElmer, Waltham, MA, USA;
anti-goat, 1:2000 Santa Cruz Biotechnology, Dallas, TX, USA). Inmunoreactive proteins
were visualised using an ECL chemiluminescence system (Amersham, Sullivan County,
TE, USA).

4.2.10. NCS

Nerve conduction studies were performed with the electromyography apparatus Ma-
trix Light (Micromed, Mogliano Veneto, Italy) and performed as previously described [72].
Briefly, subdermal needle electrodes were used (Ambu Neuroline (Ambu, Ballerup, Den-
mark)). Recordings were performed under deep isofluorane anesthesia and animal body
temperature was monitored and kept constant at 37 &= 0.5 °C with a thermal pad (Harvard
Apparatus, Holliston, MA, USA). Caudal nerve and digital nerves were assessed. Caudal
nerve conduction study was performed positioning a pair of recording needle electrodes
at the base of the tail (inter-electrode distance: 0.5 cm) and a pair of stimulating needle
electrodes (inter-electrode distance: 0.5 cm) was placed 3.5 cm distally with respect to the
active recording electrode; the ground electrode was placed 1 cm distally to the active
recording electrode. Digital nerve conduction study was obtained positioning the positive
recording electrode in front of the patellar bone, the negative recording electrode close to
ankle bone, the positive and negative stimulating electrodes close to the fourth toe near the
digital nerve and under the paw, respectively; the ground electrode was placed in the sole.
Intensity, duration, and frequency of stimulation were set up in order to obtain optimal
results. Averaging technique was applied carefully. Recordings filters were kept between
20 Hz and 3 KHz. Sweep was kept at 0.5 ms.
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4.2.11. NET

During recordings, mice were under deep isoflurane anaesthesia and body temper-
ature was kept constant at 37 & 0.5 °C, as stated above. The montage to perform caudal
nerve recordings was adapted slightly, modifying the previously devised protocol by
Boério et al. [73]. Briefly, disposable, non-polarizable, subdermal platinum iridium needle
electrodes (MedCat Supplies, Klazienaveen, The Netherlands) were used for stimulation;
as ground and recording electrodes, subdermal needle electrodes were instead used (Ambu
Neuroline (Ambu, Ballerup, Denmark)). The stimulating cathode was placed at the base
of the tail and the anode was placed in the base of the rear foot, on the same side of the
caudal nerve tested (left). Recording needle electrodes were inserted subcutaneously in
the left side of the tail (interelectrode distance: 1 cm), 3.5 cm distally respect to the cathode.
Ground electrode was inserted in the right side of the tail, in mid between the cathode and
the active recording electrode. As a stimulator, an isolated linear bipolar constant current
stimulant (maximal output £10 mA, DS4, Digitimer, Welwyn Garden City, UK); the Xcell3
Microelectrode Amplifier (FHC, Bowdoin, ME) was connected to the recording electrodes
via a customised probe/adapter specifically designed by FHC for our needs; National In-
strument USB-6221-BNC Acquisition Device (National Instrument Italy, Assago, Italy) was
used to connect all these instruments. For NET recordings, Qtrac© software (Institute of
Neurology, Queen Square, London, UK) and TROND protocol were used. For the purposes
of this study, Recovery Cycle is the curve of interest. Recovery Cycle was performed using
paired pulse stimuli: a supramaximal stimulus followed by a conditioning one at different
interstimulus intervals (2-200 ms) [74]. Threshold changes at 2 and 2.5 ms interstimulus
intervals were used to determine refractoriness. The minimum mean threshold change of
three adjacent points defined superexcitability; instead, subexcitability was determined as
the minimum mean threshold change obtained after a 10 ms interstimulus intervals.

4.2.12. Statistical Analyses

Descriptive statistics were generated for all variables. Normally distributed data were
analyzed with parametric tests (t-test, one-way Anova followed by Dunnet test) and non-
normally distributed with non-parametric tests (Mann-Whitney U-test, Kruskal-Wallis
test, followed by pairwise comparison, adjusted by the Bonferrroni correction for multiple
tests). Two-sided tests were used. A p-value < 0.05 was set as significant. All analyses were
conducted in GraphPad environment (v4.0), apart from NET recordings. The latter were
analyzed with QtraS© (Institute of Neurology, Queen Square, London, UK), specifically
designed to dialogue with the recording software QtraC®© (Institute of Neurology, Queen
Square, London, UK).

5. Conclusions

Our journey from the bench side to bed side and vice versa allowed us to pave
the way to a new line of research exploiting NCX2 modulation to prevent OIPN-related
ADa, highlighting a novel druggable target to cure this condition and, potentially, other
conditions in which ADa ensues, as consequences of Na*VOC/NCX family alterations.
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Abstract: The peripheral nervous system can encounter alterations due to exposure to some of
the most commonly used anticancer drugs (platinum drugs, taxanes, vinca alkaloids, proteasome
inhibitors, thalidomide), the so-called chemotherapy-induced peripheral neurotoxicity (CIPN). CIPN
can be long-lasting or even permanent, and it is detrimental for the quality of life of cancer survivors,
being associated with persistent disturbances such as sensory loss and neuropathic pain at limb
extremities due to a mostly sensory axonal polyneuropathy/neuronopathy. In the state of the art,
there is no efficacious preventive/curative treatment for this condition. Among the reasons for this
unmet clinical and scientific need, there is an uncomplete knowledge of the pathogenetic mechanisms.
Ion channels and transporters are pivotal elements in both the central and peripheral nervous system,
and there is a growing body of literature suggesting that they might play a role in CIPN development.
In this review, we first describe the biophysical properties of these targets and then report existing
data for the involvement of ion channels and transporters in CIPN, thus paving the way for new
approaches/druggable targets to cure and/or prevent CIPN.

Keywords: chemotherapy-induced peripheral neurotoxicity; chemotherapy-induced peripheral
neuropathy; neuropathic pain; ion channels; neuropathy; NCX; sodium voltage-operated channels;
axonal damage; potassium channels

1. Introduction

Chemotherapy-induced peripheral neurotoxicity (CIPN) is a relevant, potentially
persistent adverse event of the most commonly used drugs in cancer treatment: platinum
drugs, taxanes, vinca alkaloids, proteasome inhibitors and thalidomide [1]. CIPN features
are mainly ones of sensory polyneuropathy, even if motor and autonomic impairment is also
reported [1]. Sensory disturbances at limb extremities consist of paresthesia/dysesthesia
and neuropathic pain at limb extremities and a sensory loss that can be so pronounced that
it impairs fine manipulation and gait [2].

In the state of the art, there is no curative or symptomatic treatment for this condition,
even though a moderate effect of duloxetine as a symptomatic treatment was demon-
strated [3]. An incomplete knowledge of CIPN mechanisms is one of the main reasons for
this unmet clinical need. In the last few years, (an) intriguing target(s) emerged as poten-
tially relevant for preventing/treating CIPN: modulation of ion channels/transporters. In
this review, we provide first a description of the potential target of interest, and we report
studies describing their potential involvement in CIPN.
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2. Biophysical Properties of Transporters/Ion Channels of Interest

In Figure 1, the general features of each class of transporters/ion channels addressed
are presented.
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Figure 1. Channels’ 3D structures. (a) 3D structure of voltage-gated Na* 1-type channel (Homo
sapiens). The scheme includes all domains: the selectivity filter (red), the inactivation gate (yellow)
and the voltage sensor (gray). Modified from Romanova et al., 2022 [4]. (b) 3D structure of voltage-
gated K* 1-type channel. View from the membrane (side view). Two of four domains are shown, with
front and back domains deleted to allow the structure to be seen. Purple spheres represent K* ions.
Modified from Kariev et al., 2024 [5]. (c) 3D structure of sodium—calcium exchanger (Methanococcus
jannaschii). Helices 1-5 (TM1-5) are orange, and helices 6-10 (TM6-10) are purple. Purple and
green spheres represent Na* and Ca”* ions, respectively. Modified from Giladi et al., 2016 [6].
(d) Three-dimensional structure of high-voltage-activated Ca?* channel (rabbit). The structure model
is color-coded for distinct subunits. Green sphere represents Ca?* ion. Modified from Mochida et al.,
2018 [7]. (e) 3D structure of TRPV3 (mouse). Side view of the tetramer protein. The structure model
is color-coded for distinct subunits. Modified from Kalinovskii et al., 2023 [8].

2.1. Voltage-Gated Na* Channels (VGSCs)

Voltage-gated Sodium (Na*) channels (VGSCs) play a strategical role in pain mech-
anisms as they are involved in the cellular excitability and, not only in the generation,
but also in the propagation, of action potential (AP). AP is the main unit for conducting
information, including painful stimuli from the peripheral receptors to the higher cen-
ters [9]. VGSCs are considered key determinants of nociceptor excitability [10]. Clinical
and experimental data suggest that changes in VGSC expression [11], trafficking or kinetic
properties [12] could play a key role in the pathogenesis of neuropathic pain. Indeed, they
have been studied to investigate the aetiology of pathological pain sensation, and they
have been considered important pharmacological targets [13].
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2.1.1. Topology and Gating

VGSCs are heteromeric transmembrane complexes consisting of a principal highly
glycosylated [14] pore-forming « subunit (260 kDa), sufficient on its own to form a func-
tional ion-conducting voltage-gated channel, and an additional 3 subunit (33—45 kDa)
involved (one or more) in the modulation of channel gating. The « subunit is constituted
by four homologous (with amino acid homology > 75% [14]) domains (D1-D4) connected
to each other by three intracellular loops, respectively (L1-L3). Each domain consists of six
transmembrane-spanning hydrophobic x-helical segments (51-56), and each segment is
connected by two intracellular (between S2-53 and 54-55) and three extracellular linkers
(between S1-52, S3-54 and S5-56; the last ones are called P-loops). Both the N-terminus
and C-terminus are intracellular [9].

Among segments, 54 is highly conserved and acts in each domain as a voltage sensor
for the channel. This region contains a net electrical charge, called a gating charge, due
to the presence of basic amino acids (positively charged, i.e., lysine and arginine). The
movement of these positive charges through the electrical field, in response to a change
in the membrane potential, imparts a change in free energy, needed for the transition of
the channel between its functional states (called gating) [15]. Indeed, the channel can
assume three different functional states: (i) closed and activatable (resting), (ii) open (active)
and (iii) closed and non-activatable (inactivated or refractory) [13]. VGSCs stay in the
closed state under membrane resting potentials, they open on depolarization and they
close rapidly (fast inactivation) on repolarization, or more slowly (slow inactivation) on
prolonged depolarization. This process leaves the channel refractory for some time after
repolarization, and it has to recover back to the closed state to open again on the next
depolarization. Recovery after inactivation is called repriming [16]. This inactivation is
known as open-state inactivation. There is another type of inactivation, known as closed-
state inactivation, that occurs when a channel can inactivate directly from a closed state
before it opens. The two types of inactivation are not mutually exclusive, although many
channels inactivate mainly through one of these [17]. Some VGSCs (i.e., most of the VGSCs
of Purkinje cells) open with depolarization, but then, rather than inactivating, they become
blocked due to an open channel blocker. In this case, blocked channels reopen upon
repolarization as the blocker unbinds, producing the so-called resurgent current [18].

Although resurgent current flows through the same channels as transient (in the volt-
age clamp: brief macroscopic Na* current evoked by a depolarization step) and persistent
current (the proportionately tiny, residual Na* current that lasts throughout the step), it
shows different voltage dependence and kinetics. It is dynamically gating (differently from
persistent current), and, at any given potential, it has a rising phase, a peak and a falling
phase [18].

According to the molecular mechanism underlying the gating properties of VGSCs,
on depolarization, positive charges within S4 move outward along a spiral path, initiating
a morphological change that opens the pore, allowing the inward passage of Na* (rising
phase of the AP). The movement toward the extracellular side is accompanied by the
movement of the linker L3 (DIII-DIV), which acts as an “inactivation gate”. This movement
is probably due to a reduction in electrostatic repulsion between the charges in S4 and
those in the linker, and it allows the process known as fast inactivation (on a timescale
of ms) of the channel (involved in the termination of AP and in the regulation of the
refractory period). On sustained depolarization, VGSCs undergo a process known as slow
inactivation (on a timescale of s), involved in the regulation of membrane excitability by
increasing the AP threshold and limiting their burst duration and their propagation within
dendrites. After the refractory period, the recovery occurs when S4 goes back into the
membrane, and the inactivation gate moves away from the pore [19].

According to the molecular mechanism underlying the Na* influx upon repolarization,
it has been suggested that endogenous factors, functioning as an open channel blocking
particles (i.e., small intracellular peptides), can enter the channel while it is open. Upon
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repolarization, the blocker is expelled due to its positive charge, giving rise to resurgent
currents [20].

Regarding the channel structure, among the linkers of the four domains, the most im-
portant are L3 (DIII-DIV) and L1 (DI-II). The first one contains three hydrophobic residues
(isoleucine, phenylalanine and methionine) that are involved in the fast inactivation of
the channel, and it is phosphorylated by protein kinase C (PKC); the second one is phos-
phorylated by protein kinase A (PKA) [21]. The phosphorylation may be a key element in
the modulation of channel activity since PKC and PKA are involved in neuropathic and
inflammatory pain, respectively [22].

Another important part of the receptor is the portion that connects the segments S5
and S6 (called P-loops), which contains four conserved amino acids, aspartate, glutamate,
lysine and alanine (DEKA motif), that represent the selective filter which determines the
channel’s Na* permeability over the other cations [23].

2.1.2. Classification and Isoforms Involved in Neuropathic Pain

There are nine functionally characterized o isoforms (Nav 1.1-1.9) and four 3 isoforms
(B1—B4). The different isoforms are characterized by a different level of homology, as
discussed in detail by Isom, an aspect that should be carefully weighted since [24] these iso-
forms display different kinetics and voltage-dependent properties, and they are associated
with auxiliary protein that regulates channel trafficking and gating. These characteristics
allow a cell-type-specific modulation of the channel [25].

In the absence of subtype-selective Na* channel blockers, the isoforms are classified
according to their sensitivity to tetrodotoxin (TTX) in TTX-sensitive ones (Nay 1.1-Nay 1.4,
Nav 1.6 and Nav 1.7) that have an IC50 in the nanomolar range and TTX-resistant ones
(Nav 1.5, Nav 1.8, Nav 1.9) that have an IC50 in the micromolar range [14].

Among the nine functionally expressed isoforms, four are considered to have a key
role in the pathogenesis of neuropathic pain: Nav 1.3, Nav 1.7, Nav 1.8 and Nav 1.9 [13,25].

Nav 1.3

The Nav 1.3 isoform is encoded by the SCN3A gene, and it is a TTX-sensitive isoform
(Kd =1.84 nM) [25]. It is highly expressed in the central nervous system (CNS) [9]. This
isoform produces a fast inactivation and activation current, and it is characterized by rapid
repriming. It shows slow closed-state inactivation that leads to a large ramp current in
response to small, slow depolarization. The regulation is cell dependent [26]. Nav 1.3 is
upregulated in several pain disorders, and the resulting hyperexcitability may explain its
involvement; the fast kinetic that characterizes this channel supports its role in allowing
peripheral nerves to fire at high frequencies [27,28].

Nav 1.7

The Nav 1.7 isoform is encoded by the SCN9A gene, and it is a TTX-sensitive isoform
(Kd = 4.3-25 nM) [25]. It is preferentially expressed in peripheral neurons and normally
highly expressed in small-diameter dorsal root ganglion (DRG) neurons with unmyelinated
and slow conduction axons (C-fibers) [13]. This channel is involved in the regulation
of sensory neurons’ excitability, and it is one of the main contributors to human pain
disorders [29].

It is characterized by a fast activation and inactivation but slow repriming; these
biophysical properties make it well suited for low-frequency firing in C-fibers. Moreover,
Nav 1.7 is characterized by slow closed-state inactivation, a mechanism that allows the
channel to produce a large ramp current in response to small and slow depolarizations [30].
The ability of this isoform to boost subthreshold stimuli increases the probability that
neurons can reach their threshold for firing APs. Based on these characteristics, Nav 1.7
is thought to act as a threshold channel [31]. This isoform produces resurgent currents in
a subset of DRG neurons (their production crucially depends on cell background). These
currents are triggered by repolarization following a strong depolarization and support
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burst firing in, for example, cerebellar Purkinje neurons [32]. Nav 1.7 channels might also
regulate neurotransmitter release at the nociceptors’ central terminals [33].

The key role of the Nav 1.7 isoform in pain mechanisms is supported by the evidence
that different mutations affecting the SCN9A gene can modify its biophysical properties in
a pro-excitatory manner compared to the wild-type channel by (a) causing a hyperpolar-
ization shift in activation, allowing the channel to open after weaker depolarization [34];
(b) causing wider ramp currents after the same small, slow depolarization [35]; (c) impair-
ing slow activation with the result of increased firing rate [36]; (d) causing a depolarizing
shift in fast inactivation, resulting in fewer inactivated channels at any given potential and
a persistent current [37]; and (e) causing an increase in resurgent currents [37]. Moreover,
some mutations cause a decrease in the single AP threshold and an increase in the firing
frequency in small DRG [38].

Nav 1.8

The Nay 1.8 isoform is encoded by the SCN10A gene, and it is a TTX-resistant isoform
(Kd =40-60 uM) [25]. It could represent an ideal therapeutic target because it is selectively
expressed in sensory neurons and mostly in small-diameter DRG neurons [13]. This isoform
is characterized by a slow activation and inactivation [13] but rapid repriming [25] and
depolarized voltage dependency for activation and inactivation. It produces the majority of
the Na* current during the AP depolarizing phase in neurons in which it is expressed [39].
It can support repetitive firing in response to depolarizing input [10]. All these biophysical
properties and its localization in free nerve endings suggest that the Nav 1.8 isoform
may have an important role in nociceptor excitability [29] and in nociceptive information
transmission [10].

Nav 1.9

The Nav 1.9 isoform is encoded by the SCN11A gene, and it is a TTX-resistant isoform
(Kd =40 uM) [25]. It is selectively and highly expressed in small-diameter DRG neurons
with unmyelinated and slow conduction axons (C-fibers) [13], but it is downregulated in
injured neurons [40]. This isoform is characterized by hyperpolarized voltage dependency
of activation, close to the resting membrane potentials of neurons (—60/—70 mV), and
it is characterized by ultraslow inactivation [30]. These properties allow it to produce a
persistent Na* current since its activation and inactivation curves allow it to be activated at
resting potentials [41]. A downregulation in its expression and the consequent associated
decrease in the persistent current could lead to more hyperpolarized membrane potentials,
allowing recovery of TTX-sensitive Na* channels from inactivation [40].

2.2. Voltage-Gated K* Channels (Kv)

Since the first extraordinary landmark studies by Hodgkin and Huxley using the patch
clamp technique, knowledge about voltage-dependent potassium channels is becoming
ever deeper. K channels are probably the largest and most diverse family of ion chan-
nels [42—44], represented by more than 80 known loci, which encode multiple pore-forming
subunits in the mammalian genome. To account for the expansion of identified K* channel
genes, a parallel—KCN—nomenclature was initiated by the Human Genome Organization
(HUGO) [45], which complements the standardized—Kv—nomenclature.

2.2.1. Topology and Gating

Among K* channels, the most important contributors to neuronal excitability are
the voltage-dependent Kv channels that regulate resting membrane potential, membrane
repolarization, action potential shape, firing frequency and adaptation in both the central
and the peripheral nervous system (CNS and PNS, respectively) [42,46].

The Kv channels are tetramers of « subunits, each with S1-S6 «-helical transmembrane
segments. The 54 segment is the voltage sensor that allows the opening of the channel at
a precise membrane potential (high- or low-threshold kinetics) depending on the specific
channel type. This leads to the activation of an outward K* ion current across the cell
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membrane via the S5-56 pore (P-region) [47-50]. There are approximatively 40 mammalian
genes encoding o subunits, which are divided into 12 families (Kv1-12) [43,47]. Different
genes within a family are denoted with an additional number after the decimal point,
such as Kv1.1 and Kv1.2, roughly in order of their molecular characterization [43]. Both
the N- and C-termini are located intracellularly, and often link auxiliary citoplasmatic 3
subunits (Kv3) that further modify the gating properties, the neuronal distribution and
the functions of Kv channels [42,45,48]. An important example is represented by the Kv(32
subunit, which strongly modifies the K1.1 and K1.5 channels’ activation threshold both
directly and indirectly [43,48]. Moreover, the 3 subunit of Kv[32.1 allows the distribution of
these channels in the juxtaparanodal zones adjacent to nodes of Ranvier in large-diameter
myelinated axons in both the CNS and the PNS [46,51].

It is now widely known that Kv channels form an exceedingly diverse group, much
more so than one would predict simply based on the number of distinct genes that encode
them. This diversity arises from several factors [44]. The main one is the ability to form
both homo- and hetero-tetramers between different subunits within the same family. Each
subunit’s composition could dictate distinct biophysical and functional properties, different
interactions with second messengers, variable spatial and temporal expression and diverse
regulation by pathophysiological processes [42,44,52]. Furthermore, the presence of a
variety of modulatory partners can also critically modify Kv functions. Notably, members
of the Kv5, Kv6, Kv8 and Kv9 families encode 10 “silent” subunits (KvS), which do not form
conducting channels on their own but co-assemble with other Kv subunits with significant
physiological consequences [44,52]. An important example is the association of Kv9.1 or
Kv9.3 with Kv2.1, which leads to increased currents compared with Kv2.1 homomers.
Moreover, the interplay of Kv2.1/Kv9.1 in A-fiber neurons allows the channel involvement
in pain signaling and a direct participation in nociceptive pathways [52,53].

2.2.2. Channel Kinetics
Inactivating K* Channels

Among many, one reliable way of distinguishing the huge variety of K* voltage-
dependent channels is by current kinetics and, in particular, the presence or absence of
inactivation. Regarding the inactivating group, many neurons express two main classes
of currents: slow inactivating, commonly called D-current (Ip), and fast inactivating or
A-current (Io) [54-56]. Ip has been reported to differ from I in so far as it shows slower
inactivation rates and enhanced sensitivity to K* channel selective blockers [56,57]. More-
over, Ip has been identified in different types of neurons with a fast-conducting axon. Here,
it provides a secure conduction, synchronizing rapid synaptic inputs and facilitating rapid
membrane recovery [56,58].

Like Ip, I is activated transiently at a low-threshold level but inactivated rapidly dur-
ing both large and small depolarizations from rest. Thus, I has a fine mechanism that mod-
ulates its amplitude even with small voltage changes around the resting potential [55,59].
I is mediated primarily by Kv4 family o subunits, which are widely expressed in both the
CNS and PNS. In particular, Kv4 mainly localizes in cell bodies and dendrites of cortical
and hippocampal pyramidal neurons, in small nociceptive type neurons and in the larger
mechanoreceptor type [56,60]. This specific neuronal distribution allows I not only to
regulate the integration and the propagation of the excitatory synaptic potentials, but also
to modulate the back-propagating potentials in dendritic branches [60,61]. Among the
five A-channels in mammals, recently, several authors have focused their attention on
two specific subunits: Kv4.2 and Kv4.3 [43,55,62,63]. The latter is often associated with
different § subunits and multiple K* channel interacting proteins, such as KChIPs, which
can modulate Kv4 current properties, neuronal trafficking and, in turn, its functions [63,64].
Kv4.2 subunits are specifically localized in the dendritic membrane, fine-tuning the back-
propagation of signals and dendritic excitability, whereas Kv4.3 resides principally on the
soma [43,62]. Highlighting Kv4’s fundamental functions, different defects in trafficking, ex-
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pression or kinetics are observed in several disorders, such as memory deficits or peripheral
neuropathic pain [55,57,62].

Delayed Rectifier Currents

Regarding the non-inactivating K* voltage-dependent channels, the landmarks of this
group are the channels characterized by a delayed rectifier current (Kpgr). The “classical”
Kpr shows fast-activating kinetics at a low-threshold level and is mediated by Kvl/KCNA
family « subunits [42,65]. In particular, Kv1.1 activates rapidly upon small membrane
depolarizations, while Kv1.2 requires stronger ones [66,67]. These latter are predominantly
localized at the axon initial segment (AIS), the presynaptic terminal sites and juxtaparanodal
regions of the nodes of Ranvier of medium and large myelinated axons [46,47,68,69].
Consistent with their neuronal distribution and kinetics, Kv1.1 and Kv1.2 have a pivotal role
not only in limiting the action potential generation and propagation, but also in modulating
the shape and the rate of action potentials and the neurotransmitter release [43,60,70]. Kv1.1
and Kv1.2 often combine with 3 subunits, such as Kv32, to form functional heteromeric K*
channels, whose trafficking and functions depend on the association with other accessory
proteins [60,65,70]. Notably, some proteins with great relevance are the cell adhesion
molecules Caspr2 and TAG-1, the cytoskeletal scaffold 4.1B and multiple members of the
ADAM family that allow a different distribution along the axon areas [70,71].

In addition to the “classical” Kpg, the M-type current (Is) has a certain relevance too.
In shows slow-activating kinetics at a low-threshold level and is principally mediated by
Kv7/KCNQ family a subunits [67,72,73]. Like the Kv1.1 subunit, K7 activation requires
only small depolarizations, but it can even be activated at the resting potential. Moreover,
Kv7 channel activity can be modulated by G-proteins associated with Muscarinic acetyl-
choline receptors, hence the origin of the Iy; name [73,74]. Kv7 kinetics mirror its functions
as it aims to maintain the resting potential and reduce neuronal excitability [43,52,72].
Consistent with their fundamental role, Kv7 subunits are selectively localized to the AIS
and the nodes of Ranvier, where homomers of the Kv7.2 subunit or heteromers with
Kv7.3 exclusively form functional channels [42,60,67]. As well as in the CNS, Kv7.2 and
Kv7.3 are widely present in the PNS, where they play an important role in the nociceptive
pathway. Indeed, an alteration of their currents may cause a strong neuronal hyperexcitabil-
ity, leading to different physiopathologies such as epilepsy, peripheral sensitization and
neuropathic pain [52,73,75,76].

2.3. Sodium—Calcium Exchanger (NCX) Family

The NCX exchangers (Ca?* /Na*) are members of a much larger family of transport
proteins, the CaCA (Ca®*/cation antiporter) superfamily, which play a hallmark role in
controlling the Ca®* flux across the plasma membrane or between intracellular compart-
ments [77,78]. The CaCA proteins possess a conserved sequence and share a similar
topology that has been extensively studied in many organisms [79-81]. In particular, mam-
mals express three different SLC8 (A1-A3) genes, which, respectively, encode three NCX
(1-3) exchangers that share about 70% overall amino acid identity [77,81].

The NCX family has a general topology composed of 10 transmembrane domain
segments (TMS) and a large intracellular regulatory f-loop between TMS5 and TMS6. The
latter contains two calcium-binding domains (CBD1-2) and an XIP domain. CBD1-2 are
regulatory domains required for intracellular ion sensing and binding; otherwise, the XIP
domain consists of a small auto-inhibitory sequence that confers Na*-dependent inactiva-
tion. Moreover, there are two highly conserved repeats, a-1 and «-2, localized between
TMS2-TMS3 and TMS7-TMSS, respectively, which form the ion transport regions [79,82-84].
At the post-transcriptional level, only NCX1 and NCX3 undergo alternative splicing of
the primary nuclear SLC8A1 and SLC8AS3 transcripts, and each variant exhibits distinct
properties for Ca?* sensing and fluxes [77,79].

NCX is a low-affinity high-capacity transporter that shows an electrogenic coupling
ratio of 1:3 Ca?* /Na* ions [85]. In particular, NCX mediates Ca?* extrusion by combining
the latter with the influx of Na* ions, depending on the electrochemical gradient of each
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one under physiological conditions [85,86]. In addition to the forward mode just described,
in some cases, NCX can contribute to Ca* influx into cells by operating in the reverse
mode, coupling Ca?* influx with Na* efflux [86-88]. The latter mode is involved in the
regulatory process of glutamatergic gliotransmission between astrocytes and neurons and
in the NMDA /AMPA receptors’ activity, which produce Ca®* entry [86,89]. Thus, NCX
dysregulation plays a central role in subsequent Ca?*-related toxicity, which is strongly
involved in the development of several diseases [86,87,90]. Furthermore, during both
normal and pathophysiological conditions, NCX has emerged as a dominant mechanism
for the Ca®* efflux pathway and the protective regulation of cell homeostasis [77,91].

Consistent with its crucial role, NCX is present in both excitable and non-excitable
tissues, such as brain, heart, kidney, pancreas and liver [79,92]. It is relevant that each splice
variant is expressed in a tissue-specific manner, and only the brain shows significant ex-
pression of all three isoforms. Moreover, each variant has a unique cellular and subcellular
distribution and probably a specialized functional role in Ca** homeostasis [83]. Although
the NCX was discovered and extensively studied in cardiac myocytes, it has particularly
important functions in both the CNS and the PNS, where excitable cells experience transient
Ca?* fluxes [85,93]. In particular, NCX1 is expressed ubiquitously, and it shows a great
abundance in heart and brain, whereas NCX2 and NCX3 are more highly expressed in the
PNS and skeletal muscle than NCX1 [92,94].

NCX2

In the CNS, NCX2 is involved in neurotransmitter release in both neuronal and glial
cells with a relevant distribution in astrocytes where the NCX2 antibody strongly cross-
reacted with a glial fibrillar protein [93,95]. Moreover, the overall high expression of NCX2
in brain could partly be the result of the ratio of astrocytes to neurons (4:1) [95]. Consistent
with this distribution, it is broadly clear that NCX2 exerts its influence at the framework
of a neuron-glia network [79]. Moreover, NCX2 is highly detected in the membranes
of neuronal cell bodies and at the presynaptic level in a cerebral structure-dependent
manner [93,94,96]. For example, NCX2 is the major isoform involved in the clearance of
Ca?* in presynaptic terminals of CA1 hippocampal pyramidal neurons, where it is essential
for the control of synaptic plasticity, memory, learning and cognition [83,96]. In the PNS,
NCX2 is localized within the cell bodies of small-diameter DRG neurons and throughout
the entire length of neurites and neuritic tips [97]. More precisely, NCX2 is localized
in epidermal free nerve endings and in mechanosensory nerve endings, which include
nociceptors [97,98]. Here, NCX2 is co-expressed with Nav 1.6, Nav 1.7, Nav 1.8 and Nav
1.9, whose physiological activities influence each other in both normal and pathological
conditions [86,91,98]. In this regard, Persson and colleagues demonstrated that the presence
of NCX2 together with Na* channels within epidermal nociceptive terminals may thus
make these fibers especially sensitive to injury when energetically challenged [99]. Overall,
NCX2 has an important role not only in regulating Ca>* homeostasis but also in noxious
stimulus transmission [86,91,97,99]. Thus, NCX2 exerts important antinociceptive effects,
and its alteration is strongly related to peripheral sensitization and neuropathic pain [86].

NCX3

In the CNS, NCX3 is expressed at the lowest level of the three isoforms and may
play a highly specialized role in Ca®* homeostasis in certain cell types, such as small
subfields of neurons involved in Long-Term Potentiation (LTP) [93,100]. Consistent with
its distribution in hippocampal neuronal cell bodies as well as in the associated dendritic
network, Molinaro and colleagues demonstrated that NCX3 impairment has important
consequences for basal synaptic transmission, LTP regulation, spatial learning and memory
performance [100]. Moreover, this isoform shows a particularly low expression level in
astrocytes too [95]. Interestingly, NCX3 is the main isoform expressed in oligodendrocyte
progenitor cells (OPC), where it has a critical role in oligodendrocytes” maturation and in
consequent neuronal myelination [90]. Thus, NCX3 dysfunction causes a relevant reduced
size of hypo-myelinated spinal cord, where it is highly localized in both white and gray mat-
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ter [83]. Unlike NCX1-2, NCX3 has the peculiar capability of maintaining Ca?* homeostasis
even when ATP levels are reduced significantly, highlighting its major role in neuronal
preservation and protection during different pathophysiological conditions [90,100].

2.4. Voltage-Gated Ca’* Channels (VGCCs or Cav)

Voltage-gated Ca®* channels (VGCCs or Cav) are some of the most important regula-
tors of CaZ* concentration [101] that are under fine regulation in order to maintain it lower
inside the cell (~50-100 nM) than in the extracellular milieu (=2 mM) [102]. Indeed, free
Ca®* is an important intracellular messenger in all cells, where it controls several cellular
functions but can become toxic and cause cell death [103]. The homeostatic control of
intracellular calcium concentration ([CaZ*];) is maintained through the action of the plasma
membrane Ca?* transport ATPase (PMCA) and Na*/Ca?" exchanger (NCX) in a resting
cell. Upon elevated [Ca?"];, Ca®" is sequestered intracellularly by the sarcoendoplasmic
reticulum Ca?*-ATPase (SERCA) and by the mitochondrial Ca?* uniporter (mtCU), which
are activated by Ca?*. Elevation of [CaZ*]; can result from either the influx of extracellular
Ca?* or the release of Ca* from intracellular stores after various cell stimuli such as mem-
brane depolarization, extracellular signaling molecules or intracellular messengers [104].
Since VGCCs are some of the main regulators of [CaZ*];, they have an important role,
especially in neurons, where, in addition to functions common to all cells, they also regu-
late cell excitability, and they have an important role in any neuronal function, including
physiologic nociception and neuropathic pain [101].

2.4.1. Topology and Subunits

VGCCs are heteromultimeric complexes consisting of a principal transmembrane
pore-forming o subunit (190 kDa) that includes the structural and functional machinery
required to conduct Ca?* (Ca?*-selective pore, voltage sensor and gating mechanism) and
a combination of three auxiliary subunits, a disulfide-linked ;6 dimer (170 kDa), an
intracellular phosphorylated {3 subunit (55 kDa) and a transmembrane y subunit (33 kDa),
involved in the modulation of channel properties [105].

The o4 subunit is constituted by four homologous domains (D;-D,) connected to
each other by three intracellular loops, respectively (L;—L3). Each domain consists of six
transmembrane-spanning hydrophobic a-helical segments (51-Sg), and each segment is
connected by two intracellular (between S,—S3 and S4-S5) and three extracellular linkers
(between S1-5;, S3—S4 and S5—Sg; the last ones are called P-loops). Both the N-terminus and
C-terminus are intracellular [15].

The a4 subunit is the key molecule of the channel complex because it is capable of
Ca?* conduction, while the x5, § and y subunits are auxiliary. It is known that some
types of VGCCs are formed through the assembly of a; subunits and ancillary ones (i.e.,
the high-voltage-activated channel; see below), while others appear to lack these ancillary
subunits (i.e., the low-voltage-activated channel; see below) [9].

The 0p6 subunit increases the maximum current density by increasing the x; expres-
sion in plasmatic membrane together with reducing its turnover (exerts its effect on Ca?*
channel trafficking) and increasing also the inactivation rate [106]. It might have a role in
modulating the excitability of DRG; indeed, the x5 overexpression resulted in enhanced
currents and altered biophysical properties in sensory neurons, supporting its contribution
in neuropathic pain [107].

Similarly, the 3 subunit increases the maximum current density by causing a hyperpo-
larization shift in activation and by increasing the channel opening probability. It is not yet
clear if its effect is also due to an enhancement of «; trafficking [106].

Instead, the y subunit, despite being known to bind the «; D4 domain, has a contro-
versial role as auxiliary subunit, and its functions are largely unknown [108].

VGCCs generally activate, inactivate and deactivate slower than VGSCs and can
therefore be distinguished on a temporal basis [109].

151



Int. J. Mol. Sci. 2024, 25, 6552

2.4.2. Classification, Physiological and Pharmacological Properties and Isoforms Involved
in Neuropathic Pain

VGCCs are classified according to (i) their activation threshold or (ii) their amino acid
sequence homology of the ¢y subunit (Cav). In particular, VGCCs are classified in high-
voltage-activated (HVA) and in low-voltage-activated (LVA) channels, and, at the molecular
genetic level, are classified in three families (Cav1l, Cav2 and Cav3) [109]. «; subunits are
currently classified into 10 subtypes (Cav1l.1-Cav1.4, Cav2.1-Cav2.3 and Cav3.1-Cav3.3),
of which 9 are expressed in the nervous system.

All 10 ¢y subunits subtypes share a common transmembrane topology, but they have
different biophysical properties (activation, inactivation, conductance and deactivation),
expression patterns and pharmacology [102].

There is another classification according to Ca?* currents that show distinct biophysical
properties and that are differently modulated by pharmacological agents. For the different
classes of CaZ* currents, an alphabetical nomenclature has been adopted (L, N, P/Q, R and
T type) [110].

HVA channels activate in response to strong depolarizations, and they generate long-
lasting calcium influxes. They are further classified as L type (Cav1.1-Cav1.4; L for large
and long-lasting), P/Q type (Cav2.1; P for Purkinje cells), N type (Cav2.2; N for neurons)
and R type (Cav2.1; R for resistant) according to their different pharmacological sensitivity.
L-type Ca2" is blocked by dihydropyridines, phenylalkylamines and benzothiazepines
(organic L-type Ca?* channel antagonists). N-type, P/Q-type and R-type Ca" are blocked
by specific polypeptide toxins from snail and spider venoms.

LVA channels, also classified as T type (Cav3.1-Cav3.3; T for tiny and transient),
activate in response to weak depolarizations (between —65 mV and —50 mV), and they
open transiently (under both brief and long depolarizations). They are resistant to the
other VGCCs’ blockers. They are expressed in a wide variety of cell types, where they are
involved in shaping the AP and controlling patterns of repetitive firing. T-type channels also
generate the so-called window current, defined as small tonic inward current around resting
membrane potentials, as a result of activation and inactivation curve overlap [109,110].

It has been shown that some VGCCs have greater involvement in pain pathways than
others; among these, there are N-type and some T-type channels (Cav3.2) [111,112].

Cav2.2 (N-Type Channel)

Cav2.2 is exclusively expressed in the central and peripheral nervous systems includ-
ing the brain, spinal cord and primary sensory neurons [102]. Its expression is particularly
high in the superficial layer (laminae I and II) of the dorsal horn, which includes the major
termination zone of nociceptive primary afferents [113]. Several studies demonstrated
the implication of Cav2.2 channels in the transmission of pain signals at the spinal level.
Indeed, it has been demonstrated that the pharmacological block of N-type channels stops
the release of pro-nociceptive neurotransmitters such as glutamate and substance P [114].
Also, genetic models support its involvement, since Cav2.2~/~ mice showed markedly
reduced neuropathic pain symptoms after spinal nerve ligation [115]. The N-type channel
inhibitors have been suggested in the treatment of some forms of pain [116].

Cav3.2 (T-Type Channel)

Cav3.2 is expressed in all parts of the sensory neurons involved in the transmission
of the nociceptive signal, including peripheral nerve endings, axons, soma and dorsal
horn synapses [116]. It is known that T-type channels modulate cellular excitability and
rhythmic activity, and that they are involved in pathophysiological conditions related to
neuronal hyperexcitability [113]. Cav3.2 might have a role in the nociceptive pathway
or in lowering the threshold for AP generation [117] or in enhancing Ca?*-dependent
neurotransmitter release, which results in synaptic facilitation [118]. Its role in pain states is
supported by findings that showed that antisense knockdown of Cav3.2, but not Cav3.1 and
Cav3.3, channels in DRG neurons, resulted in marked antinociceptive, anti-hyperalgesia
and anti-allodynia effects [119].
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2.5. Transient Receptor Potential Family (TRPA1, TRPMS8 and TRPV1)

Transient receptor potential (TRP) receptors are involved in the development of
chemotherapy-induced peripheral neuropathic pain, which is a common side effect of
selected chemotherapeutic agents such as oxaliplatin [120]. TRP channels have six trans-
membrane-spanning domains (51-56), with a pore-forming loop between S5 and S6, and
both the C- and N-termini are located intracellularly [121]. TRPC channels are nonselective
cation channels expressed in excitable and non-excitable cells [122]. TRPV channels are
a part of the TRP channel superfamily and named for their sensitivity to vanilloid and
capsaicin [123]. In most tissues, TRPV channels serve as sensors for different pain stimuli
(heat, pressure and pH) and contribute to the homeostasis of electrolytes, the maintenance
of barrier functions and the development of macrophages [124]. TRPA1 is the only TRPA
protein present in humans. TRPAL1 is a sensor for diverse noxious external stimuli such as
intense cold, irritating compounds, mechanical stimuli, reactive chemicals and endogenous
signals associated with cellular damage [125]. The TRPM subfamily consists of eight mem-
bers. TRPM1-TRPMS8.42 TRPMs are involved in several physiological and pathological
processes. TRPM channels possess a large cytosolic domain, making them the largest
members of the TRP superfamily [126]. The mucolipin family of the ion channel TRP su-
perfamily (TRPML) includes three members: TRPML1, TRPML2 and TRPML3. Defects in
TRPML function are predicted to have important effects on organelle acidification, vesicle
fusion, endosome maturation and signaling, thus suggesting that this protein family plays
a key role in normal and pathological conditions [127].

3. Ion Channels/Transporters in Chemotherapy-Induced Peripheral
Neurotoxicity Models

First of all, studies are characterized by a vast heterogeneity in dosages/schedules of
chemotherapy drugs as well as the outcome measures elected to detect/grade neurotoxicity,
making comparing different studies complex. Moreover, a clear distinction should be
made in particular for in vivo studies; not all studies actually demonstrated the onset
of neuropathy but just a neuropathic pain/nocifensive behavior, making it arguable, in
particular in the preventive setting, that an actual effect on neuropathy onset can be
expected in a clinical setting. Keeping in mind these aspects, the following key information
can be retained. Tables 1 and 2 summarize in vitro and in vivo findings, respectively, to
provide the reader with a broader overview of what is available in the literature; however,
the majority of the data presented cannot be easily translated to the clinical setting since
the dosage/schedule does not mirror the actual phenomenon observed in clinical practice.
Therefore, while planning a study in this field, a careful evaluation of this aspect should be
performed, as recently suggested by Cavaletti et al. in 2024 [128].

Table 1. In vitro studies of Ion Channels/Transporters in Chemotherapy-Induced Peripheral Neuro-

toxicity Models.
Authors Target Cell Culture and Neurotoxicity Observations
Treatment Assessment
. OHP 7.5 pM. Rat . . Protection of neurite outgrowth
Ballarini et al. [87] NCX2 DRG neurons Neurite elongation with a selective NCX blocker
OHP 250 uM. Increase in the Na™ current on
Adelsberger et al. [129] VGSCs Rat DRG and Patch clamp recordings DRG neurons but not on
hippocampal neurons hippocampal neurons
. . Increase in Nav 1.7 mRNA
[mmunohistochemistry, expression but not Nav 1.8
_ . . " 8.
Chang et al. [130] VGSCs PTX 0.1-1 uM. Human qRT-PCR, tran51en't Na Increased transient Na™ currents
currents and action

DRG neurons

potential frequency

amplitude and action potential

firing frequency
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Table 1. Cont.

Authors Target Cell Culture and Neurotoxicity Observations
Treatment Assessment
Alteration of VGSC conductance
Lee etal. [131] VGSCs OHP 10 and 100 uM. Patch clamp recordings towards negative membrane

Rat DRG neurons

potentials in A-fibers of DRGs

Verma et al. [132]

VGSCs Nav 1.7 and
Nav 1.8, KDR, KA,
leak channel

PTX 250 nM. Rat
DRG neurons

Micro/multielectrode
array recordings

Decrease in PTX-induced
hyperexcitability by a Nav 1.8
blocker and a KDR
agonist treatments

Tomaszewski et al. [133]

VGCCs, VGKCs,

CDDP 1, 5, 10, 50 and
100 uM. Rat

Patch clamp recordings

Decrease in Ca?* and K* currents
in small DRG neurons but only a

VGSCs trend toward reduction in
DRG neurons N
Na™ currents
Cell viability assays mNCX-1 siRNA decreases CBD
Brenneman et al. [134] mNCX-1 PTX 3 uM. Rat IR cell bodies and protec.tlon from PTX t0x1c1ty,'
DRG neurons " decrease in IR neuronal cell bodies
neuritic areas h
and neuritic IR areas
. PTX 1 uM. Human Patch clamp recordings, Increase in Ca?* current, increase
Li et al. [135] VGCC T-type DRG neurons immunohistochemistry in DRG excitability
Decrease in Ca?* current in L-type,
P-/Q-type and T-type channels but
CDDP 0.5 or 5 M. Rat Pach clamp re.co.rdmgs, increase in N-type YGCC currents.
Leo et al. [136] VGCCs DRG neurons immunostaining, Increased expression of N-type
calpain activity assay VGCC proteins. DRG
neuroprotection by N-type
VGCC blocker
Decrease in L-type, P/Q-type and
T-type VGCCs currents. Prolonged
O 10,100, 20ana e e, et e e,
Schmitt et al. [137] VGCCs 500 ©M. Rat y iy, Y- | Lotype an
Western blot, calpain T-type VGCCs protein expression.
DRG neurons .. . - .
activity assay Increase in the action potential
amplitude through modulation of
T-type and L-type VGCCs
BTZ 0.1nM. Mouse Increase in T-type VGCC protein
. neuroblastoma x rat Western blot, qRT-PCR, . -
Tomita et al. [138] VGCCs T type . expression. Increase in
DRG neuron patch clamp recordings 24
. Ca“* currents
hybrid cells

Materazzi et al. [139]

TRPA1, TRPV4

PTX 10, 30 and 50 uM.
Mice DRG neurons or
esophagus slices

Ca”* imaging,
neuropeptides
release assay

Modulation of TRPA1 and TRPV4
by Ca%*-dependent
CGRP secretion

Nassini et al. [140]

TRPA1

OHP or CDDP 100 uM,
guinea pig pulmonary
artery. TRPA1+ CHO

Guinea pig pulmonary
artery assay of
neurogenic relaxation.

OHP and CDDP activate TRPA1
channel on nociceptive nerve

cells expressing mouse DRG and CHO Ca?* terminals. The activation of TRPA1
(10 to 300 uM response to OHP is mediated by oxidative stress
OHP/CDDP) or CDDP
qRT-PCR, Western blot, Increase in TRPY4 protein ar}d
PTX 1 uM. Human patch clamp mRNA expression. Increase in
Sanchez et al. [141] TRPV4 . . . outward and inward current
SH-SY5Y cells recordings, cytosolic . . .
24 density. Increase in cytosolic
Ca”" measurement oy .
Ca** concentrations
TRPV1, TRPMS, CDDP or OHP 6.7 uM. TRPV1, TRPMS8 and TRPAT mRNA
Taetal. [142] TRPA1 Rat DRG neurons qRT-PCR expressions are differently
upregulated by CDDP and OHP
. BTZ 10 or 100 uM. o4 . BTZ did not evoke Ca®* responses
Trevisan et al. [143] TRPAL Mouse DRG neurons Ca™ imaging in TRPA1+ neurons
DT 10 nM. Cal+ fl
Ertilav et al. [144] TRPV1 TRPV1 transfected a fuorescence, Activation of TRPV1

SH-SY5Y cells

Western blot
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Table 1. Cont.

Authors

Target

Cell Culture and
Treatment

Neurotoxicity
Assessment

Observations

Anand et al. [145]

TRPV1, TRPA1,
TRPMS

OHP 12-120 uM. Rat
DRG neurons

Neurite elongation and
density, cell viability
assay, CAMP assay,
Ca”* imaging

TRPV1 and TRPA1 sensitization
but not for TRPMS8

Leo et al. [146]

TRPA1, TRPV1

CDDP and OHP 10 uM.
Rat DRG neurons

Cell viability assay,
immunocytochemical
staining, cytosolic and

intramitochondrial

Ca%* measurement

Increase in cytosolic Ca2*
concentration and decrease in
intramitochondrial Ca2*
concentration in TRPA1+ and
TRPV1+ DRG neurons

Sanchez et al. [147]

TRPA1

PTX 1 uM. Human
SH-SY5Y cells

qRT-PCR, Western blot,
patch clamp recordings,
cytosolic
Ca* measurement

Increase in TRPA1 protein

expression, TRPA1 current density

and TRPA1-mediated
Ca?* concentrations

AMP: cyclic adenosine monophosphate; ASIC: acid-sensing ion channel; BTZ: bortezomib; CAP: compound
action potential. CBD: cannabidiol; CDDP: cisplatin; CGRP: calcitonin gene-related peptide; CHO: Chinese ham-
ster ovary; CMAP: compound muscle action potential; DT: docetaxel; HCN: hyperpolarization-activated cyclic
nucleotide gated; IENFD: intraepidermal nerve fiber density; GBP: gabapentin; GIRK: G-protein-gated inward
rectifier K+ channel; IR: immunoreactive; K2p1.1: potassium channel subfamily K member 1; KDR: delayed
rectifier potassium channel; KA: A-type transient potassium channel; MOR: p-opioid receptor; NCS: nerve
conduction studies; NCV: nerve conduction velocity; NCX: sodium-calcium exchanger; NET: neuronal ex-
citability testing; OHP: oxaliplatin; P2 x 3: purinergic receptor; PTX: paclitaxel; SNAP: sensory nerve action
potential. TG: trigeminal ganglia; TREK: TWIK-related K+ channel; TRP: transient receptor potential channels,
vanilloid subtype; TRPM: transient receptor potential melastatin; TRPA: ankyrin-type transient receptor potential;
TTX: tetrodotoxin; VCR: vincristine; VGCCs: voltage-gated calcium channels; VGSCs: voltage-gated sodium
channels; VGKC: voltage-gated potassium channel.

Table 2. In vivo studies of Ion Channels/Transporters in Chemotherapy-Induced Peripheral Neuro-

toxicity Models.

Authors

Target

Animal Model

Neurotoxicity
Assessment

Observations

Ballarini et al. [87]

NCX2

OHP 7 mg/kg in mice, i.v.,
once a week for 8 weeks

NCS and NET
recordings, mechanical
allodynia test,
immunohistochemistry,
Western blot, caudal
nerve morphology and
morphometry, IENFD

Decrease in NCX2 protein
expression in DRGs

Chukyo et al. [120]

TRPV1, TRPAL,
TRPMS

OHP 6 mg/kg in rats,
single i.p.

Acetone spray test,
immunohistochemistry,
in situ hybridization

Increase in TRPA1, TRPV1 and
TRPMS protein expression in
DRGs. Increase in TRPAT and

TRPV1 mRNA coexpression
in DRGs

Caudle and
Neubert [148]

HCN, VGSCs,
menthol, TRPM8

OHP 10 mg/kg in mice, i.p.,
two administrations; PTX 26
mg/kg in mice, i.p.,
four administrations.
Dissociated TRG neurons *

Orofacial Pain
Assessment Devices,
patch clamp recordings

Increase in HCN, VGSCs and
menthol evoked TRPMS8 currents
but not of VGKCs

Nieto et al. [149]

VGSCs TTX sensitive

PTX 2 mg/kg in mice,
ip., 5days

Heat hyperalgesia test,
acetone cold allodynia
test, mechanical
allodynia test,
rotarod test

Decrease in heat hyperalgesia,
mechanical and cold allodynia
by TTX administration

Makker et al. [150]

VGSCs and VGKCs

OHP 10 mg/kg i.p. or 7.5
and 15 mg/kg i.m. in mice,
single dose; 5 mg/kg i.p. on
days0,2,4,6

CMAP and SNAP
recording, mathematical
modeling of
axonal excitability

Change of the depolarization
phase and creation of
afterdischarges, inactivation of
VGCCs, reduction in fast K*
conductance in motor axons.
Increase in hyperpolarization
and decrease in peak amplitude
in sensory axons
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Table 2. Cont.

Authors Target Animal Model Neurotoxicity Observations
Assessment
Modulating VGSC with
topiramate (100 mg/kg per os,
NCS and NET daily, startlng'S 'days 'before first
. . recordings, mechanical OHP admmlstl;atlon ;nd
Alberti et al. [151] VGSC OHP 5 mg/kg in rats, twice allodynia test, caudal continuing up to chemotherapy
a week for 4 weeks completion) complete
nerve morphology and . .
morphometry, [ENFD neurotoxicity prevention was
! observed via neurophysiology,
neuropathology and
behavioral tests
OHP 3 mg/ke in mice, i Decrease in mechanical
Braden et al. [152] VGSC Nav 1.7 on da sg 0 -4g and 1 0_’1 4.p., Von Frey test allodynia through indirect
y inhibition of Nav 1.7
PTX 2 mg/kg in mice, i.p Kv7 channel blocker XE991
. . AL antagonized the pain-relieving
Di Cesare Mannelli VCKCs Kv7 ondays1,3,5and 7;,OHP  Cold plate test, Von Frey activity of H2S donors,

etal. [153]

2.4 mg/kg in mice, i.p., on
days 1-2, 5-9, 12-14

test, hot plate test

demonstrating the role of Kv7 in
neuropathic pain

Jia et al. [154]

K* channel 1.1 (K2p

PTX 4 mg/kg in rats, i.p.,
every other day for a total of

Mechanical allodynia
heat, heat hyperalgesia

Reduction in K* channel 1.1

1.1) four injections, on days 0, 2, test and cold
4,and 6 hyperalgesia test
Induce alterations in CAP
. OHP 25, 100 and 500 uM. . waveform, firing frequency and
Kagiava etal. [155] VGKEs Rat isolated sciatic nerve * Evoked CAP recordings repolarization phase through
VGKCs but not VGSCs
OHP 2 mg/kg in rats, i.p., GIRK1 activation contributes to
Kanbara et al. [156] GIRK1 twice a week for 4 weeks Von Frey test MOR antinociception
S Modulating Kv7 channels, a
Lucarini et al. [157] VGKC Kv7 OHP 24 mg/kg in mice, i.p., Cold plate test reduction in painful features
on days 1-2, 5-9 and 12-14 R
is observed
PTX 2 mg/kg in rats, on PTX-induced inhibition of CaZ*
Yilmaz et al. [158] NCX days 0,2, 4 and 6. Ca”* imaging transients is not modulated by
Dissociated DRG neurons * NCX activity
. 2+ .
Von Frey test, patch Increase in C.a current, increase
clamp recordings, Ca2* ofT DRG e\)](g?(l;lhty, increase in
. PTX 2 mg/kg in rats, i.p., on . . ! -type expression in
Li et al. [135] VGCCT type days0,2,4and 6 . maging, DRGs and spinal cord. Decrease
immunohistochemistry, ) . .
Western blot in mechanical allodynia by
T-type VGCC blocker
Increased expression of N-type
CDDP 1.5 mg/kg in rats:, Py von Frey test, hot plate YGCC proteins, but pot mRNA
two cycles of four daily in DRGs. Decrease in thermal
Leo et al. [136] VGCCs B R . test, rotarod test, ) .
administrations with four hyperalgesia and mechanical
Western blot, qRT-PCR .
days rest allodynia by N-type
VGCC blocker
Increase in T-type VGCCs’
S protein expression in DRGs.
. BTZ. 0.4 mg/!(g 1N mice, 1.p., Western blot, Von Decrease in mechanical
Tomita et al. [138] VGCCs T type six administrations in -
2 woeks Frey test hyperalgesia through T-type
VGGC blockers and
gene silencing
. Axonal protection, preserved
. . SNAP recording, 4
Nodera et al. [159] Kv7 VDKCs .CDDP 2.3 mg/kg in mice, NET recording, I.nembrarTe p(itentlal throggh
i.p., ondays 1-5 and 13-17 . increase in K* currents with
NCS recording . N
treatment Kv7 agonist retigabine
PTX 2 and 4 mg/kg in rats, Von Frev test. patch Increase in CaZ* currents. GBP, a
Kawakami et al. [160] VGCCs i.p.,ondaysO0, 2,4 and 6. Y ' P Ca?* channel blocker, reverses

Dissociated DRG neurons

clamp recordings

mechanical hyperalgesia
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Table 2. Cont.

Authors

Target

Animal Model

Neurotoxicity
Assessment

Observations

Matsumoto et al. [161]

VGCCs «26-1 subunit

PTX 4 mg/kg in mice, single
ip. oriv, orip. ondaysO0,
2,4 and 6

Heat hyperalgesia test,
electrical hyperalgesia
test, qRT-PCR,
Western blot,
immunohistochemistry

Increase in DRGs” expression of
«28-1 subunit. GBP blockade of
VGCCs decreases mechanical
allodynia and sensitization of
myelinated A-fibers

PTX 2 mg/kg in rats, i.p., on

Decrease in hyperalgesia

Okubo et al. [162] VGCCs T type Paw pressure test through administration of T-type
days 0,2, 4 and 6 VGCCs selective blockers
PTX 4 mg/kg in mice or 2 Von Frey test, paw T-type VGCC blockers
Sekiguchi et al. [163] T-type VGCCs mg/kg in rats, i.p., on days pressure test, open field reduce neuropathic
0,2,4and 6 test, rotarod test mechanical allodynia
NCV measurement, Suvecaltamide modulation of
BTZ 0.2 mg/kg in rats, i.v mechanical allodynia T-type VGCCs reverses NCV
Meregalli et al. [164] VGCCs T type three times a week for ltest, ﬁ-tqbuhn and IENF?. neurlo P athy, reverses
4 weeks polymerization assay, -tubulin polymerization
IENFD, proteasome increase but does not affect
inhibition assay proteasome inhibition by BTZ
Decrease in the protective effect
. . acetone drop test, of VCR pretreatment on
Sharma et al. [165] VGCCs L type VER 50 ug/kg in rats, i.p., pin-prick test, hot allodynia and hyperalgesia

10 days administration

plate test

following treatment with T-type
VGCC blocker

Materazzi et al. [139]

TRPA1, TRPV4

PTX 6 mg/kg in WT and
TRPA1 KO mice, single i.p.

Von Frey test, acetone
cold stimulation test

Decrease in mechanical
allodynia by TRPA1 and TRPV4
blockers. Decrease in cold
hypersensitivity by TRPA1 but
not TRPV4 blocker

OHP 2 mg/kg i.v., CDDP 2

Von Frey test, cold plate

TRPA1 modulation decreases

Nassini et al. [140] TRPA1 mg/kgip. in C57/BL6, test. qRT-PCR painful features related to OHP
Trpal*/* or Trpal~/~ mice 4 and CDDP single administration
Upregulation of TRPV1 and
TRPA1 mRNA following CDDP
treatment, but only TRPA1
Von Frey test, radiant upregulation following OHP
CDbP 2.'3 mg/kg or OHP 3 heat test, cold plate test, treatment in TGs. Decrease in
TRPV1, TRPMS, mg/kg in WT or TRPV1 KO o . - - .
Ta et al. [142] TRPA1 mice. ip. 5 davs. 5 davs rest tail immersion test, mechanical allodynia following
a/nc.lp5./ da sytr’eatmgnt qRT-PCR, CDDP and OHP treatment in
y immunohistochemistry TRPV1 KO mice. Decrease in
CDDP-induced thermal
hypersensitivity in TRPV1
KO mice
Von Frey test, hot plate BTZ did n otlmoclh‘fy IRPAT
BTZ 02,05 or 1 mg/ke i test. cold stimulati expression level in DRGs.
. g/xgmn est, cold stimuiation, Decrease in mechanical and cold
Trevisan et al. [143] TRPA1 WT or TRPA1 KO mice, chemical hyperalgesia h .
. . yperalgesia through TRPA1
single i.p. test, rotarod test, R .
agonist treatment and in TRPA1
Western blot .
KO mice
Reduction in heat hyperalgesia,
but not mechanical allodynia
and cold hyperalgesia, through
Von Frev test. hot TRPV1 blocking. Reduction in
TRPV1, TRPV4, PTX 1 mg/kg in mice, i.p., y ! mechanical and heat, but not
Chen et al. [166] plate test, cold .
TRPA1 ondays0,2,4and 6 hyperaleesia test cold, hyperalgesia through
yperalgesia tes TRPV4 blocking. Reduction in
mechanical allodynia, heat and
cold hyperalgesia through
TRPA1 blocking
Von Frey test, hot plate Increase in cytosolic Ca%*
DT 30 mg/kg in mice, single  test, Western blot, patch concentration through TRPV1
Ertilav et al. [144] TRPV1 i.p. Dissociated clamp recordings, Ca%* channel agonist stimulation.

DRG neurons *

fluorescence, cell
viability assay

Increase in TRPV1
expression level
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Table 2. Cont.

Authors Target

Animal Model

Neurotoxicity
Assessment

Observations

Hori et al. [167] TRPV1, TRPV2, P2 x

CDDP 3 mg/kg inrats, i.p.,

Von Frey test, pin-prick
test, mechanical
allodynia test, grid force

Increase in TRPV2, P2 x 3 and
ASIC3 expression, but not in

3 and ASIC3 once per week for five weeks test, rotarod test and TRPV1 in DRGs
immunohistochemistry
Caudal NCV recordings, Reduction in caudal NCV,
mechanical allodynia increase in mechanical allodynia
BTZ 0.20 mg/kg in rats, test, thermal but not of thermal hyperalgesia.
Quartu et al. [168] TRPV1 single i.v., or three hyperalgesia test, Increase in TRPV1 protein
administrations for 8 weeks immunohistochemistry, expression, but decrease in
morphometry, qRT-PCR ~ TRPV1 and CGRP mRNA level,
and Western blot in DRGs and spinal cord
Von Frey test, heat
e piinducesa deaseof
Mao et al. [169] K2p1.1 channel PTX 4 mg/kg in mice, i.p., preference, patch clamp K2P1.1 expression, cgntnbutmg
ondays0,2,4and 6 . to chemotherapy-induced
recordings, qRT-PCR, neuropathic pain
Western blot, europ cp
immunohistochemistry
Von Frey test, flinch test, Decrease in TREK2 expression in
immersion tests, hot DRGs. TREK2 mediates
OHP 6 mg/kg in WT and plate test, thermal neuropathic hyperalgesia,
Pereira et al. [170] TREK2 TREK2 KO mice. single i preference test, dynamic regulates heat sensitivity of
s SINGIE L.p- cold plate test; C-fibers, but does not play
qRT-PCR; single a role in noxious
C-fibers recordings thermal hypersensitivity
Decrease in mechanical
Rapacz et al. [171] LVGSCS and OHP 10 mg/kg in mice, i.p. Von Frey test, hOt plate allodynia by VGSCs and
-type VGCCs test, formalin test VGCCs blocki
s blocking

Salat et al. [172] VGSCs

OHP 10 mg/kg in mice,
single i.p.

Von Frey test, cold plate
tests, rotarod test

Reduced mechanical allodynia
following a VGSC blocker

AMP: cyclic adenosine monophosphate; ASIC: acid-sensing ion channel; BTZ: bortezomib; CAP: compound
action potential. CBD: cannabidiol; CDDP: cisplatin; CGRP: calcitonin gene-related peptide; CHO: Chinese ham-
ster ovary; CMAP: compound muscle action potential; DT: docetaxel; HCN: hyperpolarization-activated cyclic
nucleotide gated; IENFD: intraepidermal nerve fiber density; GBP: gabapentin; GIRK: G-protein-gated inward
rectifier K* channel; IR: immunoreactive; K2p1.1: potassium channel subfamily K member 1; KDR: delayed
rectifier potassium channel; KA: A-type transient potassium channel; MOR: p-opioid receptor; NCS: nerve
conduction studies; NCV: nerve conduction velocity; NCX: sodium-calcium exchanger; NET: neuronal ex-
citability testing; OHP: oxaliplatin; P2 x 3: purinergic receptor; PTX: paclitaxel; SNAP: sensory nerve action
potential. TG: trigeminal ganglia; TREK: TWIK-related K* channel; TRP: transient receptor potential channels,
vanilloid subtype; TRPM: transient receptor potential melastatin; TRPA: ankyrin-type transient receptor poten-
tial; TTX: tetrodotoxin; VCR: vincristine; VGCC: voltage-gated calcium channels; VGSC: voltage-gated sodium
channels; VGKC: voltage-gated potassium channel. * ex vivo studies.

3.1. Voltage-Gated Sodium Channels

VGSCs were linked to peripheral neurotoxicity in in vitro studies after exposure to
oxaliplatin (OHP). Adelsberger et al. [129] first observed that dorsal root ganglia (DRG)
neurons exposed to OHP have an increase in Na* currents by exploiting patch clamp
recordings. Exploiting the same technique, alternations in this channel were demonstrated
by multiple other authors, confirming the robustness of this observation [130,131,148] even
though dosages/models vary among different studies. Verma et al. [132] tested VGSCs with
micro/multielectrode array recordings, showing a possible hyperexcitability in neurons
also after exposure to paclitaxel (PTX), and Nieto et al. [149] suggested that they might be
involved in painful manifestations in PTX-treated animals.

In vivo studies confirmed involvement of VGSCs in OHP-related hyperexcitabil-
ity [150], showing that, by decreasing this condition, neuroprotection can be estab-
lished [151,152]. In particular, preliminary data suggest, in fact, that increased Na* currents
due to OHP exposure are able to activate the sodium—calcium exchanger (NCX) reverse
mode, leading to Ca?* neurotoxicity, as we will discuss in the subsequent sections [87].
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3.2. Voltage-Gated Potassium Channels

A potential involvement of VGkCs was observed in the in vitro setting, in particular
after exposure to cisplatin CDDP, leading to a reduction in K* currents in DRG neurons,
which were actually explored in a broader setting aiming to assess changes in Ca?* home-
ostasis and related voltage-operated ion channels which were found to be altered [133].

In the in vivo setting, they were linked to painful manifestations due to PTX expo-
sure [153,154]. Some authors also suggested that they might play a role in the neurotoxicity
manifestations observed in rodent models exposed to OHP [155-157].

3.3. Sodium—Calcium Exchanger

As stated above, the NCX, and, specifically, the isoform NCX2, was suggested to be
the actual link between acute OHP-related transient neurotoxicity (i.e., a state of axonal
hyperexcitability that mainly lasts in patients 24-72 h after OHP exposure [173-175]) and
the actual OHP-induced axonal damage. The hypothesis, corroborated by preliminary
findings by Ballarini et al. [87], is that Na* currents increased due to OHP exposure trigger
NCX2 reverse mode, leading to Ca®* toxicity. Both in vitro [134] and in vivo [158] studies
suggested that this family could also play a role in PTX-related neurotoxicity.

3.4. Voltage-Gated Ca’* Channels

Alterations in Ca?*-related currents were suggested in in vitro models after expo-
sure to PTX [135], CDDP [136], OHP [137] and bortezomib (BTZ) [138]. In the in vivo
setting, similar observations were made in relation to CDDP [136,159], PTX [135,160-163],
BTZ [138,164] and vincristine (VCR) [165].

3.5. Transient Receptor Potential Family (TRPA1, TRPMS8 and TRPV'1)

In vitro findings suggest that this family could play a role in PTX-, OHP-, CDDP- and
BTZ-related CIPN [139-143]. In vivo data support its role mostly in painful phenomena
related to CIPN due to OHP, PTX, CDDP and BTZ [120,139,140,142-144,148,166-168].

4. Possible Clinical Translation

The mechanism underlying CIPN remains unclear though mechanistic studies have
reported that Na*, K* and Ca?*channels and different types of transient receptor potential
family are suggested to be involved [176]. As stated above, preclinical data should be
carefully weighted to translate inferences from bench to bed side. As already stated,
each study should be carefully evaluated considering schedule/dosages and outcome
measures both in the in vitro and in vivo setting. For in vivo studies in particular, it
should be pointed out that a robust CIPN animal model cannot rely just on behavioral
tests; neuropathological and neurophysiological studies are warranted to test both large
and small nerve fibers [177,178], which can be differently affected by different anticancer
drugs [175]. Moreover, to translate data on voltage-operated ion channels from the in vitro
to the in vivo setting, and then to the clinical setting, a specific method can be used: nerve
excitability testing (NET) [179]. NET was first described in humans and then adapted to
animal models [180,181]. A virtuous example of this is given by studies performed on OHP.
Both in patients [182,183] and animal models [87,150,151], NET was able to demonstrate
that OHP can induce a transient alteration that perfectly mirrors the expected pattern of a
VGSC’s channelopathy. Starting from this observation, a pathogenetic hypothesis was then
built, as already discussed, linking these phenomena (i.e., aberrant persistent Na* currents)
to NCX2 reverse mode activation. Rather promising neuroprotection data were obtained
in animal models, targeting the modulation of this double Na*/Ca?* axis, on the basis of
strong outcome measures, as previously stated (i.e., neurophysiology and neuropathology
to assess and grade axonal damage) [87], exploiting a selective modulator for the NCX
family, such as SEA0400 (see Figure 2). The administration of sodium channel blockers was
reported to be effective against oxaliplatin-induced neuropathic pain in humans [184] and
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animals [185], suggesting that concentrating on the voltage-gated sodium channel may be
an effective treatment approach [151].

NH,
F\©f\ o O/\
F

Figure 2. Molecular structure of SEA0400. SEA0400 is a novel and selective inhibitor of the Na*-CaZ*
exchanger (NCX), inhibiting Na*-dependent Ca* uptake.

5. Concluding Remarks

Voltage-operated ion channels/transporters are clearly pivotal components of neurons,
and it is not illogical to expect quite a vast involvement of these in CIPN axonal damage;
therefore, our hypothesis is that, by targeting these specific elements, it is possible to
potentially detect drugs/mechanisms to actually prevent axonal damage (see Figure 3).
Already known or even known modulators can be tested, also exploiting the possibility of
designing new drugs exploiting innovative approaches such as computational biology, as
summarized in a clear-cut review by Azad et al. in 2023 [186].

Neurons are perennial cells and, therefore,
homeostasis is pivotal

l

Being excitable cells, controlling ion
balance is a prerequisite for neuronal
wellbeing/functioning
i
lon channels and transporters are
highly relevantin this regard and,
potentially, involved in neuronal
damage

l
Chemotherapy-induced peripheral
neurotoxicity (CIPN) is a highly
controlled setting in which damage
can be induced

l

CIPN models can be exploited to test
neuroprotection strategies/perform
pathogenetic studies to shed light into
axonal damage

Figure 3. Graphical representation of the overarching hypothesis: targeting ion channels/transporters
to prevent axonal damage.

Promising in vitro preclinical data should be carefully weighed based on the specific
model used, as well as in vivo studies. Once robust data are available, they could be trans-
ferred to the bed side for neuroprotection trials, relying on highly translational outcome
measures such as NET. Voltage-operated ion channels are an intriguing option in this
setting since, when targeting them, the eventual neuroprotectant drug is unlikely to target
the same mechanism that the anticancer drug exploits to obtain its oncological efficacy.
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Abstract: Glutamate is the main excitatory neurotransmitter in the brain wherein it controls cognitive
functional domains and mood. Indeed, brain areas involved in memory formation and consolida-
tion as well as in fear and emotional processing, such as the hippocampus, prefrontal cortex, and
amygdala, are predominantly glutamatergic. To ensure the physiological activity of the brain, gluta-
matergic transmission is finely tuned at synaptic sites. Disruption of the mechanisms responsible
for glutamate homeostasis may result in the accumulation of excessive glutamate levels, which in
turn leads to increased calcium levels, mitochondrial abnormalities, oxidative stress, and eventu-
ally cell atrophy and death. This condition is known as glutamate-induced excitotoxicity and is
considered as a pathogenic mechanism in several diseases of the central nervous system, including
neurodevelopmental, substance abuse, and psychiatric disorders. On the other hand, these disorders
share neuroplasticity impairments in glutamatergic brain areas, which are accompanied by structural
remodeling of glutamatergic neurons. In the current narrative review, we will summarize the role
of glutamate-induced excitotoxicity in both the pathophysiology and therapeutic interventions of
neurodevelopmental and adult mental diseases with a focus on autism spectrum disorders, substance
abuse, and psychiatric disorders. Indeed, glutamatergic drugs are under preclinical and clinical
development for the treatment of different mental diseases that share glutamatergic neuroplasticity
dysfunctions. Although clinical evidence is still limited and more studies are required, the regula-
tion of glutamate homeostasis is attracting attention as a potential crucial target for the control of
brain diseases.

Keywords: glutamate; excitotoxicity; autism spectrum disorder; substance use disorders; schizophrenia;
depression; therapeutics

1. Introduction

Glutamate (or glutamic acid) is a positively charged non-essential amino acid which,
besides its metabolic roles [1], also represents the most important excitatory neurotransmit-
ter in the central nervous system (CNS), where it drives approximately 70% of synapses [2].
The neurotransmitter glutamate regulates various brain processes ranging from cogni-
tive functions, such as learning and memory, to mood, control of the sleep-wake cycle,
pain perception, and motor function [3-5]. Glutamatergic transmission is mediated by
specific ionotropic and metabotropic receptors located both at postsynaptic and presy-
naptic terminals. Ionotropic receptors, including AMPA (x-amino-3-hydroxy-5-methyl-a-
isoxazolepropionate), NMDA (N-methyl-D-aspartate), and kainate receptors, are nonselec-
tive cation channels, allowing the passage of sodium and potassium ions and, in some cases,

Int. ]. Mol. Sci. 2024, 25, 6521. https:/ /doi.org/10.3390/1jms25126521 169 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 6521

small amounts of calcium ions. They are primarily expressed at postsynaptic sites, and
their activation produces excitatory currents. The interaction of glutamate with AMPA and
kainate receptors induces the generation of a very rapid but weak excitatory postsynaptic
current [6], which, however, is enough to allow the removal of the Mg2+—dependent block
of the NMDA receptor. In turn, the binding of glutamate and of the co-agonist glycine
(or D-serine) promote the opening of NMDA receptors, which are permeable also to cal-
cium ions, resulting in long-lasting postsynaptic currents [7]. In addition to ionotropic
receptors, glutamate also acts through three groups of G protein-coupled metabotropic glu-
tamate receptors (mGluRs), which modulate synaptic function more slowly than ionotropic
receptors [8]. Group I includes mGlul and 5, Group II includes mGlu2 and 3, and Group
I includes mGlu4, 6, 7, and 8. Group I is coupled to Gq/G11 and activates phospholipase
Cp, while group II and III are coupled predominantly to Gi/o proteins, thus leading to the
inhibition of adenylyl cyclase and direct regulation of ion channels. Group I mGluRs are
often localized postsynaptically, and their activation leads to cell depolarization and an
increase in neuronal excitability. In contrast, group II and group IIl mGluRs are typically
localized on presynaptic terminals, where they inhibit neurotransmitter release [9]. For
a detailed description of ionotropic and metabotropic glutamatergic receptor signaling,
activation mechanisms, and crosstalk, please refer to [10].

Glutamate dynamics play a critical role in maintaining glutamate homeostasis and
are tightly regulated by neuron-astrocyte crosstalk [2]. Indeed, glutamatergic synapses
are defined as “tripartite” as they are composed of a glutamate presynaptic terminal, a
postsynaptic spine, and an astrocyte [11]. Since there are no enzymes able to metabolize
glutamate in the extracellular space, excess glutamate is cleared from the extracellular space
by neuronal and astrocytic excitatory amino acid transporters (EAAT1-5) [2]. In astrocytes,
glutamate is converted by glutamine synthetase to glutamine, which is then released and
uptaken by neurons, where it can be used to produce new glutamate. Glutamate is also
released into extra-synaptic space by astrocytes via the cystine-glutamate antiporter, which
thus contributes to the regulation of extracellular glutamate levels [12].

A dysfunctional alteration of glutamate homeostasis may lead to glutamate excitotoxi-
city, a condition in which the synaptic concentration of glutamate can reach up to 100 uM,
leading to neurotoxicity and neuronal atrophy/death [13]. This condition may arise in the
presence of (1) an impaired glutamate/glutamine recycle system, (2) dysfunctional reup-
take and (3) altered expression and activity of glutamate receptors. An excessive synaptic
glutamate concentration causes an overflow of intracellular calcium ions, which in turn
leads to the activation of a transduction cascade [14]. In particular, excessive intracellular
calcium levels lead to considerable excitotoxic damage by an alteration of the permeability
of the mitochondrial membrane, resulting in the disruption of cell energy production, and
by activation of calcium-dependent enzymes such as calpains, death-associated protein
kinase 1 (DAPK1), and neuronal nitric oxide synthase (nNOS) with a consequent increase
in production of nitric oxide [14,15]. This, in turn, leads to an increase in the production
of reactive oxygen (ROS) species that, together with the hyperactivation of proteases and
lipases, contribute to oxidative stress and cell death by apoptosis [14].

Glutamate excitotoxicity has received attention as a putative mechanism in the etiopatho-
genesis of several CNS disorders, including neurodevelopmental, neurological, neurode-
generative, and mental diseases [16-20].

The aim of this narrative review is to summarize evidence implying mechanisms
of glutamate excitotoxicity in the pathophysiological mechanisms and therapy of neu-
rodevelopmental disorders, with a focus on autism spectrum disorders (ASD), and adult
mental disorders, with particular attention to substance abuse and psychiatric disorders.
Among others, we selected these diseases because they have in common recent therapeutic
approaches that include glutamatergic drugs, thus suggesting that direct modulation of
glutamatergic transmission may exert therapeutic effects in these conditions.

Data for this review were collected using the PubMed database.
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2. Involvement of Glutamate Excitotoxicity in Autism Spectrum Disorders

ASDs include a complex family of neurodevelopmental disorders characterized by
repetitive behaviors, abnormalities in communication, and impaired social interaction
skills, frequently together with other concurrent medical or psychiatric conditions [21,22].

DSM V defines ASD as a condition with “persistent deficits in social communication
and social interaction across multiple contexts” and “restricted, repetitive patterns of behav-
ior, interests, or activities” from early developmental phases and significantly impacting
daily life [23].

Compelling evidence has highlighted a role for glutamate-dependent excitotoxicity in
the pathophysiology of ASDs. Indeed, clinical studies consistently reported increased glu-
tamate levels and receptor subunits in both the serum and brain areas of ASD patients, and
a prolonged imbalance between excitatory and inhibitory transmissions was involved in
etiopathogenetic processes [24-26]. Indeed, an overexcitation (or weak inhibition) of corti-
cal function has been associated with a broad range of abnormalities in perception, memory,
cognition, and motor control [27]. Intriguingly, genetic evidence has also clearly implicated
glutamate receptors and transporter systems in ASD, since several polymorphisms of
glutamate receptor subunits and glutamate transporter genes have been associated with
the disease [28]. Moreover, rare mutations in structural proteins of the postsynaptic density
regulating glutamatergic transmission, such as Shank proteins, have also been associated
with ASD [29].

Accordingly, several animal models of ASD, including both pharmacological models
and genetic models generated by mutations in genes found in patients with ASD, show
glutamatergic alterations. Excitotoxicity, altered glutamate homeostasis, and receptor
subunit expression and regulation were reported in the brain of a valproic acid model,
one of the most widely used animal models of ASD [30-33]. Similarly, Shank mutant
mice clearly exhibit glutamatergic impairments [34-37]. In both models, glutamatergic
interventions can rescue ASD-like behavioral dysfunctions [35,37,38].

Glutamatergic Drugs for the Treatment of Autism Spectrum Disorders

Different glutamatergic approaches were considered for the management of ASDs.

Riluzole, an inhibitor of voltage-dependent sodium channels and NMDA /kainate
receptor antagonist, and memantine, a non-selective NMDA receptor antagonist, were
shown to improve ASD symptoms in both children and adult patients [39,40]. The ther-
apeutic properties of low-dose intranasal ketamine, another NMDA receptor antagonist
approved as an anesthetic and recently introduced at subanesthetic dose as a rapid-acting
antidepressant (see Section 5.1), were also tested in adolescent and young adults with
ASD, showing some therapeutic potential with limited and transient adverse effects [41,42].
Nevertheless, the clinical evidence is still very limited, and more studies are required to
understand whether glutamatergic agents can be safe and effective therapeutic strategies
for ASD.

mGluR5 antagonists have been the only class of glutamatergic modulators that has
made significant advances in drug development for the treatment of ASD. However, despite
the enthusiasm raised due to their success in preclinical phases, unfortunately mGluR5
antagonists have failed in phase III clinical trials on ASD patients for lack of efficacy [43,44].

Finally, another molecule with multiple actions, including antioxidant effects, re-
duction in cytokine activity, modulation of dopamine release, reversal of mitochondrial
dysfunction, reduction in apoptosis, anti-inflammatory activity, increased neurogenesis,
and regulation of glutamate homeostasis, has shown promising effects in ASD [45]. It is
N-acetyl-L-cysteine (NAC), the acetylated precursor of L-cysteine, which has been shown
to reduce hyperactivity and irritability and to enhance social awareness in ASD [46]. How-
ever, future trials with larger sample sizes, confounding effects controlled, and long-term
follow-up are warranted.
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3. Involvement of Glutamate Excitotoxicity in Substance Use Disorders

As defined by the DSM-5, substance-related disorders (SRDs) and addictive disorders
encompass a spectrum of treatable mental health conditions attributed to the problem-
atic consumption of various substances, such as alcohol, opioids, stimulants, cannabis,
hallucinogens, inhalants, and others [23]. Glutamate is an important mediator in both
the neurotoxicity induced by abused drugs and the development and maintenance of
addiction. Indeed, the rewarding process implies the intricate and bidirectional interplay
between glutamate and dopamine transmissions within the mesolimbic pathway [47].
In response to rewarding stimuli, glutamate modulates dopamine release by activating
NMDA and AMPA receptors on dopaminergic neurons in the ventral tegmental area (VTA).
As a result, dopaminergic inputs from VTA to glutamatergic neurons in the prefrontal
cortex (PFC), amygdala, and hippocampus induce alterations of glutamate release and
receptor expression [48]. Consequently, drug abuse induces dynamic alterations in plas-
ticity mechanisms such as long-term potentiation (LTP) and long-term depression (LTD)
in corticolimbic brain areas, in turn impacting processes related to mood, learning, and
memory [49].

In this section, we will focus on selected classes of abused drugs which cause alter-
ations of the glutamatergic system at different stages of exposure and withdrawal, focusing
on works where glutamate-mediated excitotoxicity has been directly implicated.

3.1. Cocaine

Cocaine remains a prominent choice among drugs of abuse worldwide, renowned
for its potent psychostimulant properties and its ability to induce euphoria. Similarly
to other psychostimulants, cocaine induces its effects primarily through activation of
the mesocorticolimbic dopaminergic system [50]. Nevertheless, a growing number of
preclinical studies shed light on the critical role of glutamate homeostasis in neurotoxicity
at different stages of cocaine exposure [51]. In fact, acute cocaine exposure of rats affected
glutamate levels within VTA [52,53], whereas a challenge dose augmented its release in
medial PFC (mPFC) after repeated treatment [54,55]. In line with these findings, further
research employing microdialysis showed that glutamate levels increased within the rat
striatum [56] and nucleus accumbens [57] after a challenge dose. Conversely, rats exposed
to 20 days of cocaine self-administration exhibited a notable reduction in extracellular
glutamate levels in the nucleus accumbens, then reversed upon the administration of a
priming dose of the drug [58]. In addition, chronic cocaine exposure has been associated
with changes in the expression levels of both ionotropic and metabotropic glutamate
receptors within the mPFC in rats [59] and the caudate nucleus of non-human primates [60].

3.2. Amphetamines

Alongside cocaine, amphetamine (AMPH) and its derivatives including 3,4-methylene-
dioxymethamphetamine (MDMA) are widely recognized as some of the most misused
psychostimulants, especially among adolescents. These substances trigger an excessive
release of monoamines at the synaptic level by binding membrane-located transporters
of dopamine [61], norepinephrine, and serotonin [62] but also lead to a sustained rise in
glutamate, leading to neurotoxicity [63]. Studies on rats showed that repeated exposure
to methamphetamine augmented glutamate levels within various brain regions including
the striatum [64], hippocampus [65], VTA [66], nucleus accumbens, and PFC [67]. Ac-
cordingly, amphetamines also induced significant alterations in the expression of AMPA
receptor subunits GluAl and GluA2 in the nucleus accumbens of rats undergoing a re-
peated treatment [68]. Moreover, MK-801 prevented chronic methamphetamine-induced
neurotoxicity by blocking NMDA receptors [69], while repeated exposure worsens neuronal
damage in the striatum through mechanisms involving AMPA receptor-mediated excitotox-
icity and calpain-specific spectrin proteolysis, a process implicated in cellular apoptosis [70].
In addition, further evidence from in vivo studies supports the involvement of the nitric
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oxide pathway [71] and the tumor necrosis factor (TNF)-« [72] in methamphetamine-
induced excitotoxicity.

Similarly to other amphetamines, MDMA, commonly known as ecstasy, has been
shown to promote a sustained increase in extracellular glutamate release within the hip-
pocampus in rats, which was then attenuated by treatment with ketanserin/fluoxetine [73]
and ketoprofen [74]. Furthermore, MDMA reduces the parvalbumin-positive gamma-
aminobutyric acid (GABA)ergic neurons in the hippocampus, suggesting that MDMA-
induced damage involves an excitatory/inhibitory imbalance [74]. Intriguingly, some
findings point to the critical involvement of glial cell activation in the neuronal damage
and neurotoxic effects induced by MDMA exposure. Indeed, MDMA exposure led to
microglia activation in mouse striatum, resulting in neuronal death along with an increased
expression of glial fibrillary acidic protein (GFAP) [75].

3.3. Ketamine

Since its introduction in the 1960s as a dissociative anesthetic, ketamine has drawn
attention for its recreational use due to its dissociative effects. Ketamine acts as a non-
competitive antagonist of NMDA receptors primarily targeting inhibitory neurons in
corticolimbic brain areas, thereby amplifying glutamatergic transmission [76]. Accordingly,
daily exposure to ketamine was reported to cause glutamate-induced neurotoxicity, oxida-
tive stress, and apoptosis in both the cerebral cortex and hippocampus [77,78]. Moreover,
prolonged ketamine exposure was reported to enhance NMDA receptor expression and
ROS production in rat primary forebrain cultures, ultimately culminating in neuronal
death [79,80].

It is also worth mentioning that early prenatal or postnatal exposure to ketamine as
an anesthetic can induce neurodevelopmental alterations leading to long-term cognitive
impairment and learning deficits [81]. This has been associated with an overexpression of
NMDA receptors, mitochondrial dysfunction, oxidative stress, and defects in neurogenetic
pathways [82].

3.4. Ethanol

Ethanol, the primary psychoactive compound found in alcoholic beverages, is re-
sponsible for intoxicating effects, and its overconsumption represents a serious societal
challenge, significantly contributing to worldwide morbidity [83]. Ethanol passes through
the blood-brain barrier (BBB) and potentiates GABAergic transmission, thus affecting
excitatory/inhibitory balance [84]. Importantly, alcohol also directly modulates excitatory
glutamatergic neurotransmission. Indeed, while acute ethanol intake induces the down-
regulation of postsynaptic NMDA receptors, chronic exposure increases the expression
of these receptors resulting in excitotoxic cascade events, including neuronal death [83].
Post-mortem analyses of brains from individuals with a history of alcohol abuse showed
that ethanol further potentiates glutamatergic transmission in several brain regions by de-
creasing the expression of GLI-1 transporters [85,86] and damaging astrocytes [87], which
are responsible for at least 90% of glutamate reuptake [83,88-90].

Evidence from preclinical studies have provided insights into the cellular neuro-
biological mechanisms implied in ethanol induced excitotoxicity. For instance, in vitro
chronic ethanol exposure was reported to determine abnormal synaptic transmission and
excitotoxic effects in hippocampal slices involving the dysregulation of ionotropic and
metabotropic glutamate receptor subunit expression [91,92]. On the other hand, chronic
alcohol exposure in rats has been shown to trigger calpain activity both in the cerebral
cortex and cerebellum, confirming its role in cellular damage induced by alcohol con-
sumption [93]. Furthermore, chronic alcohol exposure was also reported to increase the
levels of the stress hormone glucocorticoid, which, in turn, overactivate NMDA receptors,
particularly the NR2A and NR2B subunits, exacerbating neuronal cell death induced by
alcohol excitotoxicity [83].
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Importantly, ethanol exposure during early neurodevelopmental phases dramati-
cally impacts synaptogenesis and triggers massive neuronal apoptosis, that in turn may
contribute to mental disability syndromes including fetal alcohol spectrum disorders (re-
viewed in [94]). In addition, combined abuse of ethanol and ketamine or methamphetamine
has been shown to synergically exacerbate glutamate-induced excitotoxicity, leading to
neurotoxic consequences [95,96].

3.5. Therapeutic Approaches for Substance Use Disorders Based on the Rescue of
Glutamate-Induced Neurotoxicity

Despite the valuable insight provided by existing research on excitotoxicity induced
by substance-related disorders, further investigations are needed to fully clarify these
mechanisms in order to identify potential targets for therapeutic interventions. Neverthe-
less, given the crucial role of glutamate in the pathophysiology of addiction, therapeutic
strategies targeting glutamate-induced neurotoxicity hold promise for the treatment of
substance-related disorders. In this regard, cation channel blockers (Lamotrigine) and
NMDA receptor antagonists (Acamprosate, Amantadine, Memantine, and MK-801) have
gained much consideration in the development of therapeutic interventions, since they have
been reported to protect neurons from excitotoxicity [88,97-99]. Among these, memantine
and MK-801 have shown efficacy in reducing cocaine and alcohol craving and relapse in pre-
clinical models by blocking excessive calcium influx through NMDA receptors [100-104].
However, the clinical evidence is conflicting and inconclusive [105]. On the other hand,
AMPA receptor antagonists such as topiramate have been more successful in showing
neuroprotective properties against glutamate neurotoxicity [61,106] and have demonstrated
efficacy in reducing alcohol intake and preventing relapse in human subjects [107] and
increasing abstinence in cocaine consumers [108].

Moreover, preclinical studies have demonstrated that cannabidiol, an active compound
found in cannabis, exerts anti-addictive properties (reviewed in [109,110]). Interestingly,
cannabidiol attenuates excitotoxicity induced by various drugs of abuse by inhibiting the
release of glutamate and reducing the activity of NMDA receptors. Therefore, through
the modulation of glutamatergic neurotransmission, cannabinoids may help in preventing
excessive calcium influx into neurons with protective effects against neuronal damage [111].
Cannabidiol is currently under investigation in clinical trials for the treatment of alcohol
abuse [110].

Finally, serotonergic psychedelics, thanks to their neuroplastic action and capability to
increase brain network connectivity, are under study as new treatment options for substance
use disorders [112,113]. Although classic hallucinogens exert their pharmacological effects
primarily through the serotonergic system, acting as agonists of the 5-HT,5 receptor,
their action goes beyond this target and also involves the modulation of glutamatergic
transmission (see Section 5.1).

4. Glutamatergic Alterations in Schizophrenia

Schizophrenia is a chronic psychiatric disorder with a prevalence estimated around
1% globally and is characterized by a broad symptomatology extending from positive
(i.e., hallucinations and delusion) to negative symptoms (i.e., anhedonia and asociality)
and cognitive deficits, thus severely impacting on the life of patients and their families [20].
Although the first theory of schizophrenia, derived from evidence of antipsychotic effects of
antidopaminergic drugs, is centered on dopaminergic dysfunction, a role for the glutamate
system has been speculated since the observation that NMDA receptor antagonists like
ketamine or phencyclidine induced a schizophrenic-like state in healthy subjects and an
aggravation of symptoms in schizophrenic patients [20,114,115]. Of note, the psychotic
effects of NMDA receptor antagonists persist in the absence of dopamine activity or
treatment with dopamine antagonists, further highlighting the importance of glutamatergic
alterations in the induction of psychotic symptoms [116,117].
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Although the NMDA receptor antagonists may be believed to cause a hypofunction of
glutamatergic transmission, the fact that ketamine and phencyclidine have high affinity
for NMDA receptors localized on GABAergic interneurons gives reason to the induction
of increased glutamatergic transmission through disinhibition processes [118-120]. This
leads to glutamate hyperexcitability, downstream stimulation of the mesolimbic pathway,
and schizophrenic symptoms. At the same time, several lines of evidence have shown
the importance of an excitatory/inhibitory imbalance in schizophrenia pathophysiology.
Indeed, GABAergic disfunctions were reported in different brain areas of patients [117].

Preclinical models of schizophrenia have been based on the treatment of rodents with
phencyclidine/phencyclidine-like drugs or on genetically modified animals with impaired
glutamate receptor expression/function in specific brain areas (i.e., NMDA receptor subunit
zetal knockdown, epsilonl knockout, and zetal point mutant mice) [118,121]. Importantly,
several studies using both mice and rats reported increased extracellular glutamate levels
in cortical and subcortical regions following injection with phencyclidine or ketamine.
Early studies reported neuronal vacuolization and necrosis induced by both phencyclidine
and MK-801 [122]. Interestingly, low doses induced reversible vacuolar changes, while
higher doses or a prolonged treatment with both phencyclidine or MK-801 produced
irreversible and more widespread damages [123,124]. Furthermore, phencyclidine was
shown to upregulate the hsp70 stress gene in the cortex, hippocampus, and basal nuclei of
the amygdala of rats, contributing to increased intracellular calcium levels and subsequent
apoptotic processes [125].

Interestingly, Schobel and colleagues demonstrated that excessive glutamate levels
in specific subregions of the hippocampus in mice following repeated administration of
ketamine were associated with neuronal hypermetabolism and could be responsible for
consequent neuronal atrophy [126]. Importantly, in the same study, the authors showed
that subjects at clinical high-risk for a psychotic disorder showed hypermetabolism in the
hippocampus [126].

Moreover, imaging studies on schizophrenic patients consistently reported volumetric
alterations of glutamatergic cortical and non-cortical brain regions together with white
matter abnormalities [127] and changes in glutamate levels [118], thus confirming that
glutamatergic dysfunction plays a role in the functional and morphological changes under-
lying schizophrenia. Importantly, clinical evidence strongly supports the hypothesis that
the volumetric reductions and cortical thinning observed in schizophrenic patients may be
related to neuroanatomical compromise through an excitotoxic process [128].

Further evidence linking psychosis with glutamatergic alterations comes from anti-
NMDA receptor encephalitis, a now well-established autoimmune disorder presenting with
schizophrenia-like symptoms caused by autoantibodies against the NMDA receptor [129].
This leads to isolated psychotic presentations which efficiently respond to immunotherapies.

Therapeutic Approaches for Schizophrenia Based on Glutamatergic Approaches

Low levels of the NMDA receptor co-agonist D-serine were found in the cerebrospinal
fluid and post-mortem brains of schizophrenic patients, suggesting a possible functional
contribution to NMDA receptor hypofunction. Moreover, schizophrenic patients were
shown to have higher levels of D-amino acid oxidase, the peroxisomal flavoenzyme respon-
sible for the metabolism of D-serine [130,131]. Early clinical trials employing D-serine as
a supplementary treatment to antipsychotics showed significant improvements in posi-
tive, negative, and cognitive symptoms in schizophrenic patients. Although larger-scale
studies have obtained conflicting results, more phase II and III trials are ongoing [132].
Moreover, both preclinical and clinical studies have considered the co-administration of
D-serine analogs together with D-amino acid oxidase inhibitors, such as Luvadaxistat
and sodium benzoate, as therapeutic approaches to enhance NMDA receptor function in
schizophrenia [133]. In a randomized, double-blind, placebo-controlled study, Lin and
colleagues observed a beneficial therapeutic effect of the addition of sodium benzoate to
clozapine in the treatment of schizophrenic patients which positively correlated with antiox-
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idant effects [134]. Yet, these results have not been replicated in larger studies. Moreover,
preclinical studies have shown that the potential antioxidant properties of D-amino acid
oxidase inhibitors might be dependent on the dosage because high doses are associated
with increased oxidative stress [131,135,136].

Inhibitors of the glycine transporter-1 (GlyT1), which is responsible for glycine reup-
take from the synaptic space, have been developed as well and tested for the treatment
of schizophrenia. Sarcosine, an endogenous amino acid analog to D-serine acting both as
a competitive inhibitor of GlyT1 and as a co-agonist of the NMDA receptor, has shown
promising therapeutic benefits when combined with antipsychotic medication [137-139].
Iclepertin (BI 425809) is a selective GlyT1 inhibitor currently located in clinical phase III that
showed pro-cognitive effects in patients with schizophrenia [140] and memory-enhancing
effects in rodent cognition tasks, together with a decrease in the deficit in EEG parameters
induced by MK-801 [141].

Another strategy adopted to compensate for the NMDA receptor hypofunction ob-
served in schizophrenia is the positive modulation of the metabotropic glutamate receptors
mGluR5 [142,143]. Indeed, post-mortem studies have reported reduced expression of
mGIluR5 in brain areas of schizophrenic patients compared to healthy controls, suggesting
an involvement in pathophysiological processes [142-144].

Preclinical evidence has shown that mGIuR5 positive allosteric modulators ameliorate
cognitive impairment and negative symptoms in NMDA antagonist-induced models [145].
It is important to underline that, since in addition to directly increasing cellular excitability,
mGIluR5 physically interacts with NMDA receptor subunits to improve their activity, the
use of positive allosteric modulators instead of full mGIluR5 agonists seems to avoid the
risk of excitotoxicity due to direct and prolonged activation of glutamate receptors [146].
However, the therapeutic potential of mGluR5 positive allosteric modulators has not yet
been tested clinically.

Finally, mGluR2/3 agonists are also under evaluation for their possible antipsychotic
effect. Preclinical studies have already provided exciting results, and pomaglumetad
has entered clinical phase development. Pomaglumetad has been considered both in
monotherapy and in combination with other treatments, although inconsistent results were
observed in both [132]. A recent exploratory analysis suggested that pomaglumetad might
be more effective in the early stages of the disease [147].

5. Glutamatergic Alterations in Major Depressive Disorder and Post-Traumatic
Stress Disorder

Stress-related mental disorders, such as major depressive disorder (MDD) and post-
traumatic stress disorder (PTSD), are common mental health conditions that severely
impact patients’” well-being and represent a global burden on society [148]. Patients suf-
fering from MDD experience persistent low mood and anhedonia eventually associated
with metabolic dysfunctions, sleep disturbances, cognitive impairments, and increased
suicidal risk. On the other hand, PTSD is mostly characterized by dysfunctional pro-
cessing of fear associated with recurrence of intrusive memories, hyperarousal and/or
avoidance, and emotional distancing. Convergent post-mortem and brain imaging studies
have indicated morphological and functional changes in the brain of both MDD and PTSD
patients, particularly in areas where glutamatergic transmission is predominant [19,149-
151]. Reduced volume and decreased activity of HPC and PFC were reported in MDD
and were associated with disease severity and lack of therapeutic response [149]. Con-
versely, amygdala and nucleus accumbens volume and function have been found to be
increased in MDD patients [152,153]. Similarly, human studies reported alterations of
the excitatory/inhibitory balance in corticolimbic areas of PTSD patients [19], as well as
HPC and PFC volume reductions and increased amygdala volume in some patients [151].
Overall, this evidence strongly supports the importance of glutamatergic transmission in
the etiopathogenetic process of stress-related disorders.
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Accordingly, preclinical models based on stress exposure strongly support that stress
dramatically affects glutamatergic transmission in the same brain areas affected in
patients [154]. As for HPC and PFC, acute stress has been consistently shown to rapidly
enhance glutamatergic transmission by increasing glutamate release and inducing changes
in glutamate receptor activation and trafficking (reviewed in [3,155]). Conversely, chronic
exposure to stress has been mostly associated with deficits in glutamatergic transmission
in PFC and HPC [154,156,157]. Indeed, chronic stress was shown to induce changes in the
levels and function of both ionotropic and metabotropic glutamate receptors, leading to a
reduction in synaptic strength and participation in dysregulated glutamate release [154,156].
Preclinical models based on both acute and chronic stress have also shown neuronal den-
dritic simplification and spine reductions in HPC and PFC, implying that glutamatergic
dysfunctions may underlie the architectural abnormalities measured in patients [152,158].
Importantly, functional and morphological alterations induced by chronic stress were
selectively observed in vulnerable animals and not resilient ones, confirming that the
glutamatergic changes play a role in the maladaptive response to chronic stress [159-161].
Although the specific mechanisms causing functional impairment and dendritic simplifi-
cation in corticolimbic areas under chronic stress exposure have not yet been identified,
a main hypothesis implicates glutamatergic transmission [154,156]. Indeed, it has been
speculated that the increase in glutamate release and transmission rapidly induced by stress
may lead, in the long term, to adaptive excitotoxic processes, in turn causing a reduction in
synaptic density and strength. Accordingly, rapid-acting antidepressants induce a transient
surge in prefrontal glutamatergic neurotransmission, which is associated with rapid and
sustained cortical connectivity (see Section 5.1).

Differently, studies focusing on the amygdala and nucleus accumbens mostly agree in
reporting that both acute and chronic stress increase glutamatergic transmission, mainly in
the basolateral component that receives connections from the PFC, leading to the consoli-
dation of emotional memories [162,163]. Indeed, the amygdala is a central hub integrating
and processing information related to fear and anxiety, with important implications in the
regulation of memory, motivation, and autonomic responses [162].

Finally, it is worth noting that dysfunctional glutamatergic signaling was also regis-
tered in adult animals that were exposed to early life stress or corticosterone administration
in adolescence, suggesting that stress-induced glutamatergic changes may be long-lasting
and contribute to the pathogenesis of depressive disorders later in life [164,165].

5.1. Glutamatergic Rapid-Acting Antidepressant Drugs

Traditional antidepressant drugs, such as selective serotonin reuptake inhibitors (SS-
Rls), primarily acting by increasing the synaptic bioavailability of monoamines, were also
shown to modulate glutamatergic transmission [166,167]. Indeed, monoaminergic antide-
pressants were demonstrated to regulate the expression and function of NMDA and AMPA
receptors, to modulate glutamatergic synaptic transmission, and to rescue morphological
changes in corticolimbic brain areas [168-170].

Accordingly, accumulated knowledge on the etiopathogenetic processes of MDD and
PTSD converge in attributing a major role to neuroplasticity impairments and dysfunction
of the glutamatergic system [171]. In this context, the evidence of rapid and long-lasting
antidepressant properties of the non-competitive NMDA receptor antagonist ketamine
administered at subanesthetic dose revolutionized research on antidepressants, which had
not seen drugs with new mechanisms of action for decades [156]. Indeed, even though
traditional antidepressants are effective in most patients, their efficacy is limited by a delay
of therapeutic onset of several weeks and by a high percentage of non-response and disease
recurrence [172]. Preclinical studies have revealed that the rapid antidepressant effect of
ketamine is associated with the restoration of dysfunctional glutamatergic transmission
and promotion of neuroplasticity in corticolimbic areas [150,173-175].

This amount of research led to the authorization of an intranasal formulation of
esketamine, the (S)-enantiomer of ketamine, for the management of treatment-resistant
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(TRD) patients in combination with a classic antidepressant in 2019 [176], and ketamine is
also receiving attention for the treatment of PTSD and other psychiatric conditions [177,178].

Despite the enthusiasm raised by the rapid psychotropic action of ketamine, the abuse
potential and other possible adverse effects represent significant limitations on wider use of
the drug in therapy. Nevertheless, the success of ketamine has supported the investigation
of antidepressant properties of other glutamatergic drugs.

Several glutamatergic drugs including selective antagonists of the GluN2B subunit
(CP-101606; MK-0657), NMDA receptor partial agonists (D-Cycloserine), and glycine site
modulators (GLYX-13) have been investigated in recent years [172,179]. However, all
these drugs have failed in clinical trials due to a lack of antidepressant efficacy in patients
and have been thus abandoned. Other glutamatergic drugs still under preclinical/early
clinical development include the following: R-ketamine, hydroxynorketamine, modu-
lators of metabotropic receptors (especially mGluR2/3 antagonists), dextromethorphan,
dextromethadone, and nitrous oxide [177,179-181].

At the same time, since ketamine is a dissociative psychedelic drug, it has also reignited
interest of research in unveiling the therapeutic potential of other psychedelic drugs. Indeed,
hallucinogens like psilocybin, LSD, and MDMA are being studied not only as innovative,
fast-acting antidepressants but also as drugs for the treatment of alcohol and substance use
disorders, as well as for the management of PTSD [182-185]. Importantly, despite primar-
ily targeting serotonergic transmission, most psychedelics were reported to downstream
modulate glutamatergic transmission as a mechanism to promote neuroplasticity [186,187].
Indeed, psychedelics were shown to increase glutamate release and transmission pre-
dominantly in cortical brain regions, in turn activating neurotrophic cascades, inducing
long-term structural plasticity and modifications of cortical functional connectivity [188].

6. Discussion and Future Perspectives

For decades, neurodevelopmental and adult mental disorders have been studied in
parallel, with limited consideration of possible common etiopathogenetic factors and thera-
peutic strategies. The same happened with neuropsychiatric and substance use disorders.
However, convergent recent evidence is highlighting the importance of glutamatergic
regulation in all these clinical conditions. Impaired glutamatergic transmission may lead
to excitation/inhibition imbalance, which possibly may activate excitotoxic processes, in
turn affecting neuroplasticity and eventually neuronal survival [13]. Indeed, even though
excitotoxicity is generally considered to be associated with neuronal death, overexcitation
can also have a dramatic long-term impact on neuronal structure and networks, leading to
glutamatergic hypofunction [149,189]. Accordingly, it is worth noticing that ASD, substance
use disorders, and psychiatric disorders share neuroplasticity alterations in glutamatergic
brain areas, thus impacting mood, motivation, and cognition. Since homeostatic levels
of glutamate are required for the physiological functioning of the brain [16,190-193], it
should not be surprising that pharmacological strategies potentiating glutamatergic trans-
mission were shown to restore neuroplasticity and to exert therapeutic effects in both
neurodevelopmental and adult mental diseases (Table 1).

Intriguingly, among different drugs, ketamine is of particular interest because, at high doses,
it can precipitate neuropsychiatric disorders (specifically, psychotic symptoms) [20,114,115], and
at low doses, it has been shown to open a window of neuroplasticity [194] and is associated
with rapid antidepressant, anti-PTSD, and anti-ASD actions [177,195]. Similarly, classical
hallucinogens are revolutionizing the neuropsychopharmacology field, opening new paths
for the management of mental disorders [182,183]. Hallucinogens are showing promising
therapeutic effects not only in the management of MDD and PTSD but also for substance
use diseases [113]. Again, at first glance, this might seem contradictory but not when one
considers that therapeutic effects pass through the rapid regulation of neuroplasticity and
connectivity [186,187].

The possibility to regulate glutamatergic transmission through mGluR modulation
is attracting attention as well [196,197]. Unfortunately, to date, this approach is not yet
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producing particularly encouraging results, and some molecules targeting mGluRs have
recently failed in clinical phases (as in the case of mGluR5 antagonists for ASD). More
studies are warranted to unveil the therapeutic potential of mGIluR modulators which,
compared to ionotropic glutamate receptor drugs, have the advantage to offer the possibility
to fine tune glutamatergic transmission. Indeed, it must be recognized that glutamatergic
transmission is distributed throughout the central nervous system and plays crucial roles
in several brain functions, ranging from mood to memory and cognition [3-5]. Thus, if on
one hand glutamatergic drugs have a high therapeutic potential in diseases associated with
alterations of neuroplasticity, on the other hand, they might induce dangerous effects. First
of all, we cannot fail to mention that glutamatergic drugs may induce dissociative effects
and may have abuse potential, as in the case of ketamine. At the same time, an excessive
direct glutamatergic activation may lead to psychotic symptoms, epileptogenic effects, and
excitotoxicity. Milder modulation of glutamatergic transmission, as permitted by mGluR
drugs (especially in the case of positive and negative modulators) or indirect glutamatergic
agents, seems to be safer but also with lower therapeutic efficacy. More studies are required
to fully exploit the therapeutic potential of glutamatergic drugs in mental disorders.

Table 1. Therapeutic strategies targeting glutamatergic transmission for the treatment of neurodevel-
opmental and adult mental disorders.

Drug Target Disorder Refs.
Acamprosate NMDA receptor antagonist SUD [88]
Amantadine Non—corppetltlve NMDA receptor SUD [99]
antagonist
1 TRPV1 agonist; 5-HT1A agonist; indirect [198]
Cannabidiol CB1 and CB2 agonist SUD Reviewed in [109,110]
) SUD [99]
D-cycloserine Partial NMDA receptor agonist
Schizophrenia [132]
Dextromethadone NMDA receptor antagonist MDD [179]
Non-competitive NMDA receptor
Dextromethorphan antagonist; SERT /NET blocker; Sigma 01 ~ MDD [181]
receptor agonist
Hydroxynorketamine AMPA receptor activator MDD [177]
Iclepertin (BI 425809) GlyT1 inhibitor Schizophrenia [140]
ASD [41,42]
SUD Reviewed in [177]
. [176]
Ketamine/S-ketamine Non—competltlve NMDA receptor MDD/TRD Reviewed in
antagonist [150,173-175,177,181]
PTSD [178,199]
Other psychiatric conditions Reviewed in [177]
R-ketamine Non—con'lpetltlve NMDA receptor MDD [177]
antagonist
- Voltage-gated sodium and calcium
Lamotrigine channel blocker SUD [99]
LSD 5-HT2A receptor agonist; D2/D3 receptor MDD Reviewed in [183]
agonist SUD [200]
Luvadaxistat D-amino acid oxidase inhibitor Schizophrenia [133]
Releaser and/or reuptake inhibitor of [201]
MDMA presynaptic serotonin, dopamine, and PTSD

norepinephrine

Reviewed in [183]
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Table 1. Cont.

Drug Target Disorder Refs.
ASD [39,40]
Memantine Non-selective NMDA receptor antagonist
SUD [100,102]
MK-801 (Dizocilpine) NMDA receptor antagonist SUD [101,104]
N-acetyl-L-cysteine mGluR2/3 agonist ASD [45,46]
Nitrous oxide NMDA receptor antagonist MDD [181]
Pomaglumetad mGluR2/3 agonist Schizophrenia [132,147]
MDD [182.] di
Psilocybin 5-HT1A, 5-HT2A and 5-HT2C activator Reviewed in [183]
SUD [184]
Voltage-dependent sodium channel
Riluzole inhibitor; NMDA /kainate receptor ASD [39,40]
antagonist
Sarcosine GlyT1 1r}h1b1tor; NMDA receptor Schizophrenia [137-139]
co-agonist
Sodium benzoate D-amino acid oxidase inhibitor Schizophrenia [134]
. Voltage-gated sodium channel blocker;
Topiramate AMPA /kainate receptor antagonist Sub [61,106]
Traditional antidepressants SSRI; SNRI; TCA MDD [166,167]
CDPPB, ADX47273, DFB . . . .
4 4 4 Schizophrenia Reviewed in [145]
CHPG, LSN2463359, mGluR5 positive allosteric modulator P
LSN2814617 SUD [97]
TS-161, RO4995819 mGluR2/3 antagonists /allosteric MDD Reviewed in: [177,181]
modulators
LY379268 mGluR2/3 agonist SUD Reviewed in [97,99]

NMDA: N-methyl-D-aspartate, TRPV1: transient receptor potential cation channel subfamily V member 1,
CB1: cannabinoid receptor 1, CB2: cannabinoid receptor 2, 5-HT1A: 5-hydroxytryptamine receptor subtype
1A, ASD: autism spectrum disorder, MDD: major depressive disorder, SUD: substance use disorder, SERT: sero-
tonin transporter, NET: norepinephrine transporter, AMPA: a-amino-3-hydroxy-5-methyl-a-isoxazolepropionate,
PTSD: post-traumatic stress disorder, GlyT1: Glycine transporter type-1, TRD: treatment-resistant depres-
sion, LSD: lysergic acid diethylamide, D2: dopamine receptor 2, D3: dopamine receptor 3, MDMA: 3,4-
Methylenedioxymethamphetamine, SSRI: selective serotonin reuptake inhibitor, SNRI: serotonin and nore-
pinephrine reuptake inhibitor, TCA: tricyclic antidepressant.

7. Conclusions

Overall, etiopathogenetic and pharmacological studies converge in highlighting a
crucial role of glutamate homeostasis and neuroplasticity in both neurodevelopmental and
adult mental disorders (Figure 1). Glutamate-dependent excitotoxic processes can lead to
glutamatergic dysfunctions, in turn impacting brain activity and plasticity. Neuroplastic
glutamatergic drugs may have the potential to rescue pathological conditions and restore
physiological neuroplasticity.

Although the clinical evidence is still limited and not always encouraging, glutamater-
gic modulation is representing a very interesting novel target for drug development, which
is sparking research interest in different fields. Despite failures, which are an inherent part
of the process, this is paving the way to novel neuroplasticity-related therapeutic strategies
that could lay the foundation for next-generation pharmacotherapies to treat different
brain disorders.
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GLUTAMATE
EXCITOTOXICITY

GLUTAMATE
HOMEOSTASIS

Figure 1. Neuroplastic drugs rescue glutamate homeostasis reverting glutamate-induced excito-
toxicity and its consequences. (A) Physiological levels of glutamate at synapses are required for
physiological brain activity, especially in those brain regions, such as the hippocampus and prefrontal
cortex, implied in mood and cognitive functions and with a prevalence of glutamatergic neurons.
Besides neurons, glia are also involved in the maintenance of glutamate homeostasis participating
with neuronal synaptic terminals in the “tripartite synapse” to maintain balanced glutamate levels.
Glutamate (red spheres) is synthesized from glutamine (blue spheres) supplied by glial cells and
stored in vesicles until release throughout fusion with the presynaptic membrane. Once in the extra-
cellular space, glutamate can bind to ionotropic (AMPA, NMDA; in pink and green) and metabotropic
(mGluR; in yellow and purple) glutamate receptors at both presynaptic and postsynaptic terminals
initiating several responses, including membrane depolarization, activation of intracellular messen-
ger cascades, and modulation of local protein synthesis. Glutamate synaptic clearance is mediated by
excitatory amino acid transporters (EAATs; in dark yellow) located both on neurons and astrocytes,
where the reuptaken glutamate is converted into glutamine by glutamine synthetase, which is then
released and ready to enter the cycle again. (B) The dysfunction of the mechanisms adopted to regu-
late synaptic glutamate levels may lead to glutamate excitotoxicity where the excessive accumulation
of glutamate causes neurotoxicity and eventually cell atrophy/death. This condition may be caused
by (1) impaired glutamate/glutamine recycle system, (2) dysfunctional reuptake, and (3) altered
expression and activity of glutamate receptors and has been proposed as a pathogenic mechanism
for neurodevelopmental and adult mental disorders. (C) In the long-term, the overactivation of the
glutamate system may also induce impairments of neuronal structures and networks, leading to
glutamatergic hypofunction. Accordingly, neurodevelopmental and adult mental disorders share
neuroplasticity alterations in glutamatergic brain areas. Importantly, drugs restoring glutamatergic
transmission have been demonstrated to exert therapeutic effects in these conditions together with
restoring neuroplasticity. Created with smart.servier.com.
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Abstract: Despite combined antiretroviral therapy (cART) limiting HIV replication to undetectable
levels in the blood, people living with HIV continue to experience HIV-associated neurocognitive
disorder (HAND). HAND is associated with neurocognitive impairment, including motor impair-
ment, and memory loss. HIV has been detected in the brain within 8 days of estimated exposure and
the mechanisms for this early entry are being actively studied. Once having entered into the central
nervous system (CNS), HIV degrades the blood-brain barrier through the production of its gp120
and Tat proteins. These proteins are directly toxic to endothelial cells and neurons, and propagate
inflammatory cytokines by the activation of immune cells and dysregulation of tight junction proteins.
The BBB breakdown is associated with the progression of neurocognitive disease. One of the main
hurdles for treatment for HAND is the latent pool of cells, which are insensitive to cART and prolong
inflammation by harboring the provirus in long-lived cells that can reactivate, causing damage.
Multiple strategies are being studied to combat the latent pool and HAND; however, clinically, these
approaches have been insufficient and require further revisions. The goal of this paper is to aggregate
the known mechanisms and challenges associated with HAND.

Keywords: HIV; HAND; neuroinflammation; microglia; latency; platelet

1. Introduction

Although combined antiretroviral therapy (cART) has made HIV a manageable and
treatable disease, resulting in similar life expectancy for people living with HIV (PLWH)
compared to their non-infected counterparts, HIV-associated neurocognitive disorder
(HAND) remains a significant challenge [1,2]. For PLWH, the estimated percentage of those
experiencing HAND is around 50%, with marginal differences observed across the United
States, Europe, Africa, and Asia [3]. Clinical manifestations of HAND have been divided
into three severities, asymptomatic neurocognitive impairment (ANI), mild neurocognitive
impairment (MNI), and HIV-associated dementia (HAD). ANI is characterized by motor,
memory, and executive functioning loss not impacting the daily life of those living with
it. MNI is slightly more severe and is defined by impairments beginning to impact daily
life. Lastly, HAD is the most severe and is associated with severe motor and memory loss,
which usually leads to death within one year [4]. At a cellular level, the interactions that
lead to the development and progression of HAND are complex and include both host
and viral factors that are at the forefront of HIV research today. From early invasion into
the brain to chronic inflammatory states lasting decades, many groups have elucidated
various mechanisms associated with HAND. The goal of this paper is to describe the
mechanisms associated with the onset and progression of HAND and discuss current
management strategies.

2. Early Infiltration of HIV to the Central Nervous System

A 1992 case involving a blood transfusion contaminated with HIV led to the discovery
that HIV enters the CNS within 15 days of exposure [5]. At this time, it was unknown
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how HIV entered the immune-privileged brain, especially early into infection. One of the
prevailing theories was the “Trojan Horse” model. In this model, infected monocytes would
be able to cross the blood-brain barrier (BBB) to gain access early in infection. By 2006,
this theory garnered strong evidence showing that HIV-infected monocytes can cross the
BBB through the expression of C-C motif receptor 2 (CCR2) on infected monocytes, which
was attracted to secreted C-C motif ligand 2 (CCL2) [6]. This was further supported in
2010 by showing that HIV-infected monocytes expressed elevated levels of CCR2 and were
more responsive to CCL2 [7]. In 2012, a study in Thailand demonstrated that HIV mRNA
is detectable in the CNS within 8 days of suspected exposure [8]. This study sparked the
interest of many in the field and has led to the development of several models of HIV to
bypass the BBB to gain entry to the CNS. Recently, it has been shown that HIV can infect
pericytes in the BBB [9]. The infection of pericytes can allow HIV to be secreted into the
CNS where it can infect the resident microglia. This would provide a direct route for HIV to
enter the brain without needing to hijack immune cells in order to bypass the BBB for entry.

Of interest to our group is the role of platelet activation and platelet leukocyte com-
plexes (PLCs) in the infiltration of HIV into the brain. We showed that during HIV infection,
there is an activation of platelets to secrete CD40 Ligand (sCD40L) [10]. Subsequently, we
demonstrated that the sCD40L promotes the development of platelet monocyte complexes
(PMCs) during HIV infection through the interaction of P-selectin on platelets and the
P-selectin glycoprotein ligand-1 (PSGL-1) on monocytes [11]. Interestingly, the most in-
creased phenotype of monocytes in the PMCs we found was CD16+ monocytes [10]. CD16+
monocytes display a more inflammatory phenotype than CD16— monocytes, prompting
the notion that these circulating complexes are the most significant PLC for promoting
chronic inflammation and it had been previously shown that during HIV infection, the
vast majority of monocyte-derived immune cells that enter the brain are CD16+ [12,13].
These previous studies paired with our work show that PMCs, particularly CD16+, are
significant in promoting the transmigration of inflammatory monocytes into the brain. We
are currently analyzing different strategies to antagonize these complexes to reduce further
transmigration to the brain, as well as reduce persistent inflammation associated with these
cell complexes.

3. Loss of Blood—Brain Barrier Integrity

The deterioration of the BBB has been shown to progress to neurocognitive dys-
functions and dementia [14,15]. By 2002, it had been shown that breakdown of the BBB
was one of the key markers of HAD [16]. The mechanisms behind HIV-associated BBB
breakdown represent an interesting interplay between host factors and viral proteins.
One of the first pathways characterized by the HIV-related dysregulation of the BBB
was trans-activator of transcription (Tat) toxicity on brain microvascular endothelial cells
(BMECs) [17]. Tat’s primary function for HIV is to promote the transcription of long viral
transcripts for the integrated provirus. It achieves this by binding to host factors in the
P-TEFb complex and TAR region in short viral transcripts to cause the continual activation
of CDK9 in the P-TEFb complex. This results in the expression of viral transcripts long
enough to encode key proteins [18-20]. In Tat-mediated BMEC toxicity, Tat is able to
induce the activation of the antioxidant nuclear factor-B (NF-&B) and activator protein-1
(AP-1), which damage the BMEC and promote monocyte chemoattractant protein, which
further propagates inflammation by recruiting circulating monocytes [17]. Tat-mediated
toxicity has been one of our group’s interests for many years and we have demonstrated an
interesting interplay between Tat and sCD40L. We have shown that Tat is able to upregulate
CD40 in monocytes and microglia through the activation of NF-xB. We also have shown
that Tat, in combination with sCD40L, exacerbates the activation of NF-kB signaling and
the release of tumor necrosis factor-alpha (TNF-«x) [21]. Our results show that Tat alone is
able to induce host factors that can further amplify the inflammation [21].

In addition to attracting and activating immune cells that propagate an inflamma-
tory response, Tat also damages the BBB by weakening tight junctions and deregulating
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cellular migration through the BMEC layer. Specifically, Tat acts by downregulating the
transcription of the tight junction proteins occludin and zonula occluden 1 and 2 (ZO-1 and
Z0-2), while also promoting the accumulation of reactive oxygen species (ROS), advanced
glycation end products (AGEs), and amyloid beta (Af) in the brain [22-24]. The down-
regulation of the tight junction proteins is associated with interference of Ras signaling
through the stimulation of the Ras homolog gene family A (RhoA)/Rho-associated kinase
(ROCK) pathway. The accumulation of ROS is associated with the activation of the Ras
pathways stimulated, while the buildup of A3 and AGE has been shown to be caused
by the Tat-mediated upregulation of the A3 transfer receptor lipoprotein receptor protein
1 (LRP-1), and the receptor of AGE (RAGE) [23,24]. Another pathway our group eluci-
dated for the Tat-mediated disruption of tight junction proteins is through the inhibition
of Sonic hedgehog (Shh) signaling. Using a transgenic Tat-expressing mouse model, we
demonstrated that Tat expression decreased protein levels of Shh, Gli 1 (a key transcription
factor for tight junction proteins), and the tight junction protein Claudin5 [25]. In addition,
we also used a humanized mouse model to show that during HIV infection, a mimetic
of Shh, the smoothened agonist (SAG), can prevent the downregulation of Glil, occludin,
and Claudin5 while also protecting from leukocyte invasion in acute and chronic phases
of infection [26,27]. Together, our work and others have shown the different ways that
Tat is involved in disrupting tight junctions and the overall disruption of the BBB during
HIV infection.

Another key HIV protein that damages the BBB is gp120. gp120 had been shown to
be secreted at low levels in the blood, although due to technical limitations, it was not
shown until 1999 that gp120 is secreted at low levels in the brain as well [28]. This led to the
question of whether gp120 alone is significant enough to cause neuronal cell death and/or
the breakdown of the BBB. gp120 was first shown to be important to HAND by showing
its toxicity to neurons by inducing apoptosis by the activation of the CXCR4 receptor on
neurons [29]. After the direct pathway for neuronal cell death was characterized, further
investigation with mouse models and macrophage co-culture systems demonstrated that
neuronal cell death is predominately associated with the activation of macrophages and
cell-to-cell signaling and the p38 MPAK cell death pathway [30]. Shortly after these findings,
it was shown that gp160 and gp120 could induce apoptosis in endothelial cell lines as
well [31]. Lastly, gp120 alone was shown to weaken BBB tight junctions and allow for
elevated levels of monocyte transmigration [32]. This suggests that not only does gp120
have a role in the long-lasting BBB weakening, but it is also involved in early damage and
immune cell invasion.

4. Activation of Immune Cells Exacerbates Neuroinflammation
4.1. Microglial Targeting of Synapses

The activation of microglia significantly contributes to HAND progression. Microglia
of the CNS are essential to maintain the overall homeostasis of the brain. They are involved
in critical functions that regulate brain development, neuroplasticity, and neuron injury
repair [33]. These specialized cells become activated when small changes in the CNS are
detected [34]. The dysfunction and overactivation of microglial cells are implicated in
several neurodegenerative diseases.

A necessary receptor that is crucial for the survival and function of microglia is the
colony-stimulating factor receptor (CSF1R) [35]. Previous studies using mouse models
have shown that the inhibition of this receptor results in approximately 99% of brain-
wide microglia depletion [36]. When activated, this receptor can regulate two microglial
phenotypes: the M1 phenotype is pro-inflammatory and associated with neurotoxicity,
while the M2 phenotype is anti-inflammatory and associated with neuroprotection [36,37].
Microglia’s role within the CNS is tightly regulated by “on” and “off” signals that create a
reactive/phagocytic or a quiescent state, respectively. These signals are released by neurons
and astrocytes through the TGF(32 signaling pathway [38—40].
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Upon stimulus or injury, pro-inflammatory signals from microglia are transduced
throughout the cellular network of resident CNS immune cells. As a result, inflammation
occurs in localized areas of the brain, resulting in the upregulation of phagocytosis, cytokine
secretion, inflammasome activity, and immune cell proliferation [41]. During HIV infection,
Tat can induce a shift to the M1 phenotype [42]. While this is thought to be one of the
reasons for prolonged damage of the CNS seen in HAND, M1 microglia stimulated with
TNF-« and IFN-y have been shown to contain HIV replication pre- and post-integration by
the upregulation of APOBEC 3A [43]. This creates a challenging paradigm for preventing
inflammation, as M1 activation is inherently leading to inflammatory cytokines, but also
prevents inflammation by restricting HIV replication. This restriction has also been linked
to inducing latency in microglia, which further complicates the picture for developing
treatment strategies [44].

In part, infected microglia exert their effects by directly targeting the neuronal synapses.
In a developing brain, these cells are involved in the establishment of neural circuits through
synaptic pruning. However, dysregulated microglia can cause abnormal pruning that re-
sults in the loss of synaptic connections and degeneracy [45]. Several studies have provided
mechanisms that suggest an interaction between virally induced /activated microglia and
synaptic proteins that cause phagocytosis of the synapse.

Since the 1990s, neuron loss and cortical brain damage have been reported in PLWH.
In such cases, correlations were observed between dysregulated fractalkine microglial
receptors (CX3CR1/FKN) and synapse loss. A recent study investigating HIV-associated
pain revealed a possible connection between synaptic degradation and the gp120-induced
upregulation of both CX3CR1 and CX3CL1, a chemoattractant typically secreted by neurons
during toxic insults. When treated with gp120 alone, an increase in CX3CR1 activity in
microglia was seen along with a significant decrease in three markers of presynaptic health
in both neuron-glial co-cultures and mouse models: Syn I, Syt-1, and PSD-95 [46].

The coupled response between increased glial receptors and increased neuronal cy-
tokine expression perfectly positions microglia to target the synapse for phagocytosis. With
regards to the CNS and PLWH, the ramifications of induced microglia could include the
extensive elimination of neuronal circuits. This is especially concerning as the continuous
activation of microglia due to HIV latency would only promote further neurodegeneration.

4.2. Recruitment of Circulating Monocytes

Circulating monocytes are recruited to the CNS by secreted CCL2. As with synaptic
degradation, HIV viral protein gp120 is implicated in altering the activity of resident CNS
immune cells [6]. This includes both microglia and astrocytes through an increased CCL2
expression upon gp120 treatment. As a result, monocytes are recruited to where they are
needed, expand in population, and provide an immune response. The exposure to CCL2
upregulates the monocyte expression of adhesion molecules. Because of this, gp120 might
induce monocyte interaction with endothelial cells and platelets [47].

The transudative mechanism of peripheral monocytes through endothelial cells (ECs)
into subendothelial spaces allows monocytes to reach targeted locations. During an im-
mune response, the activation of pro-inflammatory transcription factors like NF-xB has
been shown to upregulate cell surface receptors collectively known as cellular adhesion
molecules (CAMs/ICAMSs) [47,48]. It has been recognized for some time that HIV infec-
tion leads to the increased activation of NF-kB (subsequent increase in CAMs/ICAMS).
More recent studies have shown that in addition to gp120, Tat also induces the expression
of these adhesion molecules [49].

The upregulation of these cell surface receptors allows for increased interactions be-
tween peripheral monocytes and endothelial cells of the BBB. Because of this, monocytes
are encouraged to migrate across the BBB and invade the CNS. As previously mentioned,
activated monocytes form a complex with activated platelets, known as a platelet-monocyte
complex (PMC). The formation of PMCs in addition to increased CAM/ICAM expression
on both endothelial and monocytic cells further enhances the migration of monocytes
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across the BBB. This persistent cellular movement sustains the immune response and prop-
agates pro-inflammatory signals within the CNS as invading immune cells are activated.
Ultimately, in an attempt to localize and combat viral infection, the early activation of
microglial and then peripheral monocytes exposes the double-edged sword of the host’s
immune response.

4.3. Other Long-Lasting Cytokine Pathways

There are several cytokine and chemokine cues from the environment that are im-
plicated in the persistent neuroinflammation of neurodegenerative diseases. Direct evi-
dence for this was produced in 2005 when Cartier et al. showed elevated levels of pro-
inflammatory and apoptotic molecules (IL-10t, CXCR2, CCR3, CCR5, and TGF-f3) in post-
mortem brain tissue in subjects with Alzheimer’s disease (AD) compared to age-matched
controls [50]. Like other neurodegenerative diseases, the prognosis of HIV, a life-long viral
infection, is intimately mediated by long-lasting dysregulated cytokine pathways.

Although the cytotoxic effects of Tat have been known for decades, in 2019, a strong
connection was made between the downregulation of nod-like receptor CARD domain 5
(NLRC5) and NF-kB. Nod-like receptors are located on several glial cells and are dedicated
to responding to pathogen-associated molecular patterns. In vitro exposure to Tat revealed
a significant decrease in NLRC5 expression in the prefrontal cortex of mouse microglial
cells [51]. NLRCS5 is thought to downregulate the pro-inflammatory effects of NF-xB by
blocking the phosphorylation of IKK« and IKK( [52]. This is an important immunological
break in the inflammatory cascade as the activation of NF-xB leads to inflammasome
activity and inflammatory molecules. However, with Tat’s ability to decrease NLRC5, this
break is diminished and the host immune response is kept on.

The well-known immunological signaling pathway JAK-STAT is critical for the co-
ordination of immune cells and is implicated in HIV neuropathology. These interactions
are bolstered as the downstream cytokines of JAK-STAT travel through the CNS in cere-
brospinal fluid to interact with immune cells deep within cervical lymph nodes [53]. In
2018, it was demonstrated that HIV-1 viral protein Vif associates with STAT1 and STAT3,
leading to their degradation through ubiquitination, as opposed to activation through
phosphorylation. Without STAT1 and STAT3, T cells fail to receive Type 1 interferon (IFN)
survival signals, resulting in their depletion [54].

Over the past decade, however, there has been growing evidence that disruption
within this pathway may affect HIV latency. Due to insufficient activation signals from JAK-
STAT, there is a possibility that memory T cells may be blocked from becoming a latency
reservoir. Studies have shown a marked reduction in the number of CD4+ T cells harboring
integrated HIV DNA in both in vitro and in vivo experiments using FDA-approved Jak
inhibitors tofacitinib and ruxolitinib [55]. The lack of viral integration within these cells
further implicates JAK-STAT’s involvement with HIV latency.

The mechanism behind both of these pathways creates a situation for the host in
which early viral proteins elicit an initial host response that persists and becomes chaotic,
distorted, and harmful to the individual. Further research into identifying the roles of
the NLRC5-NF-«B signaling axis and the JAK-STAT pathway during an HIV infection
is needed. Nevertheless, preliminary data provide a possible insight into the sustained
neuroinflammation seen in PLWH. This information may be used in the future to develop
novel treatments for HAND [51,55].

4.4. Biomarkers of HAND and Neurocognitive Impairment

There are two categories of biomarkers being investigated in the context of HAND,
advanced neuroimaging markers and plasma/serum and CSF-based soluble markers.
Among the neuroimaging markers, cerebral blood flow (CBF) and cerebrovascular reactiv-
ity (CVR) are markers for BBB dysfunction. Ances et al. have shown reduced resting CBF
in the basal ganglia and visual cortex of PWLH compared to HIV-negative healthy controls
(HCs) [56]. CBF abnormalities have also been documented in PWLH with cognitive im-
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pairment [56-58]. Callen et al. used changes in CBF induced by intravenous acetazolamide
and found decreased CVR in the frontal lobe and basal ganglia, while another study used
transcranial Doppler ultrasound and breath-holding to assess mean flow velocity changes
to infer CVR [59,60]. Higher CVR was associated with a higher score on the Montreal
Cognitive Assessment. In corroboration with these reports, our group found that CVR was
a more sensitive measure of pre-cART neurovascular damage as compared to CBF [61].
In addition to these, axonal and myelin changes, extracellular free water (an index of
inflammation), quantitative susceptibility mapping (to measure iron dysmetabolism), and
white matter hyperintensities are other biomarkers that are being explored by our group
and others [61-71].

Many different soluble markers in plasma, serum, and CSF have been investigated for
their association with HAND such as markers of neuronal injury, endothelial dysfunction,
and monocyte activation. A neurofilament light (NFL) chain is an essential scaffolding
protein of the neuronal cytoskeleton, which is released into CSF and peripheral circulation
upon axonal injury. Phosphorylated Tau is considered a marker for neuronal and synaptic
loss. Glial fibrillary acidic protein (GFAP) is associated with glial activation. Multiple
studies have shown that PLWH exhibit increased levels of NFL in blood plasma and CSF,
especially in cART-naive individuals [72-76]. A few reports have also found pTau and
GFAP levels to be increased in PLWH; however, these findings have not been consistent
throughout the different studies [77-80]. Lastly, endothelial activation has been measured
via levels of the intracellular adhesion molecule (ICAM) and vascular cellular adhesion
molecule (VCAM), and monocyte activation has been measured using levels of circulating
monocytes and sCD14, sCD163, neopterin, etc. ICAM and VCAM are found to be elevated
even in well-controlled HIV infection [61,81-84]. A study by Shikuma et al. showed that
a higher antiretroviral monocyte efficacy score was linked with better cognitive perfor-
mance [85]. HIV DNA levels in monocytes and soluble CD14 were found to be associated
with VCI in PLWH [86,87]. In addition, our group and others have shown that CD16+
monocyte levels are also associated with a worse cognitive outcome in PLWH [88,89].
In resource-limited settings where MRI facilities are not readily available, these blood
biomarkers could be more easily implemented. However, well-designed, prospective,
longitudinal studies are needed to overcome the variations found across different studies.

5. Propagation of HIV-Associated Neuroinflammation
5.1. FKN Signaling

CX3CL1, or fractalkine (FKN), exists as an EC membrane-bound protein that serves
cell-to-cell adhesion. However, when bound to a monocyte receptor (CX3CR1), it doubles
as an immune cell attractant, promoting the recruitment of WBCs. Additionally, CX3CL1-
CX3CR signaling is required for immune cells to communicate. This interaction suggests
that the activation of the FKN pathway during an HIV CNS invasion may encourage
further immune cell invasion and inflammation.

A study in 1997 showed that CX3CL1 is more highly expressed in the CNS compared
to the surrounding periphery [90]. Additionally, this expression is increased during viral
infections, such as HIV. As previously mentioned, the interaction between HIV Tat and
sCD40L is able to activate the NF-xB pathway [21]. A downstream effect of this transcrip-
tion factor is the upregulation of CX3CL1 expression. In doing so, further recruitment of
immune cells such as CD8 T cells occurs [91]. The implications of CD8 T cell involvement
include the release of potent and possibly toxic granules, along with dysregulated interac-
tions with CD4+ T cells. Furthermore, the secondary activation of CD8 T cells during latent
HIV infection has been shown to result in poor viral control [91].

The effects of altered CX3CL1 expression have been documented in other inflamma-
tory diseases like coronary artery disease (CAD) and kidney disease. When comparing
CX3CL1 mRNAs within the T cells of atherosclerotic plaques and peripheral blood, it was
found that plaques contained a higher concentration [92]. In another study with similar
findings, CX3CL1 expression in renal biopsies of patients with acute glomerulonephri-
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tis was elevated compared to negative controls [93]. In addition to an HIV infection of
the CNS, a variety of neurodegenerative diseases involve pro-inflammatory signals and
immune cell communication. Current evidence supports the involvement of the CX3CL1-
CX3CR signaling axis and shows its possible association with other pro-inflammatory
pathologies. The long-term dysregulated CX3CL1-CX3CR signaling response from the
host during an HIV invasion of the CNS implicates immune cell migration, persistent
inflammation, and possibly latency. However, there are other immunological pathways
that link these disorders.

5.2. TNF-Alpha Signaling

Another important and well-studied immune molecule is TNF-«. Upon infection,
TNF-« is released by macrophages and monocytes to stimulate inflammatory pathways and
oxidative stress. Our previous work has shown that Tat in combination with sCD40L can
increase TNF-« secretion through the activation of NF-xB [21]. Because of this, the early Tat
gene of HIV is linked to the exacerbation of pro-inflammatory pathways. Two additional
and important signaling effects of TNF-« include apoptosis and T cell differentiation [94].
Across the literature, the dysregulation of inflammatory pathways has emerged as a com-
mon cause of neurodegenerative diseases.

Although vastly different diseases, the neurodegeneration seen in Parkinson’s Disease
(PD) and amyotrophic lateral sclerosis (ALS) show similar molecular patterns to those with
HIV. For patients with PD, elevated levels of TNF-« were found in serum samples. Perhaps
more importantly though, elevated TNF-« was positively correlated with the severity of
disease [95]. In patients with ALS, elevated levels of TNF-« were found, in association with
gene mutations SOD1 and C9ORF72 [96].

Since the 21st century, there has also been evidence showing elevated TNF-« in subjects
with a variety of psychiatric illnesses linked to neuroinflammation [97]. One such illness is
schizophrenia, a complex psychiatric disorder marked by hallucinations and/or delusions.
Not only was an association between elevated TNF-« serum levels and schizophrenia
demonstrated, but a positive correlation between schizophrenic symptoms and TNF-«
was found [38,98].

With regards to HIV in the CNS, the implications of dysregulated TNF-o involve a
widespread inflammatory response that leads to tissue damage. A recent study investi-
gating the mechanism behind HIV-induced TNF-« signaling in monocytes showed that
HIV-1 gp120 produced increased levels of TNF-« in a dose-dependent manner [39]. Inter-
estingly, this report also showed that even when viral entry was blocked, increased levels
of TNF-a were still observed. This implies that viral entry is not a requirement to alter
TNF-x expression.

The relationship between pro-inflammatory molecules and different neurodegenera-
tive diseases represents immunological pathways that have gone awry. This dysfunction
can be seen in their overlap from laboratory results such as serum biomarkers to clinical
presentations like premature cognitive decline. The causes of PD, ALS, schizophrenia,
and HAND arise from vastly different methods, but one of the underlying mechanisms
heavily involved appears to include TNF-a. Further investigation into the pathogenic
inflammatory effects of this molecule may provide insight into treatment and possibly a
cure for these neurodegenerative diseases.

5.3. Cofactors of HAND Progression

A variety of cofactors have been identified to worsen HAND development. One major
cofactor of interest is substance abuse. A 2008 study found that 71% of PLWH reported
substance abuse while just 24% of PLWH seek treatment for substance abuse [99]. The
interplay between HAND progression and substance abuse remains challenging to study;
however, some reports have shed insight into this relationship. Studies using simian im-
munodeficiency virus models in macaques showed an increased influx of macrophages
and viral load in the CNS with exposure to cocaine and methamphetamine [100,101]. Other
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studies have shown that HIV replication in microglia can be upregulated during substance
abuse as a response to increased dopamine from drug use [102,103]. For opiates, reports
have shown that morphine and Tat synergistically promote neuronal cell death [104,105].
Clinically, it is unclear how substance abuse can shape HAND progression; however,
one study showed that a history of substance abuse did not increase the rate of neurocogni-
tive impairments [106]. Noteworthy for this study is that the majority of substance abusers
had over a year of abstinence prior to the start, so it is unclear how active drug use may
contribute to HAND progression.

A second cofactor to HAND progression is co-infection with both chronic and acute
pathogens. In particular, hepatitis C virus (HCV) has garnered attention due to exacerbat-
ing neurodegeneration in PLWH. For HIV+HCV+ individuals, the rate of neurocognitive
impairments is estimated to be around 63% compared to just 10-49% for HCV+ and 50%
for HIV+ [3,107,108]. HCV has been shown to infect and persist in microglia, which leads
to a chronic stimulus and cytokine release [109]. Two of these cytokines include TNF-«
and IL-18, which are key contributors to HAND [94,110,111]. Further investigations are
needed to provide a more comprehensive understanding of the interaction of HCV and HIV
co-infection, particularly during active HCV replication, and how it can lead to neurode-
generation [107]. Two other pathogens that have been documented to exacerbate HAND
include the intracellular parasite Leishmania and the Mycobacterium bacteria. L. donovani
infects dendritic cells and macrophages in the blood where it upregulates IL-4 and IL-6,
and during the HIV co-infection of macrophages, this upregulation is enhanced [112]. The
increase in IL-4 and IL-6 during L. donovani likely can damage the BBB and CNS, although
more evidence is needed to confirm this. M. tuberculosis, like HIV, can infect macrophages
for years and produce a chronic inflammatory state. The co-infection of M. tuberculosis with
HIV in the context of AIDS progression has been well established; however, latent infection
with both pathogens in the context of HAND remains less studied [113,114]. During active
TB, an increased level of HIV is detectable in the blood and CSF [115,116]. In the context of
HIV impacting M. tuberculosis, HIV targets CD4+ T cells that have been shown to neutralize
M. tuberculosis by IFN-y and IL-2 induction, which can worsen M. tuberculosis outcomes
in patients [117]. For latent infections of HIV and M. tuberculosis, there has not been a de-
tectable chronic increase in cytokines compared to HIV alone; however, there is an increase
in T cell activation markers on both CD4+ and CD8+ T cells, namely CD38+ and HLA-DR
expression [118]. HLA-DR and CD38+ expression on CD8+ T cells has been shown to be
a marker for HAND, but it is not clear if it is directly causative of HAND [119]. Another
possible way M. tuberculosis could contribute to HAND during more latent states could
be intermittent reactivation, but further investigation is needed. Overall, more research is
needed to determine the role of these cofactors and others in the progression of HAND.

6. Impact of Latency on Neuroinflammation
6.1. Latency in the Central Nervous System

One of the most challenging aspects of HAND is the latent pool of infected cells
that persist during cART. The development of cellular, three-dimensional organoid, and
small animal models of HIV-1 infection in microglia has greatly improved our molecu-
lar understanding of how intermittent emergence of HIV-1 from latency in microglial
cells primarily contributes to both neuroinflammation in the CNS and the progression
of HAND [40,120-124].

With an average age of 4.2 years, microglial cells” unique characteristic of slow cell
division allows the persistence of HIV-1 in the brain throughout the life of the patients
compared to other potentially infected cells in the brain [125,126]. Microglia also serve as the
main producer of pro-inflammatory cytokines and partake in phagocytosis when purines
released in the forms of ATP and ADP from damaged neurons bind to microglia purinergic
receptors P2RY12 [127]. During an active infection, neurodegeneration can result from the
persistency of pro-inflammatory markers, such as NO, ROS, IL-15, TNF-«, and IL-6 via
AP-1 (FosB), NF-xB (RelA /NF-KBI), and Stat1 signaling in microglial cells [128]. A direct
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association has also been drawn between the persistent upregulation of pro-inflammatory
markers, including IL-8, IL-183, and TNF-«, and reactivation of latent HIV [129-131].

In a case—control comparison study, direct evidence of HIV-1 latency associated with
neurodegenerative disease from 10 autopsies out of 32 HIV-seropositive (HIV+) patients
showed non-detectable p24 in the brain with a high amount of viral DNA [132]. Under
normal circumstances, the physiological homeostasis of the CNS causes microglia to return
to their “resting” state by signaling factors such as FKN, CX3CL1, CD200, TGFbetal/2,
and Wnt [133,134]. However, when there is an imbalance of physiological homeostasis
with the prolonged overproduction of pro-inflammatory cytokines such as TNF-«, IL-18,
IL-6, IL-8, CCL2, CCL5, ROS, and reactive nitrogen species (RNS) triggered by persistent
invading viruses, there is a consequence of the exacerbation of neuroinflammation and a
further neurodegenerative effect [133,135].

The periodic emergence of HIV-1 from latency within microglial cells may further
contribute to neurological complications via the reactivation of more microglial latent reser-
voirs and proviruses from the recognition of inflammatory cytokines, such as TNF-« and
IL-183 that are associated with HAND [133,136]. Furthermore, the abnormal activation of
microglial cells occurs in response to both (1) neuronal damage that results from chronic
neuroinflammation and (2) inflammatory cytokines that are produced by reactive astrocyte
neurodegeneration [137]. TNF-« triggers the activation of microglial cells, leading to the
excessive activation of microglia, which leads to the accumulation of pro-inflammatory
cytokines. Meanwhile, TNF-« induces the translocation of the transcription factor NF-xB to
the nucleus and upregulates many inflammatory cytokines in primary astrocytes, resulting
in neuronal death [110]. Moreover, TNF-o induces the expression of FKN, which enhances
the adhesion, chemoattraction, recruitment, and activation of other inflammatory cells [138-
140]. Similarly, the expression of IL-13 from microglia is tightly regulated by caspase-1,
whose activation is triggered by cleavages of procaspase-1. Once IL-1 is activated, IL-1/3
activates astrocytes, which subsequently produce TNF-« [139]. Studies have shown that
gp120 upregulates both the expression of IL-13 and TNF-«, which indirectly activates
latently infected microglial cells [141-143]. The cleavage of IL-1 to its active form, IL-1f3,
has been shown to be a result of Tat and gp120-mediated activation of the NLRP3 inflam-
masome [144,145]. This interplay between neuronal damage and microglia activation in the
context of latency in the CNS and the progression of HAND continues to be an important
area of in-depth research.

Astrocytes have also been shown to support latent HIV reservoirs in the CNS [146,147].
In the viral production in the CNS, astrocytes are typically less studied as they have been
shown to support limited viral production. This limited production can be overcome by
a stimulus from IFN-y and TNF-o [148,149]. In the context of harboring a latent pool, it
has been shown that class I histone deacetylases and histone methyltransferase, SU(VAR)3-
9, repress viral production and promote latency in astrocytes [149]. It is unclear how
significantly the astrocytic latent pool contributes to the progression of HAND and further
research is needed to fully understand its impact.

6.2. The Circulating Latent Pool

Microglial cells are considered the most challenging HIV reservoir in CNS. Likewise,
circulating T cells are characterized as the major HIV reservoir in the peripheral blood.
Most studies have found that memory T cells are the majority of latently infected cells.
During HIV entry into different T cell subsets, the support of proviral transcription, proviral
repression, and latency would be determined by the different transcriptional and intrinsic
cellular factors that the virus encountered. Some of the essential host transcription factors,
such as NF-xB, AP-1, NFAT, Sp1, and processive RNAP II, can assist efficient proviral
transcription once the viral genome is integrated [150-152]. On the other hand, studies have
shown that three main biochemical mechanisms limit the proviral transcription: (i) absence
of the positive transcription factors like NF-xB, (ii) epigenetic changes on chromatin, and
(iii) the presence of repressive factors [153,154]. Latent HIV infection appears to be mostly
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contained within the central CD4+ T cell compartment with a minority contained in naive
T cells [155,156]. Two cellular mechanisms for the generation of latent infection in CD4+ T
cells could be categorized as follows: (1) during the transition from activated CD4+ T cells
to a resting state and (2) the direct infection of resting CD4+ T cells [157,158].

Both naive and activated CD4+ T cells can be infected and support latency. Resting
CD4+ T cells can be infected through cell-cell contact by taking viral particles from dendritic
cells that present with Siglec-1/CD169 and DC-SIGN receptors. In HIV-1-infected resting
CD4+ T cells, no infectious particles were produced. Instead, these cells were observed
to have provirus-integrated near transcriptionally active chromatin, which allows the
expression of some spliced HIV RNA producing viral proteins, such as Gag and Nef but
no to negligible production of Tat, Rev, and Env [159-161]. On the other hand, activated
CD4+ T cells contain crucial metabolites such as nucleotides and amino acids that are
required for HIV replication and viral transcription. Activated CD4+ T cells will then
establish and maintain latency by returning back into quiescent resting memory CD4+
T cells or harbor latent HIV provirus. The subsequent reactivation of quiescent resting
memory CD4+ T cells will be triggered by the activation of TCR with the same antigen,
leading to the TCR-induced transcription factors and translocation into the nucleus [111].
Studies have shown that HIV-1 protein nef is capable of modulating the TCR activation
signals to promote HIV replication and pathogenesis by increasing the expression of the
TCR-induced transcription factors NF-kB, NFAT, and interleukin 2 (IL-2) in both quiescent
and metabolically active CD4+ T cells [162-164]. This pool of latent cells in the blood is
relevant to HAND as it could allow re-entry to the CNS even if the virus is eliminated
in the brain.

7. How to Address Neuropathogenesis and CNS Latent Reservoir
7.1. Shock and Kill Approach

The main hurdle to preventing HAND is the latent reservoir in microglial cells and
perivascular macrophages [165]. One of the most popular strategies being studied currently
to eliminate the latent reservoir, not just in the brain, is the “shock and kill” approach. The
“shock and kill” approach entails reactivating the latent reservoir by the use of latency-
reactivating agents (LRAs). Using LRAs, the provirus in latent cells would be expressed,
which would either trigger the cells to die by a cytopathic effect or recognition by other
immune cells such as cytotoxic T lymphocytes [166]. Unfortunately, this strategy has
several obstacles and limitations when applied to the CNS. Two of the major challenges
are—(i) addressing the heterogenous nature of the latent reservoir and (ii) controlling
the damage caused by reactivation. For now, addressing the diverse latent pool is more
important for researchers than determining how to prevent damage during reactivation. To
address this, a variety of broad-acting drug classes are being studied [167]. One drug class
developed includes those acting on epigenetic markers around the provirus, which include
histone methyltransferase inhibitors (HMTis) and histone deacetyl transferase inhibitors
(HDACis). This mechanism of reactivation would work by relaxing the chromatin to
promote transcription factors to enable proviral replication [166]. Other drugs aim to
target intracellular and paracellular signaling pathways. Some of these work by enhancing
protein kinases in the JAK-STAT pathway, inhibiting the degradation of NF-kB or directly
stimulating cytokine receptors [168,169]. Unfortunately, these drugs, even in synergistic
combinations, have been insufficient to cause enough reactivation to make the “shock and
kill” a viable strategy for the time being [170]. A further challenge to the “shock and kill”
approach is minimizing damage in the CNS during reactivation. The cell death in the
CNS during “shock and kill” would likely be severe, as the latently infected cells would
succumb to death, but possibly uninfected cells could perish by a bystander effect. It is
unknown how this cell death could alter the brain and what the long-term consequences
could be to the central nervous system.
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7.2. Block and Lock Approach

On the flip side, another strategy termed the “block and lock” approach has gained
traction in recent years to target the latent reservoir. This strategy aims to lock the latent
reservoir into a “deep latency” wherein there is no production of the virus and very minimal
to no transcription of the provirus. This would not eliminate the viral reservoir and confer
sterilizing a cure but would lower intermittent reactivation and could potentially reduce
neuroinflammation associated with viral shedding [171]. There have been a variety of
compounds analyzed in the “block and lock” approach, but three classes that could see
strong efficacy with regards to HAND are Tat inhibitors, LEDGINs, and NF-«B inhibitors.

As previously discussed, Tat plays a crucial role in the transcription of later viral
transcripts as well as propagating neuroinflammation [19,21,22,24,25]. One particular
Tat inhibitor of interest is didehydro-cortistatin A (dCA). dCA was shown to reduce the
transcription of HIV and reactivation of latent cell lines and primary cells in vitro, as well
as reducing reactivation in a mouse latency model [172-174]. dCA was also shown to
create a restrictive epigenetic landscape around the HIV promoter by recruiting BAF and
increasing the presence of deacetylated histone 3 at Nuc-1 [175].

LEDGINSs are inhibitors of HIV integrase and have been shown to be effective in reduc-
ing HIV replication in the early and late stages of the cellular cycle [176,177]. Specifically,
LEDGINS restrict early replication by allosterically inhibiting integrase. LEDGINs can also
affect later stages of replication by promoting the formation of oligomers of integrase that
result in the production of defective virions [176,178]. The early administration of LEDGINs
could help to prevent the establishment of CNS latent reservoirs, and later administration
could serve the “block and lock” approach to achieve a functional cure.

NF-kB inhibition is another path being investigated for the “block and lock” strategy.
NF-kB was first shown to increase HIV replication around 50-fold back in 1987 [179]. More
recently, there has been attention on inhibiting HSP90, which has been shown to regulate
NF-xB, STAT5, and NFAT in a Tat-mediated manner [180,181]. One HSP90 inhibitor,
AUY922, in combination with a reverse transcriptase inhibitor, EFdAA, was even shown to
prevent the reactivation of latent cells 11 weeks after administration in a mouse model [182].
Our group has been interested in sulforaphane (SEN), an isothyonate found in cruciferous
vegetables, which has also been shown as an anticarcinogen [183,184]. We recently showed
that SEN treatment can reduce the TNF-a-mediated reactivation of latently infected cells
by attenuating NF-kB signaling by promoting the antioxidant NRF2 [185]. SEN remains
of interest for the CNS as its antioxidant properties can help prevent disease progression
associated with oxidative stress in HAND [186]. SEN has also been shown to disrupt the
activation of the NLRP3 inflammasome, which could majorly reduce IL-168 and TNF-«
signaling mediated by microglia during HIV infection [187]. Our group is continuing to
investigate how the dual anti-HIV and antioxidant effects of SEN could be used to combat
HAND (Figure 1). With this said, NF-xB signaling remains one of the top pathways of
interest to inhibit in order to promote the “block and lock approach”.

7.3. Alternate Treatment and Concluding Remarks

Currently, the best approach to preventing HAND is through cART. cART helps
to prevent the progression of ANI to MNI or HAD. Improving the CD4+ T cell count
and suppressing viral load through cART has been shown to alleviate neurocognitive
impairments [188]. Whether addressing cART, “shock and kill”, or “block and lock”,
one large hurdle to overcome is getting the drugs to cross the BBB to travel to the microglia
while avoiding neurotoxicity. Currently, antiretrovirals with a greater ability to permeate
the BBB have been shown to reduce viral load but have also been shown to have a greater
degree of neurotoxic effects and patients who cease taking them have even been shown to
have an increase in neurocognitive functioning [189,190]. This creates a very challenging
double-edged sword for treatment and management with no clear solution currently. For
most patients on cART, the main symptoms experienced are mood disorders. Treatment
for these symptoms has been successful with standard antidepressant drug classes like
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serotonin reuptake inhibitors [191,192]. A 2018 study found that a CCR2 and CCR5 inhibitor,
cenicriviroc, was able to improve neurocognitive impairments in patients with cART [193].
In conclusion, while researchers have improved the treatment of HAND over the past
35 years, until the latent reservoir can be fully purged or driven to a highly non-productive
state, we will continue to need cART and develop new drug regimens to improve and
prevent neurocognitive impairments.
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Figure 1. Schematic diagram depicting that microglial cells can be infected by HIV and establish a
latent reservoir. However, this reservoir is subject to intermittent reactivation that produces virus
particles, viral proteins, and inflammatory cytokines. Neurotoxic viral proteins and cytokines cause
neuronal damage and contribute to progressive neurodegenerative consequences. The identification
of novel latency promoting agents such as SFN is highly desirable as it can prevent the reactivation
of HIV as well as inhibit cytokine release and thus may prevent HIV-associated neuropathology.
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