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Preface

Preclinical treatments found to be effective in rodent models of neurotrauma and neurological

disorders are prone to translational failure. While the heterogeneity of these injuries and disorders is

greater in the wider human population, this is true to some degree for all models of human maladies,

and thus the uniquely high translational failure rate for neurotherapeutics cannot be attributed to

clinical heterogeneity alone. Models reduce heterogeneity by design to allow for the controlled testing

of select variables. As such, when we seek to improve our modeling of a condition, it would be

counterproductive to increase the heterogeneity (within-group variability) in our models. Therefore,

to achieve translational success, we must focus on improving the fidelity with which we replicate

the mechanisms and manifestations of the human condition being studied. Our rodent models are

vital for making foundational progress in our basic understanding of neurotrauma and neurological

disorders, with their low cost and ease-of-use allowing for widespread utilization, high sample

sizes, and frequent replication for studies identifying candidate therapeutics and targets. However,

pathological mechanisms and manifestations in these vital rodent models are often quite different

from the human maladies they are modeling. In many cases, greater fidelity requires utilizing a

more costly large animal model to replicate clinical mechanisms and manifestations, and pigs have

emerged as ideal models for replicating human neurotrauma and neurological disorders. While

more costly than rodents, pig studies are significantly cheaper than clinical trials, and therefore

provide a relatively low-cost opportunity to test candidate therapeutics in the context of clinically

relevant mechanisms and manifestations. By using and promoting the use of these pig models (e.g.,

for rotational acceleration brain injury), we can improve our ability to fail early when developing

neurotherapeutics, which is an essential element of any functioning translational pipeline. In this

Special Issue, we provide examples of such pig models in use from leaders in the field, as well as

scholarly reviews and reports of new tools for use in pigs to study neurotrauma and neurological

disorders.

John O’Donnell and Dmitriy Petrov

Editors
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The translation of therapeutics from lab to clinic has a dismal record in the fields of
neurotrauma and neurological disorders. This is due in part to the challenging hetero-
geneity of the clinical population common to all translational research, but also due to the
unique challenges of recreating the mechanisms and manifestations of human neurological
injury/disorders in small animals. Large animal models are an essential component of
successful pipelines for moving discoveries from bench to bedside in other fields when
exploring device or therapeutic scale-up and/or investigational new drug/investigational
device exemption (IND/IDE)-enabling studies, and neuroscience has made significant
progress toward establishing such pipelines in its many unique subfields. Due to their size,
neuroanatomy, and other factors, pigs have proven to be ideal for providing high-fidelity,
clinically relevant studies to bridge the gap between small animals and humans.

This Special Issue collects a dozen papers from leaders in the fields of neurotrauma and
neurological disorders detailing clinically relevant studies and sophisticated swine model
systems that demonstrate their potential to empower translational research. There are five
primary research papers utilizing the rotational acceleration injury model of traumatic brain
injury (TBI), which requires a brain of sufficient mass (like the pig) to generate injurious
forces. Dr. Grovola and colleagues in the Cullen laboratory reported hyper-ramified
microglia in the gray matter after mild TBI, with fibrinogen indicative of blood–brain barrier
disruption also predominantly in the gray matter, adding to the body of evidence that
rotational acceleration pathology is not limited to white matter [1]. The Margulies group
contributed three primary research articles utilizing rotational acceleration in a pediatric
pig model. Oeur et al. applied single and repeated low-velocity head rotations in piglets
and also gathered data from adolescent humans presenting with concussion, and found that
deficits in the pupillary light reflex were altered after injury compared to reference ranges,
suggesting that pupillometry could be a valuable tool for neurofunctional assessment [2].
Mull et al. reported significant gait alterations in piglets following rotational acceleration
that were more severe and longer lasting when multiple rotations were applied, and they
also validated reference ranges for assessing gait alterations in piglets [3]. Dr. Oeur and
colleagues also investigated auditory and visually evoked potentials following rotational
acceleration in piglets, and found that single and repeated injury groups exhibited different
alterations to their evoked potential responses [4]. Finally, we reported the development of
neurocritical care techniques and a neurointensive care unit stocked with clinical equipment
for use in pigs, which allowed us to extend the study period for TBI with coma in pigs
beyond 8 h for the first time while gathering extensive, clinically relevant neuromonitoring
data [5].

Beyond the papers featuring rotational acceleration injury, Dr. Shin and colleagues in
the Kilbaugh laboratory reported on the efficacy of a promising biological approach target-
ing phosphorylated tau and reducing pathology after a controlled cortical impact (CCI) in
pigs [6]. Additionally, Pavlichenko and Lafrenaye employed central fluid percussion injury
(CFPI) in pigs and found that while cellular signs of pathology and inflammation correlated
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with the pressure pulse, blood gasses and mean arterial pressure did not; furthermore,
they reported that preserved, refrigerated pig brain tissue was histologically viable after
10 years [7]. We also received papers detailing new tools for use in pig neurotrauma studies.
Knibbe and colleagues from the Boakye laboratory detailed the use of the SmartPill™ device
for data collection from the gastrointestinal tract following spinal cord injury [8]. Ao and
colleagues from the Vonder Haar laboratory also described a new reinforced touchscreen
system for administering behavioral assessments in pigs [9]. This behavioral touchscreen
work ties into a review in this collection from Alesa Hughson Netzley that provides a wider
overview of behavioral testing techniques for use in pig models of neurotrauma, following
up on their previous behavioral work in Yucatan minipigs [10,11]. We also provided a
review, led by Erin Purvis, of astrocytic studies in pigs, including tables of antibodies
that were utilized in various studies, as we are sympathetic to the difficulties associated
with finding antibodies and reagents compatible with pigs [12]. Finally, Dr. Wathen and
colleagues provided an extensive review of spinal cord injury studies in pig models and
the significant translational advantages that pigs present [13].

Recognizing the advantages (e.g., translational, logistical) as well as the limitations of
the models that we utilize is vital for accurate reporting and establishing implications of
clinical relevance. Such honest assessment of preclinical models is necessary for a functional
translational pipeline, and worthy of a brief discussion in this editorial. As the majority
of the papers in this collection came from TBI research, we will examine preclinical TBI
modeling as an example.

Recognizing the Strengths and Limitations of Preclinical TBI Models

Over the past several decades, the neurotrauma field has wrestled with a lamentable
translational failure rate. In particular, although hundreds of treatments have shown ef-
ficacy in rodent models of TBI, none have shown effectiveness in humans, despite over
30 clinical trials strongly supported by preclinical rodent data [14–17]. The failure of
these trials has led to several National Institute of Neurological Disorders and Stroke
(NINDS) and Department of Defense (DoD) conferences which have concluded that val-
idated biomarkers of underlying pathological mechanisms are critical for (1) the proper
classification of this heterogeneous disease and (2) the development of effective therapies
that target specific injury mechanisms [18,19]. Although challenges in clinical trial design
and the heterogeneity of human TBI contribute to the lack of positive findings in clinical
studies, this dismal translational record also highlights the limitations of rodent models that
simply cannot replicate many of the core mechanisms and manifestations of human TBI.

The vast majority of clinical TBIs are closed-head diffuse brain injuries caused by a
blow or rapid jolt to the head, causing abrupt motion of the brain within the skull. In
moderate-to-severe cases, the acute post-injury phase is marked by rapid cell death and
axonal disruption, generally occurring as a direct consequence of biomechanical loading
that surpasses cellular/axonal thresholds. In closed-head TBI in humans, the severity of
the biomechanical loading is a product of brain mass, neuroanatomy, and head rotational
acceleration [20–22]. Therefore, animal models that feature a species with a large brain
mass, a gyrencephalic brain architecture, and head rotational acceleration as the inertial
loading mechanism are uniquely able to apply biomechanical parameters scaled from those
known to occur—and be injurious—in human TBI [20–23]. Indeed, pigs possess a large
brain mass and gyrencephalic architecture with a 60:40 white/gray matter ratio as found in
the human brain; in contrast, rats and mice present a paucity of white matter, resulting in
14:86 and 10:90 white/gray matter ratios, respectively [24–26]. This is particularly important
because diffuse axonal injury (DAI)—predominantly a white matter M been described as
the “hallmark” pathology of closed-head diffuse TBI. White matter in the brain consists of
long viscoelastic axon tracts that can stretch to accommodate slow shearing forces, but intra-
axonal components may snap when exposed to the shear deformation forces generated
by rapid acceleration [27,28]. Moreover, the most commonly employed rodent models of
TBI rely on either a focal impact to the brain surface (controlled cortical impact—CCI) or a
sharp increase in intracranial pressure surrounding the brain (fluid percussion injury—FPI);
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however, these loading mechanisms do not reproduce the mechanical forces of inertial
TBI in humans, nor do the injuries produce the same clinical manifestations observed
after human TBI. For example, when compared to the clinical TBI severity criteria from
which they derive their classification terminology, rodent models of “mild” TBI typically
result in cortical lesions that do not align with the criteria of a closed skull and an absence
of lesions in imaging necessary for clinical classification as mild TBI, and even the most
“severe” TBI injuries in rodents do not produce loss of consciousness sufficient even for
clinical classification as moderate TBI, let alone severe. The misapplication of these terms
to rodent models in the preclinical TBI literature is a major source of confusion, and
confusion negatively impacts progress in any field of research. While moderate or severe
human TBI may involve pathology from a combination of impact-loaded focal injury and
rotational acceleration-loaded diffuse injury, the most obvious manifestation of a moderate-
to-severe TBI—protracted loss-of-consciousness >60 min—requires damage from rotational
acceleration in closed-head TBI, and cannot be produced via linear acceleration or impact
alone [29–32].

Injury via head acceleration has been attempted in rats, but while bleeding was
observed, the conclusions were revealed to be flawed in an expert commentary noting
that no consideration was given to scaling up acceleration to account for the much smaller
brain mass of rats [33,34]. These biomechanical scaling parameters have been extensively
studied, and to generate the injurious forces of human TBI in a rat, head acceleration would
need to be increased by an unfeasible 8000% relative to human head acceleration [22,34,35].
Despite the commentary associated with the original article that clearly established the fatal
flaws of the study and the physical impossibility of administering injury via acceleration in
the rodent brain, the original paper was not retracted, and as a result, head acceleration
was subsequently revisited in rodent models 14 years later via the deceptively-named
CHIMERA (Closed-Head Impact Model of Engineered Rotational Acceleration) system that
allows for head movement after impact. Despite the continued spread of misinformation
via the CHIMERA model, the fact remains that rodent brain mass is far too small to reach
scaled thresholds for generating injurious forces from rotational acceleration, and the
pathology—while presenting with a diffuse gradient—emanates from the impact site, as
seen in other impact loading models [36,37]. The injurious forces generated by acceleration
are highly dependent on brain mass, and so to replicate forces present in a larger human
brain during TBI, the acceleration of smaller brains must be scaled up accordingly. Impact
loading does not scale with brain mass, so administering an impact powerful enough to
scale up the resultant head acceleration would lead to a large discrepancy in the proportion
of impact-to-acceleration loading when compared to human TBI. Therefore, even in large
gyrencephalic animals like swine with brains closer in size to humans, an unscaled impact
and scaled acceleration must be administered separately to replicate the mechanisms of
human TBI. Overall, the fundamentally flawed CHIMERA model has created a great deal
of confusion in our field, and the scientific record is in dire need of correction. Fortunately,
after removing all inaccurate references to and claims of acceleration-loaded injury in small
animals, researchers may be left with a valid—if somewhat overcomplicated—CCI model,
and therefore many authors duped into utilizing CHIMERA may be able to salvage their
publications via errata rather than retraction.

While small animal models cannot reproduce the same biomechanical perturbations
as human TBI, they clearly produce a mechanical injury to the rodent brain, and while the
clinical manifestations of TBI do not line up with the manifestations of the small animal
model injuries, many of the individual endophenotypes of human TBI can be reproduced
in some fashion. Therefore, small animal models remain an essential tool for studying the
secondary injury mechanisms of TBI, identifying potential therapeutic targets and candi-
dates, and studying the mechanism of action of novel therapeutics. These essential basic
and early-phase translational studies require the accessibility and affordability of small
animal models—enabling high-throughput testing—while the recognition of limitations
and measured interpretation are necessary to improve applicability to clinical TBI. How-
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ever, a more effective translational pipeline for developing TBI therapeutics should feature
pre-IND/IDE studies in large gyrencephalic animal models that incorporate inertial loading
with angular rotational acceleration—to better recapitulate the biomechanical causation
and pathophysiology of the majority of human TBIs—prior to translation into clinical trials.
This will better inform clinical trials (e.g., inclusion criteria, key outcomes, etc.) and allow
novel therapeutic candidates to fail early when tested in the context of the mechanisms
and manifestations of human injury, thereby avoiding the expensive failures in clinical
trials that have stymied industry investment in neurotrauma. The rotational acceleration
model is currently only in use at the University of Pennsylvania and Georgia Tech./Emory
University, creating a considerable bottleneck for the translation of therapeutics. It will take
a concerted effort from funding agencies and research universities to establish additional
sites that can utilize this model. Establishing additional sites of rotational acceleration
TBI research (which requires extensive training with large gyrencephalic animals and a
powerful pneumatic actuator) is a daunting but necessary task if we want a viable trans-
lational pipeline for TBI. While TBI is a special case, many of these lessons are applicable
to the preclinical study of stroke, spinal cord injury, and other facets of neurotrauma and
neurological disorders. Only by recognizing the strengths and limitations of our models
can we hope to effectively develop, validate, and translate novel neuroprotective and
regenerative therapeutics into clinical practice to maximize functional recovery.
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Abstract: Traumatic brain injury (TBI) is a major contributor to morbidity and mortality in the
United States as several million people visit the emergency department every year due to TBI
exposures. Unfortunately, there is still no consensus on the pathology underlying mild TBI, the
most common severity sub-type of TBI. Previous preclinical and post-mortem human studies have
detailed the presence of diffuse axonal injury following TBI, suggesting that white matter pathology
is the predominant pathology of diffuse brain injury. However, the inertial loading produced by TBI
results in strain fields in both gray and white matter. In order to further characterize gray matter
pathology in mild TBI, our lab used a pig model (n = 25) of closed-head rotational acceleration-induced
TBI to evaluate blood-brain barrier disruptions, neurodegeneration, astrogliosis, and microglial
reactivity in the cerebral cortex out to 1 year post-injury. Immunohistochemical staining revealed
the presence of a hyper-ramified microglial phenotype—more branches, junctions, endpoints, and
longer summed process length—at 30 days post injury (DPI) out to 1 year post injury in the cingulate
gyrus (p < 0.05), and at acute and subacute timepoints in the inferior temporal gyrus (p < 0.05).
Interestingly, we did not find neuronal loss or astroglial reactivity paired with these chronic microglia
changes. However, we observed an increase in fibrinogen reactivity—a measure of blood-brain barrier
disruption—predominately in the gray matter at 3 DPI (p = 0.0003) which resolved to sham levels by
7 DPI out to chronic timepoints. Future studies should employ gene expression assays, neuroimaging,
and behavioral assays to elucidate the effects of these hyper-ramified microglia, particularly related to
neuroplasticity and responses to potential subsequent insults. Further understanding of the brain’s
inflammatory activity after mild TBI will hopefully provide understanding of pathophysiology that
translates to clinical treatment for TBI.

Keywords: mild TBI; neuroinflammation; microglia; large animal models; fibrinogen

1. Introduction

Traumatic brain injury (TBI) is a major contributor to morbidity and mortality in the
United States. According to national TBI incidence reports, several million people visit
the emergency department each year with unintentional falls, being unintentionally stuck
by or against an object, and motor vehicle crashes as the most common mechanisms of
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injury [1]. Mild TBI, also known as concussion, is much more common than moderate
or severe TBI, with the incidence of TBI highest in males among the adult population [2].
Unfortunately, there is still no consensus on the pathology underlying mild TBI as mild
TBI is partly defined by an absence of structural changes on clinical neuroimaging, such as
hematoma, contusion, and brain swelling [3].

In order to further characterize mild TBI pathology, our lab uses a pig model of closed-
head rotational acceleration-induced TBI. This large animal model emulates human TBI
by providing more representative biomechanical loading conditions, brain anatomy, and
neurophysiology compared to rodent models (see [4] for a review). Previous studies in
this porcine model of TBI, as well as post-mortem human TBI studies, have detailed the
presence of diffuse axonal injury, suggesting that white matter pathology is the predominant
pathology of diffuse brain injury [5–11]. Yet recent neuroimaging studies suggest that gray
matter atrophy occurs at acute and chronic timepoints after mild TBI in humans [12–14].

Indeed, the inertial loading produced by TBI results in strain fields in both gray and
white matter. One of the consequences of this loading is transient disruption of the neuronal
plasma membrane [15,16]. Permeabilized membranes can trigger disruption of normal
cell function in a positive feedback manner based on loss of membrane charge, interrup-
tion of electrokinetic transport, and osmotic imbalance [17]. Studies suggest that many
initially permeabilized cells survive the insult; however, there may be prolonged alteration
in physiology or later cell death [18–20]. Previous in vitro and rodent studies suggest that
neuronal membrane disruption may occur in separate waves following TBI [21,22]. More-
over, our research team has discovered membrane disruptions in cortical neuron somata
paired with significant microglial alterations after TBI [23]. This gray matter pathology may
play a pivotal role in post-TBI dysfunction, yet cortical pathology has not been thoroughly
characterized in closed-head diffuse TBI.

Here, we sought to evaluate trauma-induced changes to microglia, astrocytes, neu-
rons, and the blood-brain barrier (BBB) within the cerebral cortex using an established
large-animal model of closed-head diffuse TBI. We assessed neuroinflammatory and neu-
rodegenerative changes in the cerebral cortex up to 1 year post-injury, with a particular
focus on the cingulate gyrus and inferior temporal gyrus. We examined disparate areas of
the cortex—one medial gyrus and one lateral gyrus—that may be subjected to variable iner-
tial loading and therefore different pathological patterns and distributions. Specifically, we
performed detailed quantification of subtle yet discrete microglial morphological features
through skeletal analysis in order to characterize the neuroimmune response to TBI in the
cortex. To provide context for these detailed microglial analyses, we also assessed astrocyte
reactivity by morphological and cell density measures, cortical neuron dystrophy or loss
via cell density measures, and BBB disruption through the presence of blood proteins in
the brain parenchyma. This work contributes to a growing body of literature suggesting
that TBI-induced gray matter pathology may drive additional neuroinflammatory and
neurodegenerative sequela. We hypothesized that microglial morphological changes would
coincide with astroglial reactivity, neuronal dystrophy/loss, and BBB disruption in the
cerebral cortex after TBI. Understanding these often-overlooked gray matter biophysical
responses is crucial to the development of injury prevention strategies and therapeutic
interventions following TBI.

2. Materials and Methods

2.1. Animal Subjects

All procedures were approved by the Institutional Animal Care and Use Committees
at the University of Pennsylvania and the Michael J. Crescenz Veterans Affairs Medical
Center and adhered to the guidelines set forth in the NIH Public Health Service Policy on
Humane Care and Use of Laboratory Animals (2015).

For the current study, specimens were obtained from a tissue archive of castrated male
pigs subjected to a single mild TBI. This tissue archive was also used in Grovola et al. [9,24].
All pigs were 5–6 months old, sexually mature (considered to be young adult), Yucatan
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miniature pigs at a mean weight of 34 ± 4 kg (total n = 25, mean ± SD). Pigs were fasted for
16 h, then anesthesia was induced with 20 mg/kg of ketamine and 0.5 mg/kg of midazolam.
Following induction, 0.1 mg/kg of glycopyrrolate was subcutaneously administered and
50 mg/kg of acetaminophen was administered per rectum. All animals were intubated
with an endotracheal tube and anesthesia was maintained with 2% isoflurane per 2 L O2.
Heart rate, respiratory rate, arterial oxygen saturation, and temperature were continuously
monitored throughout the experiment. A forced-air temperature management system was
used to maintain normothermia throughout the procedure.

2.2. Head Rotational TBI

In order to attain closed-head diffuse mild TBI in animals, we used a previously de-
scribed model of head-rotational acceleration in pigs [4,6]. Similar methods were described
in Grovola et al. [24]. Briefly, each animal’s head was secured to a bite plate, which itself
was attached to a pneumatic actuator and a custom assembly that converts linear motion
into angular momentum. The pneumatic actuator rotated each animal’s head in the coro-
nal plane, reaching an angular velocity between 230–270 rad/sec (n = 15). Any presence
of apnea was recorded (maximum apnea time = 45 s), and animals were hemodynami-
cally stabilized if necessary. No animals were excluded from the study due to apnea or
hemodynamic instability. Sham animals (n = 10) underwent identical protocols, including
being secured to the bite plate, however the pneumatic actuator was not initiated. All
animals were transported back to their housing facility, monitored acutely for 3 h, and
given access to food and water. Afterwards, the animals were monitored daily for 3 days
by veterinary staff.

2.3. Specimen Preparation

At 3 days post-injury (DPI) (n = 4), 7 DPI (n = 5), 30 DPI (n = 3), or 1 year post-injury
(YPI) (n = 3), animals were induced and intubated as described above. Sham animals
survived for 7 days (n = 4), 30 days (n = 1), or 1 year (n = 5). While under anesthesia,
animals were transcardially perfused with 0.9% heparinized saline followed by 10% neutral
buffered formalin (NBF). Animals were then decapitated, and tissue stored overnight in
10% NBF at 4 ◦C. The following day, the brain was extracted, weighed, and post-fixed
in 10% NBF at 4 ◦C for one week. To block the tissue, an initial coronal slice was made
immediately rostral to the optic chiasm. The brain was then blocked into 5 mm thick coronal
sections from that point by the same investigator. This allowed for consistent blocking and
section coordinates across animals. All blocks of tissue were paraffin embedded and 8 μm
thick sections were obtained using a rotary microtome. Two sections from each pig—one
containing anterior aspects of hippocampal tissue (approximately 10 mm posterior to the
optic chiasm) and one containing posterior aspects of hippocampal tissue (approximately
15 mm posterior to the optic chiasm)—were used for histological analysis. Of note, one
of the enrolled specimens in the 3 DPI group was excluded from the current study due
to an unresolvable error in tissue processing resulting in low-quality and inconsistent
tissue staining.

2.4. Immunohistochemical Staining and Microscopy

For 3,3′-Diaminobenzidine (DAB) immunohistochemical labeling, we used a protocol
outlined in Johnson et al. [25]. Briefly, slides were dewaxed in xylene, rehydrated in
ethanol and de-ionized water. Antigen retrieval was completed in Tris EDTA buffer pH 8.0
using a microwave pressure cooker then blocked with normal horse serum. Slides were
incubated overnight at 4 ◦C using either an anti-rabbit fibrinogen (abcam, Waltham, MA,
USA, 183109, 1:5000), an anti-mouse GFAP (SMI-22) (MilliporeSigma, Burlington, MA, USA,
NE1015, 1:12,000), or an anti-rabbit Iba-1 (Wako Chemicals, Richmond, VA, USA, 019-19741,
1:4000) primary antibody. The following day, slides were rinsed in PBS and incubated in a
horse anti-mouse/rabbit biotinylated IgG secondary antibody (VECTASTAIN Elite ABC
Kit, Vector Laboratories, Newark, CA, USA, PK-6200). Sections were rinsed again, then
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incubated with an avidin/biotinylated enzyme complex (VECTASTAIN Elite ABC Kit),
rinsed again, and incubated with the DAB enzyme substrate (Vector Laboratories, SK-4100)
for 7 min. Sections were counterstained with hematoxylin, dehydrated in ethanol, cleared
in xylene, and finally coverslipped using cytoseal. All sections were stained in the same
histological sample run.

For Cresyl Violet (CV) staining, slides were dewaxed in xylene, and rehydrated in
ethanol and deionized water. Slides were placed in a solution of 0.1% cresyl violet acetate
(MilliporeSigma, C5042) and deionized water for 5 min, rinsed in deionized water, and
then differentiated in an acetic acid and 95% ethanol solution. Slides were dehydrated in
ethanol, cleared in xylene, and finally coverslipped using cytoseal. All slides were stained
in the same histological sample run.

For fluorescence immunohistochemical staining, slides were dewaxed in xylene, and
rehydrated in ethanol and deionized water. Antigen retrieval was completed in Tris
EDTA buffer pH 8.0 using a microwave pressure cooker then blocked with normal horse
serum. Slides were incubated overnight at 4 ◦C using anti-mouse Neuronal Nuclei (NeuN)
(MilliporeSigma, MAB377, 1:500) primary antibody. The following day, sections were rinsed
in PBS and incubated in donkey anti-mouse 555 (Thermo Fisher Scientific, Waltham, MA,
A31570, 1:500) secondary antibody for 60 min. Sections were rinsed again, then incubated
with Hoechst (Thermo Fisher Scientific, H3570, 1:10,000) to visualize DNA, and finally
cover slipped using Fluoromount-G (Southern Biotech, Birmingham, AL, USA, 0100-01).
All sections were stained on the same histological sample run.

All GFAP, Iba-1, and CV sections were imaged and analyzed at 20× optical zoom
using an Aperio CS2 digital slide scanner (Leica Biosystems Inc., Buffalo Grove, IL, USA).
All Fibrinogen sections were imaged at 100× using a Keyence VHX-6000 digital microscope
(Itasca, IL, USA). All NeuN sections were imaged at 10× using a Keyence BZ-X7000 digital
microscope (Itasca, IL, USA).

2.5. Neuropathological Analysis

For Iba-1 skeletal analysis, we employed methods from Grovola et al. [9]. Briefly, we
imaged five 40× images per anatomical region for analysis. To conduct skeletal analysis,
all Iba-1 positive cells in each 40× field were manually selected, and the image was
deconvoluted using Fiji software (version 2.9.0, National Institute of Health, Bethesda, MD,
USA). Bandpass filters, unsharp mask, and close plugins were applied before converting
the image to binary, skeletonizing, and removing skeletons not overlaid with the manually
selected cells. The Analyze Skeleton plugin was then applied to quantify skeletal features
such as number of process branches, junctions, process endpoints, and slab voxels in
order to measure changes in microglia ramification [26]. For each image, each feature
was summed then divided by the total number of cells, thus providing a single field
average normalized per cell. Therefore, we examined 5 values from 5 images in the same
histological slide for each animal in each anatomical region, which serves as a repeated
measure, regional analysis. Slab voxels were then multiplied by the volume of the voxel to
calculate the summed process length per cell.

For CV cell counts, a single 20× photomicrograph was taken in layer 2/3 at the gyri
apex of the cingulate gyrus for each CV-stained slide. Total cell density was assessed using
Fiji software (National Institute of Health); images were converted to grayscale and the
Analyze Particles plugin was used to count cells in an automated fashion using an objective
set of exclusion parameters [27]. Total neuron density was determined by manual counting;
neurons were distinguished from glia by morphology, staining pattern, and sometimes size
using the guidelines set by Garcia-Cabezas et al. [28]. All counted neurons had a visible
nucleus, and a small rim of visible cytoplasm around the nucleus to distinguish small
neurons from astrocytes. All cell densities were normalized according to tissue area. The
cell densities were averaged for each specimen in lieu of traditional stereology.

For NeuN neuron counts, the entire left hemisphere cingulate gyrus was stitched
at 10× resolution for each specimen. Each image was then cropped to include either
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cortical layers II/III or all cortical gray matter layers. We assessed total cell density using
Fiji software (National Institute of Health); images were converted to grayscale and the
Analyze Particles plugin was used to count cells in an automated fashion using an objective
set of exclusion parameters [27]. All cell densities were normalized according to tissue area.
Neuron density was averaged for each specimen in lieu of traditional stereology.

For astrocyte semi-quantitative analysis, inferior temporal gyrus and cingulate gyrus
were assessed in 2 sections per specimen. We adapted a semi-quantitative scale from
Sofroniew et al. to histologically classify the progressive severity of reactive astrocytes [29].
Each region was given a 0–3 glial fibrillary acidic protein (GFAP) reactivity score based on
cell body size, upregulation of GFAP, and density of GFAP+ cells in the region.

For fibrinogen analysis, we determined percentage area of fibrinogen coverage via
the Cavalieri estimator probe within Stereo Investigator software (version 11.06.01, MBF
Bioscience, Williston, VT, USA). This probe created a point grid over the tissue and the
sum of the number of points that hit fibrinogen-stained regions of interest were used to
estimate the area. This fibrinogen area was then divided by the total brain parenchyma
area to provide a percentage area of fibrinogen reactivity. Percentage area was averaged
between the 2 sections per specimen to provide a more global assessment of fibrinogen
reactivity. Different markers were used to label gray versus white matter to allow for
comparative analysis in different types of neuronal tissue. Therefore, we assessed total
brain, gray matter, and white matter for percentage area fibrinogen reactivity.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism statistical software (version
9.5.1, GraphPad Software Inc. La Jolla, CA, USA). Any outliers were removed using the
ROUT method (Q = 1%). Due to low sample size, GFAP reactivity, CV cell counts, NeuN
cell counts, and total fibrinogen reactivity were analyzed with a Kruskal–Wallis test and
Dunn’s multiple comparisons. Kruskal–Wallis test results are reported as (H (degrees of
freedom) = H test statistic, p-value). A T-test was used to analyze gray versus white matter
fibrinogen reactivity and reported as (t (degrees of freedom) = t statistic, p-value). The
skeletal analysis was statistically assessed via One-way analysis of variance (ANOVA)
and Tukey’s multiple comparisons test. One-way ANOVA results are reported as (F
(degrees of freedom numerator, degrees of freedom denominator) = F value, p-value). Mean,
median, standard deviation, and 95% confidence intervals were reported. Differences were
considered significant if p < 0.05. As this was an archival study, power calculations were
not used to determine the number of specimens for each experimental group. The number
of images chosen for skeletal analysis mirrors our work from a previous study [9].

3. Results

3.1. Microglia Skeletal Analysis Revealed Chronic Changes in the Cingulate Gyrus

Our previous research has shown that microglia alter their morphology in the white
matter in response to a single mild TBI [9]. Therefore, we sought to quantify microglia
morphological changes in gray matter structures via automated skeletal analysis. We
exclusively analyzed layers II/III of the cerebral cortex in the cingulate gyrus as neurons
are preferentially damaged in these cortical layers after mild TBI in our model of injury [30].

There was a significant increase in the number of branches, junctions, endpoints,
and summed process length per microglia at 30 DPI and 1 YPI in the anterior cingulate
gyrus compared to age-matched sham (Figure 1) (Table 1). There were no statistically
significant differences between any of the sham timepoints out to 1 YPI. There was an
increase in the number of branches per microglia (F (4114) = 7.199, p < 0.0001) at 30 DPI
(p = 0.0006) and 1 YPI (p = 0.0023) compared to sham (Figure 1g). There was an increase in
the number of junctions per microglia (F (4114) = 7.235, p < 0.0001) at 30 DPI (p = 0.0006)
and 1 YPI (p = 0.0022) compared to sham (Figure 1h). There was an increase in the number
of endpoints per microglia (F (4114) = 5.358, p = 0.0005) at 30 DPI (p = 0.0043) and 1 YPI
(p = 0.0256) compared to sham (Figure 1i). Finally, there was an increase in the summed
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process length per microglia (F (4113) = 8.825, p < 0.0001) at 30 DPI (p < 0.0001) and 1 YPI
(p = 0.0062) compared to sham (Figure 1j).

Figure 1. Microglia Become Hyper-ramified in the Cingulate Gyrus at One Month and Persist out to
Chronic Time Points. A whole coronal section of Iba-1-stained tissue is shown with a call-out box
centered around the cingulate gyrus (a, scale = 7 mm). Five call-out boxes in the cingulate gyrus depict
the location of the 40× images (image n = 5 per animal) used for skeletal analysis (b, scale = 1 mm).
Cropped 40× images for sham and 1 YPI are displayed showing the hyper-ramified morphology
at 1 YPI (c–f, scale = 30 μm). Histograms display the range of data for each experimental group.
There is a significant increase in the number of branches, junctions, process endpoints, and summed
process length at 30 DPI and 1 YPI compared to sham in anterior sections of cingulate gyrus (g–j) and
posterior sections of cingulate gyrus (k–n) (* p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).
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Table 1. Skeletal analysis measurements in the anterior cingulate gyrus. All values are reported as
mean ± standard deviation, 95% confidence interval [lower 95% CI, upper 95% CI].

Branches Junctions Endpoints Summed Process Length

Sham 26.66 ± 10.03, 95%
CI [23.81, 29.51]

12.87 ± 5.09, 95%
CI [11.42, 14.31]

14.56 ± 5.36, 95%
CI [13.03, 16.08]

5.82 ± 2.07, 95%
CI [5.23, 6.41]

3 DPI 26.51 ± 5.70, 95%
CI [23.23, 29.80]

12.73 ± 2.89, 95%
CI [11.06, 14.40]

14.11 ± 2.57, 95%
CI [12.63, 15.60]

5.75 ± 1.31, 95%
CI [5.00, 6.51]

7 DPI 28.69 ± 12.15, 95%
CI [23.68, 33.70]

13.83 ± 6.19, 95%
CI [11.27, 16.38]

14.91 ± 5.37, 95%
CI [12.69, 17.12]

5.66 ± 2.00, 95%
CI [4.81, 6.50]

30 DPI 40.77 ± 9.92, 95%
CI [35.28, 46.27]

20.00 ± 5.01, 95%
CI [17.22, 22.78]

20.33 ± 4.45, 95%
CI [17.86, 22.79]

8.91 ± 1.95, 95% CI
[7.83, 9.99]

1 YPI 39.49 ± 18.73, 95%
CI [29.12, 49.87]

19.41 ± 9.53, 95%
CI [14.13, 24.69]

19.40 ± 8.15, 95%
CI [14.89, 23.91]

8.09 ± 3.56, 95%
CI [6.12, 10.06]

In the posterior cingulate gyrus, there was an increase in the number of branches,
junctions, endpoints, and summed process length per microglia at 30 DPI and 1 YPI
compared to age-matched sham (Figure 1) (Table 2). There were no statistically significant
differences between any of the sham timepoints out to 1 YPI. The number of branches per
microglia increased (F (4115) = 3.932, p = 0.0050) at 30 DPI (p = 0.0536) and 1 YPI (p = 0.0147)
compared to sham (Figure 1k). The number of junctions increased (F (4115) = 3.830,
p = 0.0058) at 30 DPI (p = 0.0527) and 1 YPI (p = 0.0177) compared to sham (Figure 1l). The
number of endpoints increased (F (4115) = 4.261, p = 0.0030) at 30 DPI (p = 0.0489) and
1 YPI (p = 0.0098) compared to sham (Figure 1m). Finally, the summed process length per
microglia increased (F (4115) = 4.359, p = 0.0026) at 30 DPI (p = 0.0369) and 1 YPI (p = 0.0282)
compared to sham (Figure 1n). These data detail a hyper-ramified microglial morphology
at 30 DPI and 1 YPI in both anterior and posterior sections of the cingulate gyrus.

Table 2. Skeletal analysis measurements in the posterior cingulate gyrus. All Values are reported as
mean ± standard deviation, 95% confidence interval [lower 95% CI, upper 95% CI].

Branches Junctions Endpoints Summed Process Length

Sham 26.24 ± 8.18, 95%
CI [23.92, 28.57]

12.66 ± 4.10, 95%
CI [11.49, 13.82]

13.80 ± 3.79, 95%
CI [12.72, 14.88]

5.91 ± 1.75, 95%
CI [5.41, 6.41]

3 DPI 26.81 ± 12.01, 95%
CI [20.16, 33.46]

12.99 ± 6.14, 95%
CI [9.59, 16.39]

13.95 ± 5.31, 95%
CI [11.01, 16.88]

5.96 ± 2.63, 95%
CI [4.50, 7.42]

7 DPI 28.12 ± 11.28, 95%
CI [23.46, 32.78]

13.62 ± 5.78, 95%
CI [11.23, 16.00]

14.48 ± 4.98, 95%
CI [12.42, 16.53]

5.77 ± 2.12, 95%
CI [4.89, 6.64]

30 DPI 34.88 ± 11.58, 95%
CI [28.47, 41.30]

17.05 ± 5.91, 95%
CI [13.78, 20.33]

17.73 ± 5.20, 95%
CI [14.85, 20.61]

7.75 ± 2.29, 95%
CI [6.48, 9.02]

1 YPI 36.34 ± 14.42, 95%
CI [28.35, 44.32]

17.68 ± 7.31, 95%
CI [13.63, 21.73]

18.52 ± 6.44, 95%
CI [14.95, 22.08]

7.81 ± 2.84, 95%
CI [6.24, 9.38]

3.2. Microglia Skeletal Analysis Revealed Acute and Subacute Changes in the Inferior
Temporal Gyrus

Next, we analyzed microglial morphological changes in layers II/III of the inferior
temporal gyrus, a lateral cortical structure. In the inferior temporal gyrus, there were sig-
nificant changes in microglia morphology detected in anterior sections of tissue compared
to sham (Figure 2) (Table 3). Specifically, we found an increase in the number of branches,
junctions, and endpoints at 7 DPI and 30 DPI, as well as an increase in summed process
length per microglia at 3 DPI, 7 DPI, and 30 DPI. The number of branches per microglia
increased (F (4112) = 5.697, p = 0.0003) at 7 DPI (p = 0.0015) and 30 DPI (p = 0.0040) compared
to sham (Figure 2g). The number of junctions per microglia increased (F (4111) = 6.468,
p = 0.0001) at 7 DPI (p = 0.0006) and 30 DPI (p = 0.0018) compared to sham (Figure 2h).
The number of endpoints per microglia increased (F (4112) = 6.053, p = 0.0002) at 7 DPI
(p = 0.0011) and 30 DPI (p = 0.0023) compared to sham (Figure 2i). Finally, the summed
process length per microglia increased (F (4111) = 5.788, p = 0.0003) at 3 DPI (p = 0.0272),
7 DPI (p = 0.0140) and 30 (p = 0.0016) compared to sham (Figure 2j).
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Figure 2. Microglia Become Hyper-ramified in the Inferior Temporal Gyrus at Acute and Subacute
Time Points. A whole coronal section of Iba-1-stained tissue is shown with a call-out box centered
around the inferior temporal gyrus (a, scale = 7 mm). Five call-out boxes in the inferior temporal gyrus
depict the location of the 40× images (image n = 5 per animal) used for skeletal analysis (b, scale
= 1 mm). Cropped 40× images for sham and 30 DPI are displayed showing the comparatively
hyper-ramified morphology at 30 DPI in posterior tissue (c–f, scale = 30 μm). Histograms display the
range of data for each experimental group There is a significant increase in the number of branches
(g), junctions (h), and process endpoints (i) at 7 DPI and 30 DPI, as well as a significant increase in
summed process length (j) at 3 DPI, 7 DPI and 30 DPI in anterior sections of inferior temporal gyrus.
There is a significant increase in the number of branches (k), junctions (l), process endpoints (m),
and summed process length (n) at 3 DPI, 7 DPI, and 30 DPI in posterior sections of inferior temporal
gyrus (* p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).
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Table 3. Skeletal analysis measurements in the anterior inferior temporal gyrus. All values are
reported as mean ± standard deviation, 95% confidence interval [lower 95% CI, upper 95% CI].

Branches Junctions Endpoints Summed Process Length

Sham 24.94 ± 10.59, 95%
CI [21.84, 28.05]

11.54 ± 4.60, 95%
CI [10.18, 12.91]

13.19 ± 4.66, 95%
CI [11.82, 14.55]

5.07 ± 1.68, 95%
CI [4.58, 5.57]

3 DPI 35.52 ± 13.31, 95%
CI [28.15, 42.89]

17.30 ± 6.84, 95%
CI [13.51, 21.09]

17.98 ± 5.88, 95%
CI [14.72, 21.23]

7.34 ± 2.47, 95%
CI [5.98, 8.71]

7 DPI 39.39 ± 19.18, 95%
CI [31.48, 47.31]

19.16 ± 9.70, 95%
CI [15.16, 23.17]

19.68 ± 8.44, 95%
CI [16.19, 23.16]

7.11 ± 3.17, 95%
CI [5.81, 8.42]

30 DPI 40.99 ± 17.92, 95%
CI [31.06, 50.91]

20.04 ± 9.07, 95%
CI [15.02, 25.06]

20.55 ± 7.95, 95%
CI [16.15, 24.95]

8.01 ± 2.84, 95%
CI [6.44, 9.59]

1 YPI 32.80 ± 17.00, 95%
CI [23.38, 42.21]

16.06 ± 8.70, 95%
CI [11.24, 20.88]

16.47 ± 7.40, 95%
CI [12.38, 20.56]

6.91 ± 3.31, 95%
CI [5.08, 8.74]

Importantly, we did find a significant difference between sham specimens which
survived for 30 days or less and sham specimens which survived out to 1 year. Specifically,
we found a decrease in the number of branches (t (45) = 5.641, p < 0.0001), junctions
(t (44) = 5.775, p < 0.0001), endpoints (t (45) = 5.965, p < 0.0001), and summed process length
(t (44) = 4.462, p < 0.0001) in sham which survived out to one year compared to sham which
survived for 30 days or less.

There were also significant differences in branches, junctions, endpoints, and summed
process length in posterior sections of tissue at acute and subacute timepoints (Figure 2)
(Table 4). The number of branches per microglia increased (F (4,114) = 9.397, p < 0.0001)
at 3 DPI (p < 0.0001), at 7 DPI (p = 0.0001), and 30 DPI (p = 0.0293) compared to sham
(Figure 2k). The number of junctions increased (F (4114) = 9.323, p < 0.0001) at 3 DPI
(p < 0.0001), at 7 DPI (p = 0.0001), and 30 DPI (p = 0.0290) compared to sham (Figure 2l). The
number of endpoints increased (F (4114) = 9.458, p < 0.0001) at 3 DPI (p < 0.0001), at 7 DPI
(p = 0.0002), and 30 DPI (p = 0.0346) compared to sham (Figure 2m). Finally, the summed
process length per microglia increased (F (4114) = 7.580, p < 0.0001) at 3 DPI (p = 0.0001), at
7 DPI (p = 0.0013) and 30 DPI (p = 0.0561) compared to sham (Figure 2n). Overall, we found
hyper-ramified microglial morphology at 3, 7 and 30 DPI in both anterior and posterior
sections of the inferior temporal gyrus.

Table 4. Skeletal analysis measurements in the posterior inferior temporal gyrus. All values are
reported as mean ± standard deviation, 95% confidence interval [lower 95% CI, upper 95% CI].

Branches Junctions Endpoints Summed Process Length

Sham 26.27 ± 8.09, 95%
CI [23.97, 28.57]

12.70 ± 4.11, 95%
CI [11.53, 13.87]

13.66 ± 3.63, 95%
CI [12.63, 14.69]

5.64 ± 1.64, 95%
CI [5.18, 6.11]

3 DPI 44.78 ± 19.86, 95%
CI [33.78, 55.78]

21.93 ± 9.94, 95%
CI [16.43, 27.44]

22.21 ± 9.11, 95%
CI [17.16, 27.25]

8.91 ± 3.62, 95%
CI [6.91, 10.91]

7 DPI 40.20 ± 14.75, 95%
CI [34.11, 46.28]

19.73 ± 7.35, 95%
CI [16.69, 22.76]

19.68 ± 6.57, 95%
CI [16.97, 22.39]

7.97 ± 2.92, 95%
CI [6.76, 9.17]

30 DPI 37.48 ± 11.68, 95%
CI [30.73, 44.22]

18.35 ± 5.95, 95%
CI [14.92, 21.79]

18.57 ± 5.02, 95%
CI [15.68, 21.47]

7.63 ± 2.31, 95%
CI [6.30, 8.96]

1 YPI 34.23 ± 12.09, 95%
CI [27.53, 40.93]

16.69 ± 6.18, 95%
CI [13.27, 20.11]

17.31 ± 5.24, 95%
CI [14.40, 20.21]

7.10 ± 2.26, 95%
CI [5.85, 8.35]

Finally, we did find a significant difference between sham specimens which survived
for 30 days or less and sham specimens which survived out to 1 year. Specifically, we found
a decrease in the number of branches (t (48) = 2.724, p = 0.0090), junctions (t (48) = 2.661,
p = 0.0106), endpoints (t (48) = 2.842, p = 0.0066), and summed process length (t (48) = 2.129,
p = 0384) in sham which survived out to one year compared to sham which survived for
30 days or less.
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3.3. Total Cell Density and Neuron Density Did Not Change in the Cingulate Gyrus after
Mild TBI

As the cingulate gyrus had chronic microglial morphological changes, consistent
changes between anterior and posterior aspects of tissue, and no significant differences
between aged matched shams, additional pathological analyses focused on this region.
Total cell density was next calculated to evaluate any overt glial cell proliferation or loss.
However, there were no significant changes to CV total cell density (H (4) = 5.246, p = 0.2630)
(Figure 3c). Cohen’s d effect sizes are reported below to demonstrate the magnitude of
difference between sham and experimental groups and allow for a priori power analysis
(Table 5).

Figure 3. Total Cell Density and Neuronal Density Does Not Change in the Cingulate Gyrus. A whole
coronal section of Luxol Fast Blue and Cresyl Violet stained tissue is shown with a call out box
centered around the apex of the cingulate gyrus (a, scale = 7 mm). A 20× image of cortical cells is
shown (b, scale = 100 μm). There were no significant changes to total cell density (c) as a result of TBI.
Whole coronal sections of tissue were also stained with NeuN, a neuronal marker, to count neurons
in layers II/III and all cortical layers across the cingulate gyrus. A 10× image of NeuN is shown
denoting cortical layers II/III (d, scale = 200 μm) with an inset image demonstrating its location along
the cingulate gyrus (scale = 500 μm). There were no significant changes in neuron density in layers
II/III (e) or among all cortical layer (f). Each point represents data from an individual animal within
each group.

Table 5. Cohen’s d effect sizes of cingulate gyrus cell counts compared to sham.

3 DPI 7 DPI 30 DPI 1 YPI

Total Cell Density d = 1.13 d = 1.35 d = 0.51 d = 1.28
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To assess potential neuronal loss in layers II/III compared to all cortical layers of the
cingulate gyrus, we conducted NeuN cell counts in tissue sections adjacent to CV-stained
sections. However, there were no significant changes to neuron density in layers II/III
(H (4) = 2.699, p = 0.6093) (Figure 3e) or all cortical layers (H (4) = 3.469, p = 0.4826) (Figure 3f
of the cingulate gyrus.

3.4. GFAP Reactivity Did Not Change after Single Mild TBI

To further explore the extent of gray matter pathology after mild TBI and to comple-
ment our previous pathological analysis in the white matter, we chose two gray matter
structures for closer assessment: the cingulate gyrus, a midline structure, and the inferior
temporal gyrus, a lateral structure. We chose these structures based on previous studies in
our lab that described permeabilized gray matter neurons after closed-head rotational mild
TBI; patches of permeabilized cells were seen in some gyri but absent in others [30]. This
pathological distribution suggests that post-TBI gray matter pathology is multi-focal yet
may skip some anatomical levels of the cortex. Examination of the cingulate and inferior
temporal gyri allows us to thoroughly examine two sample cortices for pathological sequela
to TBI.

We began with astrocytic changes as measured by GFAP reactivity as astrocytic end-
feet are a component of the BBB, which we have noted was disrupted in our fibrinogen
reactivity analysis below. Reactive astrogliosis is often used as a marker for damaged
CNS tissue and has been observed colocalizing with fibrinogen blood proteins [29,31]. Yet
there was no significant change in GFAP reactivity in the cingulate gyrus (H (4) = 7.00,
p = 0.1359) (Figure 4e), nor was there a change in GFAP reactivity in the inferior temporal
gyrus (H (4) = 4.60, p = 0.3309) (Figure 4f).

Figure 4. GFAP Reactivity Does Not Change in the Cingulate or Inferior Temporal Gyrus. Examples
of GFAP reactivity scored as a 1 (a) or 2 (b) are shown (scale = 100 μm) with corresponding call-out
boxes for scores of 1 (c) or 2 (d; scale = 50 μm). No images were scored as a 3. There was no significant
change in GFAP reactivity in cingulate gyrus (e) or inferior temporal gyrus (f). Each point represents
data from an individual animal within each group.
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3.5. Fibrinogen Reactivity Increased at 3 DPI after Mild TBI

Lastly, we investigated BBB disruption, a recently appreciated pathological feature
of concussion. Extravasation of the serum protein, fibrinogen, has been used to evaluate
BBB disruption at acute timepoints following mild TBI in our model of injury and may be
an important pathological feature of concussion [31]. Here, we first assessed fibrinogen
reactivity out to chronic timepoints in our cohort. There was an overall increase in percent-
age area of fibrinogen reactivity in the total brain parenchyma (H (4) = 10.27, p = 0.0360)
at 3 DPI (Mean = 4.21, Median = 4.29, SD ± 0.60, 95% CI [2.72, 5.71]) compared to sham
(Mean = 0.25, Median = 0.13, SD ± 0.41, 95% CI [−0.04, 0.54]) (p = 0.0198). There were no
significant changes to percentage area of fibrinogen reactivity at 7 DPI, 30 DPI, and 1 YPI
compared to sham (Figure 5c).

Figure 5. Fibrinogen Reactivity Increases at 3 DPI. Regions of fibrinogen extravasation are shown
in sham (a) and 3 DPI (b) via Stereo Investigator software on whole coronal sections of tissue
(scale = 1 cm). The percentage area of fibrinogen reactivity increased at 3 DPI (p = 0.0198) compared
to sham before resolving by 7 DPI out to 1 YPI (c) (* p < 0.05). Each point represents data from an
individual animal within each group. Fibrinogen annotation in gray versus white matter at 3 DPI
demonstrated a statistically significant increase in gray matter (p = 0.0003) (d) (*** p ≤ 0.001).

Extravasated serum proteins were frequently observed in the gray matter compared to
white matter structures at 3 DPI, so we also quantified this gray to white matter reactivity
ratio at this timepoint alone (n = 3 per group). There was a statistically significant increase
in percentage area of fibrinogen reactivity in gray matter (Mean = 4.04, Median = 4.26,
SD ± 0.52, 95% CI [2.75, 5.32]) compared to white matter (Mean = 0.18, Median = 0.13,
SD ± 0.18, 95% CI [−0.24, 0.60]) at 3 DPI (t (4) = 12.26, p = 0.0003) (Figure 5d).
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4. Discussion

After a single mild TBI in our pig model of closed-head diffuse brain injury, we found
chronic changes in microglial morphology in the cingulate gyrus, as well as acute and
subacute changes in microglial morphology in the inferior temporal gyrus. Additionally,
we found a significant increase in fibrinogen blood proteins extravasated into the brain
at 3 DPI, which resolved to sham levels by 7 DPI. Yet we did not find neuronal loss or
astrocyte reactivity paired with these pathological changes. We hypothesized that microglial
morphological changes would coincide with astroglial reactivity, neuronal dystrophy/loss,
and BBB disruption in the cerebral cortex after TBI. Therefore, we are compelled to reject
part of our original hypothesis. These microglia morphological changes supplement and
support our previous studies in the white matter and hippocampal subregions, which
demonstrated microglia morphological changes, microglia density changes, and axonal
pathology after a single mild TBI [9,24].

In the current study, we detected chronically hyper-ramified microglia in cingulate
gyrus; however hyper-ramified microglia were only detected at acute and subacute time-
points in inferior temporal gyrus. This discrepancy in pathology may highlight the injury
thresholds needed to produce microglial changes after mild TBI in our model. The medial
cingulate may be more vulnerable to damage compared to the lateral inferior temporal
gyrus at this level of injury, leading to chronic pathology that is consistent along the rostral-
caudal axis. Vascular damage or dysfunctional neurons projecting into susceptible white
matter may account for this pathology. Additionally, inertial sheer forces in this model of
injury may be greater in midline structures versus lateral structures. Follow-up studies are
warranted to elucidate the mechanism of region-specific microglial morphological changes.

Absent additional transcriptomic studies, our interpretation of these phenotypic
changes on microglia behavior is limited. Cell sorting and RNAseq techniques have
highlighted microglia complexity in recent years. Hammond et al. examined individual
mouse microglia during development, old age, and after brain injury and detected at least
nine transcriptionally distinct microglia subpopulations [32]. Saba et al. characterized
several microglia phenotypes following brain injury via multicolor flow cytometry and
correlated these subpopulations with long-term cognitive deficits [33]. Furthermore, a
2022 White Paper written by leading microglia researchers urged the field to reject the
classic pro- versus anti-inflammatory microglial classifications and provided a new series
of recommendations to understand microglial states [34]. Future microglial studies will
need to utilize transcriptomic, proteomic, and genetic manipulation techniques to fully
characterize microglia subpopulations and determine their functions [35].

Morphological changes in microglia only indicate a change in neuroimmune home-
ostasis that we are witnessing out to chronic timepoints [9,36]. Importantly, a select few
studies have described a hyper-ramified microglia phenotype after injury. After rat midline
fluid percussion injury, Morrison et al. conducted microglia skeletal analysis and found
a decrease in microglia ramification around the impact site but not in a remote region.
Additionally, microglia complexity—measured by fractal analysis—increased in the re-
mote region [37]. Morrison et al. carefully distinguished between ramified microglia and
“ramified/hyper-complex” microglia, the former of which is detected most often in sham,
while the latter is detected in remote regions at subacute timepoints. Our current findings
seem to more closely align with this “hyper-complex” phenotype; our observed microglia
have more branches, junctions, endpoints, and summed process lengths that extend far
away from the soma. This hyper-ramified phenotype should not be confused with a classic
bushy microglia morphology where microglia retract their processes from surrounding
tissue and have many short, thickened processes. Finally, studies outside of the TBI litera-
ture have reported a hyper-ramified phenotype. One recent study using a mouse model
of PTSD reported an increase in hyper-ramified microglia and loss of dendritic spines in
specific neuroanatomical regions [38]. Hyper-ramified microglia were also detected in rat
prefrontal cortex in a chronic stress model [39]. Overall, microglia becoming de-ramified
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post-injury is commonly reported while microglia hyper-ramification is observed far less
frequently and can indicate stress on the neuroimmune system [37,40].

This hyper-ramified phenotype can be triggered by numerous extracellular signals.
For instance, fibrinogen leakage through the BBB is a key change in the extracellular envi-
ronment that can initiate neuroinflammation (for a review see [41]). Microglia may also be
responding to injured neurons and may also be implicated in synaptic modifications [24,40].
Previous research in this model found an acute inflammatory response around permeabi-
lized cortical neurons; microglia density increased and morphology became less ramified
15 min after both mild and severe TBI [23].

Unfortunately, administration of the permeability marker was not performed in this
cohort of animals. Yet studies suggest that permeabilized cells initially survive the injury
to die at a later timepoint. In particular, Whalen et al. subjected mice to controlled
cortical impact and found that many plasma-membrane-damaged neurons recovered
their integrity within 24 h, yet disappeared from the brain by 7 DPI [20]. Therefore, we
conducted a limited cell density analysis in the cingulate gyrus to determine if neuronal
loss coincides with our chronic microglial changes. Neither our total cell density nor
our neuronal cell density significantly changed at timepoints post-injury. We initially
hypothesized neuronal loss after mild TBI as permeabilized neurons have been prominent
in medial gyri and isolated to layers II/III of the cortex [30]. Since neuronal loss was
not seen in our cohort, ongoing neuronal dysfunction may be present and potentially
driving microglial homeostatic changes and possible microglia-mediated protection. Using
a model of cerebral ischemia, Szalay et al. found that microglia reduced excitotoxic damage,
as drug-induced knockout of microglia led to dysregulated calcium responses, calcium
overload, increased neuronal death, and incidence of spreading depolarization— a process
that involves neuronal swelling, injury to dendritic spines, and subsequent dampening of
brain electrical activity [42]. Future studies should employ electrophysiological techniques
in addition to RNA assays to assess loss of function in cortical neurons in relation to
neuroimmune activity.

To further explore the extent of gray matter neuropathology, we utilized other tradi-
tional histological markers after TBI. We assessed GFAP reactivity as astrocyte end feet are
a critical component of maintaining the BBB, and when disturbed, could promote pathol-
ogy [43]. We examined both the cingulate gyrus and the inferior temporal gyrus yet did not
find any indication of increased astrocyte reactivity after mild TBI. This is consistent with
our previous examination of astrocyte reactivity in the white matter [9]. Astrocytes have
been documented colocalizing with fibrinogen after mild TBI and reactive astrocytes are
considered a hallmark pathology of injured CNS tissue, yet overt astrocyte reactivity does
not seem to occur at these injury levels at a level detectable with our methodology [29,31].
Astrocytes may undergo genomic changes in response to injury, so future studies may want
to employ RNA-based assays to detect any subtle changes in astrocyte activity post-TBI [44].
Moreover, astrocytes undergo proliferative changes that can vary depending on injury
severity so astrocytes should still be examined at higher injury levels or after repetitive
mild injuries in this model [44].

We also assessed fibrinogen reactivity as a global measure of blood-brain barrier
breakdown and neuropathology post TBI. Previous studies in our injury model have
found an increase in fibrinogen after a single mild TBI. Utilizing a different strain of
pigs, Johnson et al. (2018) conducted postmortem histology at 6 h and 3 DPI and found
an increase in fibrinogen extravasation at both timepoints. They noted fibrinogen was
specifically found in gray-white matter boundaries, periventricular, and subpial regions [31].
Our analysis found fibrinogen at gray-white matter boundaries as well as in middle layers
of the cortex. The different pig strains and potentially different vasculature may account
for the disparities in fibrinogen’s pattern and distribution in the brain parenchyma. Our
analysis also found an increase in fibrinogen reactivity at 3 DPI and that this reactivity
resolved by 7 DPI out to chronic timepoints. In contrast, Hay et al. (2015) found that 47%
of humans that survived a moderate or severe TBI for a year or more showed multifocal
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parenchymal fibrinogen immunoreactivity [45]. This may suggest that fibrinogen-measured
BBB disruption is a common pathological finding after moderate or severe TBI but does
not persist beyond the acute phase of mild TBI. Additionally, we examined the extent of
fibrinogen reactivity in gray versus white matter at 3 DPI and found a significant presence
in gray matter compared to white matter, underscoring the importance of gray matter
pathology after mild TBI.

Finally, we found a statistically significant difference in age-matched sham microglia
morphology at one year in the inferior temporal gyrus compared to 30-day or less age-
matched sham. These differences are specific to the inferior temporal gyrus, which has
shown heterogenous reactivity to TBI in our model. This is interesting for future studies in
the intersection of aging and TBI, however that is not the focus of this study. Other regions
had no detectable differences in sham over time.

There are several limitations in this study. First, the sample size of injured speci-
mens was small, which reduces the power of the study. Large animal subjects are costly
and require specialized housing and trained veterinary staff. Additionally, this was an
archival study of formalin-fixed paraffin-embedded tissue, which constrained our options
for experimental methodology. Also, many commercially available antibodies do not
cross-react with pig tissue, thus also restricting our immunohistochemical staining and
pathological analysis.

In conclusion, we have detailed a temporal sequence of neuropathology in the cerebral
cortex, an often-overlooked area in diffuse brain injury. Fibrinogen-measured BBB disrup-
tion increases at 3 DPI but resolves by 7 DPI. Meanwhile, microglia adopt a hyper-ramified
morphology from 3 DPI to 30 DPI in the inferior temporal gyrus and are delayed until
30 DPI but persist out to 1 YPI in the cingulate gyrus. These delayed consequences may be
an effect of distal diffuse axonal injury and warrant follow-up studies. We have demon-
strated that a single, closed-head, mild TBI is associated with chronic alterations to microglia
homeostasis. Microglia activity has become increasingly implicated in neurodegenerative
disease pathogenesis though precisely how they contribute to disease progression remains
elusive [46,47]. Further experimentation is needed to supplement our histological analysis.
Microglia modulate synaptic plasticity, therefore presynaptic and postsynaptic markers
as well as electrophysiological recordings could examine the impact of hyper-ramified
microglia after TBI. Compounds used to transiently knock out microglia should be used in
our model to assess potential neuron loss and cell physiological dysfunction that may be
microglia-mediated in gray matter. Additionally, neuroimaging would allow us to track
microglia activity in a single specimen over time, providing details in between the terminal
timepoints in the current study. Finally, no changes in neuronal density were observed
but subtle structural and/or functional changes in neurons, axons, and/or dendrites are
possible, similar to our recent report of alterations in electrophysiological function absent
signs of neuronal or axonal pathology in the hippocampal formation post-TBI in pigs [48].
Golgi staining or dyes used for neuronal tracing can be performed to detect neurostructural
changes related to critical functional parameters such as dendritic number, length, and
spine density. It is hoped that further understanding of the brain’s inflammatory activity
after mild TBI will provide us with knowledge of neuronal health and cognitive integrity,
and that this will translate to treatment of TBI in people.
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Abstract: Neurological disorders and traumatic brain injury (TBI) are among the leading causes of
death and disability. The pupillary light reflex (PLR) is an emerging diagnostic tool for concussion in
humans. We compared PLR obtained with a commercially available pupillometer in the 4 week old
piglet model of the adolescent brain subject to rapid nonimpact head rotation (RNR), and in human
adolescents with and without sports-related concussion (SRC). The 95% PLR reference ranges (RR,
for maximum and minimum pupil diameter, latency, and average and peak constriction velocities)
were established in healthy piglets (N = 13), and response reliability was validated in nine additional
healthy piglets. PLR assessments were obtained in female piglets allocated to anesthetized sham
(N = 10), single (sRNR, N = 13), and repeated (rRNR, N = 14) sagittal low-velocity RNR at pre-injury,
as well as days 1, 4, and 7 post injury, and evaluated against RRs. In parallel, we established human
PLR RRs in healthy adolescents (both sexes, N = 167) and compared healthy PLR to values obtained
<28 days from a SRC (N = 177). In piglets, maximum and minimum diameter deficits were greater in
rRNR than sRNR. Alterations peaked on day 1 post sRNR and rRNR, and remained altered at day 4
and 7. In SRC adolescents, the proportion of adolescents within the RR was significantly lower for
maximum pupil diameter only (85.8%). We show that PLR deficits may persist in humans and piglets
after low-velocity head rotations. Differences in timing of assessment after injury, developmental
response to injury, and the number and magnitude of impacts may contribute to the differences
observed between species. We conclude that PLR is a feasible, quantifiable involuntary physiological
metric of neurological dysfunction in pigs, as well as humans. Healthy PLR porcine and human
reference ranges established can be used for neurofunctional assessments after TBI or hypoxic
exposures (e.g., stroke, apnea, or cardiac arrest).

Keywords: oculomotor; animal models; mild traumatic brain injury (mTBI); diagnostic methods;
pupillary light response; visual processing; porcine

1. Introduction

Problems with vision are among commonly reported symptoms after a concussion [1],
with 70% of children ages 11 to 17 years old reporting at least one problem, typically
vergence disorders (the inability of both eyes to track an object up close (converge) or far
away (diverge)) and accommodative disorders (the inability to maintain focus on an object
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as it changes in distance) [2]. Visual deficits affect children’s ability to participate in school-,
sports-, and work-related activities and may have long-term impacts on development,
learning, and behavior [3].

Clinical pupillary light reflex (PLR) assessments have been incorporated as a diagnostic
tool in neurodegenerative diseases such as traumatic brain injury (TBI) [1,4], Alzheimer’s
disease [5], Parkinson’s disease [6], and autism [7]. The PLR controls pupil constriction
and dilation in response to changes in light intensity to moderate the amount of light that
reaches the retina [8]. As an assessment of the integrated response of retinal photoreceptor
circuit that is innervated by (via the oculomotor nerve and hypothalamus/brainstem) the
parasympathetic and sympathetic pathways to effect constriction of radial and/or circular
muscles of the iris [1,9,10], pupillary response evaluations are powerful, noninvasive,
and cost-effective assessments of autonomic nervous system function and can be used as
quantitative biomarkers for diagnosis of a wide variety of neurological disorders [1,4,6,7].
Typical clinical pupillary dynamics metrics include pupil diameter, pupillary latency (the
onset of pupil movement in reaction to the onset of light stimulation), change in pupil
diameter, peak pupillary constriction velocity, and peak pupillary dilation velocity [1]. More
recent clinical use of the PLR has employed a neurological pupil index (NPi) score derived
from a patented algorithm using pupil size, constriction, and dilation parameters [11]. NPi
values range from 0 to 5, where scores >3 are healthy and scores <3 are abnormal; this
index has demonstrated some clinical utility in predicting TBI patient outcomes for those
admitted to hospital [12,13] and identifying patients requiring surgical interventions at
triage [14]. The potential to use these assessments in both clinical human settings and
preclinical animal models presents a powerful tool for understanding the mechanistic basis
for neurological dysfunction.

Thiagarajan and Ciuffreda [15] summarized the human literature and reported that a
cohort of military adults with diagnosed concussions had significantly slower constriction
and dilation velocity compared with controls when assessed several months after injury. In
contrast, high-school-aged children with sports-related concussions (SRC) had opposite
findings, where the injured cohorts had greater pupil diameters (maximum and minimum)
and constriction velocities (average and peak) than the healthy controls [16,17] when
evaluated on average 2 weeks post injury. In addition to the differences in age, the timing
of the assessments (chronic vs. acute/subacute) may account for some of these differences.

Animal models provide invaluable opportunities to address the heterogeneity of
causation of neurological deficits in humans that may in part lead to the incongruent PLR
findings between children and adults at different timepoints after mild TBI (mTBI). Due
to the shape of iris muscles, the pupil of mammals such as primates, piglets, and rodents
remains circular, similar to humans, at different light intensities, in contrast to domestic cats
and seals that have pupils that contract to create a vertical slit or sheep and reindeer that
have horizontal pupils [18]. In animals, PLR is typically assessed in the laboratory using
devices that are customized for small animals such as mice [19], rats [20], guinea pigs [21],
large animals such as dogs [22], and rhesus monkeys [23]. To the authors’ knowledge, there
has only been one study examining pupil responses in animals after severe TBI, in which
these authors studied head impacts delivered to monkeys and used the presence or absence
of the PLR as a confirmation of sustaining a neurological insult [24].

The piglet model is increasingly used as a preclinical model to study a wide range of
neurological diseases [25], such as ischemic stroke [26] and Alzheimer’s disease [27], due to
the similarities of its morphology and gray- and white-matter distributions that parallel hu-
man features [28,29]. The 4 week old piglet is a model of the adolescent brain and has been
used to study severe TBI, including diffuse axonal injuries and brain hemorrhages [30–32].
In addition, piglet models have been used for mTBI studies for brain biomechanics [33,34],
as well as diagnosis [35] and treatment [36]. With particular relevance to this study, an
additional advantage of the large animal piglet model is that the conventional clinical
equipment used in the clinical setting for humans can be used to study pigs [30], thereby
facilitating the translation between species.
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The aim of this study was to establish quantifiable PLR biomarkers of mTBI in 4 week
old piglets using a clinically available handheld pupillometer designed for humans. First,
we evaluated the feasibility of PLR measurements and utility of a pupillometer in 4 week
old piglets by establishing a methodology for assessment of pupillary response in a cohort
of healthy animals. After confirming feasibility, we established 95% reference ranges (RR)
from these healthy animals and validated the RR for each PLR metric with a separate set of
healthy animals. Secondly, we used the RR to evaluate a cohort of experimental animals
in the acute phase (up to 7 days post injury) that experienced a single or repeated mild
sagittal head rotations at load levels scaled from measured human soccer headers in the
sagittal direction [37]. We hypothesized that porcine PLR metrics would be affected by load
condition (single or repeated) and post-injury timepoint. In parallel, we examined human
PLR metrics, using the same assessment tool, in both healthy adolescents and those within
28 days of injury from an SRC. We established similar RR for PLR metrics in the healthy
human cohort and examined these metrics in adolescent humans with SRC. Comparison
across species allows a more robust understanding of the neurological response.

2. Materials and Methods

2.1. Piglet Model

Fifty-nine 4 week old Yorkshire piglets (Sus scrofa) were obtained (Palmetto Research
Swine, Reevesville, SC and Oak Hill Genetics, Ewing, IL, USA). Animals were housed
together on a 7 a.m.–7 p.m. light–dark cycle and permitted to freely eat and drink as
desired in the housing pen (LabDiet 5080, St. Louis, MO, USA). Prior to the start of
each study cohort, the eyelashes of the animals were trimmed to aid in visualization of
the pupil, and animals were acclimated to the behavior study room and commercially
available piglet sling restraint with a metal frame for at least 2 days (Lomir Biomedical Inc.,
Notre-Dame-de-l’Île-Perrot, QC, Canada).

Pupillary dynamics in humans are measured by several technologies such as in-
frared videography [21], high-speed cameras [38], and smartphones [21]. A number of
handheld automated devices, including PLR-200™ and PLRTM-3000 (NeurOptics Inc.,
Laguna Hills, CA, USA), RAPDx® (Konan Medical Inc., Irvine, CA, USA), and NeuroLight
(IDMED, Marseille, France), are commercially available to measure pupillary response [39]
and provide quick, quantitative, and repeatable measurements of pupillary dynamics for
diagnostic and prognostic purposes. In the current study, one of the handheld infrared
pupilometers for humans (PLRTM-3000, NeurOptics, Laguna Hills, CA, USA) was used
to capture the pupillary responses to light in piglets [40,41]. The pupillometer (Figure 1)
emits a light flash with fixed intensity to stimulate the pupil, captures the pupil via infrared
camera (32 frames/s), and determines the pupil diameter with a ±0.03 mm precision.
While the top and bottom eyelids were held gently by fingers, the pupillometer eye cup
was placed in front of each eye, and the pupilometer was held steady. The eye cup gently
encloses the animal’s eye as the pupillometer captures an image of the eye and pupil in
response to a light stimulus emitted from the device. A standard positive white-light pulse
stimulus, which consists of a bright pulse over a dimmer background that triggers pupil
constriction, was used in this study. This white-light stimulus (0.8 s duration, 180 μW) was
preceded and followed by a dark (0 μW) background signal. All protocols were approved
by Emory University Institutional Animal Care and Use Committee.

On the day of study, animals were fed before 9 a.m., and PLR measurements were
performed between 9 a.m. and 1 p.m. Feeding animals before the experiments increased
compliance with the assessment. During acclimation and data collection, food rewards,
such as dried apple, yogurt chips, and fresh banana, were provided to reward head position
and attention to the testing [42,43]. Anesthesia has been known to depress PLR responses
such as pupil size, latency, and constriction velocity compared with the pre-anesthesia [22];
therefore, the PLR response of piglets was measured while animals were fully awake and
stationary (Figure 2).
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Figure 1. Handheld PLR-3000 device (left) and a typical pupil diameter time history and pupillary
response parameters (right).

 

Figure 2. The experimental setup used in this study showing the position of the piglets in the sling
and placement of the pupillometer on the animal’s eye.

The pupillary response was recorded for 5 s to measure the constriction and the
subsequent re-dilation of the pupil after the light flash. Repeated measurements of the
same eye were performed at least 15 s apart. Figure 1 shows a typical time history of
pupillary response to light and illustrates parameters associated with pupillary response.
Analysis focused on metrics related to PLR dynamics: latency after light stimulus to
constriction initiation (ms), average velocity of pupil diameter constriction (mm/s), and
peak velocity of pupil diameter constriction (mm/s). Dilation velocity was not captured
consistently and, therefore, was excluded. Abnormal readings were flagged by the device
and were not included in data analysis. Additionally, trials with non-negative constriction
velocity values, typically associated with spurious pupil diameter readings, were also
excluded from the analysis.

2.2. Establishing the Healthy Reference Range

From the 59 subjects, we designated a healthy reference cohort (N = 13 females), in
which the left and right eyes were tested three times over a 1 week period with ≥3 trials
each day. The healthy reference cohort was studied over multiple days to establish the
middle 95% healthy reference range (RR) for five metrics: maximum pupil diameter,
minimum pupil diameter, pupil latency, average constriction velocity, and peak constriction
velocity. An additional cohort of healthy piglets (N = 9, two males and seven females) were
allocated to a validation data set. The two male piglets and three female piglets were tested
≥3 times a day for 3 days, and the four female piglets were tested ≥3 times in 1 day, but
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testing of this set was terminated prematurely due to unplanned facility closures. Therefore,
the 19 testing days of this validation cohort was used to evaluate consistency and reliability
of the healthy RR generated from the first set.

Because some subjects had usable data from only one eye, we sought to determine if
healthy animals’ responses differed between right and left eyes to evaluate the hypothesis
that data from one eye could be representative of responses from both eyes to create the 95%
RR. Pooling data from healthy reference cohort and healthy validation groups, the results
of all trials for each animal were averaged within each day, handling the left and right eye
separately. Using paired t-tests (JMP®, Version 15. SAS Institute Inc., Cary, NC, USA), we
found no significant difference between measurements of the left and right eye (p > 0.05).

Next, we evaluated the effect of test day in the healthy animals (one-way repeated-
measure ANOVA) and determined no significant effect of test day. Therefore, to determine
the healthy RR, each healthy animal’s data were first averaged across trials (within a day),
then across the eyes (when only one eye passed quality control, that value was used),
and then averaged again across test days, resulting in a single value for each animal. The
subsequent values from all 13 animals were again averaged, and the 2.5th and 97.5th
percentiles were calculated to generate the 95% RR for healthy animals. Data from each of
the validation animals were then compared to the healthy RR to determine the percentage
of validation animals that fell within the healthy RR for each PLR metric. For the validation
cohort, each animal’s data were first averaged across trials, and then across eyes (when
only 1 eye passed quality control, that value was used); next, each day was treated as a
separate validation data point resulting in 19 validation values.

2.3. Experimental RNR Animals

The remaining (N = 37) animals were allocated to experimental groups: anesthetized
shams (N = 10 females); single (sRNR) and repeated, rapid, nonimpact head rotation
(rRNR). The sRNR (N = 13 females) consisted of a single sagittal rotation, and the rRNR
group (N = 14 females) experienced five sagittal head rotations all within 1 h. The sRNR
group experienced a single “high” rotation and the rRNR group experienced one “high”
load followed by four “medium” loads spaced 8.4 ± 1.1 min apart (Table 1). The “high”
and “medium” levels for piglet TBI loading conditions were scaled from soccer headers in
high-school players instrumented with wearable head impact sensors. A total of 267 frontal
headers resulting in primarily sagittal head loading were verified via video footage [37].
The kinematic data from the head impact sensors were input into a finite element model
of the human brain, and the maximum axonal strain (MAS) was estimated for each head
impact [44,45]. From the human data, the 50th and 90th percentile MAS values were
identified. These human MAS values were scaled to determine the peak angular velocity
and angular acceleration for piglets that would produce a strain-based deformation of
the same magnitude [44,45]. Scaled loading conditions for pigs were such that the target
load for the single (sRNR) cohort was one scaled 90th percentile “header” (100 rad/s and
36 krad/s2) and the repeated (rRNR) cohort target loads were one 90th percentile scaled
“header”, followed by four 50th percentile “headers” (60 rad/s and 13 krad/s2). From the
same human soccer heading data, we found that boys typically experienced six impacts
per hour and girls four impacts per hour, both spaced 8 min apart [37].

Table 1. Mean ± standard error of angular velocity and angular accelerations for single and multiple
RNR loading groups.

Injury Group Load Level Angular Velocity (rad/s) Angular Acceleration (rad/s2)

Single High 104.3 (±0.49) 38,444 (±1272)

Multiple
Medium 61.18 (±0.20) 15,033 (±169.0)

High 104.5 (±0.40) 38,394 (±509.3)

29



Biomedicines 2023, 11, 587

Head rotations were performed in animals that were sedated with ketamine/xylazine/
midazolam (4/2/0.2 mg/kg IM), anesthetized with isoflurane (1–5%) via mask, and ad-
ministered the analgesic buprenorphine (0.1 mg/kg IM). Rapid nonimpact head rotations
(RNR) were delivered using a pneumatic HYGE device (HYGE, Inc., Kittanning, PA, USA)
described elsewhere [30]. Angular transducers were affixed to a side-arm linkage to capture
angular kinematics of the head rotational events (Applied Technology Associates (ATA),
Inc., Arlington, VA, USA and Diversified Technical Systems, Inc., Seal Beach, CA, USA).
Measured velocity and calculated accelerations are provided in Table 1. For sham, sRNR
and rRNR cohorts, at least three left and right eye PLR measurements were taken on a
pre-injury day, as well as on days 1, 4, and 7 post RNR injury.

2.4. Human Adolescent Participants

A secondary analysis was performed on PLR data collected from a prospective cohort
of adolescents between ages 12 and 19 years with pupillary light reflex (PLR) assessment
conducted between 1 August 2017 and 11 May 2021, recruited from a specialty concussion
program and private suburban high school, where some results from this cohort have been
previously published [16]. The prospective observational cohort study was approved by
the Children’s Hospital of Philadelphia institutional review board. Adolescents and/or
their parents/legal guardians provided written assent/written informed consent. Pupillary
light reflex metrics were measured via the same Neuroptics PLR-3000 handheld, infrared,
automated, monocular pupillometer model used for the piglet portion of this study [46].
The pupillometer is approved by the US Food and Drug Administration and has been used
in similar studies of mTBI in human adults and adolescents. The diagnosis of SRC was
made by trained sports medicine pediatricians on the basis of the most recent Consensus
Statement on Concussion in Sports [47], and all adolescents with concussion were assessed
with pupillometry within 28 days of injury. Overall, PLR data from 167 healthy controls
were used to establish a healthy RR for humans. PLR metrics for 177 concussed cases were
obtained and compared to the healthy RR.

2.5. Statistics

For each PLR metric, comparisons between the experimental animals and the healthy
RR were completed. Data for each injury group (sham, sRNR, and rRNR) and study
day (preinjury, as well as days 1, 4, and 7 post injury) were evaluated to determine the
proportion of animals that fell within the healthy RR. To test if the proportion of animals
that fell within the healthy RR on each day was significantly different by loading group
(group effect at each day), a Fisher’s exact test was conducted. To test if the proportion of
injured animals that fell within the healthy RR for each loading group differed by day (day
effect per loading group), a Cochran’s Q test was performed followed by a McNemar’s
post hoc test within each injury group.

We did not assume that the effects of sagittal loading on the visual pathway were
axisymmetric. Therefore, a three-way ANOVA with repeated measures for day was run to
test the effect of eye (left or right), day, and loading group (sham, sRNR, and rRNR). For
metrics where eye was not a significant factor, a two-way ANOVA with repeated measures
was performed to determine the effect of study day and loading group (sham, sRNR,
and rRNR) with Bonferroni post hoc tests for each PLR measure. All statistical analyses
were conducted using SPSS Statistical software (V 28, IBM), and significance was accepted
at p < 0.05.

For human PLR metrics, the proportion of concussed cases with PLR metrics within the
healthy RR was compared to the proportion of healthy controls within the healthy reference
range . The proportion of PLR metrics from cases at initial visit that were within the healthy
reference range were compared to healthy controls using χ2 with a significance level of
0.05. Additionally, the proportion of concussed cases with PLR metrics within health RR
was compared by sex and previous history of concussion using χ2 with a significance level
of 0.05.
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3. Results

3.1. Animal Results

For each of the five PLR metrics, 95% of the validation animals fell within the healthy
RR for maximum diameter and latency, 84% of validation animals fell within the RR for min-
imum diameter, and 68% of validation animals fell within the RR for average constriction
velocity. However, 0% of validation animals fell within the RR for peak constriction velocity;
thus, peak constriction velocity was excluded from further analysis, resulting in statistical
comparisons completed for the remaining four metrics (maximum and minimum diameter,
latency, and average constriction velocity). The values for mean, standard deviation, 2.5th,
50th, and 97.5th percentiles of pupillary response metrics from healthy animals (N = 13)
are provided in the Appendix A Table A1. Maximum and minimum diameter were the
only metrics that had significant findings for the reference range statistical analysis, where
day 1 post RNR responses were significantly below the healthy RR for rRNR compared
with shams and their own pre-injury baselines (Figure 3A,C).

 

 

Figure 3. Proportion of validation and experimental animals in the healthy reference range (A,C,E)
and two-way repeated-measure ANOVA results for the effect of injury group and study day (B,D,F)
for maximum diameter (top row), minimum diameter (middle row), and latency (bottom row). Blue
bars represents sham, yellow bars represents sRNR, and red bars represents rRNR groups. The
healthy RR is demarcated with green dotted lines in (A,C,E). Overlaying cross bars show significant
comparisons with * p < 0.05, ** p < 0.01, and *** p < 0.001.
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The three-way ANOVA did not yield significant results for maximum diameter, mini-
mum diameter, and latency; therefore a two-way ANOVA was conducted for these metrics.
Two-way repeated-measure ANOVA results demonstrate that sRNR had reduced maxi-
mum diameters at days 1 and 7 post TBI in comparison to pre-injury levels (Figure 3B). The
rRNR group had reduced maximum diameters relative to pre-injury on all days studied,
where values on day 1 post TBI were significantly smaller than those on days 4 and 7
(Figure 3B). There was a main effect of load group on minimum diameter on day 1 post
TBI, where the rRNR had reduced minimum diameters compared to sham (p = 0.025). Fur-
thermore, sRNR animals had significantly reduced minimum diameters at day 1 relative
to pre-injury levels, where day 1 remained significantly reduced compared to day 4 and
7 (Figure 3D). The rRNR animals had significantly reduced minimum diameters on all
post-injury days relative to pre-injury, where day 1 values remained significantly lower
than days 4 and 7 (Figure 3D). There were no significant findings for the reference range
analysis or two-way ANOVA findings for latency (Figure 3E,F).

For average constriction velocity, the three-way ANOVA showed a significant interac-
tion effect between side and loading group. Figure 4A illustrates the average constriction
velocities for both the left eye (solid dot) and right eye (patterned dot) of each animal
per loading group (sham, sRNR, and rRNR). Fisher’s exact test for the effect of group at
each day was significant for the left eye on all days; however, results for the right eye
did not reach significance. Because the Cochran’s Q test and McNemar’s test were not
significant for either eye, we found no overall or day-by-day relationship between groups
for the proportion of animals within the average constriction velocity healthy RR. Figure 4B
shows the post hoc tests from the ANOVA that employed paired t-tests for eye per loading
group, and it was found that the left eye had faster constriction velocities than the right
eye in the sham group at pre-injury and in the sham and sRNR groups at day 1 (p < 0.05).
Furthermore, significant differences were found for right eyes in the single group between
pre-injury and day 1, for right eyes between single and repeated RNR groups on day 1, and
for left eyes between sham and sRNR on day 4 (Figure 4B).

Figure 4. Proportion of validation and experimental animals in the healthy reference range (A) and
three-way repeated-measure ANOVA for side, injury group, and study day on average constriction
velocity (B). The effect of side was found to be significant for average constriction velocity; therefore,
left and right eye data are plotted (B). Blue bars represents sham, yellow bars represents sRNR, and
red bars represents rRNR groups. The healthy RR is demarcated with green dotted lines in (A).
Overlaying cross bars show significant comparisons with * p < 0.05. † in (B) illustrates significant
differences between left and right eyes (p < 0.05).

3.2. Human Results

The patient data and patient characteristics for the human adolescent cohort of healthy
and concussed individuals is described in Tables 2 and 3.
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Table 2. Percentage within 2.5th and 97.5th percentile reference range comparison for human study cohort.

Metric Cases at Initial Visit (N = 177)

Latency (ms) 94.9

Average constriction velocity (mm/s) 92.6

Maximum constriction velocity (mm/s) 93.2

Maximum pupil diameter (mm) 85.8 *

Minimum pupil diameter (mm) 99.4
*Adolescents with concussion had a significantly lower proportion within the healthy reference range for this
parameter compared to healthy adolescents.

Table 3. Demographic and clinical characteristics of the study cohort.

Demographics Healthy Controls (N = 167) Concussed Cases (N = 177)

Sex

Female 91 (54.5%) 97 (54.8%)

Male 76 (45.5%) 80 (45.2%)

Race/ethnicity

Non-Hispanic White 125 (77.6%) 144 (81.8%)

Non-Hispanic Black 19 (11.8%) 14 (7.9%)

Hispanic 6 (3.7%) 6 (3.4%)

Non-Hispanic Asian 5 (3.1%) 3 (1.7%)

Non-Hispanic mixed race 5 (3.1%) 1 (0.6%)

Non-Hispanic other 1 (0.6%) 8 (4.6%)

Age (Median, IQR) 15.6 (14.3–17.2) 15.4 (14.2–16.6)

Previous concussion 40 (23.95) 81 (45.76)

Overall, PLR data from 167 healthy controls were used to establish a healthy RR for
humans (Table A2 in Appendix A). The 95% reference ranges for latency (180.0–243.3 ms),
average constriction velocity (1.26–3.91 mm/s), peak constriction velocity (2.00–6.21 mm/s),
maximum pupil diameter (2.67–5.57 mm), and minimum pupil diameter (2.02–3.4 mm)
were established from the PLR metrics from the sub-cohort of healthy adolescents.

PLR metrics for 177 concussed cases were obtained and compared to the healthy RR
(Table 2). Adolescents with concussion had a significantly lower proportion (85.8%) within
the healthy reference range for maximum pupil diameter compared to healthy adolescents
(95.8%). The proportions of all other PLR metrics within the healthy reference ranges for
concussed did not have significant differences from the proportion of healthy adolescents
within the reference range compared to the corresponding PLR metrics.

In contrast to the piglet data, there was no difference in PLR metrics between adoles-
cents with multiple concussions compared to those with only one concussion. In addition,
there was no significant difference in PLR metrics between female and male adolescents
(see Tables A3 and A4 in Appendix A).

4. Discussion

This is a first report of the pupillary light reflex in a porcine preclinical model of TBI.
Importantly, a commercially available pupillometer, commonly used in clinical assessments,
could obtain reliable and consistent PLR measurements in 4 week old piglets to obtain
maximum and minimum pupil diameter, highlighting interesting nuances with average
constriction velocity. We established healthy and validated reference ranges which can
serve as baseline comparisons for use in the preclinical and animal sciences literature. We
show that head rotations, characteristic of typical heading kinematics in soccer, yielded

33



Biomedicines 2023, 11, 587

significantly reduced maximum and minimum diameter on day 1 post sRNR in comparison
to pre-injury. In addition, the rRNR group had faster average constriction velocities than the
sRNR group on day 1 post injury. Interestingly, pupil diameters (maximum and minimum)
tended to approach recovery on days 4 and 7; however, these metrics remained significantly
lower than at pre-injury, which suggests that PLR deficits may persist beyond the acute
(7 day) period for mTBI in piglets. The injury paradigm employed in the animal model
illustrated the effect of severity when comparing a single head rotation to repeated head
rotations. There were a greater number of significant pupil deficits in the rRNR group than
the sRNR group, as well as a greater magnitude of those differences on each study day
(e.g., maximum and minimum diameter, Figure 3A,B and Figure 3C,D).

In addition, to compare across species, we examined human adolescent PLR metrics,
from both healthy and concussed individuals (Figure 5). We established an RR from
healthy adolescents for each PLR metric and compared the proportion of concussed and
healthy adolescents falling within the RR for each group. In our investigation of the human
adolescent PLR data, we found that maximum pupil diameter was the only PLR metric
to have a significantly fewer concussed adolescents falling within the RR, whereas the
other metrics yielded similar proportions of healthy and concussed adolescents within
the RR. This may be, in part, due to the mild nature of SRC along the spectrum of TBI,
likely representing the mildest form of mTBI and, as such, resulting in subtle physiological
perturbations. Quantitative PLR metrics remain a promising target outcome measure
for identifying and monitoring SRC; our findings in this investigation indicate that a
narrower RR with more stringent criteria for “healthy” may be useful, and future studies
should investigate optimizing sensitivity of these measures to an mTBI such as SRC, while
maximizing specificity.

Figure 5. Illustration of PLR cohorts and comparison of main findings for adolescent children with
and without an SRC and healthy and experimental RNR 4 week old piglets. M = male, F = female.
Mixed refers to mixed head injury mechanisms causing the SRC. A greater number of PLR deficits
were observed in controlled piglet RNR studies, with repeated RNR having more severe deficits.

Interestingly, our comparative study of piglet and human PLR metrics revealed dif-
ferences in the direction of post-mTBI alterations. Specifically, while the piglets PLR
metrics were diminished acutely (during the first week) after mTBI, the PLR metrics in
the concussed adolescents were enhanced sub-acutely (<28 days) after mTBI. The athletic
adolescent population may be a special cohort in comparison with their nonathletic coun-
terparts, potentially exhibiting unique pupillary responses as a result of sports and skill
demands. With the assumption that the developmental stages of the piglet and human
adolescents are similar, the main remaining explanation for the different findings could be
the timing of assessment and similarity of the injury severity and mechanism (total number,
direction of head loading, and magnitude).
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In a study examining 200 adult military personnel in the acute phase of concussion
(<72 h) after non-blast-related mTBI (i.e., from aerial jumps, motor vehicle accidents,
falls, sports, and recreation), the authors found that those with an mTBI had the following
decreased PLR metrics: maximum and minimum diameter, percentage constriction, average
constriction velocity, and average dilation velocity in comparison to control (N = 100) [48].
A separate study investigated military patients diagnosed with blast-induced mTBI (N = 20)
compared to age-matched controls (N = 20) in the subacute period post injury (15–45 days),
and the results also reported that maximum and minimum pupil diameters, average
constriction velocity, and maximum constriction velocity were significantly lower in the
mTBI group [49]. Another report in military subjects with chronic (<1 year) non-blast mTBI
(N = 17) compared to healthy controls (N = 15) also found decreased maximum constriction
velocity, average constriction velocity, and maximum and minimum pupil diameter among
others [46]. These acute and chronic results in adults are similar to our piglet results.

Age has a demonstrable influence on injury responses. In contrast to adults, we
(Master and Podolak [16]) examined a younger human population and conducted a study
of high-school athletes (12–18 years old) with a sports-related concussion (N = 110) and
measured PLR in the subacute period (within 28 days). We found that the injured cohorts
had greater pupil diameters (maximum and minimum) and constriction velocities (average
and peak) than the healthy controls (N = 143). We hypothesized that concussion may
cause a traumatically induced autonomic dysfunction in the sympathetic pathway, the
primary driver influencing the dilation PLR response. Greater maximum pupil diameters
allow more light to enter the eye during light stimulation, affecting subsequent constriction
velocity and dilation dynamics [16]. In a separate study, Hsu and Stec [17] obtained PLR in
children seen in a concussion clinic (N = 92) with an average date from injury of almost
2 months and reported similar findings, where average and peak constriction velocities
were greater in the concussed pediatric cohort than in controls (N = 192).

Differences in these PLR findings between adults and children have been attributed to
age as PLR measures have been known to be sensitive to age and change throughout devel-
opment [1,21]. Additionally, the time post TBI when the PLR measurements were taken
represents another factor that could lead to incongruous findings. Lastly, the mechanism
of injury is an additional potential contributing factor for the differences observed. Pupil
diameters (minimum and maximum) were not found to be different between groups of
children in Hsu and Stec’s [17] study; however, the values were larger (6 mm) than those
reported in Master and Podolak’s [16] study (4.8 mm). A larger maximum pupil diameter at
the beginning of the PLR test would result in larger response amplitudes, as well as greater
pupil dynamics and constriction velocities (average and peak), which could help to explain
the findings observed in these pediatric studies [15]. Future longitudinal studies are needed
in order to delineate the trajectory of PLR metrics over the clinical course after injury, to
determine the pattern of changes in adults and children, which may better characterize a
pattern with diminished PLR metrics both acutely and chronically, perhaps demonstrating
a subacute enhancement of PLR measures in the first weeks after injury.

Injury setting may contribute to the differences in PLR responses, in addition to age
and timing. Studies involving military personnel had subjects with concussions from blast
injury and blunt force head trauma from aerial maneuvers, falls, and combat training. In
contrast, the pediatric studies were primarily injuries due to sport and recreation (falls onto
various surfaces and player-to-player contact). The head loading conditions, comprising
various combinations of surfaces, inbound velocities, impact locations, and directions,
may play an important role in how energy is translated to the head and brain resulting
in trauma. Variations in loading conditions have been demonstrated to result in distinct
patterns of head kinematics [50], stresses and strains from computational modelling [51],
neurobehaviors in animals [52], and histopathology [51]. The studies involving concussions
in children and adults did not control for biomechanical differences in head loading
conditions, which may further contribute to the disparate findings.
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Our piglet study had several limitations. First, we studied head loading in the sagittal
direction only, which applies the biomechanical loads equally across the two hemispheres
and visual pathways. Despite restricting the study to the sagittal direction to limit the
influences of asymmetric kinematics on the eyes, we observed differences between the left
and right eyes, albeit only for average constriction velocity and in the sham and sRNR
groups (Figure 4D). Other directions may reveal more pronounced sidedness. Most studies
in the literature treated patient PLR data as an average between the left and right eye [16,17];
however, in a more recent clinical study involving stroke and TBI patients, a difference in
the Npi score of the right and left eye was associated with poorer outcomes and greater
levels of disability at discharge [53]. Therefore, future studies changing loading direction
should continue to conduct analyses specific to the left or right eye. Second, only female
piglets were examined in this study for the injury cohort, which may limit extrapolations to
male piglets. In a study examining males and females and tracking the time to recovery after
a concussion, females were found to take longer to recover, with a longer time for symptoms
to abate and to return to scholastic and sports activities than males [54]. Therefore, the
trajectory of PLR deficits and recovery may not only be sex-dependent but also affected
by age, as well as injury severity and mechanism. Future work should include changing
head loading direction, including male animals, and studying animals beyond 7 days to
track when PLR deficits return to baseline to better understand injury severity (single and
repeated RNR) and predict recovery trajectories on the basis of biomechanical conditions.

5. Conclusions

In this study, we obtained consistent and reliable pupillary light reflex responses
in 4 week old piglets using a commercially available pupillometer commonly used in
clinical assessments and established healthy reference ranges for a substantial number
of animals. Although this study highlighted some species differences in pupillary light
metrics, conducting parallel experimental studies using the same device, methodology, and
metrics in human and animals, as introduced in this study, can facilitate preclinical–clinical
translation of objective, involuntary diagnostics and treatment efficacy metrics. We applied
these ranges to study PLR in animals subject to single and repeated mild head rotations
characteristic of non-injurious heading in soccer during the acute time period (within
7 days); we found that the most severe deficits occurred on day 1 after injury, and that
repeated injuries tended to be more severe than a single mild head rotation as reflected in a
greater number of PLR deficits and a larger magnitude of those decreases. Furthermore,
pupil diameters (maximum and minimum) remained significantly decreased 7 days after
low-velocity head rotations. We conclude that PLR holds promise as a feasible involuntary
quantitative physiological metric of neurological dysfunction in piglets.
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Appendix A

Table A1. Mean, standard deviation, and 2.5th, 50th, and 97.5th percentiles of pupillary response
metrics from healthy animals (N = 13).

Metric Mean STD 2.5th % 50th % 97.5th %

Latency (s) 0.34 0.087 0.26 0.33 0.45

Average constriction velocity (mm/s) −1.0 0.21 −1.1 −0.98 −0.78

Peak constriction velocity (mm/s) −2.2 0.40 −2.6 −2.2 −1.9

Maximum diameter (mm) 6.0 0.58 5.4 5.8 7.2

Minimum diameter (mm) 5.4 0.57 4.7 5.3 6.6

Table A2. Mean, standard deviation, and 2.5th, 50th, and 97.5th percentiles of pupillary response
metrics of healthy controls.

Metric Mean STD 2.5th % 50th % 97.5th %

Latency (s) 0.21 0.017 0.18 0.20 0.24

Average constriction velocity (mm/s) 2.6 0.71 1.3 2.7 3.9

Maximum constriction velocity (mm/s) 4.1 1.1 2.0 4.1 6.2

Maximum pupil diameter (mm) 4.1 0.78 2.7 4.1 5.6

Minimum pupil diameter (mm) 2.6 0.38 2.0 2.6 3.4

Table A3. Percentage of cases with a history of concussion compared with those without a history (total
concussed, N = 177). No significant differences were found between groups for each PLR metric.

Metric History of Concussion No History of Concussion

Latency (s) 94.21% 96.41%

Average constriction velocity (mm/s) 91.74% 95.07%

Maximum constriction velocity (mm/s) 91.74% 95.52%

Maximum pupil diameter (mm) 87.60% 92.38%

Minimum pupil diameter (mm) 100.00% 97.76%

Table A4. Percentage of male and female cases (total concussed, N = 177). No significant differences
were found between sexes for each PLR metric.

Metric History of Concussion No History of Concussion

Latency (s) 95.88% 93.75%

Average constriction velocity (mm/s) 91.75% 93.75%

Maximum constriction velocity (mm/s) 92.78% 93.75%

Maximum pupil diameter (mm) 84.54% 87.50%

Minimum pupil diameter (mm) 98.97% 100.00%
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Abstract: Multiple/repeated mild traumatic brain injury (mTBI) in young children can cause long-
term gait impairments and affect the developmental course of motor control. Using our swine model
for mTBI in young children, our aim was to (i) establish a reference range (RR) for each parameter
to validate injury and track recovery, and (ii) evaluate changes in gait patterns following a single
and multiple (5×) sagittal rapid non-impact head rotation (RNR). Gait patterns were studied in
four groups of 4-week-old Yorkshire swine: healthy (n = 18), anesthesia-only sham (n = 8), single
RNR injury (n = 12) and multiple RNR injury (n = 11). Results were evaluated pre-injury and at
1, 4, and 7 days post-injury. RR reliability was validated using additional healthy animals (n = 6).
Repeated mTBI produced significant increases in gait time, cycle time, and stance time, as well as
decreases in gait velocity and cadence, on Day One post-injury compared to pre-injury, and these
remained significantly altered at Day Four and Day Seven post-injury. The gait metrics of the repeated
TBI group also significantly fell outside the healthy RR on Day One, with some recovery by Day
Four, while many remained altered at Day Seven. Only a bilateral decrease in hind stride length
was observed at Day Four in our single RNR group compared to pre-injury. In sum, repeated and
single sagittal TBI can significantly impair motor performance, and gait metrics can serve as reliable,
objective, quantitative functional assessments in a juvenile porcine RNR TBI model.

Keywords: concussion; gait; pediatric; swine; rapid non-impact head rotation

1. Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality among
children in the United States [1]. Globally, the estimated annual incidence of pediatric TBI
ranges between 47 and 280 per 100,000 children, with the United States estimating about
70 per 100,000 children [2,3]. Between 1997 and 2017, there were over 95,000 TBI-induced
deaths in children, known to be largely caused by motor vehicle accidents, child abuse, and
falls [1,4]. In the developing brain, the extent, location, and mechanism of injury can cause
poor neurological outcomes and functional disabilities that impact the somatic, cognitive,
and emotional aspects of a child’s life [5,6]. Many studies on children have focused on the
cognitive or behavioral changes caused by TBI, resulting in limited focus on the functional
outcomes of gait velocity and balance post-injury.

Although persistent motor impairments in children have been reported after moderate
to severe TBI [7–10], children with mild TBI also exhibit slower gait velocity or dual-task gait
impairments that persist even after concussion symptoms have resolved [11–13], perhaps
due to their efforts to avoid falling and to maintain stability [14]. Furthermore, TBI in
younger children affects the developmental course of motor control [15].

Younger children are also known to have increased risk of sustaining repeated/multiple
mild brain injuries [16–18]. Between 2002 and 2006, 51% of brain injuries reported each year
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occurred during the period of cerebral development (ages 0–24 years) and the estimated
incidence of repeated injuries for this population ranges from 5.6% to 36% [4,19]. Repeated
brain injuries in younger children are usually attributed to child abuse or falls [4,20,21].
Slower recovery in balance deficits, increased difficulties in memory and concentration, as
well as increases in learning disabilities have been observed in adult and junior athletes
who experienced multiple brain injuries [22–24]. However, the effects of repeated brain
injury on gait are understudied in the pediatric population.

Animal models are essential in better understanding and treating motor impairments
after TBI. An important consideration when choosing an appropriate animal model is
replicating the injury type, neuropathology, and mechanisms in human TBI and applying
proper biomechanical loadings to the head that can cause brain tissue deformations in
animal models similar to humans. Although studies have utilized small animal models
(i.e., rodents) to evaluate the impact of injury severity on histopathological changes and
motor impairments, many of these animal studies have been unable to efficiently mimic
the biomechanics of TBI observed in children due to differences in skull thickness, brain
anatomy, and physiology. Additionally, scaling inertial and impact kinematics from adults
to children are inaccurately captured because adult skull and brain properties cannot be
linearly extrapolated to represent the infant and child head [25–28]. In addition, when
compared to the human brain, the rodent brain is smaller in size, smooth, and possesses a
lower white-to-grey matter ratio [29,30]. These structural differences may be responsible
for the substantially different responses to trauma between rodents and humans [31,32].
It may also contribute to the failure of clinical trials for neuroprotective drugs that were
identified as being effective in rodent TBI models [31]. In contrast, piglets are popular
large animal models that are similar in brain anatomy, physiology, and development
to children [33–35]. Compared to children’s brains, piglet’s brains have similar patterns
of post-natal neurogenesis, similar time course of myelination, and similar white matter
volume [36–40]. These similarities make piglets an appropriate animal model for evaluating
and studying TBI in the pediatric population. Many gait studies in piglets have utilized
focal injury models like the controlled cortical impact (CCI) model, which mimics focal
contusions [38]. However, there are no piglet studies that have focused on the effect
of diffuse TBI on gait. In this present study, we used a rapid non-impact head rotation
(RNR) model that mimics the inertial diffuse injuries resulting from high translational
and rotational accelerations of the head with or without impact [41]. These RNR injuries
are usually caused by falls or low speed motor vehicle accidents, which account for most
TBIs noted in young children [27,42]. Particularly, we concentrated on the sagittal RNR
head movement known to injure the brainstem, which plays a crucial role in balance,
posture, and locomotion [43]. In addition, most studies have utilized rodent animals to
study the effects of single and repetitive brain injury on gait [25,44–46]. At this time, there
are no studies that have evaluated the effects of repeated brain injury on gait in a large
animal model.

Therefore, in this study, we used a piglet RNR model of TBI to study potential gait
deficits due to single and repeated brain injuries in pediatric populations. We hypothesized
that (1) gait time, velocity, cycle time, cadence, number of stances, stance time, and stride
length are reproducible motor performance metrics in young pigs; (2) mild levels of rapid
head rotations acutely affect gait; and (3) gait deficits are exacerbated with multiple head
rotations. We studied four piglet cohorts: (i) healthy, (ii) anesthetized, uninjured sham,
(iii) single RNR, and (iv) multiple RNR. Healthy animals were utilized to develop and
validate performance reference ranges used as baselines for identifying important gait
changes after TBI. These healthy and injured piglet data will provide a platform that can
be used in the future to evaluate the influence of therapeutics and interventions on motor
function following single and repeated TBI.
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2. Materials and Methods

2.1. Animals

Forty-two 18–19-day old female and two 18–19-day old uncastrated male Yorkshire
swine were received from Palmetto Research Swine (Reevesville, SC, USA), two 18–19-day
old female Yorkshire swine were received from Oak Hill Genetics (Franklin County,
IL, USA), and three 18–19-day old female Yorkshire swine were received from Premier
BioSource (Ramona, CA, USA). Animals were given physical exams by the Emory Univer-
sity Division of Animal Resources (DAR) upon arrival to ensure no abnormalities were
present, such as hoof deformations. Animals were received in cohorts of 2–3 littermates
and housed together for the duration of the study. Housing consisted of a 12-h light-dark
cycle with ad libitum access to pellets and water.

2.2. Accreditation

The protocol used in this research was approved by the Emory University Institu-
tional Animal Care and Use Committee (IACUC). All lab space and animal records were
inspected by the United States Department of Agriculture (USDA), the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC), and the Emory
University IACUC.

2.3. Acclimation

Prior to data collection, animals were acclimated to research staff and equipment for a
minimum of three days. A Tekscan Strideway™ pressure system (Tekscan Inc., MA, USA)
was used to assess gait. The total area of the mat was 10.7 feet by 3.0 feet; the total area
of active sensitivity was 6.4 feet by 2.1 feet. On the first day of acclimation, animals were
exposed to the Tekscan Strideway™ mat as a cohort. Animals were placed on one end
of the mat and encouraged to ambulate to the opposite end through the presentation of
an auditory stimulus (e.g., a clicker). After successfully reaching the end of the gait mat,
animals were rewarded with food enrichment (e.g., yogurt on a tongue depressor). This
was repeated several times to allow for learning of the behavior as well as modelling the
behavior to observing littermates. On the second and third day of acclimation, animals
were exposed individually to the Tekscan Strideway™ mat using the same techniques
described above.

2.4. Design of Animal Experiments Based on On-Field Head Impact Measurements in Soccer

The piglet TBI experiments in this study were designed based on the head impact
kinematics that occur in high school soccer games. Measurements of video-confirmed
frontal head-ball impact header kinematics during two seasons of high school competitions
(rotated dominantly in sagittal plane) [47] were selected for the purpose of this study.
Fortunately, the sagittal plane cerebrum kinematics have an anatomic fidelity between the
quadruped and the biped. Also, our previous porcine studies showed that this direction
can cause more severe axonal pathology compared to other rotational directions given the
same peak head angular velocity [48]. The ball-head impact kinematic data from the high
school athlete subjects (n = 267) were scaled for the pig TBI experiments in this study, as
previously described in detail [49].

To summarize, the ratio of peak angular acceleration (α) to peak angular velocity
(ω) (α/ω ratio) relates the frequency/duration of head impact rotational motion and
represents the characteristics of head impact kinematics, and this ratio directly influences
the intracranial axonal deformations [48]. Therefore, the α/ω ratio was calculated for each
head impact (n = 267) from this high school data, and the 50th percentile of this ratio was
calculated to represent the mean head impact kinematic characteristic in human soccer.
The spectrum of diffuse brain injuries (including concussion, diffuse axonal injury, and
coma [50]) result from the deformation of white matter tissues in the brain [51]. Therefore,
the maximum axonal strain (MAS) value for each head impact (n = 267) was estimated using
previously published MAS surface contours that relate MAS and head kinematics (peak
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angular velocity and peak angular acceleration) through brain finite element modeling [52].
Next, the 50th percentile and 90th percentile of MAS values in this human data were
calculated and the intersection of these MAS curves with the 50th percentile α/ω were
selected to represent the ‘median’ and the ‘high’ head kinematic loadings in humans. Then,
a tissue deformation-based optimal scaling method [52,53] was used to identify scaled
sagittal peak angular acceleration (α) and peak angular velocity (ω) values that produce
the same MAS values in pigs as the ‘median’ and the ‘high’ head kinematic loadings in
human soccer [53]. Following these steps, the peak angular velocity and acceleration that
needed to be applied to the pig heads to replicate the ‘median’ and the ‘high’ head impacts
experienced in human soccer games were found to be ω = 60 rad/s and α = 20–30 krad/s2

for the ‘median’ or 50th percentile, and ω = 100 rad/s and α = 50–60 krad/s2 for the ‘high’
or 90th percentile head kinematic loadings.

From the same on-field soccer head impact dataset [54], we evaluated the rate and
interval between multiple headers on the field and found that at the 95th percentile, there
were 6 and 4 impacts per hour for boys and girls, respectively, with an interval of 8 min.
The most typical pattern for repeated impact was a single ‘high’, and 4 to 5 ‘median’ level
loads. Therefore, our repeated head rotation group (multiple) received one ‘high’ followed
by four ‘median’ level sagittal head rotations, spaced 8 min apart. The single head rotation
group received one ‘high’ level rotation.

2.5. Head Rotation Methodology

A well-established, rapid non-impact rotational (RNR) injury model was used in
this study to produce mild TBI in piglets similar to that of a sports-related concussion in
adolescent humans.

Subjects were distributed into a naïve group and an experimental group. The naïve
group had healthy animals with no anesthesia experience (n = 16, female; n = 2, male).
The experimental group consisted of animals allocated to multiple RNR (n = 11, female),
single RNR (n = 9, female), anesthesia-only shams (n = 8, female). The single RNR group
experienced one ‘high’ level rotation followed by 32 min of anesthesia, and the repeated
RNR group experienced one ‘high’ level rotation followed by four ‘median’ level rotations
with 8 min intervals between rotations, totaling to 32 min of anesthesia. Anesthesia-only
shams experienced no rotations and received 32 min of anesthesia. Within the naive group,
a few animals were used to create a healthy reference range (n = 12, female), and the
remaining were used to validate the created reference range (n = 4, female; n = 2, male).
Healthy animals without an anesthetic experience were used to control for the effects of
anesthesia while also establishing a healthy reference range. Healthy animals were studied
for three non-consecutive days, and experimental group animals were studied for one day
pre-injury and at 1, 4, and 7 days post-injury.

Prior to injury, animals were sedated with Ketamine (4 mg/kg), Xylazine (2 mg/kg),
and Midazolam (0.2 mg/kg) via intramuscular (IM) injection. Animals were subsequently
anesthetized with 5% isoflurane and 1.5–2.0 L/min of oxygen via gas mask. Once a
surgical plane of anesthesia was achieved, characterized by a lack of toe pinch reflexes,
the animal was intubated, placed on the ventilator (10–15 mL/kg), and secured to the
pneumatic actuator by a padded snout clamp. Maintenance anesthesia was administered
for the duration of the procedure at 3% isoflurane. Prior to the first rotational injury,
Buprenorphine (0.1 mg/kg) was administered via IM injection and toe pinch reflex was
checked again to confirm the depth of anesthesia. Isoflurane was then withdrawn, and
the animal was removed from ventilator for less than 2 min. The head of the animal
was rotated 60–70◦ in the sagittal plane at a target level of 100 rad/s (high level) over
15 milliseconds by inertial loading of the pneumatic device, with the center of rotation
occurring in the cervical spine. Immediately post-injury, the animal was placed back on the
ventilator with maintenance anesthesia provided. For single injury animals, ventilation and
anesthesia were provided for 32 min post-injury. For multiple injury animals, ventilation
and anesthesia were provided for 8 min and withdrawn again before the next rotation at a
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target level of 60 rad/s (low level) over 20 milliseconds. The low-level rotation was repeated
four times, all occurring approximately 8 min apart with anesthesia being withdrawn prior
to rotation. Actual sagittal angular velocity and acceleration are provided in Table 1.

Table 1. Summary of Angular velocity and accelerations of single and multiple RNR injuries. Values
represent the calculated average ± standard error.

Rotation Type Angular Velocity (rad/s) Angular Acceleration (rad/s2)

Single High 104.5 ± 0.47 40,052 ± 1559
Multiple Median 61.3 ± 0.18 15,010 ± 169

High 104.6 ± 0.41 38,368 ± 499

After rotations and anesthesia were completed, all animals were checked for tongue
lacerations, then removed from the ventilator and isoflurane. Once the animal was respir-
ing independently and maintaining oxygen levels > 95%, the animal was extubated and
transported to housing for recovery. Animals were considered fully recovered once they
were able to eat and drink, able to ambulate to food and water, and maintain stable vitals
(oxygen saturation levels, rectal temperature, heart rate, and respirations per minute). For
the remainder of the study until euthanasia, wellness checks were performed twice daily
by lab members to observe physical and cognitive status.

2.6. Gait Assessment

Injury animals underwent gait assessment once at least 1 day prior to injury, then
at 1, 4 and 7 days post-injury, and healthy animals underwent gait assessment on three
non-consecutive days. For all animal study days, including both experimental and healthy
groups, animal weights were recorded in kilograms and used to calibrate the Tekscan
Strideway™ to a similar pressure. After calibration, the animal was placed at one end of
the Tekscan Strideway™ mat and encouraged to walk across using techniques described
previously. An ELP camera (ELP-USBFHD05MT) with infrared (IR) and light emitting
diode (LED) was used to record video of gait assessment trials at an acquisition speed of
250 frames per second (ELP, Shenzhen Ailipu Technology Co., Ltd, Shenzhen, China). A
trial was defined as one attempt by the animal to cross the mat. A minimum of three trials
was collected per animal per study day. Trials were considered to be unacceptable if any of
the following occurred: galloping, pause in ambulation, not ambulating directly towards
the opposite end of mat, slipping/sliding, or exceeding 25 s to cross mat.

2.7. Data Processing

There were two components to a gait assessment trial: (1) a pressure recording collected
by the Tekscan Strideway™ gait mat, and (2) a video recording from a camera mounted at
the end of the mat. Both recordings were collected through the Strideway™ software. A trial
was considered to be successful and acceptable if the animal crossed the full length of the
mat in less than 25 s and did not exhibit any unacceptable ambulatory behaviors described
previously (galloping, pausing, slipping, sliding, not ambulating directly to the opposite
end of the mat). Gait trials were selected for processing through the review of pressure
recordings, video recordings, and observation notes taken during data collection. Trials were
also validated by confirming that the video and pressure recordings were synchronized. For
each animal on each study day, the first three acceptable and validated trials were selected
and imported into the Strideway™ software for data extraction. Parameters extracted by
the software included the number of stances, gait time, gait distance, gait velocity, cycles per
minute (CPM), cycle time, stance time, swing time, stride time, and stride velocity (Table 2).
Gait distance was not examined due to the requirement of all animals to cross the entirety
of the mat. A data table was created by the Strideway software containing the parameter
averages for each trial collected as well as the averages of the trials combined. Data tables
were then exported to Microsoft Excel (Microsoft Corporation, Redmon, WA, USA), where
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standard deviation and standard error were calculated for individual animal daily averages.
The animal daily averages were then combined per experimental group (single, multiple, and
sham) with subsequent standard deviation and standard error calculated.

Table 2. Parameter definitions.

Parameter Type Parameter Definition

Single-Value
Parameters

Number of Stances
Also known as ‘Number of Strikes’; how many total stances an

animal makes during trial; stances in quadrupeds can
involve 2- or 3-legged support

Gait Time

Time, in seconds, that it takes for animal to cross the gait mat; begins
with contact of the first left or right front stance and ends with the

time of contact of the last left or right front stance
registered on the sensor

Gait Velocity Gait distance divided by gait time; centimeters per second
Cycle Time Average time, in seconds, to complete a gait cycle

Cycles Per Minute Also known as “cadence”; number of complete gait cycles per minute

Individual Hoof
Parameters

(left front, right front,
left hind, right hind)

Swing Time
Elapsed time between the last contact of a preceding hoof and first

contact of the next step of that same hoof, in seconds

Stride Time
Elapsed time between the first contacts of two consecutive

hoof falls, in seconds
Stance Time Average time from first contact to last contact of each hoof, in seconds

Stride Length
Distance measured parallel to the line of progression, between the
posterior heel points of two consecutive hoof falls, in centimeters

Stride Velocity
Stride length divided by stride time for each hoof;

centimeters per second

3. Statistics and Analysis

All statistical analyses were performed using the SPSS Statistics (IBM, Armonk, NY,
USA) software. Of the forty-six animals received, eleven were not able to have data from
all study days collected. These animals were not included in the analysis of variance
tests (ANOVA) with repeated measures but were used in the reference range validations
(naive group) and non-parametric tests (experimental group: single, repeated, sham).
Figures were generated using Microsoft Excel.

3.1. Healthy Reference Range

First, each parameter was categorized as either a single-value parameter or an indi-
vidual hoof parameter (Table 2). The single-value parameters were gait time, gait velocity,
number of stances, cycle time, and cycles per minute and were represented with one value
per trial. The individual hoof parameters were stance time, swing time, stride time, stride
velocity, and stride length and were collected for each hoof (left front, right front, left hind,
right hind) for each trial.

For the single-value parameters, a one-way ANOVA with repeated measures and a
post-hoc Bonferroni were performed in the healthy group to determine if there was an
effect of day. Parameters were excluded if there was found to be an effect of day in the
healthy group due to the potential for significance found post-injury in the experimental
groups to be unrelated to anesthesia or injury. No effect of day was found; therefore, gait
time, gait velocity, number of stances, cycle time, and cycles per minute were studied in the
experimental groups.

For the individual hoof parameters, a two-way ANOVA with repeated measures and
a post-hoc Bonferroni were used in the healthy group to understand if there was an effect
of day or hoof. Stance time and stride length were found to have no effect of day or hoof in
the healthy group and were studied in the experimental groups. If the day was a significant
factor, the parameter was excluded.

In the experimental groups, a three-way ANOVA with repeated measures and a post-
hoc Bonferroni were performed on stance time and stride length to understand if hoof
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had an effect post-injury. Stance time was found to have no effect of hoof post-injury;
therefore, the hoofs were averaged for each study day per each animal in both the healthy
and experimental groups. Stride length was found to have an effect of hoof post-injury, so
hoofs were studied and reported separately for all groups.

In total, gait time, gait velocity, number of stances, cycle time, and cycles per minute
(single-value parameters), along with stance time and stride length (individual hoof param-
eters), were selected for further statistical analyses. The 2.5th and 97.5th percentiles were
calculated for each parameter to establish reference range (RR) interval values in piglets
that followed a method congruent with reference intervals established for healthy patients
in the clinical setting [55]. To establish the reproducibility of the calculated reference ranges,
a separate validation group of healthy animals that did not complete all three study days
were compared against the ranges (n = 6). Animals were studied on one or two days, and
data from each day was considered to be a single data point (n = 10). The percentage of
data points that fell in the healthy range was evaluated to determine whether the reference
range was an accurate representation of healthy values. If the percentage of validation data
points in the healthy range was below 75%, the parameter was deemed not reliable. All
seven parameters satisfied the criteria for reliability, with at least 75% of the validation
group falling within the healthy range. These reliable parameters were then evaluated in
the experimental groups to determine the percentage of animals that fell within the healthy
reference range on each day of study.

3.2. Experimental Groups

The influence of experimental group (sham, single, multiple) and study day (pre-injury,
Day One, Day Four, Day Seven) were examined for six parameters (number of stances,
gait time, gait velocity, cycle time, cycles per minute, and stance time) using a two-way
ANOVA with repeated measures, followed by a post-hoc Bonferroni. For stride length, a
three-way ANOVA (group, day, hoof) was performed along with a post-hoc Bonferroni.
For all evaluations, significance was defined as p < 0.05.

The percentage of animals in each experimental group whose trial values fell within
the healthy reference range was determined on each study day to determine if there were
significant variations between these proportions by experimental group and by day. For
all evaluations, significance was defined as p < 0.05. To examine if the experimental group
had a significant effect, a Fisher Exact Test was performed. If a group was found to be
significant, the Fisher Exact Test was then repeated and restricted to comparing two groups
against each other for the post-hoc analysis. To determine if study day had a significant
effect within an experimental group, a Cochran Q test was performed, along with a post-hoc
McNemar’s test.

4. Results

4.1. Overview

For the pre-injury study day, there was found to be no significant effect of study group
(p > 0.05) for any of the parameters (Figures 1–7, Table S1). On Day One post-injury, the
multiple injury group was found to have significantly increased gait time, cycle time, and
stance time, and decreased gait velocity and cadence, relative to the sham group. For all
the above parameters except gait time, differences between the multiple injury and sham
groups persisted on to Days Four and Seven post-injury. The only significance found for
the single injury group was decreased cadence on Day Seven post-injury, and decreased
stride length on both hind limbs (left hind and right hind) on Day Four post-injury, relative
to the sham group.
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Figure 1. Number of Stances (A) Presents daily group average ± standard error and statistical
comparisons noted from the two-way ANOVA with repeated measures analysis; (B) Presents indi-
vidual animal daily averages and statistical comparisons are noted from the Fisher Exact Test and
McNemar’s analysis (* p < 0.05, ** p < 0.01, **** p < 0.001).

 

Figure 2. Gait Time (A) Presents daily group average ± standard error and statistical comparisons
noted from the two-way ANOVA with repeated measures analysis; (B) Presents individual ani-
mal daily averages with statistical comparisons noted from the Fisher Exact Test and McNemar’s
analysis (* p < 0.05).

  

Figure 3. Gait Velocity (A) Presents daily group average ± standard error and statistical comparisons
noted from the two-way ANOVA with repeated measures analysis; (B) Presents individual animal
daily averages with statistical comparisons noted from the Fisher Exact Test and McNemar’s analysis
(* p < 0.05, ** p < 0.01).

48



Biomedicines 2022, 10, 2976

  

Figure 4. Cycle Time (A) Presents daily group average ± standard error and statistical comparisons
noted from the two-way ANOVA with repeated measures analysis; (B) Presents individual animal
daily averages with statistical comparisons noted from the Fisher Exact Test and McNemar’s analysis
(* p < 0.05, ** p < 0.01).

  

Figure 5. Cycles per Minute (cadence) (A) Presents daily group average ± standard error and statis-
tical comparisons noted from the two-way ANOVA with repeated measures analysis; (B) Presents
individual nimal daily averages with statistical comparisons noted from the Fisher Exact Test and
McNemar’s analysis (* p < 0.05, ** p < 0.01).

  

Figure 6. Stance Time (A) Presents daily group average ± standard error and statistical comparisons
noted from the two-way ANOVA with repeated measures analysis; (B) Presents individual animal
daily averages with statistical comoparisons noted from the Fisher Exact Test and McNemar’s
analysis (* p < 0.05).
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Figure 7. Stride Length by Limb (A–D) Presents daily group average ± standard error and statistical
comparisons noted from the two-way ANOVA with repeated measures analysis; (E–H) Presents
individual animal daily averages with statistical comparisons noted from the Fisher Exact Test and
McNemar’s analysis (* p < 0.05, ** p < 0.01, *** p = 0.001, **** p < 0.001).
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Within the multiple injury group, gait time, cycle time, and stance time were found to
be significantly increased on Day One post-injury relative to all other study days, and gait
velocity was found to be decreased on Day One relative to all other study days. Cadence
was only found to be decreased on Day One relative both to pre-injury and Day Four.
Number of stances was found to be increased on Day One relative to both Day Four and
Day Seven.

Within the single injury group, there was a delayed increase in gait velocity from
Day One to Day Seven, and for number of stances, there was a decrease in stances from
pre-injury to Day Four and Day Seven, as well as from Day One to Day Seven. Within
the sham group, there was an increase in gait velocity from pre-injury to Day Four, and a
decrease in stances from pre-injury to Day Four and Day Seven.

When applying the reference range to the groups, a significant decrease in the pro-
portion of animals in the healthy reference range was found in the multiple injury group
on Day One relative to Day Four for gait time, gait velocity, cycle time, and cadence. Gait
velocity also experienced this decrease on Day One relative to Day Seven. For number of
stances, the multiple injury group experienced an increase in the proportion of animals in
the reference range from pre-injury to Day Four. For stride length, only the hind limbs in
the single injury group experienced a significant proportion of animals outside the reference
range on Day Four relative to the sham group.

4.2. Gait Parameters
4.2.1. Number of Stances

The number of stances was found to demonstrate no significant differences between
groups for all study days. Within the sham group, the number of stances was found to
be significantly decreased on Day Four (p < 0.001) and Day Seven (p < 0.001) compared to
pre-injury. Within the single injury group, Day Four (p < 0.001) and Day Seven (p < 0.001)
were found to have decreased stances compared to pre-injury. Day Seven was also found
to have decreased stances relative to Day One (p = 0.032). Within the multiple injury group,
Day Four (p = 0.014) and Day Seven (p = 0.007) were found to have decreased stances relative
to pre-injury values. Day One was found to have increased stances relative to Day Four
(p = 0.011) and Day Seven (p = 0.005). For reference range comparisons, there was no effect of
group on any study day; however, it was found that the multiple injury group had an increase
in animals in the reference range on Day Four relative to pre-injury (p = 0.031) (Figure 1A,B).

4.2.2. Gait Time

Gait time was found to be increased in the multiple injury group compared to the sham
group on Day One post-injury (p = 0.042). Within the single injury group, Day Four post-injury
was found to have decreased gait time relative to pre-injury (p = 0.035). Within the multiple
injury group, gait time on Day One post-injury was found to be significantly increased
compared to pre-injury (p = 0.02), Day Four (p = 0.015), and Day Seven (p = 0.012). For
reference range comparisons, the multiple injury group’s proportion of animals in the healthy
reference range was significantly decreased on Day One relative to Day Four (p = 0.031), with
all out-of-range animals exhibiting longer gait times than the healthy RR. (Figure 2A,B).

4.2.3. Gait Velocity

The multiple injury group had decreased gait velocity on Day One (p = 0.009), Day
Four (p = 0.032), and Day Seven (p = 0.041) post-injury relative to the sham group. Within
the sham group, gait velocity on Day Four had significantly increased (p = 0.014) from pre-
injury values. Within the single injury group, gait velocity on Day Seven was significantly
increased from Day One (p = 0.028). Within the multiple injury group, gait velocity on Day
One was significantly decreased compared to pre-injury (p = 0.031), Day Four (p = 0.008),
and Day Seven (p = 0.023). For reference range comparisons, the multiple injury group’s
proportion of animals in the healthy range was significantly decreased on Day One relative
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to Day Four (p = 0.031) and Day Seven (p = 0.031), with all out-of-range gait velocities
slower than the healthy RR (Figure 3A,B).

4.2.4. Cycle Time

The multiple injury group was found to have significantly decreased gait cycle time
on Day One (p = 0.030), Day Four (p = 0.005) and Day Seven (p = 0.005) post-injury
relative to the sham group. Within the multiple injury group, cycle time on Day One was
significantly decreased compared to pre-injury (p = 0.013), Day Four (p = 0.017), and Day
Seven (p = 0.014). The multiple injury group had a significantly decreased proportion of
animals in the healthy reference range on Day One relative to Day Four (p = 0.031), with all
out-of-range cycle times longer than the healthy RR (Figure 4A,B).

4.2.5. Cycles per Minute (Cadence)

The multiple injury group had a significantly decreased cadence on Day One (p = 0.003),
Day Four (p = 0.015), and Day Seven (p = 0.006) post-injury relative to the sham group. The
single injury group was found to have decreased cadence on Day Seven (p = 0.045) post-
injury relative to the sham group on Day Seven. Within the multiple injury group, cadence
on Day One was found to be decreased relative to pre-injury (p = 0.006) and Day Four
(p = 0.005) post-injury. The multiple injury group had a significantly decreased proportion
of animals in the healthy reference range on Day One relative to Day Four (p = 0.031), with
all out-of-range cadences slower than the healthy RR. (Figure 5A,B).

4.2.6. Stance Time

The multiple injury group stance time values were found to be significantly increased
on Day One (p = 0.035), Day Four (p = 0.046) and Day Seven (p = 0.012) post-injury
relative to the sham group. Within the multiple injury group, stance time was significantly
increased on Day One relative to pre-injury (p = 0.035), Day Four (p = 0.021) and Day
Seven (p = 0.022) post-injury. No significant differences were found for reference range
comparisons (Figure 6A,B).

4.2.7. Stride Length

In both hind limbs (left hind; LH and right hind; RH), the single injury group was
found to have significantly decreased stride length on Day Four post-injury (p < 0.017)
relative to the sham group. However, no significant differences were found between groups
in either front limb (left front; LF and right front; RF, Figure 7A–D).

In all four limbs, the sham and single injury group experienced an increase in stride
length from pre-injury to Day Four (p ≤ 0.001) and Day Seven (p ≤ 0.001). Within the single
injury group, we also noted a significant increase in stride length of all limbs on Day One
(p ≤ 0.016) and Day Four (p < 0.04) relative to Day Seven (Figure 7A–D).

In all four limbs, the multiple injury group experienced an increase in stride length
from pre-injury to Day Four (p ≤ 0.007). Additionally, in the multiple group a significant
increase from pre-injury to Day Seven (p ≤ 0.031) was observed in all limbs except for
the right front (RF). Only the right hind (RH) limb experienced a significant decrease in
stride length from pre-injury to Day One (p = 0.029) in the multiple injury group. All four
limbs also displayed an increase in stride length on Day Four (p ≤ 0.003) and Day Seven
(p ≤ 0.002) relative to Day One (Figure 7A–D).

No significant differences were found for reference range comparisons in either front
limb, i.e., left front (LF) and right front (RF). However, in both hind limbs, i.e., left hind
(LH) and right hind (RH), the single injury group had a decreased proportion of animals in
the reference range relative to the sham group (p = 0.018) (Figure 7E–H).
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5. Discussion

5.1. General Summary

In this study, we identified persistent changes in gait patterns following a sagittal
RNR injury and the exacerbating influence of multiple head rotations at Day Onepost-
injury. Our findings suggest that at Day One post-injury, our multiple RNR group walked
significantly slower (higher gait time and lower velocity), had fewer step cycles per minute
(lower cadence), and spent longer time with their feet on the ground (higher cycle time and
stance time). Additionally, in our multiple RNR group, velocity, cycle time, cadence, and
stance time were not only affected at Day One post-TBI, but deficits in these parameters
significantly persisted at Day Four and Day Seven post-injury, suggesting that multiple
injuries have long-term effects on gait. Similarly, the literature shows that children walk
slower, take fewer steps per minute, and have difficulty maintaining balance months or
years post-injury [7,9,56–58]. In contrast, multiple RNR injury did not seem to significantly
increase the total stances (number of stances) or shorten the distance between steps (stride
length). While we did not notice a significant persistent reduction in the distance between
steps (stride length), studies in children have identified significant reductions in stride
length and shorter step length caused by TBI [7,9,10]. These findings in children highlight
the long-term effect that TBI has on gait, which we also found in our piglet multiple RNR
group but with different gait parameter alterations following TBI, as discussed above.

5.2. Relationship with Previous Pediatric Studies

Children who sustain moderate to severe TBI show evidence of decreased velocity that
persists for years post-injury (Table S2). Two studies carried out 3–12 months after brain
injury in young children indicated a 27.7% and 20% decrease in velocity [9,59]. Another
study noted a 50% reduction in gait speed 3.5 years after severe TBI in adolescents [10].
Based on our findings, our multiple RNR group also showed a 50% significant reduction in
velocity at Day One post-injury and maintained a 24% significant decrease in velocity by
Day Seven post-injury compared to sham animals. We noted that at Day Seven post-injury,
the percentage decrease in velocity observed in our multiple RNR group was similar to
those documented in young children by 1 year post-injury. This significant reduction in
the velocity of our multiple RNR group may be due to the piglets attempts in maintaining
balance and stability, as noted in pediatric TBI and older adult studies [14,59,60].

Studies in pediatric TBI have also identified decreases in cadence that persist for up
to 7.8 months following moderate to severe TBI (Table S2). At 2.8 months post-injury, a
TBI study in young children noted a 13% decrease in cadence, and although there was an
improvement by 7.8 months post-injury, a 5.6% decrease in cadence persisted [7]. This
study also noted a 23% and 7.1% decrease in velocity at 2.8 months and 7.8 months post-
injury, respectively. The percentage decrease observed in young children at both time
points were quite similar for velocity and cadence [7]. Compared to the sham group, our
single RNR group exhibited a 14% significant decrease in cadence at Day Sevenpost-injury.
Our multiple RNR group also displayed a 45% significant decrease in cadence at Day One
post-injury, and a 20% significant decrease in cadence by Day Seven post-injury compared
to sham animals. Similar to observations in young children, the decrease in cadence was
also quite similar to the decrease in velocity in our multiple RNR group. It is important
to note that velocity is a product of cadence and stride length, and it can be significantly
affected by changes in either one of these parameters [61]. The similarity observed in
changes to cadence and velocity enables us to conclude that multiple RNR injury may
not have an effect on stride length, and this is reflected by the non-significant changes
observed in stride length for this group. However, studies in children are quite different
from our findings because they show that velocity, cadence, and stride length seem to
decrease and improve together post-injury [7]. These differences may be due to children
being bipedal, and piglets being quadrupedal, which is a distinction that should be put
into consideration when assessing gait patterns from both species. Cadence has also been
shown to alter balance, and the significant decrease in cadence in our multiple RNR group
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may be responsible for the difficulty that this group experienced in maintaining balance
during gait trials [62].

Variability in gait patterns and decrease in stride length are other impairments that
have been identified in children and piglets post-TBI [37,63–65]. A pediatric TBI study noted
increased step variability in children who suffered severe TBI [10]. Another study showed
that despite significant improvements by 7.8 months post-injury, differences in stride length
were still present in children who had suffered moderate to severe TBI compared to those
who had not [7]. This study noted a 16% decrease in stride length at 2.8 months post-injury,
with a slight improvement to about 7.9% decrease by 7.8 months post-injury. Kinder and
colleagues also noted a decrease in hind reach in their pediatric controlled cortical impact
(CCI) piglet model and described it as the lagging behind of the hind limbs compared
to the front limbs [36]. They proposed that this decrease in hind reach may be caused
by an overall decrease in stride length and an increase in percentage stance. Our single
RNR injury group had significantly shorter stride length in the left and right hind limbs
at Day Four post-injury compared to the sham group. This significant difference was not
observed in the front limbs, which may signify some level of variability in gait patterns
of the front (LF, RF) and hind (LH, RH) limbs of this group. Although noted at Day Four
post-injury in the single RNR group, we did not identify gait variability in the front and
hind limbs of the single RNR group at Day One and Seven post-injury and in the multiple
RNR group at Days One, Four, and Seven post-injury compared to the sham group. Recent
studies in children and piglets also mention that a decrease in hind reach and stride length
may be responsible for directly influencing an increase in cycle time, decrease in cadence,
and decrease in velocity [36,66,67]. Our multiple RNR group displayed a 152% significant
increase in cycle time at Day One post-injury, and a 30% significant increase in cycle time
by Day Seven post-injury. Although we noted a significant increase in cycle time and
significant decreases in cadence and velocity, no decrease in stride length was observed in
this group, perhaps due to a concurrent significant group-independent weight gain from
pre-injury (7.11 ± 0.6 kg mean ± SE) to Day Seven (9.33 ± 0.6 kg, 2-way ANOVA with
repeated measures) (Table 3).

Table 3. Summary of animal weight averages (in kilograms) for pre-injury and Day Seven post-injury
and analysis results. Values represent the calculated group average ± standard error and the p-value
for Paired-Sample t-test.

Pre-Injury Day Seven p-Value

Sham 6.34 ± 0.601 9.20 ± 0.728 <0.001

Single 6.60 ± 0.221 8.90 ± 0.444 <0.001

Multiple 7.11 ± 0.556 9.33 ± 0.625 <0.001

Additionally, although several studies indicate that children with TBI improve post-
injury, many of these studies also show significant differences in velocity, cadence, and
stride length months or years post-injury compared to healthy controls [7,9,10,59,68]. Kuhtz-
Buschbeck and colleagues noted that velocity and cadence improved in about 80% of
pediatric patients, but differences between controls and injured children persisted months
post-injury [7]. An improvement of 67% in gait time, 83% in velocity, 54% in cycle time,
54% in cadence, and 55% in stance time were observed in our multiple RNR injury group
by Day Seven post-injury compared to Day One post-injury. However, irrespective of these
improvements in gait, significant differences in gait time, velocity, cycle time, cadence, and
stance time persisted by Day Seven post-injury. Similarly, a focal TBI piglet study also
noted transient impairments in their cycle time, cadence, and stride length [36]. Significant
differences in cycle time and cadence of their CCI piglets persisted by Day Seven post-injury
compared to their baseline measures. These findings suggest that our sagittal RNR piglet
models exhibit similar gait abnormalities as seen in both humans and CCI piglet models
during the early and later phases post-injury.
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In summary, this is the first study to (i) utilize a piglet diffuse TBI model to evaluate
changes in gait patterns, (ii) compare gait changes in injured groups to both healthy and
sham groups, and (iii) evaluate changes in gait patterns following repeated mild TBI.

5.3. Limitations and Future Work

A distinction of this diffuse TBI study is that the levels of rotational head loads applied
to the piglets are associated with active sport participation in heading the ball in soccer
and with common recreational behavior in children. In previous studies published by
our group as a model of abusive head trauma in infants, younger 3–5-day old piglets
(35–40 gm brain, typically) experienced single or repeated cyclical “trains” of sagittal
head rotations with velocities of 20–40 rad/s and accelerations of 600–700 rad/s2 scaled
from reconstructions of human infant shaking [69,70]. Using traditional mass-scaling
laws [71] to determine equivalent kinematics in a 4-week old piglet used in the current study
(60 gm brain, typically), the equivalent rotational loads for vigorous shaking correspond to
15–35 rad/s and 450–530 rad/s2. Based on these scaled levels, the mTBI loads in the current
study for the “median headers” were three times higher rotational velocities and 30 times
higher rotational accelerations than in vigorous shaking (Table 1). While we observed
prolonged gait deficits following head rotations at levels associated with recreational play
in children, future work should expand on the functional deficits associated with much
lower level head rotations indicative of shaking without impact. Another limitation of this
study was the use of only female piglets in our experimental group. Gait analysis in both
sexes is needed to better understand sex variability in gait impairments. In humans, women
tend to report longer and worse outcomes than men, yet pre-clinical studies [72] show
females subjects are known to have lower comorbidities, implicating female sex hormones
may have neuroprotective effects [31]. This limitation was mitigated by using pre-pubertal
female piglets. A third limitation is the use of only a sagittal RNR injury model. Additional
studies in axial and coronal directions should be explored to provide a more complete
understanding of how different injury directions can affect motor function. Lastly, another
limitation was the exclusion of cognitive impairments and neuropathological assessments
which may affect gait. In future studies we intend to study both sexes, examine various
injury directions, study cognitive impairment, quantify neuropathology, and observe
changes in gait impairments for longer periods of time to ensure that there are no further
declines after Day Seven post-injury.

6. Conclusions

In conclusion, we observed that sagittal RNR injury can lead to significant acute
increase in gait time, decrease in velocity, decrease in cadence, shorter stride length, increase
in stance time, and increase in cycle time, much like pediatric TBI patients. Multiple RNR
injury was observed to cause worse gait impairments compared to single RNR injury,
and multiple RNR injury metrics were significantly outside the healthy reference range.
Based on the similarities between our findings and pediatric TBI studies, as well as the
anatomy, development, and size of a piglet and a child’s brain, these results indicate that a
sagittal RNR piglet model can serve as an objective quantitative functional platform in the
understanding and treatment of gait impairments due to TBI using novel therapeutics.
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RNR injury models.
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Abstract: Auditory and visually evoked potentials (EP) have the ability to monitor cognitive changes
after concussion. In the literature, decreases in EP are commonly reported; however, a subset of
studies shows increased cortical activity after injury. We studied auditory and visual EP in 4-week-old
female Yorkshire piglets (N = 35) divided into anesthetized sham, and animals subject to single (sRNR)
and repeated (rRNR) rapid non-impact head rotations (RNR) in the sagittal direction. Two-tone
auditory oddball tasks and a simple white-light visual stimulus were evaluated in piglets pre-injury,
and at days 1, 4- and 7 post injury using a 32-electrode net. Traditional EP indices (N1, P2 amplitudes
and latencies) were extracted, and a piglet model was used to source-localize the data to estimate
brain regions related to auditory and visual processing. In comparison to each group’s pre-injury
baselines, auditory Eps and brain activity (but not visual activity) were decreased in sham. In contrast,
sRNR had increases in N1 and P2 amplitudes from both stimuli. The rRNR group had decreased
visual N1 amplitudes but faster visual P2 latencies. Auditory and visual EPs have different change
trajectories after sRNR and rRNR, suggesting that injury biomechanics are an important factor to
delineate neurofunctional deficits after concussion.

Keywords: brain concussion; auditory evoked potentials; visually evoked potentials; auditory
perception; visual perception; traumatic brain injuries; electrodes; swine

1. Introduction

Sports-related traumatic brain injuries (TBI) are one of the leading causes of emergency
department visits [1], with an estimated 1.6–3.8 million sports-related TBI occurring in
the United States every year [2]. The International Concussion in Sport Group (CISG)
defines a sport-related concussion as a TBI induced by a direct or indirect blow that
transmits force to the head, resulting in short-duration impairments that can evolve into
longer-lasting signs and symptoms [3]. Forces incurred from a TBI affect the brain at
the cellular level, with perturbations disrupting membranes and proteins that inhibit
transport of ions across energy channels necessary for homeostasis [4]. This, in turn,
impairs neural function and can initiate neuroinflammatory responses that are secondary to
the initial insult [5]. Typical cognitive impairments associated with concussion are attention,
memory, and information-processing, as well as somatic symptoms such as headaches and
dizziness [6]. Auditory and visual dysfunctions are a common finding after closed head
injury [7] including concussion [8–10] and may disproportionately disadvantage children,
as problems with learning, reading, and speech may impede developmental social and
scholastic success [11–13].
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Electroencephalography (EEG) is a promising tool for concussion assessment, as it
permits millisecond (ms) measurement of synchronous postsynaptic potentials of cortical
pyramidal neurons, with the possibility of detecting neurologic dysfunction [14]. EEG
assessments for TBI include continuous measurements of brain activity or those evoked by
the presentation of a stimulus, defined as evoked potentials (EP) [15]. The EEG waveform
resulting from EPs are a series of positive (P) and negative (N) peaks and troughs that are
denoted by approximate time of presentation post-stimuli: P1 (50 ms), N1 (75–140 ms), P2
(150–230 ms), N2 (150–250 ms) and P3 (250–350 ms) [16].

Auditory EPs permit an integrative assessment of the auditory pathway from the
cochlea, auditory nerve and brainstem pathways, as well as auditory cortical functions that
reflect sound detection and early stimulus-processing in the primary auditory cortex [17].
Visual EPs holistically assess pathways from light stimuli on the retina to the optic nerves,
the optic chiasm, thalamus and occipital cortex [18]. Auditory and visual EPs have the
potential to provide an indication of functional brain activity and related changes in
information processing post-TBI that are specific to the brain structures involved with each
respective pathway.

The injured brain has been hypothesized to have lower-amplitude and longer-latency
responses compared to a healthy brain, reflecting a decreased capacity for information-
processing and slower transmission speeds [16,19]. In the literature, there have been studies
that support this hypothesis, those that partially support (in amplitude but not latency or
vice versa), and even studies that report no differences between concussed and healthy
groups. It is also noteworthy that there seems to be a pattern in the literature showing
groups with a history of concussion having alternative cognitive processes compared to a
no-injury group. To highlight some examples, symptomatic and asymptomatic concussed
adults had reduced N1 amplitudes in comparison to a control group; however, there were
no differences in latency [20]. Vander Werff and Rieger [8] reported no differences in P1, N1,
and P2 between controls and adults with long-term concussion (up to 18 months); however,
P3 amplitudes were reduced for the injured group.

In a study involving junior ice hockey players, athletes with a history of concussion
(3+) had significantly longer P3 latencies than a no concussion group [21]. More recently,
Bennys et al. [22] showed that athletes with a history of concussion (1+ in the last 3 years)
had decreased P300 amplitudes and a trend towards longer latencies (in comparison to no
injury) from auditory oddball tasks.

Interestingly, some studies report contrary findings where amplitudes are greater and
latencies are increased. For example, concussed athletes at 4 years post-TBI had increased
N2 and P3 amplitudes, in addition to longer latencies, in comparison to healthy controls [23].
In a separate study, male ice hockey players were subject to a two tone-auditory oddball
test within 24 h of concussion and similarly reported increased amplitudes (N100, P300,
N400) and decreased latencies in comparison to baseline values [24]. One hypothesis for
the increase in cortical activity after TBI posits that recovery from injury could result in a
compensatory mechanism by which an increase in neural activity is required to meet the
same executive functioning demands as the non-injured brain [23]. It is thought that, after
injury, new neural networks (and combinations of neural networks) can engage in different
temporal and spatial patterns affecting EP attributes recorded from the scalp [25].

The variability in the timepoints studied post-TBI (acute versus chronic), and the
history of concussion per subject (total number and time between injuries) across studies
are contribute to the mixed EP findings in the literature. Other factors include hetero-
geneity in the mechanisms of injury [26], as the mechanical parameters governing the
loading conditions in a head injury event, such as velocity and direction of motion, are
key causal factors in the observed patterns of neural trauma [27]. In addition, age and
cortical maturation have an effect on EP amplitudes and latencies throughout development
in childhood [28,29] and adulthood [30], contributing to varying effects of concussion on
these measures across the lifespan [31].
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Pre-clinical animal models of TBI provide an idealized platform to allow for biome-
chanical control over the head trauma load and direction; the timepoints studied post-TBI,
total number and timing of multiple traumas, as well as animal age and brain maturation
to better isolate their effects on brain injury [32,33]. Animal models provide an oppor-
tunity to systematically assess the subtleties of TBI and improve our understanding of
the auditory and visual impairments related to structurual and functional deficits post-
concussion [34,35]. In comparison to other animal models (monkey, dog, rodents), the
rapid post-natal development of pigs after birth makes this species a suitable model across
a number of different fields, including the skeletal and neuromuscular, pulmonary and
cardiovascular, central nervous system and gastrointestinal system [36]. A 4–14-week-old
piglet approximates a young child of roughly 2–12 years old [37]. A 4-week-old swine is
an established model of pediatric TBI, with neuroanatomical structures (gyri and sulci)
and gray and white matter distributions that are similar to the developing brain [38,39]
and are important biomechanical characteristics to model brain movement within the
skull [40]. The spectrum of diffuse axonal injuries, a form of TBI including concussion,
was achieved in our large animal model using a rapid non-impact head rotation (RNR)
device and employed in studies from our laboratory examining neurobehavioral deficits,
histopathology, and drug efficacy in piglets of different ages [32,41–45].

This study utilizes methods established in our laboratory for measuring evoked po-
tentials in healthy 4-week-old swine, in addition to studying the large-animal model under
single or repeated head loads using an RNR device. Sixteen healthy animals presenting
with a passive two-tone auditory oddball test were used; infrequent target tones pro-
duced greater N1 amplitudes for frontal electrodes and produced consistent day-to-day
responses [46]. In a separate set of healthy animals (N = 11), cognitive activity from au-
ditory and visual stimuli were compared using traditional evoked potential measures
and cortical activations estimated from source localization techniques. In healthy animals,
N1 amplitudes were greater from auditory stimuli in comparison to visual stimuli. P2
amplitudes were greater from visual stimuli and latencies (N1 and P2) were faster for
visual stimuli than auditory stimuli. Patterns of cortical activation showed that visual
stimulation had greater levels of early (50 ms) activity than auditory stimulation; however,
at 85 ms, auditory had greater left-temporal activations. At 110 ms, visual stimulation
had greater activity in the left and right occipital regions [47]. The objective of this study
was to examine the role of single and repeated head rotations on auditory and visually
evoked potentials to better describe the effects of head biomechanics and loading patterns
on neurocognitive deficits. Derived from this prior work, our hypotheses for the current
study are as follows: (1) there will be a ‘between experimental group’ effect where RNR will
significantly reduce EP indices and cortical activation compared to sham; (2) within each
experimental group, there will be a ‘day effect’ where cognitive processing is decreased at
various timepoints after RNR or anesthesia compared to pre-injury baselines; and (3) there
will be a ‘stimulus effect’ where the patterns of reduced cognitive activity are unique to
auditory stimuli and are different from visual stimuli.

2. Methods

To study the effects of concussion on auditory and visual processing, we employed
the 4-week-old swine pediatric TBI model subject to prescribed controlled mild head
rotations. Auditory and visually evoked potentials were captured using methods published
previously in healthy piglets [46,47] on each animal before head rotations, to establish a
pre-injury baseline, and again at 1, 4, and 7 days after to examine the acute time-course
of mild TBI on stimulus processing. Other neurofunctional measures were also collected
using this experimental injury paradigm and include piglet gait and pupillary light reflexes,
using previously published methods [48,49].
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2.1. Animal Subjects

Thirty-five 4-week-old female Yorkshire piglets were allocated into three experimental
groups: sham (N = 10), single RNR (N = 12), and repeated RNR (N = 13). Awake subjects
were fitted with a 32-electrode EEG net and evaluated using two-tone auditory oddball
tests at baseline and multiple days after rapid non-impact head rotation (RNR) or an
anesthesia-only event (sham). A subset of these animals was also evaluated using a simple
white-light visually evoked potential: sham (N = 5), single RNR (N = 6), multiple RNR
(N = 9). Animals were socially housed in cages on a 12 h light and 12 h dark cycle, and were
freely permitted food (LabDiet 5080, St. Louis, MO, USA) and water. EEG measurements
were taken in a separate behaviour test room where auditory and visual EP measurements
were taken in the awake animal while gently restrained in a sling. Animals were acclimated
to the sling and head gear (EEG net or stretchable nylon) for at least two 30 min sessions
prior to the first study day. All subjects that were included for analysis survived to the
end of study. All animal procedures were approved by Emory University’s Institutional
Animal Care and Use Committee (IACUC).

2.2. Rapid Non-Impact Rotational Injury (RNR)

On the injury day (day 0), each injured and sham piglet was sedated with an intramus-
cular injection (Ketamine:4 mg/kg, Xylazine: 2 mg/kg, and Midazolam: 0.2 mg/kg) and
underwent anesthesia via inhalation of 1.5% isoflurane using a fitted snout mask. While
vitals were monitored and body temperature was maintained, a lack of response to a mild
toe pinch confirmed the appropriate depth of anesthesia; then, the RNR was delivered.
Sham animals received anesthesia only, without RNR. Animals receiving a head rotation
were secured to a HYGE device (HYGE Inc., Kittaning, PA, USA) via a bite plate. The bite
plate was attached to a linkage system that transfers the linear motion of the pneumatic
actuator to a rapid head rotation of the snout and head [32,41]. Angular transducers were
mounted onto the linkage system to measure the angular velocity of the system (ARS-06,
ATA Engineering, Inc., Herndon, VA or ARS Pro, DTS Inc., Seal Beach, CA, USA). The
HYGE device is capable of RNR at levels consistent with the spectrum of diffuse axonal
injury pathologies [50–52]. Piglets in the single and repeated RNR groups experienced
sagittal rotation on day 0 (Figure 1). The levels of head rotations prescribed to each experi-
mental animal group was computationally scaled from soccer participants instrumented
with head-impact sensors [53]. The load levels were scaled from 267 headers in high-school
soccer players, primarily causing sagittal motions of the head [53]. The human kinematic
data were input into a finite element model of the human brain and maximum axonal
strain (MAS) was estimated for each of the 267 impacts [53,54]. The 50th (medium) and
90th (high) percentile MAS values were extracted from the human header data and scaled
using a piglet finite-element model to determine the corresponding peak angular velocity
and angular accelerations associated with the 50th (medium) and 90th (high) levels. The
single RNR group received a single ‘high header’ and the repeated RNR group experienced
one ‘high header’ load followed by four ‘medium header’ loads. The target ‘high header’
rotations scaled to the pig were 104 ± 2.36 rad/s and 37.8 ± 6.06 krad/s2 and ‘medium
header’ rotations were 61.2 ± 2.02 rad/s and 15.0 ± 1.72 krad/s2. For the repeated-RNR
group, rotations were delivered 8.4 min apart (±1.1 min). The 8 min interval between
impacts for the repeated RNR group was determined from the same high-school soccer
heading data, where girls and boys received 4 and 6 impacts per h, respectively, where
impacts were spaced 8 min apart for both sexes. Further details on the determination of
piglet head rotation magnitudes are described in [48]. EEG measurements were taken on a
pre-injury day (D-1), one (D1), four (D4) and seven days (D7) post-injury (Figure 1). The
Institutional Animal Care and Use Committees (IACUC) at Emory University approved all
animal procedures conducted in this study.
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Figure 1. Summary auditory oddball paradigm with 30 target (1000 Hz) tones (0.002 s) randomly
played in between standard (800 Hz) tones with an interstimulus interval of 0.280 s (A). Simple white
light visual stimulus (B). Custom 32-electrode EEG net on piglet (C). Experimental timeline for sRNR,
rRNR, and sham animals for EEG data collection and injury/anesthesia (D) at pre-injury (pre), injury
(D0), day 1 (D1), day 4 (D4) and day 7 (D7). RNR = rapid nonimpact rotation.

2.3. Electroencephalography Measurements

Non-invasive EEG data were collected using scalp electrodes embedded in a custom
32-channel EGI HyrdoCel piglet electrode net at 1000 Hz using a Net Amps 400 amplifier
(Electric Geodesics Inc., EGI, Eugene, OR, USA). Prior to application on the piglets, the net
was soaked in baby shampoo (5 mL), potassium chloride (10 mL) and water (1 L) solution.
The net was then placed on the piglet’s head and electrical impedance was checked and
maintained below 1 kΩ [55]. EEG data acquisition was accomplished using a MacBook Pro
laptop with Netstation (Version 5.0, Electric Geodesics Inc., EGI, Eugene, OR, USA) and
synchronized to auditory and visual stimuli using E’Prime on a PC computer (Version 2.0,
Psychology Software Tools, Inc., Pittsburgh, PA, USA). The auditory oddball train consisted
of a 100-tone clicktrain comprising 70 standard tones (800 Hz) and 30 target tones (1000 Hz)
played in random order (Figure 1A). For visual trains, 30 white-light flashes were presented
using a 7-inch LCD screen (Figure 1B). Auditory sounds were presented to the centre of the
piglets’ head, attempting to stimulate both ears equally; however, for visual stimuli, the
light stimuli was presented to the left eye only. Stimuli were presented in the same manner
as in our study with healthy piglets [47]. Each animal received 6 trials of auditory trains,
and the animals who were studied for visually evoked potentials also received 6 trials of
visual trains [47].

EEG data were pre-processed in Netstation Tools (Electric Geodesics Inc., EGI, Eugene,
OR, USA) and included band-pass filtering from 0.1 to 30 Hz, segmentation of evoked
potential into 300 ms epochs that incorporate a 50 ms pre-stimulus baseline and a 250 ms
post-stimulus response period. Bad channels were replaced if greater than 200 uV via
interpolations of two nearby electrodes [47]. Data were post-processed in EEGlab Version
14.12 [56] and Matlab Version R2018b (The Mathworks, Inc., Natick, MA, USA) [57] and
included baseline correction, waveform averaging and independent component analysis to
remove noise artefacts and eye movements [58].

EEG waveforms were averaged per animal, per day and per stimulus type (auditory-
target, -standard, and visual). N1 and P2 peak amplitudes and latencies were extracted
from the averaged waveforms from each electrode. N1 and P2 pertain to the first negative
and second positive peak following stimulus presentation and are the most consistent
attributes of the evoked potential for piglets [47]. Peak data from electrodes 1, 2, 3, 4, 17,
and 27 were averaged together to represent the response at the front of the head. Similarly,
electrodes were averaged together to represent activity in the left (5, 11, 13, 15, 23) and right

63



Biomedicines 2023, 11, 1816

(6, 12, 14, 16, 24) temporal regions. Values were removed if the peak was non-negative and
non-positive for N1 and P2, respectively.

2.4. Source Localization

EEG waveforms were source-localized using a finite-element model (FEM) of the
piglet head and brain to estimate the electrical activity distribution in the brain in sham and
RNR piglets. Details regarding the development of this model for source localization in
healthy piglets are described elsewhere [47]. Briefly, the model was derived from magnetic
resonance images (MRI) of an infant piglet and scaled to the 4-week-old pig [59]. The model
comprises 1.6 million tetrahedral elements making up the scalp, skull, brain, ventricles, and
eyes [59,60]. The 32-electrode array was imported on the scalp of the model [61]; however,
eight electrodes (9, 10, 19, 20, 21, 22, 25, 26) were not included as they lay in a region behind
the ears. Conductivity values were assigned for the scalp (0.4 S/m), skull (0.03 S/m),
cerebral spinal fluid (1.79 S/m), brain (0.5 S/m) and eyes (1.5 S/m) [59]. Standardized low-
resolution brain electromagnetic tomography algorithms (sLORETA) were employed to
calculate the inverse solution [62,63]. Mean current density was extracted from five regions
of interest (frontal, left and right temporal, and left and right occipital) at three timepoints
post-stimuli (50 ms, 85 ms, and 110 ms). These timepoints were selected to capture the
cortical activity surrounding the N1 amplitude, which was found in our previous study to
have the largest amplitude response from auditory and visual stimuli [47].

2.5. Statistics

Three-way repeated-measure ANOVAs were run per electrode region (frontal, left
and right temporal) to evaluate the effect of day (repeated measures), experimental group
(sham, sRNR, rRNR), and stimulus (standard, target, and visual) on N1 and P2 amplitudes
and latencies. Statistical analyses for source localization were run in a similar manner,
employing 3-way repeated measures ANOVAs to evaluate the effect of day (repeated
measures), experimental group (sham, sRNR, rRNR), and stimulus (standard, target, and
visual) on current density. This analysis was repeated 15 times, to stratify according to
timepoint (50 ms, 85 ms, 110 ms) and brain region (frontal, left and right temporal, left and
right occipital regions). Post hoc analyses employed one-way ANOVAs with Bonferroni
corrections. All statistics were conducted using IBM SPSS (Version 25, Armonk, NY, USA:
IBM Corp.) and significance was accepted at p < 0.05.

3. Results

3.1. Overview

As an overview, the mean and standard deviation of the angular velocities and an-
gular accelerations corresponding to medium and high load levels for the single-RNR
and repeated-RNR groups are reported in Table 1. The measured head kinematics were
consistent with our target load levels, as determined from scaling. Exemplar current density
patterns for each group at 85 and 110 ms are illustrated in Figures 2 and 3. The results for
source localization are shown in Figures 2 and 3. Evoked potential results are shown in
Figure 4, presented by stimulus type because our findings from healthy animals showed
that visual stimuli produced larger responses in the occipital areas and more auditory
stimuli in the temporal regions [47]. Figures 5–7 illustrate 50, 85, and 110 ms current density
results, respectively for an exemplar sRNR animal across study day and stimulus type.

Comparisons of EP and current density measurements that were significantly dif-
ferent from each experimental group’s pre-injury values and contrary to those found in
healthy animals from a previous study [47] are reported in this section. Table 2 presents
a summary of the main findings for each experimental group, highlighting changes from
pre-injury baselines.
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Table 1. Mean ± standard error of angular velocity and acceleration loading levels for single- and
repeated-RNR groups.

Load Level
Angular Velocity

(rad/s)
Angular

Acceleration (rad/s2)

sRNR High 104 ± 0.495 36,900 ± 1120

rRNR
Medium 61.2 ± 0.182 14,900 ± 175

High 104 ± 0.414 38,300 ± 533

Table 2. Summary table of significant changes in auditory and visual EP findings for sham and
RNR piglets.

Region Stimulus Significant Change from Pre-Injury

Sham

Frontal Auditory–Standard Decrease (85 ms, current density)
Frontal Auditory–Target Decrease (N1 and P2 amplitudes)

Left Temporal Auditory–Standard Decrease (85 ms, current density)
Left Temporal Auditory –Target Decrease (85 ms, current density)

Right Temporal Auditory–Standard Decrease (85 ms, current density)

sRNR

Right Temporal Visual Increase (N1 amplitude)
Right Temporal Auditory–Target Increase (P2 amplitude)
Right Temporal Visual Increase (50 ms, current density)
Right Occipital Visual Increase (50 ms, current density)
Left Occipital Auditory–Target Decrease (110 ms, current density)

Right Occipital Auditory–Target Decrease (110 ms, current density)

rRNR

Right Temporal Visual Decrease (N1 amplitude)
Right Temporal Auditory–Standard Decrease (P2 amplitude)

Frontal Visual Decrease (P2 latency) *
Left Temporal Auditory–Standard Decrease (85 ms, current density)

NB: ‘*’ denoting a decrease in latency means P2 latencies were faster rRNR.

3.2. Overall Group Differences

The findings examining experimental group comparisons are presented next. For
reliability, if there were significant differences between experimental groups at pre-injury
for an extracted EP parameter or current density for a region, further group comparisons
on subsequent days were not examined. Figure 2 presents example patterns of cortical
activity from source localization analysis at day 4 for a single sham, sRNR, and rRNR
animal presented with a standard tone and a visual stimulus depicted at 85 ms. We will
discuss the results in each region. In the frontal region, statistically significant results
were found, where auditory processing was decreased for RNR groups in comparison to
sham. Specifically, on day 4, rRNR (1.117 ± 0.203 μV) had decreased target P2 amplitudes
compared to sham (2.672 ± 0.321 μV) and sRNR (0.035 ± 0.005 μV/mm2) had lower
activations from standard tones compared to sham (0.046 ± 0.009 μV/mm2) at 85 ms.

In the left temporal region, there were pre-injury differences for current density be-
tween sRNR and sham (110 ms) for visual stimuli N1 latencies; however, these were not
different at pre-injury and, therefore, sRNR had significantly longer visual N1 latencies
(62.067 ± 2.811 ms) than sham (49.400 ± 3.443 ms) at day 1. No pre-injury differences were
observed between sRNR and rRNR; therefore, on day 4, sRNR had greater left temporal acti-
vations than rRNR at 85 ms (sRNR: 0.071 ± 0.012 μV/mm2, rRNR: (0.031 ± 0.006 μV/mm2)
and 110 ms (sRNR: 0.070 ± 0.012 μV/mm2, rRNR: 0.035 ± 0.007 μV/mm2) post visual
stimulus (Figure 3).

Regarding pre-injury, in the right temporal regions, standard P2 amplitudes were sig-
nificantly different between rRNR and sRNR and visual P2 latencies were different between
sRNR and sham. P2 amplitudes were not significantly different between rRNR and sham;
therefore, contrary trends were found between groups in this region on day 1, where rRNR
(2.695 ± 0.360 μV) had greater standard P2 amplitudes than sham (0.830 ± 0.360 μV). In ad-
dition, sRNR had greater visual activations (85 ms) than sham (sRNR: 0.050 ± 0.008, sham:
0.022 ± 0.005 μV/mm2). Further, sRNR (2.824 ± 0.265 μV) and rRNR (2.915 ± 0.342 μV)
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had greater target P2 amplitudes than sham (1.364 ± 0.42 μV) on day 4, with sRNR
(2.538 ± 0.277 μV) remaining significantly greater than sham (0.684 ± 0.358 μV) on day 7.

Figure 2. Exemplar current density distributions (85 ms) for sham (left), sRNR (middle) and rRNR
(right) for standard tones (top row) and visual stimuli (bottom row) taken at day 4, illustrating unique
cortical activity patterns across experimental group and stimulus type. Between-group comparisons
found that sRNR showed significantly decreased frontal activity compared to sham for standard
tones. rRNR had significantly decreased left-temporal activity than sRNR for visual stimuli, but was
not different than sham.

In the left occipital region, pre-injury current densities at 110 ms were significantly differ-
ent between sRNR and rRNR for standard tones only. Early cortical activity in the left occipital
region (50 ms) showed greater activations from target tones for sRNR (0.027 ± 0.004 μV/mm2)
than rRNR (0.024 ± 0.007 μV/mm2) on day 1. Interestingly on day 4, sham (0.027 ± 0.003
μV/mm2) had greater activations than rRNR (0.022 ± 0.004 μV/mm2) from standard tones;
however, this was reversed on day 7, where rRNR (0.024 ± 0.004 μV/mm2) was greater than
sham (0.015 ± 0.003 μV/mm2). Additionally, sRNR (0.102 ± 0.024 μV/mm2) had greater left
occipital activations (85 ms) from visual stimuli than sham on day 7 (0.025 ± 0.006 μV/mm2).
In the right occipital region, there were pre-injury differences between sRNR and sham, and
sRNR and rRNR, with no other significant group comparisons on other days or stimuli.

3.3. Within Group Differences

Differences found within each experimental group (sham, sRNR, and rRNR) are
presented below.

3.3.1. Sham–Anaesthesia Only

In sham animals, frontal N1 (−4.848 ± 0.848 μV) and P2 (1.388 ± 0.678 μV) amplitudes
from target tones were significantly decreased at day 1 (N1: −2.711 ± 0.598 μV) and at day
7 (P2: 0.476 ± 0.915 μV) compared to baseline pre-anesthesia levels (Figure 4, top panel). In
our previous study, examining the auditory oddball paradigm in healthy piglets, there was
no effect of day, where standard and target tones produced similar responses on subsequent
days of testing [46]. Similarly, frontal activations determined from source localization were
decreased at day 1 (0.042 ± 0.008 μV/mm2) and 7 (0.033 ± 0.004 μV/mm2) in comparison
to pre-anesthesia (0.057 ± 0.009 μV/mm2) as a result of standard tones (85 ms time point).
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At the 85 ms timepoint, the left temporal region showed decreased activations at day 1 for
both standard (pre: 0.073 ± 0.014, day 1: 0.059 ± 0.010 μV/mm2) and target tones (pre:
0.084 ± 0.011, day 1: 0.065 ± 0.010 μV/mm2). We conclude that anesthesia influenced
auditory responses for many metrics on day 1, with some persisting to day 7. No significant
changes (from pre-anesthesia) were found for visual stimuli.

Figure 3. Exemplar current density distributions (110 ms) for sham (left), sRNR (middle) and rRNR
(right) for standard tones (top row) and visual stimuli (bottom row) taken at day 4. Between-group
comparisons found that sRNR had significantly increased left-temporal activity compared to rRNR
for visual stimuli.

3.3.2. sRNR-Single

For the sRNR group, auditory target tones produced a significant increase in P2
amplitudes in the right temporal region from pre-injury (1.878 ± 0.245 μV) to day 7
(2.538 ± 0.277 μV). Similarly, visual stimuli (Figure 4) produced an increase in right tempo-
ral N1 amplitudes from pre-injury (−0.622 ± 0.429 μV) to day 1 (−1.827 ± 0.368 μV). Source
localization results from visual stimuli show that, at 50 ms (Figure 5), the right temporal
had significantly greater activations at day 7 (0.101 ± 0.011 μV/mm2) than both pre-injury
(0.050 ± 0.009 μV/mm2) and day 1 (0.056 ± 0.007 μV/mm2) timepoints. At 50 ms, the
right occipital regions also showed a significant increase in visual stimuli activations at
day 7 (0.109 ± 0.017 μV/mm2) compared to pre-injury levels (0.069 ± 0.011 μV/mm2).
This region also increased at day 4 (0.100 ± 0.014 μV/mm2), above the pre-injury base-
line. At 50 ms, for auditory stimuli, there were no injury-associated effects in any region.
Figure 6 shows current density patterns at 85 ms; however, no significant changes were
found between days and stimuli for sRNR at this timepoint. At 110 ms, auditory tar-
get tones produced significantly decreased activations at day 1 in the left occipital (pre:
0.069 ± 0.011, day 1: 0.043 ± 0.004 μV/mm2) and right occipital (pre: 0.064 ± 0.005, day 1:
0.049 ± 0.006 μV/mm2) regions (Figure 7). At 110 msec, for auditory standard tones and
visual stimuli, there were no injury-associated effects in any region.
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Figure 4. Single-subject exemplar evoked potential (EP) waveforms from channel 17 taken on day
1, summarizing group findings for sham (top), sRNR (middle), and rRNR (bottom), where blue
represents auditory standard tones, red target tones, and green visual. Significant EP findings are
denoted by ‘−‘ and ‘+’, indicating decreases and increases from pre-injury for each brain region.
All EP findings pertain to significant amplitude changes, except for P2 frontal latency in rRNR, as
indicated in parentheses. For each plot, significant current density findings are summarized in square
(dotted) boxes for each specified timepoint (50, 85, and 110 ms) and brain region.
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Figure 5. Depiction of source localization analysis at 50 ms post-standard (top row), target (middle

row), and (bottom row) visual stimuli for one exemplar animal from the sRNR group across days
studied (preinjury, day 1, 4, and 7).

Figure 6. Depiction of source localization analysis at 85 ms post-standard (top row), target (middle

row), and (bottom row) visual stimuli for one exemplar animal from the sRNR group across days
studied (preinjury, day 1, 4, and 7).
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Figure 7. Depiction of source localization analysis at 110 ms post-standard (top row), target
(middle row), and (bottom row) visual stimuli for one exemplar animal from the sRNR group
across days studied (preinjury, day 1, 4, and 7).

3.3.3. rRNR–Repeated

In rRNR animals, right-temporal N1 and P2 amplitudes were found to be significantly
decreased on day 1 for visual (pre: −2.121 ± 0.350, day 1: −1.240 ± 0.350 μV) and day
4 for auditory standard tone (pre: 3.593 ± 0.515 μV, day 4: 1.626 ± 0.431 μV) stimuli,
respectively. In addition, frontal P2 latencies were faster at day 4 (111.4 ± 5.497 ms),
in comparison to pre-injury (144.0 ± 5.747 ms) from visual stimuli. Source localization
for auditory stimuli results yielded significant findings at 85 ms, where standard tones
had decreased activations from pre-injury (0.072 ± 0.006 μV/mm2) compared to day 7
(0.048 ± 0.004 μV/mm2) in the left temporal region (Figure 3). However, no differences
between pre- and post-injury were found at 50 or 110 ms for any stimuli on any day.

Different trajectories of auditory and visual processing changes were noted for sham,
sRNR and rRNR groups. In anesthesia-only sham, auditory processing was affected, but
not visual processing. In the sRNR group, there were mixed findings, where visual and
auditory stimuli resulted in increased and decreased responses, respectively. In the rRNR
group, the magnitude of the response (amplitude or current density) had a tendency to
decrease. Across all groups, the frontal region emerges as the most vulnerable to auditory
deficits, as evidenced by decreased cortical activity; however, visual deficits were observed
in the left temporal regions. Interestingly, we found increased activity in the right temporal
and right occipital regions that were not specific to any stimulus modality.
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4. Discussion

This study examined acute changes (within 7 days) in auditory and visually evoked
potentials in a large 4-week-old swine model of TBI under single or repeated head-loads
using an RNR device. This current study is an extension of previous work that established
methods for measuring and modelling auditory and visually evoked potentials in healthy
swine and applied these methods to an experimental cohort subject to RNR. A table
summarizing significant EP changes in auditory and visual processing for sham (anesthesia-
only) and RNR is displayed in Table 2. In the acute post-injury phase, anaesthesia and
RNR were found to have an effect on 4-week-old swines’ EP amplitudes and latencies
and cortical activations in comparison to pre-injury. In sham, only auditory stimuli were
found to be significantly decreased post-anaesthesia on days 1 and 7 in comparison to
pre-injury values (Figure 4, top panel). This finding is consistent with the human literature,
where auditory processing was suppressed after anesthesia [64]. Visually evoked potential
remained unaffected after anaesthesia in piglets, as no significant differences were found
on any post-anaesthesia days (1, 4 or 7) following pre-injury.

Interesting findings were observed for the sRNR group, where increased activity (N1
and current density) was observed for visual stimuli in the right temporal and right occipital
regions, however auditory-target processing yielded the opposite results, with an increase
in P2 amplitudes in the right temporal region but decreased current densities in the left
and right occipital regions (Figure 4, middle panel). In healthy piglets, auditory processing
localized to the temporal region and visual processing to the occipital regions [47]. In
this study, these regions show alternative activity patterns after experimental RNR. The
rRNR group yielded different patterns to the sRNR group, where visual stimuli produced
decreased N1 amplitudes but faster visual P2 latencies (Figure 4, bottom panel). The
different patterns of findings between RNR groups suggest that rRNR is not necessarily a
more severe form of sRNR, as this group did not simply reflect greater magnitude deficits
within the same parameters or within the same region. sRNR was the only experimental
group that showed increased EP responses, while rRNR only decreased responses, in
addition to there being fewer significant comparisons than were found in the sRNR group
(Table 2). Differences in activation patterns observed between RNR groups further highlight
the importance of distinguishing between single and repeated head rotations, as the human
literature demonstrates a trend toward the worst outcomes for those suffering from a history
of concussion versus no injury or a single concussion [19]. The ‘within group’ findings for
each RNR combination were unique to the mode of stimuli and suggest that the visual
and auditory pathways are unequivocally affected by each head-loading paradigm. Taken
together, these findings demonstrate the importance of injury biomechanics, particularly
head-loading patterns, that create differing trajectories in neurofunctional deficits. A
mixture of head injury mechanisms is one factor that likely contributes to the incongruent
findings in the human literature, and should be considered when interpreting trends in
neurocognitive deficits and symptoms.

Comparisons between groups revealed that both sRNR (current density) and rRNR
(P2 amplitude) were decreased in comparison to sham; a finding consistent with the human
literature, where auditory information processing is decreased after mild TBI in clinical
and athletic populations [26,65,66]. Furthermore, the sRNR group was found to have
slowed visual processing (left temporal) in comparison to sham (N1 latency), and rRNR
had lower visual activity than sRNR in this region. In previous studies, visual processing in
response to a working memory task requiring an active button-press had smaller N350 and
P300 amplitudes for patients with mTBI in comparison to healthy controls [67], as well as
decreased activity in the dorsolateral prefrontal cortex from functional magnetic resonance
imaging (fMRI) [68]. Furthermore, patients with a history of concussion reported decreased
P3 amplitudes, as it has been hypothesized that the brain has an increased vulnerability to
subsequent concussions resulting in worse outcomes [19,22].

Contrary trends were observed in the right temporal and left occipital regions in
our animals, as there were many instances in which increased activity (P2 amplitudes
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and current densities) were observed for either the sRNR or rRNR groups in comparison
to sham. These findings were not specific to a type of stimulus. Increased activity in
these regions after RNR suggests that the brain may involve more areas (and at a greater
magnitude) to process the same amount of information. Enhanced auditory processing
(increased amplitude and decreased latency) was observed in an evaluation of N100, P300,
and N400 from a two tone-auditory oddball task in junior ice hockey players taken at
pre-season, after a concussion, and multiple timepoints within- and post-season [24]. In a
separate study examining varsity athletes, enhanced auditory N2 and P3 and increased
electrical activity (from source localization modelling) were reported in athletes with a
history of concussion in comparison with a non-concussed group [23]. Similarly, in a visual
Go/No-Go task employing an emotional cue (a spider for a threat-related condition or
a flower for a neutral condition), enhanced N2-P3 was observed for individuals with a
concussion in comparison to control group. The authors postulated that increased attention
and cortical activity in response to threat conditions may be related to inefficient control
of the emotional response in visual processing in the concussed group [69]. It has been
theorized that increased cortical activity after TBI (in contrasted to suppressed activity)
can resilt from a breakdown of neural networks, resulting in the inefficient processing of
information, requiring more areas to become active to compensate [23,25].

This study examined the effects of single and repeated mild head rotations on auditory
and visually evoked potentials in the 4-week-old swine model permitting systematic control
of the loading conditions causing transient neurofunctional deficits common to concussion.
A limitation of human studies is that the biomechanics causing head injury are often
diverse, while factors such as direction, velocity, surface stiffness, are not controlled for in
the analysis [27]. These biomechanical factors govern the conditions of energy transfer from
an event to cause injury to the head and brain tissues. Despite careful control of the loading
conditions in this study, we observed trends where auditory and visual processing not only
decreased, but also increased after head rotations. While head rotations were completed in
the sagittal plane by applying loads evenly across both hemispheres, it is possible that the
dysfunctions were unequal for the auditory and visual pathways because each involves
different brain structures. We acknowledge that the piglet brain is much smaller in size
than the pediatric brain and the neural axis of the pig is parallel to the ground whereas
humans’ is perpendicular [40], further limiting the direct translation of findings this study
to humans. Furthermore, we noted that patterns of increases or decreases in auditory
and visual processing were specific to the examined brain region, thus supporting the
notion of whole-brain analysis to capture the full picture of deficits or over-compensation
mechanisms after TBI. We did observe an effect of anaesthesia on decreased auditory
processing in sham animals; however, we conducted within-group comparisons in our
attempt to delineate the effects of anaesthesia versus RNR on outcomes to better isolate and
understand the effects of RNR. Further limitations in this study include employing passive
auditory and visual tasks that were suitable for piglets, while the majority of tasks in the
human literature employ active tasks requiring a response or more complex and cognitively
demanding tasks. We studied RNR in a single direction and only in female pigs. We
hypothesize that the magnitude and direction (increase or decrease) of auditory and visual
processing would change if a different direction, i.e., coronal loading, was employed, as
the biomechanical loads would disproportionally affect these pathways as the head would
moved from medial to lateral instead of from anterior to posterior directions. Male pigs may
have different auditory and visual processing trends after RNR as it has been demonstrated
in the human literature that males with concussion have a greater N1 suppression after the
visual presentation of human faces of different emotions in comparison to females with
concussions [70]. Lastly, our findings were limited to the 35 animal subjects studied, and
it is possible that, if more animals were included, comparisons that were found to be not
significant may become significant.
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5. Conclusions

In summary, the trajectory of alterations in auditory and visually evoked potentials
were increased after single RNR but decreased after repeated RNR. This suggests that the
injury processes affecting cortical activity for the rRNR group may be different than those
for the sRNR group since rRNR did not simply reflect greater changes in the same direction
(increased activity). The frontal region seems to be most vulnerable to auditory deficits, as
reflected by decreased cortical activity, and visual deficits were found in the left temporal
regions. Interestingly, we found increased activity in the right temporal and right occipital
regions that were not specific to any stimulus modality. Auditory and visual EPs have
different change trajectories after sRNR and rRNR, suggesting that injury biomechanics are
important factors when delineating the patterns of neurofunctional deficits after concussion.
Auditory and visual stimuli evaluate separate and specific neural pathways of the brain;
however, future work should include other stimulus modalities, such as motor or sensory
pathways, to examine the integrative brain functionality after TBI and provide a complete
understanding of the functional changes after concussion.
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Abstract: Neurocritical care significantly impacts outcomes after moderate-to-severe acquired brain
injury, but it is rarely applied in preclinical studies. We created a comprehensive neurointensive care
unit (neuroICU) for use in swine to account for the influence of neurocritical care, collect clinically rel-
evant monitoring data, and create a paradigm that is capable of validating therapeutics/diagnostics in
the unique neurocritical care space. Our multidisciplinary team of neuroscientists, neurointensivists,
and veterinarians adapted/optimized the clinical neuroICU (e.g., multimodal neuromonitoring)
and critical care pathways (e.g., managing cerebral perfusion pressure with sedation, ventilation,
and hypertonic saline) for use in swine. Moreover, this neurocritical care paradigm enabled the
first demonstration of an extended preclinical study period for moderate-to-severe traumatic brain
injury with coma beyond 8 h. There are many similarities with humans that make swine an ideal
model species for brain injury studies, including a large brain mass, gyrencephalic cortex, high white
matter volume, and topography of basal cisterns, amongst other critical factors. Here we describe
the neurocritical care techniques we developed and the medical management of swine following
subarachnoid hemorrhage and traumatic brain injury with coma. Incorporating neurocritical care in
swine studies will reduce the translational gap for therapeutics and diagnostics specifically tailored
for moderate-to-severe acquired brain injury.

Keywords: swine; acquired brain injury; traumatic brain injury; coma; disorders of consciousness;
subarachnoid hemorrhage; neurocritical care; neurointensive care unit; multimodal neuromonitoring;
translational neurotrauma

1. Introduction

Acquired brain injury—event-related brain damage, such as traumatic brain injury
(TBI) or stroke—is frequently debilitating when not outright fatal, and outcomes are often
dependent on neurocritical care. TBI is a leading cause of death and disability, with global
incidence in approximately 69 million people per year [1]. The Institute for Health Metrics
and Evaluation’s Global Burden of Diseases, Injuries, and Risk Factors study found that,
in 2016, there were approximately 27 million new TBIs that required hospital care, which
likely skews toward the “moderate-to-severe” due to the oversimplified nature of the injury
severity spectrum [2]. That study also found that there were approximately 12 million new
stroke cases in 2019, half of which were fatal, making it the second leading cause of death
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worldwide [3]. Ischemic stroke accounts for the majority of cases, while subarachnoid
hemorrhage (SAH) accounted for approximately 10% [3]. Acute brain injury is also associ-
ated with increased risk for developing dementia and neurodegenerative diseases such as
Alzheimer’s and chronic traumatic encephalopathy [4–8].

Due to low prognostic accuracy and a paucity of treatment options for acquired brain
injury, there can be a tendency to give in to nihilism when making care decisions in the
neurointensive care unit (neuroICU). Indeed, the leading cause of death in the neuroICU is
withdrawal of care [9–11]. However, recent clinical studies have shown that the potential
for recovery is greater than expected, revealing that the prevalent negative prognostic
bias is unwarranted [11–15]. In addition, an exhaustive meta-analysis recently found that
neurocritical care significantly improves outcome for adults following brain injury [16]. As
the neurotrauma field dismisses nihilism and moves forward with renewed determination,
the preclinical study of neurocritical care would be an invaluable paradigm to improve
clinical prognostic accuracy and offer a viable path for discovery and translation of effective
treatments. Indeed, the Neurocritical Care Society’s Curing Coma Campaign has repeatedly
called for bidirectional translation in preclinical modeling [10,17,18]. Furthermore, the
mounting evidence of the essential role neurocritical care plays in improving neurological
outcomes after moderate-to-severe TBI dictates that any preclinical translational work
should strive to incorporate neurocritical care techniques and paradigms.

Swine are ideal subjects for the preclinical study of acquired brain injury and neurocrit-
ical care. Since swine are large mammals, human neuromonitoring equipment is directly
compatible with them, greatly increasing clinical relevance. Compared to ubiquitous small
animal models, swine have large gyrencephalic brains with high white:gray matter ratios,
similar to what is found in humans (60:40 in swine and humans versus 14:86 in rats and
10:90 in mice), and these physical properties have major implications for injury mechanisms
and pathological manifestations [19–22]. Indeed, swine enable the study of white matter
damage and effects on connectivity due to stroke and TBI. Furthermore, the meningeal
subarachnoid space around the swine brain is similar to that of humans and, as such, allows
for blood and clot accumulation similar to what is observed clinically with SAH [23–25].
These and other advantages of the use of swine in stroke research have been explored
extensively in a comprehensive review from Melià-Sorolla and colleagues [26].

In addition to the factors that make swine an ideal translational model for stroke,
modeling human closed-head TBI presents challenges that are uniquely addressed by swine.
In humans, TBI begins with an intense instant in which mechanical forces are exerted on the
brain, followed by days, weeks, or even years of secondary injury mechanisms. Different
mechanical forces can result in dramatically different injuries and injury manifestations.
The loading mechanisms that generate the mechanical forces of human TBI include impact-
loading, which can result in focal lesion (usually cortical) with a gradient of pathology
emanating from it; and rotational acceleration/deceleration-induced inertial loading, which
results in diffuse injury to neurons, glia, and vasculature throughout the brain [22,27,28].
These loading mechanisms can occur in combination (e.g., impact causing acceleration or
vice versa), and inertial loading due to acceleration often occurs without any significant
impact loading, but it is exceedingly rare for impact loading to occur in humans without
any resultant head acceleration and inertial loading. Inertial loading is unique to humans
and other large animals because the injurious forces caused by rotational acceleration
are dependent on the mass of the brain, and therefore even extremely high accelerations
generate very little force within small brains [28–30]. Given their relatively large brain mass,
we can scale up acceleration in pigs to achieve the same forces experienced by humans and
even tease apart kinematic elements of the injury (e.g., max acceleration, max deceleration,
and jerk) to test their influence on recovery and pathology [31]. The aforementioned
white:gray matter ratio and gyrencephalic cortex also influence the distribution and effects
of injurious forces generated by inertial loading [22,27].

Among the manifestations of human TBI that are specifically due to rotational accel-
eration, the most obvious is traumatic loss of consciousness (coma) [32–34], which is the
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primary diagnostic for guiding neurocritical triage following TBI in humans. Indeed, in the
absence of other major polytrauma, coma duration and severity are the primary criteria
for determining whether a TBI patient will enter intensive care, as a score of ≤8 on the
Glasgow Coma Scale (GCS) typically mandates intubation. Following the brief mechan-
ical injury, secondary injury mechanisms include ischemia due to increased intracranial
pressure (ICP) impairing brain perfusion, as well as a variety of interwoven cell/molecular
injury cascades, such as inflammation, excitotoxicity, oxidative stress, and others. Because
the ubiquitous impact-loaded rodent models share similar cell/molecular mechanisms
of secondary injury with human TBI, these cell/molecular mechanisms have historically
been the primary focus of preclinical TBI research. Unfortunately, rodent models cannot
recreate the mechanisms (inertial loading) or manifestations of human TBI that are due to
rotational loading (e.g., loss of consciousness) [28–30]. In addition to an inability to produce
traumatic loss of consciousness, without mass lesion or hypoxia, rodent TBI models also
do not reproduce the secondary increase in ICP that guides most treatment decisions in
the neuroICU [35]. Thus, due to a variety of reasons, in addition to an overreliance on
impact-only small animal models, our field has yet to translate any of the therapeutics
found to be effective for treating impact-only brain injuries in rodents. Rodent models will
always be the foundation of preclinical brain injury research, but for reliable, fail-early,
pre-IND/IDE (investigational new drug/investigational device exemption) studies, we
must employ large animal models that better replicate the mechanisms and manifestations
of the human injury.

The swine model of rotational-acceleration-induced TBI is currently the only preclinical
model that scales rotational-acceleration-induced inertial loading to recreate the forces of
mild-to-severe human TBI [22,27]. Importantly for our purposes, this model can reliably
produce a prolonged coma that would lead to admission to the neuroICU if presented
in a human patient [36,37]. Swine models of SAH also provide high-fidelity modeling of
the human injury due to the similarities of the subarachnoid space and their high white
matter content [23–26]. However, if we are to recreate the mechanisms and manifestations
of the human injury, we must go beyond the inciting incident. The course of both injuries
typically takes patients through a neuroICU, where they receive neurocritical care and
monitoring, introducing influential variables that can affect the injury course and provide
extensive neuromonitoring data for which we are striving to improve prognostic value.

Generally, the only existing treatments for acquired brain injury in the acute/subacute
phase involve managing endophenotypes in the neuroICU guided by multimodal neu-
romonitoring (MMNM). There are medical options for clot clearance within a tight window
following ischemic stroke (tissue plasminogen activator or mechanical thrombectomy),
as well as limited surgical options for clot clearance following hemorrhagic stroke. De-
compressive craniectomy offers a surgical approach to reduce damage from intracranial
pressure (ICP) after brain injury, though results of clinical trials that defy straightforward
explanation leave some questions surrounding its efficacy unresolved [38–41]. Beyond
that, monitoring and responding to secondary injury processes—including altered ICP and
partial brain tissue oxygen (PbtO2)—following moderate-to-severe acquired brain injury
are central to achieving a positive outcome [16]. It is therefore important to recreate the
intensive care environment in a preclinical model to (a) account for and study the primary
variables experienced by humans after injury (including the interventions encountered in
the ICU); (b) provide clinically relevant neuromonitoring data in preclinical studies; (c) en-
able translational development of new treatments specific to the neurocritical care space;
and (d) provide the human-level care necessary to extend the study period for preclinical
moderate-to-severe TBI with coma, which has historically been limited to 8 h due to the
need for sophisticated neurocritical care to survive animals beyond this point [36,37].

Others have made valuable progress recreating elements of the clinical neurocritical
care environment in swine models of brain injury, as displayed in Table 1. These researchers
have employed a variety of injury mechanisms, study durations, monitoring modalities,
and other data collection techniques [42–49]. Notably, Friess and colleagues utilized a
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pediatric swine model of rotational acceleration TBI and measured ICP, PbtO2, cerebral
blood flow (CBF), and microdialysis for lactate:pyruvate ratio (LPR) over a period of
6 h [42–44]. Those studies established a correlation between neurocritical care monitoring
and pathology and investigated the interplay of vasopressors with CBF and cerebral
perfusion pressure (CPP). The pediatric pig model of rotational acceleration TBI is essential
to understanding the unique pathophysiology of pediatric TBI and developing treatments
that can prevent long-term consequences [50]. In a swine model of SAH, Nyberg and
colleagues collected ICP and microdialysis for glucose and LPR. They validated their model
by confirming that cerebral ischemia and metabolic changes after SAH were consistent
with the clinical condition [45]. To our knowledge, the longest study duration to date was
in a swine model of acute subdural hematoma, in which Datzman and colleagues collected
ICP, PbtO2, and microdialysis for LPR over a period of 52 h [46]. More recent studies
include a model of blast TBI in swine that demonstrated increased coagulopathy and ICP
after injury [51], as well as a fluid percussion injury model in swine that monitored ICP,
along with transesophageal echo, to study left ventricular function [52], and a swine model
directly controlling increases in ICP to test the effects on CBF [53]. We sought to integrate
the strengths of these innovative studies while drawing on state-of-the-art clinical practice
to maximize the translational relevance of this platform.

Here, we present the development of a comprehensive multimodal neuromonitoring
and neurocritical care suite for use with swine—an accepted large animal species commonly
used for IND/IDE-enabling studies. We describe in detail the protocols we developed
and present individual examples of monitoring and medical management in subjects
administered a sham injury, subarachnoid hemorrhage, or moderate-to-severe TBI with
coma under these protocols. Through an iterative development approach to systematically
optimize medical management and improve survival, developing this paradigm allowed
for data collection from swine experiencing TBI with coma that exceeded 8 h for the first
time, yielding notable technical advancements and observations.
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2. Materials and Methods

All procedures were approved by the University of Pennsylvania’s Institutional Ani-
mal Care and Use Committee (IACUC) and the Corporal Michael J. Crescenz VA Medical
Center in Philadelphia (both AAALAC accredited) and were completed in accordance with
the Guide for the Care and Use of Laboratory Animals [54]. All studies were performed
in the Porcine Neurointensive Care and Assessment Facility (NCAF) at the University of
Pennsylvania, a state-of-the-art swine injury and behavioral assessment facility created in
January 2015 to study acute and long-term responses in porcine models of brain injury.

An alphabetical list of abbreviations can be found in the Abbreviations section after
the Discussion.

2.1. Iterative Technique Development

This study was designed to adapt and optimize clinical multimodal neuromonitoring
and neurocritical care techniques for use in swine. As such, iterative changes were made
between each subject as part of the development process. Examples of these changes in-
clude sampling frequency, processing procedure, and types of biological samples collected;
adjustments to sedation and/or ventilation strategies; streamlining surgical procedures to
optimize timing; and altering the animal protocol to add drugs for medical management.
Therefore, although our monitoring and care was optimized with 3 sham injury animals,
3 experimental SAH animals, and 2 severe TBI animals with coma administered via rapid
angular rotational acceleration of the head, the iterative nature of this study makes it diffi-
cult to group subjects together in a way that allows for clear summarizations/comparisons
or valid statistical testing beyond the intended purposes of creating a comprehensive neu-
rointensive care unit for studying severe brain injury in swine. Instead, we describe in this
Methods section the techniques that we developed, and in the Results section, we present
general observations for each condition and medical management in individual subjects.

2.2. Workflow Summary

Our workflow included pre-injury surgeries and monitoring, TBI or SAH injuries, and
post-injury monitoring and neurocritical care (Figure 1). Female Yorkshire swine (25–30 kg)
were induced via ketamine/midazolam (Hospira, Lake Forest, IL, USA), intubated, and
maintained under isoflurane anesthesia. Femoral artery and internal jugular vein catheteri-
zations were performed to allow for continuous blood pressure (BP) monitoring and serial
blood draws from an arterial line (A-line), as well as drug administration via triple lumen
central line. In some cases, a lumbar drain was placed to facilitate cerebrospinal fluid
(CSF) sampling.

For all subjects in the swine neuroICU, a quad-lumen bolt (Hemedex, MA, USA) was
secured 1 cm rostral to bregma for placement of a parenchymal ICP probe (Natus, WI,
USA), PbtO2/temperature sensors (Integra Licox, Princeton, NJ), Spencer depth electroen-
cephalography (EEG) electrode (SD08R-AP58X-000; Ad-Tech, WI, USA), and microdialysis
catheter (mDialysis, MA, USA) per institutional clinical paradigm at the University of
Pennsylvania. In some cases, a Bowman CBF monitor (Hemedex, MA, USA) was placed
in the quad bolt, and a separate burr hole was used for the depth EEG electrode. Like-
wise, a surface EEG array was placed on the scalp. In the TBI group, the invasive cranial
monitors were placed after injury induction to prevent shearing during rapid accelera-
tion/deceleration of the head. In the SAH animals, cranial monitors were placed prior
to injury. Animals in the neuroICU were switched from isoflurane to total intravenous
anesthesia, utilizing titrations of propofol and fentanyl, delivered via the central line.

TBI was administered in two subjects via the HYGE pneumatic actuator to achieve iner-
tial loading via rapid rotational acceleration of the head in the sagittal plane (113–114 rad/s).
Following head rotational TBI, these subjects were moved to the swine neuroICU. SAH
was administered in three subjects via injection of autologous blood into the subarachnoid
space at the skull base, using a contralateral external ventricular drain catheter placed
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down to the skull base. Three sham subjects underwent all ICU-related procedures but
received neither TBI nor SAH.

Anesthesia 
induc on

•Ketamine and midazolam
•

Maintained under iso urane•
Intuba on

Line placement 
in OR

•Central and Arterial lines
•Lumbar drain
•Constant pulse/Ox and BP monitoring

TBI or Sham

•Collec on of baseline blood and CSF
•For TBI studies, administra on of rota onal or sham injury in 

the HYGE suite (SAH injury is administered in the neuroICU)

Admission to 
neuroICU

•Placement of cranial bolt and probes for ICP, PbtO2, CBF, and 
microdialysis as well as depth and surface EEG and ECG

•Switch from iso urane to CRI anesthesia with 
propofol/fentanyl and control respira on via vent

•For SAH studies, collect monitoring baselines and then 
administer injury

Cri cal care

•Observe/record vitals and neuromonitoring to guide care 
based on clinical algorithms

•Collect samples and monitoring data
•Perform periodic seda on holidays for neurological assesment

Figure 1. Workflow for SAH and TBI in the swine neuroICU. This flowchart details the order of
events for SAH and TBI experiments utilizing neurocritical care and monitoring in the swine neuroICU.
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Animals were monitored continuously up to 36 h. Neurological assessments were
performed during sedation holidays (propofol off, fentanyl low). Electrocardiogram (EKG),
blood oxygen saturation (SpO2), capnography, BP, ICP, PbtO2/temperature, and EEG
(depth + scalp) were time-synchronized and continuously recorded with waveform res-
olution on a Moberg CNS-200 (Moberg Research Inc., Ambler, PA, USA). Arterial blood,
CSF, microdialysate, and urine were collected, processed, and frozen for analysis and
biobanking. Plasma biomarker assays were run using the Neurology 4-plex B assay on the
ultrasensitive Simoa-HDX bead-based immunoassay platform (Quanterix, Billerca, MA,
USA). At the end of the experiment, subjects were deeply anesthetized and exsanguinated
via cardiac perfusion with normal saline, followed by 10% neutral buffered formalin for
tissue fixation. Formalin-fixed, paraffin-embedded brain sections were stained with hema-
toxylin (Modified Mayer’s Hematoxylin; 22-110-639; Fisher Scientific, Hampton, NH, USA)
and eosin (Eosin Y—aqueous; 6766009; Fisher Scientific, Hampton, NH, USA) (H&E) and
immunostained for amyloid precursor protein (APP; mouse; MAB348; 1:80,000; Millipore
Sigma, St. Louis, MO, USA) and ionized calcium binding adaptor molecule 1 (IBA1; rabbit;
019-19741, 1:4000; Wako, Richmond, VA, USA) with DAB (3,3′-Diaminobenzidine; SK-4100;
Vector Labs, Newark, CA, USA) secondary staining for colorimetric microscopy. Staining
for APP reveals white matter pathology, as APP accumulates in damaged or degenerating
axons. Staining for IBA1 reveals the morphology, location, and number of microglia in
a given brain area, which provides information on the nature and severity of the neu-
roinflammatory response to injury. Entire sections were scanned using an Aperio CS2
digital slide scanner. Detailed staining and pathological scoring methods can be found in
Grovola et al. (2021) [55].

2.3. Induction and Line Placement

Prior to injury, animals were anesthetized, and indwelling catheters were placed for
repeated blood draws and mean arterial pressure monitoring. Pigs were induced with
an intramuscular injection of midazolam (0.4–0.6 mg/kg) and ketamine (20–30 mg/kg),
intubated, and maintained on isoflurane (1–5%). Glycopyrrolate (0.01–0.02 mg/kg) or
atropine (0.02–0.05 mg/kg) was used to mitigate excessive secretions during intubation.
Animals were continuously monitored, and anesthetic levels were adjusted as needed
throughout the procedure to maintain a plane of anesthesia, ensuring that the SpO2, heart
rate, and respiration rate were within acceptable ranges. Thermal support was provided
using blankets, a BairHugger warmer, or a HotDogger unit. Temperature was monitored
continuously throughout the procedure. For all surgeries, hair at the site was clipped prior
to aseptic skin prep. The surgeon wore a cap, booties, a mask, sterile gloves, and a sterile
gown. The surgery was performed aseptically, following the IACUC Guidelines for USDA
species’ survival surgery.

For the jugular/cephalic vein catheterization (central line), the pig was placed in dorsal
recumbency, and Bupivacaine (1–2 mg/kg) was injected subcutaneously over the identified
incision site prior to incision. An incision was made, and then the subcutaneous tissue
and cutaneous colli muscle were dissected, identifying the vein. The vein was retracted
and then catheterized. The catheter was secured in the vessel with silk ties. The catheter
was then passed via a sterilized trocar tunneled through the subcutaneous tissues exiting
the skin on the dorsum of the neck; alternatively, the exteriorized catheter could be exited
through the incision and taped down. The original incision was closed in multiple layers
(muscle, subcutaneous, and buried skin), using absorbable or nonabsorbable sutures. If
unsuccessful at achieving access, the procedure was performed on the contralateral side.
This access was used for drug delivery, including continuous rate infusion (CRI) anesthesia
in the neuroICU.

For the femoral artery catheterization (A-line), the pig was placed in dorsal recum-
bency, and the rear leg was retracted caudally. The medial aspect of the leg (starting at the
stifle and extending inguinally) was draped and prepped using chlorhexidine scrub. Under
aseptic conditions, the femoral artery was catheterized with an arterial catheterization kit,
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using the Seldinger technique. This access was used to record the mean arterial pressure
and draw samples. The catheter was flushed with saline at the time of each blood draw.

For the placement of the lumbar drain, the pig was placed in a lateral recumbent
position. The hair over the lower lumbar spinous processes was clipped, and the skin
was prepped aseptically with repeated surgical scrubs of chlorhexidine and betadine.
Under aseptic conditions, a Touhy needle was inserted in the midline and through the
interspinous space at the L5–L6 region. Once the thecal sac was entered—confirmed by CSF
flow—the Tuohy needle stylet was removed, and the lumbar drain catheter was threaded
through the Tuohy needle. The drain was then secured in place and attached to an external
collection system.

2.4. Rotational Traumatic Brain Injury (TBI)

Following induction, intubation, and line placement, the subjects—still maintained
under isoflurane via a portable anesthesia cart—were covered with a blanket and/or Bair-
Hugger unit for thermal control and moved to an adjacent procedure room in the NCAF,
where brain trauma could be induced via head rotational acceleration. The anesthesia level,
heart rate, respiration rate, blood oxygen saturation, and temperature were continuously
monitored. The level of anesthesia was gauged by assessing the animals’ jaw tone, as well
as a strong pinch of the ear or the webbing between the toes.

This model produces pure inertial non-impact head rotation in different planes at
controlled rotational acceleration levels (thus controlling severity). The powerful HYGE
pneumatic actuator device can generate 20,000 kg of thrust in less than 6 ms, resulting in
peak angular accelerations of over 300,000 rad/s2. Of note, the loading conditions generated
by this device closely approximate the conditions of inertial brain injury in humans based on
brain mass scaling. While this model is labor-, resource-, and skill-intensive, it is currently
the only model that can recreate the inertial loading and head rotational acceleration central
to human TBI and is therefore the most clinically relevant animal model of closed-head TBI.
The subject’s head was secured to a padded snout clamp, which, in turn, was mounted to
the linkage assembly of the HYGE pneumatic actuator device. The padded snout clamp
is specially designed to convert the linear motion of the HYGE to an angular (rotational)
motion in the sagittal plane. To produce closed-head, diffuse, moderate-to-severe TBI, pure
head rotation (approximately 55 degrees in <12 ms) was induced. For each experiment,
head angular velocity/acceleration traces were recorded. The peak rotational velocities of
the two subjects included in this study were 113 and 114 rad/s. Immediately following
rotation, animals were detached from the device, assessed for apnea, examined for any
injury to the mouth/snout (none was found), and transferred to the swine neuroICU in an
adjacent procedure room in the NCAF. Buprenorphine SR was provided when recovery
was sufficient to graduate from the neuroICU.

2.5. Multimodal Neuromonitoring (MMNM)

After induction of anesthesia and placement of lines—and in the case of the TBI
group, following induction of injury—animals were transferred to the swine neuroICU for
placement of cranial probes, monitoring, and critical care. A summary illustration of the
lines and probes we utilize in the swine neuroICU can be found in Figure 2.

Subjects were connected to a clinical ICU vital sign monitor (Phillips, Netherlands) for
continuous monitoring of the heart rate, arterial and non-invasive BP, oxygen saturation,
and EKG tracing. The temperature was continuously monitored via a rectal thermometer
probe. End-tidal CO2 (EtCO2) was monitored at the junction of the breathing tube and
endotracheal tube. Cranial monitor placement was then performed aseptically, following
the IACUC Guidelines for USDA species’ survival surgery. After a left paramedian incision,
a small burr hole was made above the frontal cortex, 5–15 mm paramedian and 5–10 mm
cranial of the coronal suture. A quad lumen bolt to house several neuromonitoring modali-
ties was placed into the burr hole. Specifically, an ICP probe (Natus, WI, USA) was placed
in the brain parenchyma approximately 1–1.5 cm deep to reach the junction of cortex and
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subcortical white matter. A PbtO2 and temperature probe (Integra Licox, Princeton, NJ,
USA) was placed in the subcortical white matter, in combination with a Bowman CBF mon-
itor (Hemedex, MA, USA). A microdialysis bolt catheter with either a standard 20 kD pore
size (8002823E; mDialysis, MA, USA) or a high-pass 100 kD pore size (8050194A; mDialysis,
MA, USA) was placed 10 mm deep to obtain extracellular fluid solutes for metabolic analy-
sis. The microdialysis catheter was perfused with lactated ringers at low flow (1 μL/min),
with dextran added in the case of the high pass membrane. A 1 mm burr hole was made
posterior to the bolt for implantation of an 8-lead Spencer depth electrode for continuous
EEG monitoring across 17 mm of cortical layers (SD08R-AP58X-000; Ad-Tech, WI, USA).
The incision was sutured closed around the bolt housing. Once the bolt and sensors were
placed and the animals were stable, they were transitioned to CRI intravenous propofol
(5–20 mg/kg/h) anesthesia and fentanyl (0.1–100 μg/kg/h) analgesia for the duration of
their time in the neuroICU. A basic EEG surface array was placed over the frontal lobes
comprising two electrodes over each hemisphere with grounding electrode. EEG electrodes
were routed through a standard Moberg headbox EEG array. All monitors were connected
to a Moberg ICU monitor for time-synced recording of monitoring data, vital sign data
(Phillips ICU monitor), and EEG (Figure 3).

2.6. Administration of Subarachnoid Hemorrhage (SAH)

SAH injury was administered following admission to the neuroICU and placement of
lines and cranial monitors. An incision was made over the left frontal lobe, mirroring the
placement of the quad lumen bolt. A contralateral burr hole was made at the same landmarks.
An external ventricular drain (EVD) catheter was augmented to have a single opening at
the distal end. The drain was inserted perpendicular to the outer table of the skull until
it reached the skull base. The inner stylet was withdrawn. CSF was carefully withdrawn,
confirming placement in a basal cistern. Arterial blood was collected from the arterial line
and injected under pressure through the external drain into the basal cisterns. The injection
was stopped when cerebral perfusion pressure, as measured by the difference between mean
arterial pressure (MAP) and ICP, was 0 mmHg (requiring injection of approximately 10 mL of
autologous blood). After the injection was halted, the catheter was withdrawn, the wound
was irrigated, and the skin was closed with running nylon suture.

2.7. Neurocritical Care

Neurocritical care in the pigs was modeled after clinical practice, and therefore it was
primarily focused on maintaining brain perfusion. This is achieved by monitoring cerebral
perfusion pressure (CPP), which is the difference between MAP and ICP. MAP must be high
enough to overcome ICP in order to provide sufficient brain perfusion. For adult swine
and humans, we seek to maintain CPP above 60 mmHg. The focus on CPP is primarily due
to the prevalence of increased ICP observed after brain injury. For that reason, treatment in
humans and in our pig model usually involves maintaining ICP below 20 mmHg through
a combination of ventilation management, sedation, and hyperosmotic therapy. While
increased ICP after brain injury is common, it is also possible to encounter MAP below the
optimal range of 80–100 mmHg (also consistent with target values for humans), in which
case application of a vasopressor such as norepinephrine may be needed. The focus on
maintaining brain perfusion is primarily to prevent hypoxia/ischemia, but hypoxia may
sometimes be present even when ICP and CPP are normal [56,57]. Observational clinical
studies have reported that low PbtO2 is common after severe TBI and associated with poor
outcome [58–62], while PbtO2-directed care is associated with improved outcome [63–66].
The BOOST-II clinical trial was a randomized, controlled study conducted in 119 severe
TBI patients from 10 ICUs designed to test the efficacy of including PbtO2, along with ICP,
in guiding treatment [67]. They found that monitoring and treating PbtO2 significantly
reduced total hypoxia burden, and a phase III trial is currently underway to assess the
impact on neurological outcome [68]. Therefore, we also sought to maintain PbtO2 above
20 mmHg in the swine neuroICU.
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a 1   Arterial line (A-line) for repeated blood draws and 
     monitoring blood pressure and heart rate

2   Foley catheter for urine sampling and bladder 
     management

3   Lumbar drain for repeated CSF sampling

4   Central line with triple lumen catheter for infusion of 
     fluids, anesthetic, analgesic, and other drugs

5   Breathing tube with intubated endotracheal tube for 
     managing respiration via ventilator and monitoring 
     respiration rate and EtCO2; isoflurane available if 
     necessary

b 1   Surface EEG lead

2   Multi-lead depth EEG probe

3   Cranial quad bolt for intracranial pressure (ICP), brain 
     tissue oxygen (PbtO2), cerebral blood flow (CBF), 
     and cerebral microdialysis probes

* Relative anatomical scale is approximate.

1

2

3

b

Figure 2. Instrumentation and line placement in the swine neuroICU. (a) Illustration of a pig in
the neuroICU with lines labeled; (b) a close-up drawing of cranial monitoring in the swine neuroICU,
with probes labeled. Artwork by Paul Schiffmacher.
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Figure 3. Panoramic view of the swine neuroICU. (a) Numbers indicate a few key pieces of equip-
ment pictured in this panoramic view of the swine neuroICU. (1) Moberg CNS Monitor for time-
synchronizing continuous EEG with systemic physiology from over 30 ICU monitoring devices.
(2) GE Solar monitor for core vital signs. (3) Licox PbtO2 and temperature sensor. (4) Bowman
Hemedex thermal diffusion cerebral perfusion monitor for CBF. (5) Various probes atop a variable
pressure pad on the patient table. (6) Anesthesia and respiratory support. (b) A screen-capture image
of example traces from the Moberg CNS Monitor during hour 22 of a swine neuroICU experiment
(cerebral perfusion monitor cycles on and off by design).
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Surface and depth EEGs provide extensive data for research applications, and they
also allow us to detect seizures that develop due to post-traumatic epilepsy (PTE). We
monitored for seizures and managed them with midazolam and propofol. Acquired brain
injury also frequently results in medical events extending beyond the central nervous
system. Apnea is common and must be detected immediately in order to administer
manual resuscitation via bag valve mask until the animal can be placed on the ventilator.
Cardiac events (e.g., stress myocardia) may also occur after injury. Monitoring vital signs
such as heart rate (HR), SpO2, and respiratory rate provides information for maintaining
anesthetic depth, along with providing early—or immediate—signs that intervention is
necessary. We also measure EtCO2, which informs our ventilator settings and can indicate
potentially dangerous changes in pH. Those pH changes, as well as metabolic and other
perturbations, are also detected via blood gas analysis, which we performed via an i-STAT
handheld blood analyzer when we drew blood samples from the A-line. Neurological
assessments were performed during regular sedation holidays (propofol off, fentanyl low),
using parameters from the human GCS [69,70] and the canine-modified GCS [71–73] that
we adapted for use in swine in a sternal position, with limited head movement, due to the
presence of cranial probes. Our prototype of the swine GCS can be found in the Results
section in Table 2, with scoring for a TBI subject. While the animals were fully sedated, we
also monitored them for signs of responsiveness, which may include palpebral reflex, anal
or jaw tone, EEG activity, or breathing against the ventilator detectable on the EtCO2 trace.

Table 2. Swine Coma Scale scores during TBI-induced coma and prolonged emergence.

To maximize arousal (5 min after stopping propofol): grip and roll between fingers; first cheek, then neck (sternocleidomastoid),
then shoulder/back (trapezious)

Swine Coma Scale - MAXIMIZE AROUSAL PRIOR TO EXAM - At each timepoint, indicate the score for each category.

Score EYE BLINK Baseline 2 h 4 h 8 h 12 h

3 Blinks spontaneously (wait 3 min) 3 3 3

2 Blinks upon stimulation (e.g. pinch or ear tickle; not near eye) 2 2

1 No blinking (without directly touching the eye)

MOTOR ACTIVITY

6 Voluntary walking 6

5 Sitting

4 Isolated spontaneous movements (e.g. limbs or head) 4 4 4 4

3
Withdraws forepaw and/or hindpaw in response to
noxious stimulation

2
Muscle contractions in response to noxious stimulation of
the limbs

1 Absence of motor response to noxious stimulation

AUDITORY RESPONSE

2 Auditory startle 2 2 2

1 None 1 1

BRAIN STEM REFLEXES (score 3 and skip if motor score
is 6)

3 Both palpebral AND pinna reflexes present 3 3 3 3 3

2 Palpebral OR pinna reflex present

1 Absence of palpebral and pinna reflexes
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Table 2. Cont.

RESPIRATION

4 Not on ventilator, breathes with a regular pattern 4 4 4

3 Not on ventilator, breathes with an irregular pattern 3

2 Breathes above ventilator rate (initiates spontaneous breaths) 2

1 Breathes at ventilator rate or apnea (no spontaneous breaths)

TOTAL 18 12 13 16 16

The tests and measurements detailed here are key indicators of potentially life-
threatening events that occur after brain injury, but simply maintaining CPP > 60 mmHg,
ICP < 20 mmHg, and PbtO2 > 20 mmHg is not sufficient to provide the best chance of
recovery. Unexpected or subtle medical events often emerge. Individuals must be trained
with clinical neurointensivists and veterinarians to provide care in the swine neuroICU,
and a neurointensivist and veterinarian should always be available in person or via phone
or video chat for consultation.

2.8. Sample Collection and Analyses

Animals were monitored continuously up to 36 h, and all monitoring waveforms that in-
formed clinical care decisions (e.g., ICP, MAP, HR, SpO2, capnography, BP, PbtO2/temperature,
EEG, etc.) were also time synched and recorded via the Moberg ICU monitor for subsequent
analyses. We continuously collected cerebral microdialysate while sampling arterial blood
(via A-line), CSF (via lumbar drain), and urine (via an aseptically placed urinary catheter)
every 2–4 h, and these samples were all processed and frozen for analysis and biobanking.
At the end of the study period, subjects were perfusion fixed with 10% formalin, after which
brains were extracted and submerged in 10% formalin overnight for complete fixation.
Fixed brains were then sectioned coronally into blocks for gross pathology (5 mm blocks
with an initial cut immediately rostral to the optic chiasm), after which the blocks were run
through an automated tissue processor and finally embedded in paraffin wax for long-term
archival preservation and ease of sectioning. A microtome was used to cut 8 μm thick slices
from the formalin-fixed, paraffin-embedded (FFPE) brain blocks, and then the slices were
mounted on slides for histological analyses. We stained with H&E and immunostained
for either amyloid precursor protein (APP; mouse; 1:80,000) or ionized calcium binding
adaptor molecule 1 (IBA1; rabbit; 1:4000) with DAB secondary staining for colorimetric
microscopy. Entire sections were scanned using an automated Aperio CS2 digital slide
scanner (Leica Biosystems, Germany) at multiple magnifications to allow for cloud-based
examination of multiple different brain regions across the breadth of the large gyrencephalic
brain sections. Detailed staining methods and pathology scoring techniques can be found
in Grovola et al. (2021) [55]. Cranial dialysate was assayed for lactate, pyruvate, glycerol,
and glucose via an Iscus clinical microdialysis analyzer. Plasma samples were analyzed
via the Neurology 4-plex B assay on the ultrasensitive Quanterix Simoa-HDX bead-based
immunoassay platform, a kit designed for detecting brain injury biomarkers, such as glial
fibrillary acidic protein (GFAP) and ubiquitin carboxyl-terminal esterase L1 (UCHL-1), in
human plasma.

3. Results

This study was designed for the iterative development of comprehensive neurocritical
care and monitoring in pigs with severe brain injury, and therefore the primary research
products are the capabilities that were successfully developed, as reported in the Methods
section. While animals received similar injuries, data were not pooled across animals
because critical care variables were changed between each animal to facilitate model
development. In addition to the techniques that were developed in this study, several
useful observations were made, and notable medical events were encountered that were
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successfully mitigated. In this Results section, we present these observations and medical
management reports.

Medical management of sham subjects

Maintaining an uninjured control subject under CRI anesthesia in a neuroICU for
extended periods of time represents one of the unique advantages of preclinical research
in this area, but it also presents unique challenges. We cannot overstate the importance
of gaining experimental insights and precision by gathering invasive multimodal neu-
romonitoring, biological fluid samples, neurological assessments, and brain tissue from
control subjects that experience all experimental variables, except for the injury under
study. Monitoring modalities in our three sham animals did not typically deviate beyond
acceptable parameters, and blinded histopathology analyses found signs of pathology and
inflammation only near sites of cranial probe implantation. However, special care must be
taken to maintain sedation in animals that have not sustained any awareness-altering injury.
While remaining within the same dose ranges for anesthetic agents as injured subjects on
the same protocol, administration rates will need to be increased over time to maintain
sedation during wake cycles. Furthermore, it is important to maintain only the doses re-
quired for sedation, not only for experimental reasons but also because tolerance can build
to anesthetic agents even within a 24 h period. Therefore, we found that it is optimal to
employ a gradual increase in administration rates as needed, with later reductions during
low arousal periods when possible.

3.1. High EtCO2

Even when no injury was administered, the close monitoring of anesthetized subjects
remained essential. For example, 12 h after entering the ICU, one sham subject experienced
a decreased HR and BP, along with moderately increased EtCO2 and ICP. The ventilation
rate was increased, and anesthesia was reduced to compensate. The HR and BP remained
low but consistent throughout the night. EtCO2 remained high (55–65 mmHg) until the
I:E ratio was adjusted from 1:2 to 1:1 (reduced EtCO2 to <40 mmHg). In the morning, the
subject was temporarily removed from the ventilator to gauge autonomous breathing. As
expected, the subject breathed autonomously, the EtCO2 fluctuated, the HR increased to
>120 bpm, the BP spiked to >120 mmHg, and the ICP spiked to 30 mmHg but decreased
to normal levels over 10 min. This example serves to illustrate that there can be medical
challenges to keeping an animal anesthetized for long periods of time—whether injured or
not—and care must be taken.

Medical management of SAH

The administration of the SAH injuries occurred after the subjects were stabilized
in the neuroICU and baseline samples were collected. Autologous blood was injected
into the basal cistern via an EVD implanted to the skull base. When the MAP and ICP
reached the same value (CPP = 0), the injections were stopped. This technique reliably
recreated the presence of a large volume of blood in the subarachnoid space that was
clearly evident during brain extraction and gross pathology, resulting in signs of localized
ischemia, as evidenced by H&E staining (Figure 4). Our blinded histopathology analyst
correctly noted that the localized ventral appearance of blood, pathology, and inflammation
that was observed was not consistent with the pathology from closed-head TBI [55,74–76].
As with the sham animals, we sometimes needed to manage rising EtCO2 with sedation
and ventilator adjustments. Unlike with the shams, we needed to resort to hyperosmotic
therapy to manage the increased ICP. In addition, one animal experienced seizures during
the administration of the SAH injury, and another, as described below, experienced a major
cardiac event nearly 12 h after experimental SAH.
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Figure 4. SAH gross and histopathology. Upon brain extraction, clear confirmation of blood deposi-
tion at the skull base was observed (a,b). Confirmation of blood deposition (white arrows) on the
ventral brain surface and in the parenchyma was also confirmed during gross pathology (c). With
H&E staining, blood (white arrows) can be found in sulci, fissure, and parenchyma, with pale staining
indicative of ischemia (white circles) adjacent to the deposited blood (d,e).

Approximately 11 h and 40 min after SAH administration, one subject experienced a
precipitous drop in MAP and CPP, along with loss of peripheral and brain tissue oxygena-
tion. This cardiac event was followed by a large increase in ICP to 49 mmHg, but brain
perfusion would have been of little help at the time because there was little-to-no oxygen in
circulation. We started a hypertonic saline infusion, and the ICP gradually came down to
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acceptable levels over the next 30 min, with restoration of PbtO2 following the same time
course (Figure 5).

 
Figure 5. SAH shock myocardia. H&E staining reveals an ischemic area adjacent to blood at the
base of the brain (white circle), with white arrows tracking blood traveling through a fissure to the
hippocampus (a). Multimodal monitoring from the Moberg surrounding the time of the cardiac event
(b). White arrow and vertical red line indicate the point on the traces for which specific values are
provided on the right.

Medical management of TBI with coma

Administration of moderate-to-severe head rotational acceleration TBI occurred after
lines were placed, but prior to entry into the neuroICU and placement of cranial probes
(which would have been damaged and caused major local trauma if present during the
head rotational acceleration). The care team must be fully prepared for ICU admission prior
to injury, and critical care must begin immediately following injury, as evidenced by the
examples below. As with the sham and SAH animals, underlying ventilator and sedation
management was key to achieving stability. However, apnea, cardiovascular events, post-
traumatic epilepsy, ICP increases, and other factors made medical management of the TBI
animals more challenging overall. Fortunately, the management of ICP with sedation and
hyperosmotic therapy was effective (Figure 6a).
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Figure 6. TBI ICP and biomarkers. Continuous ICP recording for 6 h following moderate-to-severe
TBI with coma, with a red horizontal line to indicate the target of maintaining pressure below
20 mmHg (a). Results for the same animal demonstrating compatibility of swine plasma with a
standard human TBI biomarker panel with NfL, GFAP, and UCHL1 (b). Plasma-biomarker-assay
results for two TBI animals and a Sham animal, showing changes in NfL (c) and GFAP (d) after injury.
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The only FDA-approved plasma biomarkers for TBI are glial fibrillary acidic protein
(GFAP) and ubiquitin C-terminal hydrolase-L1 (UCHL1) [77,78]. While they have good
prognostic value for mild TBI outcome, their value for severe TBI is questionable, and their
use in place of a computed tomography scan is very controversial since every bleed that
goes undetected could be fatal [79–81]. In general terms, plasma concentrations of GFAP
and UCHL1 increase acutely following TBI in humans, while neurofilament light (NfL)
increases gradually over time [82]. We found that human assay kits were compatible with
pig plasma for detection of GFAP, UCHL1, and NfL, and that in a pair of severe TBI pigs,
the time course of these plasma biomarkers after injury was in line with what is observed
clinically (Figure 6b).

3.2. Cardiovascular Distress and Post-Traumatic Epilepsy (PTE)

Following injury, one subject experienced repeated periods of apnea and an instance
of sudden cardiac arrest, requiring manual resuscitation via bag valve mask until transfer
to the ICU, where breathing was controlled by the ventilator; during this time, MAP was
monitored externally and found to be low (42 mmHg). Norepinephrine administered
via a central line at 0.01 mg/h for 5 min corrected MAP (105 mmHg) and produced
a brief spike in the HR (180 bpm). After placement of the cranial bolt and switching
to CRI anesthesia, the animal was relatively stable for approximately 15 h (Figure 7a).
However, approximately 18 h after injury, the animal began experiencing seizures. Initially,
a 5 mg bolus of midazolam was sufficient to terminate seizures, as seen in the EEG trace
(Figure 7b). Seizures returned throughout the following morning, requiring propofol
boluses in addition to midazolam. CRI midazolam at 10 mg/h effectively terminated
seizures. Infusion continued throughout the remainder of the 36 h experiment, during
which seizures were infrequent and terminated by propofol bolus.

3.3. Coma and Wakefulness without Awareness

In a different subject, we observed signs of ventilator desynchrony in the neuroICU
approximately 90 min after injury. During their first sedation holiday for neurological as-
sessment at 2 h post injury (Table 2), there was no jaw tone, some reflexive head movement,
and a spike in ICP that resolved when stimulation was discontinued. The animal was
breathing without the ventilator at 3 h post injury. During the second assessment holiday,
we observed immediate hind-limb reactivity, and responsiveness was observed sooner than
in the previous assessment. In addition, the ICP increase was also less severe after removing
propofol sedation. Therefore, the animal appeared to be stable and emerging from coma by
6 h post injury, so we switched to isoflurane anesthesia and removed instrumentation to
exit the neuroICU and return to the home cage for recovery.

Over the next 10 h after anesthesia was discontinued, the animal did not fully regain
consciousness but was clearly not comatose. The subject was responsive to tactile stimuli
and could briefly sit up with assistance. After 4 h, they were responsive to auditory startle
and displayed spontaneous eye blinks. The animal swallowed water from a syringe but
did not display any other response to the water, indicating that it may have been reflexive
behavior. We observed a stable HR (98–111 bpm) and SpO2 (97–99%) during the 10 h
in the home cage, but the temperature was elevated, briefly reaching 104.8 ◦F. Cool wet
towels were applied to the feet, followed by a chilled normosol drip via a central line.
In accordance with our protocol at the time, the experiment ended when the animal had
not recovered volitional mobility or awareness of environment 10 h after leaving the ICU.
During postmortem brain extraction, extensive subdural bleeding was observed across
the entire surface of the brain and brainstem (Figure 8a,b). Even at this relatively acute
timepoint, histopathological analyses revealed a high burden of APP (scored 3 on a 0–3 scale
by a blinded analyst), which is indicative of significant diffuse axonal injury throughout
the brain, and elevated reactive microglia with short, thick processes that are indictive of a
neuroinflammatory response. This pathology was particularly severe in the periventricular
white matter dorsolateral to the lateral ventricles and in the fornix/septum pellucidum
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(Figure 8c–e), as compared to the same areas in the brain of a sham animal (Figure 8f–h).
In these areas, differences in APP pathology were stark, with severe axonal damage being
apparent in the TBI brain and a near absence of any APP signal in the sham brain. Similarly,
IBA1 staining in the dorsolateral periventricular white matter revealed overt tissue damage
and dense ameboid microglia along the edge of the ventricle in the TBI brain (Figure 8e).
Farther from the edge, the regions of interest magnified in Figure 8e show reactive microglia
with a short, stubby process in the TBI brain, while the processes in the sham brain (8h)
create a fine network throughout the parenchyma passing in and out of plane to give a
somewhat speckled appearance. Enlarged lateral ventricles are also evident in the images
from the TBI animal when compared to the sham animal.

a

EEG activity returning to normal within 
minutes of midazolam administration

b

Figure 7. Post-traumatic epilepsy following TBI with coma. Multimodal monitoring during a
15-hour period of relative stability following early apnea and cardiac events (a). Single EEG trace
showing termination of seizure immediately following midazolam administration (b).
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Figure 8. General pathology following TBI with coma and prolonged emergence. Extensive sub-
dural bleeding was present during brain extraction, with clotting evident on the underside of the dura,
on the brain’s surface, in the tentorium, and surrounding the brainstem (a,b). The same post-TBI brain
is pictured in panels (a,b), and histology from this brain is pictured in panels (c–e). (c,f) Colorimetric
histological images from the medial periventricular white matter comprising the fornix and septum
pellucidum. (d,e,g,h) Images from the dorsolateral periventricular white matter. Each panel contains
a large 15× image with an overlay in the bottom left showing the entire section, with a rectangle to
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indicate the region from which the 15× image was acquired, as well as a magnified view of cellular
features in a call out box in the top right, also with a square on the 15× image to indicate the region
being magnified. Enlarged ventricles are apparent in the TBI brain as compared to the sham brain, as
shown in the full section insets. APP burden was scored as 3 out of 3 by a blinded analyst in the TBI
brain (c,d), with no detectable APP pathology in similar sections from the sham brain (f,g); IBA1 stain
reveals reactive microglia with short, thick processes in the TBI brain (e), while microglia in the sham
brain (h) appear to have more ramified networks of processes extending out into the surrounding
area, moving in and out of plane to create a speckled staining pattern in the parenchyma; large scale
bars = 250 μm, and smaller inset scale bars = 50 μm.

4. Discussion

To develop appropriate diagnostics and treatments in the preclinical space, the field
must strive to model the physiologic and clinical factors that collectively dictate patient
outcomes. To that effect, the acute period with the most significant change in physiology
and the initiation of the injury cascade, and the subacute period presenting with peak brain
swelling and deleterious pathophysiological changes, require the highest-fidelity modeling.
The best way to accurately predict the translational potential of newly developed tools and
treatments is to not only model the mechanisms/manifestations of the human injury but
also the unique environment of the neuroICU in which the patient will be treated. We hope
that by addressing both needs, the capabilities developed in this study will help to improve
the translational pipeline in neurotrauma.

Swine and human brains share many key characteristics that are not found in small
mammals which influence both the mechanisms and consequences of stroke and TBI. In
addition to their gyrencephalic cortical architecture and high white matter content, pigs
are also more similar to humans than smaller mammals in the anatomy of their limbic,
subcortical, diencephalic, and brainstem structures [19–22,83,84]. These features, along
with similarities between human and pig basal cisterns in the subarachnoid space and the
aforementioned high white matter content, make the pig an excellent model for SAH [23–25].
These anatomical similarities also lead to high-fidelity modeling of human TBI, particularly
for rotational acceleration/deceleration-mediated inertial loading, which is dependent on
brain size [22,27,28]. Indeed, despite rotational acceleration injury attempts made with
the rodent “CHIMERA” model, it is not physically possible to scale up the acceleration
high enough (8000%) to recreate the forces of human TBI given the small brain mass of
rodents [28–30]. Fortunately, some CHIMERA users have dutifully reported failure to reach
scaled thresholds for inertial loading, with diffuse pathology clearly emanating from the
impact site, but a large swath of the field may still be unaware that the CHIMERA model
does not provide any acceleration-induced brain injury in rodents [85,86]. By recreating the
mechanism of inertial loading in the pig model, we are able to recreate the manifestations
of human TBI—such as loss of consciousness and increased ICP—that require closed-head
rotational acceleration acting upon a sufficient brain mass, which cannot be recreated in
rodents [27–30,32–35]. Rodent models will always be highly relevant and foundational to
neurotrauma research given their low cost, time for iteration, well-characterized and readily
altered genetics, and significant overlap with secondary cell/molecular injury mechanisms,
but there are insurmountable obstacles to direct translation from rodents to humans that
are best addressed by filling the gap with pig models.

Utilizing the monitoring and care capabilities of our reverse-translated neuroICU, we
observed and addressed many manifestations of the human injuries being modeled. The
collaboration between neurotraumatologists, clinicians, and veterinarians in the adminis-
tration of this study was vital to guiding the medical management decisions that, in turn,
informed algorithms for future work, and this multidisciplinary team will be vital as we
further refine our protocols. The inclusion of sham controls emphasized that rising EtCO2
can emerge in anesthetized animals on a ventilator even when they are not injured, and if
this is not appropriately addressed via sedation, ventilator adjustments, or by taking the
animal off of the ventilator, it can have systemic effects that negatively impact brain perfu-
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sion. The stress cardiomyopathy that we observed in one of our SAH animals (Figure 5)
also commonly occurs in human patients after SAH and is thought to be associated with
excessively high catecholamine signaling [87–92]. During the stress cardiomyopathy that
we observed following experimental SAH, there were instances of artifactual interference
that made it appear as if the subject’s heart stopped for up to 30 s. However, while these
were artifact and not cardiac arrest, in some instances, cardiac arrest may follow SAH stress
cardiomyopathy and is thought to be connected to larger volume bleeds that damage the
hypothalamus or brainstem vasomotor areas, though the mechanisms connecting SAH to
these potentially fatal cardiac events are not well understood [90,92–95]. This model seems
ideal for testing the dose/response of bleed volume to outcomes after SAH.

Our plasma biomarker results demonstrate compatibility with the human brain
biomarker assay kit and show promising trends that are consistent with what is observed in
humans following TBI. The enlargement of the lateral ventricles that we observed histologi-
cally following TBI is also observed in human TBI patients, and it correlates with outcome;
though delayed enlargement is associated with prolonged coma, the acute enlargement
that we observed is typically indicative of cerebrospinal fluid obstruction due to hemor-
rhage and/or edema [96–99]. Periventricular white matter pathology is also common to
closed-head moderate-to-severe TBI in humans and pigs, and the extensive axonal injury
in the fornix/septum pellucidum that we observed is associated with cognitive deficits in
humans following TBI, as well as neurodegenerative diseases such as Alzheimer’s, and can
even predict cognitive decline in healthy adults [5,100–104]. The post-traumatic epilepsy
and coma observed in our pigs are also frequently observed following moderate-to-severe
TBI in humans, and importantly, the wakefulness without awareness that we observed in
one of our TBI subjects is a human manifestation of TBI that, to our knowledge, has not
previously been reported preclinically. While we are not drawing any conclusions based
on these observations per se, they suggest that future studies in this model will allow us
to test new clinically relevant hypotheses that were previously difficult or impossible to
test preclinically.

While this study focused on acute critical care, we are also developing these capabilities
to provide a path to recovery to enhance the translational relevance of rehabilitation
and regenerative medicine research. Therefore, we monitor for signs of emergence from
coma. During this study, we learned that merely emerging from a coma (i.e., responsive
to noxious stimuli) may not indicate that the animal will soon be able to be extubated,
become ambulatory, and resume self-feeding. Indeed, it appears that after high-rate sagittal
angular rotational acceleration/deceleration of the head in pigs, animals may linger in
a wakeful/unaware state for some time after emerging from a coma prior to regaining
full awareness of their environment. This emphasizes the need for additional reverse
translational development to adopt aspects of post-ICU care. We are currently consulting
with physiatrists specializing in rehabilitative care for traumatic disorders of consciousness
to establish protocols for administering post-ICU care to wakeful/unaware pigs after severe
TBI. This extended post-coma, pre-recovery state will require replication, characterization,
and unique care considerations, but the initial observation raises the exciting prospect of
opening the study of traumatic disorders of consciousness to translational research [36].

This study was focused on technique development and optimization, and future
studies will be needed to further characterize these injury manifestations, their similarities
to those observed in humans, the mechanisms involved, and potential mitigation strategies.
Furthermore, there are several modalities that were not employed in this study due to
our focus on optimizing critical care. Most notably absent is neuroimaging due to our
reluctance to transport subjects under these conditions during the critical care development
phase. In other ongoing studies, we are utilizing sequences for in vivo T1, T2, susceptibility
weighted imaging (SWI), and diffusion tensor imaging (DTI), as well as high-resolution
ex vivo DTI sequences that have been validated in swine. Neuroimaging offers rich, vital
data for brain trauma research and is a highly relevant clinical correlate, and, as such,
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it will be incorporated into upcoming studies utilizing this swine neurocritical care and
monitoring platform.

We recognize the current bottleneck that exists due to the highly specialized equipment
and expertise necessary to work in this model, as well as the significant demands placed
upon resources and personnel. Therefore, we will make every effort to share our data from
future studies by tabulating compatible data for upload to platforms such as the Open
Data Commons for TBI (ODC-TBI) [105]; scanning slides via Aperio for upload to eSlide
manager; and biobanking FFPE brain blocks, as well as blood, CSF, and other samples,
for future analyses with collaborators. We will also continue to advocate for funding
agencies to work with research institutions and provide the necessary startup funds and
resources to qualified researchers to expand the use of swine models, specifically the swine
model of rotational-acceleration-induced TBI. Ultimately, engagement and investment from
funding agencies and research institutions will be necessary to relieve this bottleneck in the
translational neurotrauma pipeline.

4.1. Future Directions for Translational SAH and TBI Studies

With the development of these techniques and the observations made along the
way, there are many new avenues of investigation opened before us. We hope to utilize
these capabilities for future studies of SAH, exploring the role of complement activation
in vasospasm following injury, along with the pathological mechanisms linking SAH
and stress cardiomyopathy. While this is not the only model of SAH, the inclusion of
multimodal neuromonitoring and critical care enhances both the translational relevance
and the depth of clinically relevant data collected. Future studies of TBI with coma will
begin with investigating pathological correlates of coma severity, in particular, the pontine
projections of the reticular activating system. The swine model of rotational-acceleration-
induced TBI is a well-characterized model that has generated significant advancements in
neurotrauma for decades. However, without the sophisticated neurocritical care afforded
to human patients, moderate-to-severe TBI is very difficult to manage and often fatal.
Therefore, with the humane treatment of research animals as a top priority, chronic studies
have been limited to mild TBI [55,75,106], and studies of swine in extended coma have
not exceeded 8 h [37,42–44]. Only by providing these subjects with the same neurocritical
care afforded to a human patient can we ethically and practically extend beyond the acute
period for translational study of rehabilitation [107]. Therefore, in addition to developing
new diagnostics, therapeutics, and improving prognostic capabilities in the neurocritical
care space, we can now do the same for the recovery/rehabilitation phase following
moderate-to-severe TBI with coma.

4.2. Conclusions

Large animal models are both resource- and labor-intensive, and the inclusion of
SAH or head rotational acceleration injury and neurocritical care significantly increases the
specialized training and expertise required to have success. However, by establishing a
multidisciplinary team, we demonstrated that it is feasible to replicate the mechanisms and
manifestations of severe human neurotrauma in a large animal model with the inclusion of
neurocritical care and monitoring. The preclinical study of SAH or TBI with neurocritical
care requires an animal model that recapitulates injury mechanisms (e.g., head rotational
loading) and manifestations (e.g., coma and increased ICP) observed in humans to bridge
the translational gap between rodent studies and clinical trials. The integration of neu-
romonitoring and critical care into a model that uniquely recreates the forces of human TBI
to create true moderate and severe TBI with coma further increases translational relevance
and allows for preclinical study of the unique neurocritical care environment, while also
extending the study period for moderate-to-severe TBI with coma and offering a path
toward the preclinical study of traumatic disorders of consciousness.
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ODC-TBI Open Data Commons for TBI
PbtO2 partial brain tissue oxygen
PTE post-traumatic epilepsy
rad/sec radians/second
SAH subarachnoid hemorrhage
SpO2 blood oxygen saturation
SWI susceptibility weighted Imaging
TBI traumatic brain injury
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Abstract: Traumatic brain injury (TBI) results in the generation of tau. As hyperphosphorylated tau
(p-tau) is one of the major consequences of TBI, targeting p-tau in TBI may lead to the development of
new therapy. Twenty-five pigs underwent a controlled cortical impact. One hour after TBI, pigs were
administered either vehicle (n = 13) or PNT001 (n = 12), a monoclonal antibody for the cis conformer
of tau phosphorylated at threonine 231. Plasma biomarkers of neural injury were assessed for 14 days.
Diffusion tensor imaging was performed at day 1 and 14 after injury, and these were compared to
historical control animals (n = 4). The fractional anisotropy data showed significant white matter
injury for groups at 1 day after injury in the corona radiata. At 14 days, the vehicle-treated pigs, but
not the PNT001-treated animals, exhibited significant white matter injury compared to sham pigs in
the ipsilateral corona radiata. The PNT001-treated pigs had significantly lower levels of plasma glial
fibrillary acidic protein (GFAP) at day 2 and day 4. These findings demonstrate a subtle reduction in
the areas of white matter injury and biomarkers of neurological injury after treatment with PNT001
following TBI. These findings support additional studies for PNT001 as well as the potential use of
this agent in clinical trials in the near future.
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1. Introduction

Tau proteins are highly expressed in neurons as well as astroglia and oligoden-
droglia [1] and play an important role in maintaining the stability of axonal microtubules [2].
In the setting of traumatic brain injury (TBI), axons undergo damage that includes the
disruption of cytoskeletal structures. Specifically, tau proteins that are normally bound
to microtubules dissociate and undergo aberrant post-translational modifications such as
phosphorylation [3]. Pathologically phosphorylated tau is prone to aggregate and induce
harmful effects such as mitochondrial injury, apoptosis, and neuronal death [3]. Once phos-
phorylated tau is formed in one region of the brain, it can spread to neighboring regions
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and has been previously demonstrated to transmit from the cortex to the hippocampus as
well as to the contralateral side of the brain [4].

A major pathological consequence of TBI is chronic traumatic encephalopathy. Known
to be a result of repetitive mild traumatic brain injury, hyperphosphrylated tau has been
well described [5] to be broadly distributed across the brain regions of CTE subjects.
Although Alzheimer’s disease also shows prominent levels of hyperphosphorylated tau,
there are subtle differences in the location of their accumulation. Specifically, in CTE,
hyperphosphorylated tau has been prominently noted in axons and perivascular regions [6],
whereas the tau pathology is diffusely distributed in these regions in AD [7]

A prior study showed that the cis conformer of tau phosphorylated at threonine 231
(T231 cis p-tau) is acutely produced by neurons following TBI [4]. In a mouse model
of TBI, a monoclonal antibody targeting cis p-tau has been shown to prevent CTE-like
pathological changes as well as cognitive impairment [8,9]. Given the damaging effect
of cis p-tau to neurons in animals, this molecule has been considered to contribute to
TBI pathophysiology. With this insight, we utilized a humanized monoclonal antibody
specific to cis p-tau (PNT001, Pinteon Inc., Newton, MA, USA) [10] in order to explore its
therapeutic potential in acute TBI using a clinically relevant pig model of TBI.

2. Materials and Methods

2.1. Animal Surgery

The experiments in this study were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania in accordance with the Guide for the Care
and Use of Laboratory Animals. There were two groups in this study: the vehicle group
(n = 13) and PNT001 group (n = 12), with pigs weighing approximately 30 kg (Figure 1). In
order to minimize sex-specific effects, each group had approximately the same number of
male and female pigs. In the placebo group, there were n = 6 males and n = 7 females, and
in the PNT001 group, there were n = 5 males and n = 7 females. Surgical procedures were
performed as previously described [11]. Briefly, intramuscular ketamine (20 mg/kg) and
xylazine (2 mg/kg) were administered, followed by induction using 4% inhaled isoflurane.
The pigs were then intubated and maintained on anesthesia with 1% isoflurane throughout
the experiment. Bupivacaine analgesia was provided by injection into the subcutaneous
tissue at the incision site, followed by prophylactic cefazolin intramuscular injection. Pigs
then underwent central venous catheter placement in the cephalic veins terminating in the
superior vena cava. Right-sided craniotomy overlying the rostral gyrus was performed,
and the pigs underwent mild–moderate severity injury with a spring-loaded impactor
velocity at 4 m/s. The pigs were then administered buprenorphine-SR for additional
analgesia. Drug administration using 60 mg/kg of PNT001 or vehicle was performed by
intravenous injection at 1 h after TBI. Sham pigs included in the data analysis for DTI
underwent the same anesthesia exposures and all surgical procedures (skin incision) except
craniotomy and controlled cortical impact. The vehicle solution was composed of 25 mM
histidine/220 mM sucrose/0.02% (w/v) polysorbate 80 prepared in sterile water. To confirm
the appropriate administration of PNT001, exposure was measured at several time points
in serum and cerebrospinal fluid (CSF) in a subset of 8 treated animals (Figure S1). At the
end of the experiment on day 14, the animals were anesthetized by intramuscular injection
of ketamine/xylazine. They were then euthanized by intracardiac injection of pentobarbital
at 150 mg/kg.
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Figure 1. Schematic of the study. Data from DTI database of sham pigs at 24 h and 14 days were
compared to the PNT001-treated CCI group and vehicle-treated CCI group. LP = lumbar puncture,
PNT = PNT001.

2.2. Biomarker Study

Pigs in both groups underwent blood draws from the central line before the injury and
then at the range of times as follows: 30 min, 2 h, 5 h, 1 d, 2 d, 4 d, 7 d, 10 d, and 14 d after
TBI. For plasma isolation, the blood samples were centrifuged at 4400× g for 5 min, and
the supernatants were collected and then stored at −80 ◦C until analysis. Lumbar puncture
was also performed at 1 h and 14 d after injury to collect CSF, which was also stored at
−80 ◦C until analysis. In order to assess the plasma biomarker levels, a single-molecule
array (Simoa) was used. Using a 4-Plex assay (Quanterix, Billerica, MA, USA) for glial
fibrillary acidic protein (GFAP), neurofilament-light (NfL), ubiquitin C-terminal hydrolase
L1 (UCHL-1), and tau, we processed the plasma and CSF samples. The samples were then
analyzed by Quanterix Corp. (Billerica, MA, USA). Additionally, we performed exposure
analysis using serum analysis. The blood samples were first allowed to clot for 15–30 min
and were then centrifuged at 4400× g for 5 min. These samples were stored at −80 ◦ C
until analysis. Both serum and CSF were tested for PNT001 levels using enzyme-linked
immunoassay (ELISA) as previously described [10].

2.3. Diffusion Tensor Imaging

Magnetic resonance imaging with diffusion tensor imaging (DTI) sequencing was per-
formed at two time points: 24 h and 14 days after injury. A 3T Tim Trio whole-body
magnetic resonance scanner (Siemens, Munich, Germany) with a 12-channel phased
array head coil was used for 64 noncolinear/noncoplanar direction scans with single-
shot spin-echo, echo-planar imaging. The specifics of the DTI sequence were as fol-
lows: repetition time (TR) = 4200 mS, echo time (TE) = 103 msec, flip angle = 180 degrees,
bandwidth = 1186 Hz/pixel, field of view (FOV) = 192 mm, slice thickness = 2 mm, num-
ber of slices = 24, voxel size = 2 × 2 × 2 mm, and b-values = 0, 1000, and 2000 s/mm2.
Track-based spatial statistics were used for the analysis using the FSL software. Eddy
current distortions as well as motion-induced distortions were corrected. From a composite
white matter skeleton, the region of interest (ROI) for the corpus callosum, the ipsilateral
(right) and contralateral (left) corona radiata, and the ipsilateral and contralateral cerebral
peduncles were drawn. For each ROI, fractional anisotropy (FA) and mean diffusivity (MD)
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values were calculated. Heat maps of significant (p < 0.05) regions of decreased FA values
between the placebo and PNT001 groups were displayed.

2.4. Statistical Analysis

Statistical analysis was performed for FA and MD values using multiple Mann-
Whitney U tests. As there was no sham injury group for this study, historical data from our
group with the same conditions (30 kg weight) that underwent the same surgical/anesthetic
exposure but with only skin incision without TBI were used to normalize the FA and MD
values. Plasma and CSF biomarker values were also assessed using multiple Mann-Whitney
U tests. In the sensitivity analyses, we performed linear mixed-effects models with random
intercepts for the time since first biomarker measurement after injury and an unstructured
covariance matrix to estimate the association between the treatment group and the change
in the natural-log-transformed biomarkers over 14 days post-injury. All biomarkers were
ln transformed for statistical modeling, as the distributions were not normally distributed.
To account for the non-linear association between plasma NfL and GFAP over time, a
linear spline was used to model the time since the first biomarker measurement after
injury was used with a knot at 168 h (7 days) for NfL and at 24 h (1 day) for GFAP. For
all the tests in this study, p < 0.05 was used as a significant cut-off value. Stata SE Version
17 (College Station, TX, USA) and GraphPad Prism (San Diego, CA, USA) were used for
the analysis.

3. Results

After the administration of the vehicle or PNT001(60 mg/kg, intravenous), we ana-
lyzed drug exposure in an initial subset of eight animals in both serum and CSF to validate
the appropriate administration (Figure S1). This showed the appropriate drug levels in the
serum and CSF of the pigs, which were in agreement with the previously demonstrated
Kd of PNT [10]. Then, we analyzed the time course of white matter integrity using DTI
at 1 day and 14 days. At 1 day following TBI, there were multiple areas of significant
reduction in FA among both the PNT001- and vehicle-treated CCI pigs (Figure 2). Both
the PNT001-treated and vehicle-treated injured animals exhibited reduced FA levels in the
corona radiata. Whereas the PNT001-treated animals appeared to have smaller areas of FA
reduction in the bilateral corona radiata, the vehicle-treated group appeared to have larger
areas of FA reduction. Specifically, the contralateral (left) corona radiata and posterior
portion of the corpus callosum showed an FA reduction.

For the quantification of the white matter integrity, we normalized the FA values
to our historical sham animals’ FA levels in each respective area, as shown in (Figure 3).
In agreement with the heat map of the areas with FA reduction (Figure 2), there was a
significant decrease in the FA values of the corona radiata for both the vehicle- and PNT001-
treated groups compared to the sham pigs. The PNT001-treated pigs also displayed a
reduction in the MD in the corpus callosum, while the vehicle-treated group did not.
When DTI was performed again at the 14-day time point (Figure 4), there were significant
reductions in the areas in which FA decreases were acutely observed. The quantification
of the reductions in the FA in these regions at 14 days resulted in significant differences
between the sham and vehicle groups but not the sham and PNT001 groups at the right
corona radiata (Figure 5). Although the heat map showed small areas of FA reduction
in the bilateral corona radiata, because the region of FA reduction was very small, the
quantitative assessment showed no significant difference between the sham and vehicle
or PNT001 groups in the left corona radiata. Similarly, the longitudinal study using linear
mixed effects model showed no significant differences between the two groups for FA and
MD (Table S1).
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Figure 2. FA map showing difference between sham vs PNT-treated CCI group (top) and sham
vs vehicle-treated CCI group (bottom) at 1 day following injury. The red–yellow regions show
FA-reduced areas as compared to sham group.

Figure 3. DTI parameter comparison between vehicle-treated CCI group and PNT-treated pigs
normalized to sham group at 1 day. Region specific changes in FA (A) and MD (B) are shown here.

 

Figure 4. FA map showing difference between sham vs PNT001-treated CCI group (top) and sham vs
vehicle-treated CCI group (bottom) at 14 days. The red regions show FA-reduced areas as compared
to sham group. PNT = PNT001.
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Figure 5. DTI parameter comparison between vehicle-treated and PNT001-treated CCI groups
normalized to sham group at 14 days. PNT = PNT001. * p < 0.05. Region specific changes in FA (A)
and MD (B) are shown here.

The biomarker studies on plasma showed an early peak elevation of GFAP at 1–2 days,
while the elevation of NfL peaked at 7 days. There were no changes in UCHL1 throughout
the study (Figure 6). Although there was no difference between the vehicle and PNT001
groups at the peak levels for NfL and GFAP (7 and 1 day post-injury, respectively), the GFAP
concentrations at 2 days and 4 days post-injury showed notable changes in the PNT001
group compared to the vehicle group. The PNT001 group had a lower GFAP concentration
at 2 days, although this was not statistically significant (p = 0.051). At 4 days, there was
significant reduction in the GFAP concentration (p < 0.01) in the PNT001 group compared to
the vehicle group. For NfL and UCH-L1, there were no differences throughout the 14 days.
Similarly, the linear mixed effects model (Table S1) showed a significant difference between
the vehicle and PNT001 groups for plasma GFAP levels over 14 days post-injury, but
other biomarkers showed no significant differences. We also analyzed the CSF biomarker
levels at 1 day and 14 days after injury (Figure 7). While the CSF NfL concentrations were
unchanged at 1 h post-injury, a dramatic increase was observed (40-fold) 14 days post-injury.
In contrast, the CSF concentrations of tau, UCHL1, and GFAP were increased as soon as 1 h
post-injury. By 14 days post-injury, the GFAP levels had returned to the pre-injury levels,
while the concentrations of tau and UCHL1 remained elevated. While numerical reductions
in all the CSF biomarkers were observed following treatment with PNT001, the substantial
variability of the biomarker concentrations precluded the achievement of any statistical
significance for any analyte. The longitudinal analysis using a linear mixed effects model
showed no difference between the vehicle and PNT001 groups for CSF biomarker levels.

Figure 6. Plasma levels of biomarkers over 14 days. NfL (A), GFAP (B), and UCHL-1 (C) are displayed
at 1–4-day intervals during the acute-to-subacute period following TBI. The biomarker assay lacked
the sensitivity to detect pig plasma tau. ** p < 0.01.
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Figure 7. CSF levels of biomarkers over 14 days. NfL (A), GFAP (B), tau (C), and UCHL-1 (D) are
displayed at two time points: 1 h and 14 days following TBI. PNT = PNT001.

4. Discussion

The results of this study showed a subtle reduction in the areas of white matter injury
and biomarkers of injury in the PNT001-treated pigs compared to the vehicle-treated pigs
after TBI. Given the well-documented link between TBI and Alzheimer’s disease, [12,13]
as well as CTE [14,15], the pathomolecular mechanisms that link these disease entities
have been pursued by TBI clinicians and scientists over the years. The generation of cis
p-tau after TBI [4] and its association with many neurodegenerative changes have been
demonstrated [8]. Given this promising novel target for TBI, we utilized a pharmacological
agent aimed at reducing the cis p-tau burden in the central nervous system following TBI
using a pig model of injury.

In the DTI scans of pigs following TBI, specific areas of FA reduction were found in
the bilateral corona radiata and splenium of the corpus callosum. These areas of injury
were consistent with our previously reported DTI data on 30-day post-injury pigs [16],
indicating the selective vulnerability of these regions to TBI. Changes in FA levels at the
ipsilateral corona radiata were specifically correlated with rises in both NFL and GFAP
also in this study, supporting the validity of these radiographical findings. Although the
quantification of FA values at each location showed no significant differences between
the vehicle-treated and PNT001-treated groups, the subtle differences in the size of the
area with FA changes between the two groups was more clear in the heat maps. These
data showed that while there was no major effect in reducing the white matter damage by
PNT001, the subtle reduction, as shown by heat map, may indicate that optimal dose and
administration times should be explored. Over the 14 days, the areas of FA reduction were
significantly attenuated, as shown between Figures 2 and 4. This change may be partly due
to the recovery process of white matter injury over time, but decreasing tissue edema may
also account for this, as previously noted [16].

Among the vehicle-treated pigs, the plasma biomarker profile showed a time course
similar to that of human data. As previously described [16], the acute rise in GFAP within
the first day and the delayed rise in NfL over the course of 1 week replicated the pattern
that was shown in clinical TBI patients [17–19]. The injury biomarker profiles showed
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decreases in serum GFAP levels when PNT001 was administered after TBI (Figure 6). Since
GFAP is an intermediate filament specifically expressed by astrocytes and is considered to
have an important role in astrocyte mobility and proliferation [20,21], a reduction in the
GFAP level by PNT001 treatment may indicate a protection of glial injury. Although GFAP
elevation in the tissue levels occurred following the injury, this time course was slower
than with a peak brain tissue expression occurring at 3 days after injury [22]. The serum
peak levels were earlier at 1 day post-injury, indicating that this may be due to the acute
release of existing GFAP from the astroglia secondary to injury. The time course of cis p-tau
generation after TBI has been detailed previously [4]: the elevation of cis p-tau began 12 h
after a single moderate-to-severe TBI and peaked at 48 h. The exposure data (Figure S1)
showed an appropriate elevation of PNT001 levels in the serum after the administration,
starting at 2 h after injury. Given the expected delay of hours to days it would take for
PNT001 to distribute to the interstitial space and brain parenchyma and interact with cis
p-tau, the reduction in GFAP levels by the PNT001 treatment at 2 and 4 days in the current
study seems consistent.

Meanwhile, the other biomarkers of injury (NFL and UCH-L1) did not show any sig-
nificant difference between the two groups. This may mean that while glial injury may have
been attenuated, other pathobiological components of TBI (delayed white matter injury
and neuronal injury) were not directly mitigated by the PNT001 treatment. Additionally,
the sensitivity of the Simoa assays were not optimized for porcine proteins and thus tau
detection was not achieved in the serum samples, while higher levels of tau in the CSF
resulted in significant detection (Figure 7).

The biomarker studies in the CSF showed no significant differences between the
PNT001- and vehicle-treated animals, although the PNT001 group had minor trends with
lower biomarker values. This limited detection at 1 day and 14 day unfortunately missed the
appropriate monitoring windows for biomarkers such as NfL which peaks at approximately
7 days. In addition, as was demonstrated in the serum data that attenuation of GFAP
elevation occurred at 2 and 4 days after the PNT001 treatment, the CSF data, which was not
collected at these time points, missed this monitoring window. Given these few collection
time points for CSF, the comparison of the plasma and CSF biomarker values to assess for
their correlation was limited. As the biomarkers did not yet reach their peak elevation at
30 min to 1 h following injury, no significant correlation was acutely found between the
CSF and plasma biomarker levels (Table S2). At 14 days, NfL did not show a significant
correlation between the CSF and plasma levels (p = 0.0670).

While tau in its physiological state has a major function in the central nervous system,
such as mediating neurite growth and stabilizing microtubules and thus the cytoskeleton
of neurons, the pathological transformation of this protein can lead to toxic effects [23].
The hyperphosphorylation of monomeric tau detaches it from microtubules, leading to
the binding of other detached monomers and the formation of oligomers [24]. Oligomers
of tau can propagate through neighboring neurons over time and gradually over larger
areas of the brain. Given the neurotoxicity of tau oligomers, their formation following TBI
has been considered as a potential mechanism for the progression of injury aside from the
primary damage of TBI. Larger oligomers can then form neurofibrillary tangles in various
brain regions, which has also been demonstrated in TBI [25,26], Alzheimer’s disease [27],
and other neurodegenerative conditions.

Aside from the prevention of oligomers, the potential therapeutic effect of PNT001 may
be through the mitigation of pathologies such as aquaporin-4 (AQP4) dysfunction. Since
AQP4 is expressed in the astrocytic end-foot and is acutely upregulated following TBI [28],
this has been considered as a mechanism of cerebral edema after TBI. Additionally, AQP4
is an important component of the glymphatic system, which functions for the clearance
of pathological proteins such as hyperphosphorylated tau [29]. However, given that TBI
damages and disrupts the normal function of this clearance system, the brain may become
more vulnerable to the accumulation of pathological tau. In this setting, the neurotoxicity of
pTau may become more pronounced. Thus, a monoclonal antibody against pTau may have
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a therapeutic effect by mitigating the effects of damage in the glymphatic system. In this
initial study using PNT001 for acute administration following TBI, promising reductions
in serum GFAP levels as well as potential small reductions in white matter injury were
noted using DTI. Given these promising findings, future studies can be designed to explore
a shorter window of administration and varied doses of PNT001 after TBI. Furthermore,
low-severity TBI and different modalities of TBI such as rotational injury can be explored.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11071807/s1, Figure S1: Exposure data for serum
(A) and CSF (B). Serum PNT001 levels are shown here, with expected decrease over time from 2 h to
14 days. Two time-point CSF levels of PNT001 were measured: prior to the injury and at 14 days.
PNT = PNT001; Table S1: Difference in change in ln(biomarker) over 14 days post-injury between
treatment groups; Table S2: Plasma and CSF biomarker correlation at acute time point (first row) and
subacute time point (second row). Given the different time points in which samples were collected
for plasma and CSF, we chose the closest matching times with plasma (30 min) and CSF (1 h) for the
acute time point. The second row shows the correlation values at 14 days.
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Abstract: Traumatic brain injury (TBI) affects millions of people annually; however, our knowledge
of the diffuse pathologies associated with TBI is limited. As diffuse pathologies, including axonal
injury and neuroinflammatory changes, are difficult to visualize in the clinical population, animal
models are used. In the current study, we used the central fluid percussion injury (CFPI) model in
a micro pig to study the potential scalability of these diffuse pathologies in a gyrencephalic brain
of a species with inflammatory systems very similar to humans. We found that both axonal injury
and microglia activation within the thalamus and corpus callosum are positively correlated with
the weight-normalized pressure pulse, while subtle changes in blood gas and mean arterial blood
pressure are not. We also found that the majority of tissue generated up to 10 years previously is
viable for immunofluorescent labeling after long-term refrigeration storage. This study indicates
that a micro pig CFPI model could allow for specific investigations of various degrees of diffuse
pathological burdens following TBI.

Keywords: traumatic brain injury; axonal injury; micro pig; diffuse pathology; microglia; aged tissue

1. Introduction

Traumatic brain injury (TBI) is a major health care concern that carries significant
personal and societal burdens [1–4]. There are approximately 2 million reported cases of
TBI annually in the United States, with global cases reaching 50 million each year, with
the understanding that the real numbers are likely higher due to the vast majority of
TBIs being mild and going unreported [4–7]. Although our knowledge of the complex
pathologies associated with TBI has progressed, understanding of diffuse pathologies,
which are associated with morbidity in the human population [8–10], is still limited.

Diffuse traumatic axonal injury (TAI) is one of the pathological hallmarks of TBI, and
is commonly used in experimental mild TBI studies to convey the degree of injury [11–18].
Neuroinflammation has become another key pathological feature of brain injury in both
human and animal studies [8,19–21]. Many recent studies have demonstrated the im-
pact of inflammatory cascades in regulating behavioral morbidities, general pathology,
and neuronal function in both the normal brain and in various disease states, including
TBI [22–25]. Studies have demonstrated neuroinflammation in the human population
following TBI in various brain regions, with consistent involvement of the thalamic do-
main [8,19–21]. Microglia, the innate immune cells of the brain, are critical mediators of
these TBI-induced neuroinflammatory processes [26–33]. Astrocytes are key regulators
of various processes, including maintenance of the blood–brain barrier, water movement,
synaptic activity regulation, glucose storage, and neuroinflammatory processes [30,34–36].
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Serum levels of glial fibrillary acidic protein (GFAP), a component of the astrocyte cytoskele-
ton, are also correlated with negative outcomes following TBI and is one of two currently
FDA-approved biomarkers for TBI [37–39].

We currently do not have the technology to specifically investigate TBI-induced diffuse
pathological progression at an individual cellular level in the living human brain; therefore,
animal models are used to tease out potential targets for further study. Many therapeutics
have shown promising results in rodent models of TBI, unfortunately, this efficacy has
been limited when translated to humans [40–42]. The high reliance on lower-order species
for preclinical TBI research has been implicated in this translational failure, in that some
processes and mechanisms found in rodents do not occur in humans, and vice versa [41,43].
Therefore, there have recently been calls for more models using higher order mammals
with inflammatory responses and brain cytoarchitecture more similar to humans, such as
pigs, to better evaluate potential therapeutics prior to human translation [42,44–49].

With this goal in mind, we began characterization of a central fluid percussion injury
(CFPI) model of mild diffuse TBI in the adult micro pig [50–53]. We found that CFPI
resulted in diffusely dispersed injured axons and activated microglia in various brain
regions without producing focal lesions or gross tissue damage [51]. We further found that
this model recapitulated diffuse pathological and serum biomarker profiles of the human
population [50–52]. As human injury occurs on a spectrum, the current investigation aimed
to evaluate the potential for graded levels of injury-induced pathology in the micro pig
model of CFPI. Additionally, due to the expense of generating large animal TBI models,
we sought to determine the duration that our previously generated micro pig brain tissue
would maintain viability for immunolabeling.

2. Materials and Methods

2.1. Animals

Data from animals used in this investigation have been published previously [51,52].
Tissue from one recently generated animal was used as freshly harvested control tissue
for our immunolabeling studies. We used tissue from a total of twenty-two ~6-month-old
adult male Yucatan micro pigs (n = 3 sham; n = 18 injured, n = 1 new tissue), weighing
15–25 kg at time of injury. Prior to injury induction, animals were housed in pairs on
a 12 h light–dark cycle in pens with free access to food and water. Pens had epoxy
flooring with a drain in the back of the pen and a mixture of solid cinderblock wall
and fencing. Following injury, pigs were single housed in a separate pen within the
same room. All experimental protocols were approved by the Virginia Commonwealth
University and Richmond Veterans Affairs Medical Center Institutional Animal Care and
Use Committees, AAALAC international-accredited and USDA-registered organizations.
The Virginia Commonwealth University and Richmond Veterans Affairs Medical Center
Institutional Animal Care and Use Committees adhere to all regulations outlined in the
“Guide for the Care and Use of Laboratory Animals: 8th Edition” (National Research
Council [54]).

2.2. Surgical Preparation and Injury Induction

As previously published [51], micro pigs were initially sedated with an intramuscular
injection in the rear flank of 100 mg/mL Xylazine (2.2 mg/kg; AnaSed Injection, Shenon-
doah, IA, USA), 100 mg/mL Telazol (2.0 mg/kg; Tiletamine HCL and Zolazepam HCL;
Pfizer, New York, NY, USA), and 0.01 mg/kg Glycopyrrolate. After initial sedatives took
full effect (5–10 min post injection), sodium pentobarbital (60 mg/kg; Sigma-Aldrich, St.
Louis, MO, USA) was administered intravenously through a superficial ear vein. Loss of
the palpebral reflex, in which the canthus of the palpebral fissure of the eye was touched
gently to elicit a reflexive eye twitch/closing, and jaw tone were used to verify the plane of
anesthesia. Once 2–3 gentle touches to the canthus of the palpebral fissure did not elicit a
response, and the jaw was easily manipulated, the micro pig was intubated with a size 6–7
endotracheal tube and ventilated with 1–2% isoflurane mixed in 100% oxygen throughout
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the experiment. Ophthalmic lubricant was applied to avoid damage or drying of the eye
during surgery or recovery. Body temperature was monitored with a rectal thermometer
and maintained at 37 ◦C by adjusting the level of the self-heating surgical table. Chux
underpads and/or blankets were placed between the stainless-steel surface of the surgical
table and the pig to reduce chances of burns. The head and inner thigh were shaved
with electric clippers and sanitized with betadine and 70% ethanol wipes. Heparin-coated
catheters were inserted within the right femoral artery and vein and sutured into place for
continuous monitoring of mean arterial blood pressure (MABP; via the arterial line), assess-
ment of blood gases via the arterial line, and replacement of fluids with Lactated Ringer’s
(Hospira, Lake Forest, IL, USA) via the venous line to maintain hydration. Following the
canula placement, the animal was placed on its sternum and the animal’s head was shaved,
sterilized with betadine and 70% ethanol wipes, and draped. A midline incision was made
from the supraorbital process to the nuchal crest and a 16 mm diameter circular craniotomy
was trephined along the sagittal suture with a manual surgical trephine (Medicon 57-63-16),
positioning the center of the craniotomy 14 mm anterior to lambda (on the nuchal crest)
and leaving the Dura intact (Figure 1A). A custom stainless-steel threaded hub (Custom
Design and Fabrication, Richmond, VA, USA) with an outer diameter of 17 mm and an
inner diameter of 14 mm (Figure 1B) was screwed into the craniotomy site to a depth of
~4 mm. Dental acrylic (methyl-methacrylate; Hygenic Corp., Akron, OH) was applied
around the hub to insure hub stability. The hub was filled with sterile saline and wet gauze
was placed over the dental acrylic to serve as a heat sink for the exothermic reaction that
occurs during hardening.

 

Figure 1. Adult male micro pigs were subjected to either sham injury or a mild central fluid percussion
injury (CFPI). Representative drawings of (A) dorsal and (B) lateral view of the pig skull with the
injury hub screwed into the skull along the sagittal suture. (C) Picture of the fluid percussion device
used to induce CFPI in the micro pig. The injury hub was screwed into a 16 mm craniectomy placed
14 mm anterior to the nuchal crest. The hub was filled with sterile saline then connected to the fluid
percussion device’s L-shaped adaptor. Following connection to the device, the hammer was released,
producing a fluid pressure pulse that transduced through the dura to the cerebrospinal fluid.

The induction of the central fluid percussion injury (cFPI) was carried out as described
previously [50,51]. Following verification that the dental acrylic was fully hardened, anes-
thetized micro pigs were connected to the cFPI device that had been fitted with an L-shaped
stainless steel adaptor onto which the injury hub locked (Figure 1B,C). This adaptor al-
lowed for the redirection of the fluid pulse downward through the injury hub on the
ventral surface of the pig’s skull. Following connection and verification that bubbles hadn’t
been introduced to the closed fluid-filled system, micro pigs were injured with a fluid
pressure pulse at a magnitude of 1.39–1.83 atmospheres and duration of 24–32 msec (Sup-
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plementary Table S1) measured by a transducer affixed to the injury device and displayed
on an oscilloscope (Tektronix, Beaverton, OR, USA). Immediately after injury induction,
animals were disconnected from the injury device, the set screws were unscrewed from
the skull, and the dental acrylic, hub, and screws were removed as a unit. The hub was
then removed from the surrounding dental acrylic for sterilization and reuse. While there
was some sub-arachnoid bleeding following injury, the cFPI did not result in any breach
of the Dura mater or induce subdural hematoma formation. Gel foam was placed over
the craniotomy/injury site to alleviate small amounts of bone bleeding, and the scalp was
sutured without replacing the bone to the craniotomy site.

2.3. Physiology

Systemic physiology was monitored and recorded throughout the duration of anesthe-
sia, both prior to cFPI and throughout the post-injury monitoring period. Mean arterial
blood pressure was measured through the canulated femoral artery, hemoglobin oxygen
saturation was monitored via a pulse oximeter, and a rectal thermometer was used to
measure body temperature. All physiological readings were measured and visualized
by a Cardell® MAX-12HD (Sharn veterinary, Inc., Chicago, IL, USA) system. The partial
pressures of oxygen and carbon dioxide in arterial blood, PaO2, and PaCO2, respectively,
hematocrit (Hct), bicarbonate (HCO3), hemoglobin (Hb), and pH values were assessed on
blood draws from the femoral arterial cannula using a Stat Profile pHOx blood gas ma-
chine (NOVA Biomedical, Waltham, MA, USA). The summarized physiological results for
these animals have previously been published [51]. However, this manuscript investigates
individual animals’ pre- and post-injury physiological readouts (Supplemental Table S1).

2.4. Tissue Processing

At terminal endpoints of 6 h post-cFPI, micro pigs were overdosed with 3 mL euthasol
euthanasia-III solution (Henry Schein, Dublin, OH, USA) and immediately transcardially
perfused with 6 L of 0.9% saline followed by 8 L of 4% paraformaldehyde/0.2% gluteralde-
hyde in Millonig’s buffer (136 mM sodium phosphate monobasic/109 mM sodium hydrox-
ide), as previously published [51]. After transcardial perfusion, the brains were removed
from the skull and post-fixed in 4% paraformaldehyde/0.2% gluteraldehyde/Millonig’s
fixation buffer for an additional 48–72 h at 4 ◦C. Postfixed brains were blocked into 5 mm
coronal segments throughout the rostral–caudal extent using a small pig brain slicer matrix
(Cat. # PBMPBS050-1 Zivic Instruments, Pittsburgh, PA, USA). Segments containing the
thalamus or corpus callosum were bisected at the midline, and the left side was further pro-
cessed. All segmented brain tissue not used in active studies was cataloged, cryoprotected
in 30% sucrose, and frozen in tissue tek Optimal Cutting Temperature (O.C.T.) compound
(Tissue-Tek #4583; Sakura Finetek; Torrance, CA, USA) prior to freezing and storage at
−80 ◦C for future use. The 5 mm coronal segments containing the left hemi-thalamus or
corpus callosum were never frozen, rather, they were embedded in agarose and coronally
sectioned in 0.1 M phosphate buffer with a vibratome (Leica, Banockburn, IL, USA) at
a thickness of 40 μm. Sections were collected serially in 6-well plates (240 μm between
sections in each well) and stored in Millonig’s buffer at 4 ◦C. Thalamic tissue treated in this
manner was stored in the refrigerator for multiple years prior to investigations of viability
for immunobiological analysis. Buffer was changed and/or added every few years to avoid
dehydration.

2.5. Immunohistochemistry
2.5.1. Previous Labeling of Thalamic and Corpus Callosal Tissue for Axonal Injury and
Microglial Activity Index Assessments

All immunohistological labeling and analyses used to determine injury model scalabil-
ity was carried out on freshly generated tissue during the studies published previously [51].
Mean thalamic data for injured and sham groups were previously published in Lafrenaye
et al., 2015 [51]; however, corpus callosum data were not reported. For immunohistological
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labeling, a random well (1–6) was selected using a random number generator and six pieces
of tissue containing the thalamic or twelve sections containing the corpus callosum were
taken for immunolabeling. Tissue from all animals was processed concomitantly to reduce
variability between animals.

To visualize injured axons, fluorescent immunohistochemistry against amyloid pre-
cursor protein (APP) was used to detect axonal transport issues indicative of axonal in-
jury [13,14,55]. In this procedure, sections were blocked and permeabilized at room temper-
ature in 5% normal goat serum (NGS), 2% bovine serum albumin (BSA), and 1.5% triton in
phosphate-buffered saline for 2 h followed by overnight incubation with a rabbit antibody
against the C-terminus of β-APP (1:700; Cat.# 51-2700, Life Technologies, Carlsbad, CA,
USA) at 4 ◦C in 5% NGS/2% BSA. Tissue was washed with 1%NGS/1%BSA in PBS at
least six times prior to secondary antibody incubation with Alexa Fluor 568-conjugated
goat anti-rabbit IgG (1:700; Cat.# A-11011, Life Technologies, Carlsbad, CA, USA) in
1%NGS/1%BSA/PBS at room temperature for 1 h. Tissue was washed in 1%NGS/1%BSA
in PBS at least six times. Tissue was mounted on slides using Vectashield hardset mounting
medium with Dapi (Cat.#H-1500; Vector Laboratories, Burlingame, CA, USA).

For the visualization of microglia, chromatic immunohistochemistry against ionized
calcium-binding adaptor molecule 1 (Iba-1) was carried out. Endogenous peroxidases
were quenched with hydrogen peroxide prior to chromatic immunolabeling. Tissue was
blocked and permeabilized in 1.5% triton/10% NGS/PBS for 2 h followed by incubation
with a rabbit antibody against Iba-1 (1:1000; Cat.#019-19741 Wako; Richmond, VA, USA) in
10% NGS/PBS at 4 ◦C. Tissue was washed with 1%NGS/1%BSA in PBS at least six times
prior to secondary antibody incubation with biotinylated goat anti-rabbit IgG (1:1000; Cat.#
BA-1000, Vector Laboratories, Burlingame, CA, USA). To enhance the chromatic signal,
tissue was incubated in avidin biotinylated enzyme complex using the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA, USA). The substrate used for the chromatic reaction
to visualize microglia was 0.05% diaminobenzidene/0.01% H2O2/0.3% imidazole/PBS.
Following cessation of the reaction, tissue was mounted, dehydrated in a series of alcohols,
and cover-slipped with Permount mounting media (Fisher Scientific, Cat#SP15).

2.5.2. Labeling of Stored Thalamic Tissue for Immunohistochemistry Efficacy Assessments

Archived thalamic tissue from 19 different animals (generated between 25 July 2013
and 21 July 2015) that had been perfusion-fixed with 4% paraformaldehyde/0.2% glu-
taraldehyde followed by at least 3 days of post-fixation and stored at 4 ◦C were used for
immunohistological labeling. Data from these animals have been published previously [51].
Fixed tissue used in this study was sectioned in 0.1 M dibasic sodium phosphate buffer
within 3 months of being generated and stored long term at 4 ◦C in Millonigs buffer
(136 mmol/L sodium phosphate monobasic/109 mmol/L sodium hydroxide). Glial fibril-
lary acidic protein (GFAP) was used to label astrocytic soma and processes, and Iba-1 was
used to label microglial soma and processes. Tissue was sequentially co-labeled for both
markers, with the majority of samples (n = 13) being initially labeled for GFAP followed by
Iba-1, and the remaining samples (n = 6) being labeled for Iba-1 first followed by GFAP la-
beling. For this, tissue was washed in PBS 3 times for 5 min, blocked, and permeabilized for
1 h at room temperature in 5% NGS/2% BSA/1.5% Triton/PBS, and incubated overnight
at 4 ◦C with either mouse anti-GFAP primary antibody (1:1000; Cat #MAB360; Millipore)
or rabbit anti-Iba-1 primary antibody (1:1000; Waco). Tissue was then washed 6 times for
5 min in 1% NGS/1% BSA/PBS prior to 1 h incubation at room temperature with either
goat anti-mouse Alexa 568 (1:500, Cat#;) for GFAP visualization, or goat anti-Rabbit Alexa
488 (1:500, Cat#;) for Iba-1 visualization. Tissue was washed again 4 times for 5 min in
PBS. The single-labeled tissue was then blocked again for 1 h at room temperature in 5%
NGS/2% BSA/PBS and immunolabeled with the other primary antibody, either rabbit
anti-Iba-1 or mouse anti-GFAP, followed by the secondary antibody, either goat anti-rabbit
Alexa 488 for Iba-1 visualization or goat anti-mouse Alexa 568 for GFAP visualization, as
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above. Tissue was mounted with Vectashield Hardset mounting medium with DAPI prior
to imaging.

2.6. Image Analysis

The imaging of APP and microglia used for the correlation matrices was carried out
prior to 2015 using a Nikon Eclipse 800 microscope (Nikon, Tokyo, Japan) equipped with an
Olympus DP71 camera (Olympus, Center Valley, PA, USA). Image acquisition settings were
held consistent for all animals and the regions of interest were restricted to the thalamus and
corpus callosum using anatomical landmarks. Imaging was carried out by an investigator
blinded to animal identity.

2.6.1. Quantitative Image Analysis of Diffuse Axonal Injury

For the APP assessments in the thalamus, a total of 60 images (10 images in each of the
6 sections assessed) were taken at 10× magnification (0.72 mm2 field) in a systematically
random fashion starting at the dorsal lateral aspect of the thalamus. For the corpus callosum,
a total of 24 images (2 images in each of 12 sections) were taken at 10× magnification,
which covered the majority of the region of interest. A nuclear DAPI label was used for
field advancement and to verify focus as well as restriction within the region of interest.
Thresholded masks of APP intensity were generated in ImageJ software (NIH, Bethesda,
MD). The particle analysis tool in ImageJ was then used to assess the number of APP+ axonal
swellings in each image (particle analysis settings circularity = 0.2–1, size = 20-infinity).
The number of APP+ swellings per unit area was quantified for each image and averaged
for each animal.

2.6.2. Quantitative Image Analysis of Microglial Activity Index

Assessment of microglia activation for the thalamus was published previously [51]. For
this the entire thalamus or corpus callosum was assessed for each of the sections selected
for each animal (6 sections for the thalamus and 12 sections for the corpus callosum).
Identification of microglia activation was based on specific morphological criteria. Microglia
with highly ramified fine process networks that were lightly labeled with Iba-1 were
considered non-reactive, while microglia with thicker, shorter, or absent processes and
darker Iba-1 labeling were identified as active/reactive [55–58]. The degree of microglia
activation was assessed using an index from 0 to 5 in which 0 = no microglial activation
observed, 1 = ramified microglia with thicker processes and darker Iba-1 labeling observed
in ~5% of the region of interest, 2 = activated microglia observed in ~5–10% of the region of
interest, 3 = activated microglia observed in ~10 < 25% of the region of interest, 4 = activated
microglia observed in ~25 < 50% of the region of interest and 5 = activated microglia
observed in >50% of the region of interest. Two blinded investigators analyzed all sections
independently, and their scores were averaged for each animal.

2.6.3. Qualitative Analysis of Glial Labeling in Old Pig Tissue

Immunofluorescent labeling of microglia and astrocytes in pig tissue generated
>7 years prior and stored at 4 ◦C was qualitatively assessed by investigators blind to
the age of tissue. Images were taken with a Keyence BZ-X800 microscope (Keyence Cor-
poration of America, Itasca, IL, USA) at 40× magnification with all settings held constant
for each sample. Experimenters randomly selected 6 areas of each section within the
thalamic domain to evaluate the degree of labeling of Iba-1+ microglia and GFAP+ astro-
cytes. A high-degree label was associated with widely distributed and clearly visible cell
soma and processes, a medium-degree label was associated with sporadically distributed
and visible cell soma and/or processes, and a low/no-degree label was associated with
no visible cell soma or processes. Age of tissue was assessed for each labeling category
(high, medium, and low/no) to gain insight regarding the potential viability of tissue for
immunohistochemistry over time.
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2.7. Statistical Analysis

Two-tailed unpaired T-tests with equal variance not assumed were performed to
assess corpus callosal axonal injury and microglial activation index between sham and
cFPI animals. Individual animal correlation data were analyzed with a Spearman’s Rho
Correlation analysis due to its lack of reliance on the assumption of data normality. Kruskal–
Wallis tests with a Dunn’s post hoc were carried out for assessment of the age of tissue for
each labeling category. Data are presented as mean ± standard error of the mean (SEM) or
median ± quartiles, as indicated in the figure legends. Statistical significance was set at a
p value < 0.05.

3. Results

3.1. Central Fluid Percussion Injury Induces Significant Diffuse Axonal Injury in the Thalamus
and the Corpus Callosum That Correlate with Microglial Activation

In our previous study [51], we reported TAI in various brain regions, including the
thalamus and corpus callosum. We focused our previous assessments for that study on the
thalamus, finding a significant increase in the degree of axonal injury within the thalamic
domain (t18 = 4.46, p = 1.4 × 10−5) as well as a significant increase in the microglial
activation index (t4 = 0.51, p = 0.004) [51]. For this study, we extended our evaluation
of the degree of axonal injury and microglia activation to the corpus callosum, another
brain region sustaining consistent TAI at 6 h following a central fluid percussion injury
(CFPI) in our micro pig model [51]. We found that the degree of TAI, indicated as amyloid
precursor protein (APP) accumulations at the proximal axonal swelling, within the corpus
callosum was significantly higher at 6 h following CFPI (n = 18, 50.89 ± 19.26) compared
with sham (n = 3, 0.64 ± 0.37; t17 = 1.44, p = 0.018; Figure 2A). Microglial activation,
signified as an increase in the microglial activation index, was also significantly increased
in the corpus callosum at 6 h following CFPI in our micro pig model (sham = 1.17 ± 0.13
CFPI = 3.96 ± 0.15; t9 = 2.51, p = 1.57 × 10−7; Figure 2B), suggesting that the corpus
callosum also sustains significant TAI and microglial activation within 6 h of CFPI.

 

Figure 2. Central fluid percussion injury results in significant axonal injury and microglial activation
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within the corpus callosum. Box plots of (A) APP+ Axonal swellings indicative of diffuse traumatic
axonal injury and (B) microglial activation index at 6 h following sham (n = 3, grey boxes) or cFPI
(n = 18, yellow boxes). Each black circle indicates an individual animal. Graphs depict the median ±
quartile. * p < 0.05.

3.2. Central Fluid Percussion Injury Generates Scalable Diffuse Pathology That Does Not
Significantly Impact Systemic Physiology

To investigate the potential of the micro pig cFPI model to scale the degree of pathology
while maintaining a diffuse brain injury in which no cortical contusion was generated, we
correlated the degree of TAI and microglial activation index within both the thalamus and
the corpus callosum to the atmospheric pressure (ATM) induced in each individual animal
generated in our 2015 study [51] (Figure 3). As the male micro pigs used in this study varied
in terms of weight from 14.9 kg to 29.8 kg (Supplemental Table S1), we first normalized the
ATM pressure to body weight. This normalized ATM pressure (ATM/kg) was significantly
correlated with the raw ATM pressure transduced through the fluid percussion device
(Rho = 0.96 p < 0.0001, Figure 3A), while allowing for specific weight-based refinement of
the injury intensity.

Figure 3. Weight-normalized central fluid percussion pressure pulse positively correlates with diffuse
traumatic axonal injury and microglia activation in the thalamus and corpus callosum. (A) Scatter plot
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of total fluid percussion ATM pressure and the ATM pressure normalized to kg weight. (B) Correlation
matrix depicting the Spearman Rho correlation for the weight-normalized injury intensity (ATM/kg)
with the degree of axonal injury in the corpus callosum (APP in CC) or thalamus (APP in Thalamus)
as well as the degree of microglia activation in the corpus callosum (Microglia index in CC) or
thalamus (Microglia index in Thalamus). Each pair of assessment values on the y and x axis is
colored with red, indicating a positive correlation, or blue, indicating a negative correlation, with the
correlation strength demonstrated by the circle’s size, with larger circles representing lower p values.
The lower part of the correlation matrix shows the correlation curves for each x and y comparison
with each black dot representing data from an individual animal. Note that degree of axonal injury
and microglial index values show positive correlations with ATM/kg, suggesting scalability between
the pressure pulse inflicted and the degree of injury as well as the level of neuroinflammation in
both regions.

The body-weight-normalized ATM pressure positively correlated with TAI within
both the thalamus (Spearman Rho = 0.45 p = 0.04) and the corpus callosum (Spearman
Rho = 0.60 p = 0.004; Figure 3B). The degree of axonal injury within the corpus callosum
also significantly correlated with the degree of TAI found in the thalamus (Spearman Rho
= 0.71, p = 0.0003; Figure 3B), indicating that both regions scale with the intensity of the
fluid pressure pulse. As previously published, thalamic TAI significantly correlates with
the microglia activation index within the thalamus (Spearman Rho = 0.76 p = <0.0001) [51],
indicating an interplay between microglial activation and TAI in this region. Microglial
activation within the corpus callosum also significantly and positively correlated with TAI
within the region (Spearman Rho = 0.64 p = 0.0018), indicating that this association is not
thalamus-specific.

The microglial activation index within the thalamus was found to be positively corre-
lated with the microglial activation index within the corpus callosum (Spearman Rho =
0.54 p = 0.019; Figure 3B), suggesting that microglial activation might also scale with injury
intensity in these two regions. While the microglial activation index within the thalamus
was not correlated with the weight-normalized fluid pressure pulse (Spearman Rho = 0.29
p = 0.20), there was a significant positive correlation between ATM/kg and the microglial
activation index within the corpus callosum (Spearman Rho = 0.68 p = 0.0008; Figure 3B).

Post-injury blood gases were also assessed to investigate the potential that the intensity
of cFPI alters systemic physiology. As we previously published, neither the CFPI nor sham
groups had blood gases that were outside of the normal range (Supplemental Table S1).
None of the individual animal’s blood measurements, including Oxygen saturation (O2%),
partial pressure of O2 (PaO2), partial pressure of CO2 (PaCO2), mean arterial blood pressure
(MABP), blood pH, hematocrit (Hct), bicarbonate in the blood (HCO3), or Hemoglobin
(Hb), were correlated with weight-normalized pressure induction (Figure 4). This indicates
that, while the diffuse pathology is correlated with the injury intensity within mild ranges,
the overall systemic physiology reflected in the blood gases are not altered.

We did find significant positive correlations between diffuse pathology and subtle
blood gas changes. The degree of TAI within the corpus callosum correlated with PaO2
(Spearman Rho = 0.51 p = 0.018), HCO3 (Spearman Rho = 0.47 p = 0.034), and blood pH
(Spearman Rho = 0.46 p = 0.037). Thalamic TAI only correlated with blood pH (Spearman
Rho = 0.44 p = 0.047), and thalamic microglia activation correlated with HCO3 (Spearman
Rho = 0.44 p = 0.045). However, the lack of correlation between injury intensity and
blood gases suggests that blood gas readouts are not a good metric of injury intensity in
this model.
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Figure 4. Blood gas readings do not correlate with cFPI injury intensity (ATM/kg) in micro pigs.
Correlation matrices depicting the Spearman Rho correlation for the weight-normalized injury
intensity (ATM/kg) with the various blood gas measurements and the mean arterial blood pressure
(MABP) 6 h post-CFPI. Each pair of assessment values on the y and x axis is colored with red
indicating a positive correlation, or blue indicating a negative correlation, with the correlation
strength demonstrated by the circle’s size. The lower part of the correlation matrix shows the
correlation curves for each x and y comparison, with each black dot representing data from an
individual animal.

3.3. Fixed Pig Tissue Maintains the Capacity for Immunohistochemical Labeling for Years after
Refrigerated Storage

Fixed thalamic micropig tissue following long-term refrigerated storage was immuno-
labeled for astrocytes using GFAP and microglia, using Iba-1 to determine the tissue’s
viability for use in immunofluorescent microscopy. Tissue harvested within 2 months of
labeling was used as a positive control (Figure 5A). The degree of labeling for aged tissue
was distinguished by the visibility of cell soma and processes, as well as the density of
labeling within the images that were assessed. Samples were categorized as having a high
degree of labeling (densely labeled cell soma and processes), a medium degree of labeling
(sporadically labeled cell soma or processes), or a low/no-degree of labeling (non-labeled
cell soma and processes; Figure 5B–D). Most of the cases assessed had a high-degree of
labeling for both GFAP (58%) and Iba-1 (47%; Figure 5E). Medium-degree labelling was
more prevalent in Iba-1 labelling (32%) versus GFAP (21%; Figure 5E). Only 21% of tis-
sue did not label for GFAP or Iba-1, indicating that this tissue maintains some degree of
immunofluorescent labeling capacity.
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Figure 5. The majority of long-term stored labeled tissues exhibited a high degree of labeling of both
GFAP and Iba-1. (A–D) Representative epifluorescent micrographs show astrocytes labeled with
GFAP (first column; red) and microglia with Iba-1 (second column; green). The third column shows
an overlay of GFAP and Iba-1. Each row shows representative images of (A) freshly harvested new
tissue as a positive labeling control, and tissued stored for >7 years with (B) high-degree, (C) medium-
degree, and (D) low/no-degree labeling of GFAP and IBA1. Scale bar: 50 μm. (E) Stacked bar graphs
show the proportional number of tissues that were categorized into high-degree, medium-degree,
and low/no-degree labeling for both GFAP and IBA1. (F,G) Box plots depicting the interquartile
range and median age of tissue of each animal labeled with (F) GFAP or (G) IBA1 are categorized
by degree of labeling. Note that the mean ages of GFAP-labeled tissue are less variable between
labeling degrees, while the mean age of IBA1 tissue increases significantly from high-degree to
medium-degree-labeled tissue. Graphs depict the median ± quartile. Black dots denote individual
tissue samples. * p < 0.05.

As there was a difference in the efficacy of immunolabeling for GFAP and Iba-1, we
further assessed the potential that the degree of immunolabeling was associated with the
age of the tissue for each marker. The age of tissue did not significantly change when
stratified by labeling degree for GFAP (X2(2) = 2.10, p = 0.35; Figure 5F). In contrast, the
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age of the tissue was significantly different when stratified by the degree of labeling for
Iba-1 (X2(2) = 7.55, p = 0.023; Figure 5G). Specifically, the age of tissue with a high-degree of
Iba-1 labeling was lower (94.8 ± 1.03 months) than tissue with a medium degree of Iba-1
labeling (101.5 ± 2.1 months; p = 0.011), and trended toward being lower than tissue with
low/no Iba-1 labeling (102.3 ± 4.9; p = 0.065), suggesting that the age of the tissue impacts
the labeling efficacy of Iba-1.

4. Discussion

Mild TBI is associated with diffuse pathological progressions, including, but not
limited to, TAI and neuroinflammation, which are associated with negative outcomes and
morbidities in the human population [59–62]. Although classified as mild clinically based
on their Glasgow comma score, mild TBI injuries occur on a spectrum, which is still not
fully understood, but involves changes in the degree of diffuse pathology. As diffuse
axonal injury as a clinical diagnosis can only be confirmed using histological assessment
in postmortem tissue [17,18,63], detailed investigations into the spectrum of mild injury
requires animal modeling. The cytoarchitecture, inflammatory system, and metabolism
of pigs are highly consistent with humans [44,47,64]; therefore, we utilized a pig model to
investigate the spectrum of diffuse injury produced by a CFPI model of mild TBI.

In our initial study, we found significant axonal injury and microglia activation within
the thalamic domain, which is consistent with findings in the human population [20,51,65–67].
We had noted TAI within the corpus callosum in that study as well; however, we had not
previously quantitatively assessed the burden of TAI within the corpus callosum. In this
study we found that our model of CFPI in the micro pig produced significant TAI and
microglial activation within the corpus callosum (Figure 2). This is consistent with what
is seen in the human population, with microscopic damage to the corpus callosum being
one of the primary indicators of grade 1 diffuse axonal injury in the Adams diffuse axonal
injury classification [68].

The burden of axonal injury within the corpus callosum and thalamus were signifi-
cantly correlated with one another (Figure 3), demonstrating that in the pig CFPI model of
mild TBI, both grey and white matter regions are impacted to a similar degree, allowing
versatility for pathological assessments in this model. Axonal injury within both regions
also demonstrated significant positive correlations to microglia activation following CFPI,
indicating that microglia activation likely maps to areas of axonal injury. While we previ-
ously showed this correlation between TAI and microglia activation to be due to microglia
process convergence onto injured axonal swellings in the thalamus in the pig following
CFPI [50,51], further studies are needed to investigate the physical relationship between
TAI and microglia activation in the corpus callosum.

Importantly, there was a significant correlation between the intensity of the fluid pulse
and the degree of TAI within both the thalamus and corpus callosum, showing that this
pig model of mild TBI allows assessment of subtle changes in both grey and white matter
areas along the spectrum of mild TBI. This finding is consistent with clinical investigations
in which the degree of diffuse injury has been associated with severity of injury and
progressive morbidity following TBI in experimental and clinical studies [8,9,59].

While the degree of TAI in both the corpus callosum and thalamus significantly corre-
lated with fluid pulse intensity, only corpus callosal microglia activation was significantly
correlated with the pressure pulse (Figure 3). As the microglia activation indices within
the thalamus and corpus callosum were found to be significantly correlated, the lack of
significance of thalamic microglia activation with injury intensity is likely an artifact of
the assessment strategy. The assessment within the corpus callosum involved twice as
many sections for analysis for each animal since the corpus callosum occupies a much
smaller area than the thalamus. The lower degree of sampling within the thalamus of each
animal could have introduced a higher degree of inter-animal variability. This difference
between the correlation of the corpus callosum and thalamic microglia activation index
with injury intensity could also be due to the more homogenous fiber orientations found
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within the corpus callosum compared to the thalamus which has a larger overall area and
more heterogeneous axonal orientations.

Interestingly, while the injury intensity was not significantly correlated with blood
gas readouts and all blood gas readouts remained within normal ranges, diffuse pathology
was found to be correlated with some blood gas readouts. Specifically, the degree of TAI
within the corpus callosum significantly correlated with blood gas readouts, including
paO2, pH, and HCO3, and the degree of thalamic TAI correlated with blood pH. However,
this might not indicate a specific relationship between the brain pathology and subtle blood
gas changes. Axonal injury and these subtle blood gas changes could both be symptoms of
mild TBI that occur together but do not necessarily drive one another. Rather, the changes
in blood gases could indicate subtle changes in systemic organs following a mild TBI.
Studies have recently shown that brain injury can induce changes within systemic organs
systems, including both the kidney and lung, both regions involved in regulating the
HCO3, pH, and PaO2 of the blood. Kidney and lung pathology has been shown to occur
in rodent models of mild TBI [69–73]. Retrospective clinical studies also found that either
acute kidney injury [74] or acute lung injury [75] were associated with worse outcomes
in TBI patients, indicating that systemic organ changes could be occurring in the human
population as well. These are intriguing possibilities that require further investigation;
however, due to the blood gas readouts in the current study all being within normal ranges,
and the lack of correlation between any blood gas readout and the pressure pulse (Figure 4),
it does not appear that CFPI substantially changes the blood gas readouts. Therefore, it
is likely that whatever potential changes might be occurring systemically, they are not
extreme enough to break homeostasis.

In terms of the ability to label tissue years following generation, most of the tissue
stored in long-term (7.5–9.6 years) refrigeration expressed a high degree of immunolabeling
of both astrocytic GFAP and microglial IBA1 markers. These data suggests that the efficacy
of GFAP labeling is not altered as the age of tissue increases. Iba-1, on the other hand,
demonstrates more medium and low/no degree of labeling in older tissues, suggesting that
the specific antibody is less effective in older tissues. The Wako Iba-1 antibody has been
used in various species to identify microglia with a high degree of efficacy [76–79]. The
foundational studies using this Iba-1antibody all appeared to use transcardial perfusion
with 4% paraformaldehyde followed by post-fixation [77–79]. Our prior published studies
with the same tissue indicates that the Iba-1 antibody did not suffer decreased labeling in
newly generated tissues as it did with tissues from long-term storage. This may suggest
that the Wako IBA-1 antibody loses efficacy in older tissues.

5. Conclusions

Overall, the current study shows that a mild model of central fluid percussion injury
can produce scalable diffuse injury within multiple brain regions without significantly
altering blood gases. Additionally, we found that the majority of tissue fixed with 4%
paraformaldehyde/0.2% glutaraldehyde and stored in Millonig’s buffer under refrigeration
conditions is usable for immunofluorescent analysis up to 8 years following generation.
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Abstract: Gastrointestinal (GI) complications, including motility disorders, metabolic deficiencies,
and changes in gut microbiota following spinal cord injury (SCI), are associated with poor outcomes.
After SCI, the autonomic nervous system becomes unbalanced below the level of injury and can lead
to severe GI dysfunction. The SmartPill™ is a non-invasive capsule that, when ingested, transmits
pH, temperature, and pressure readings that can be used to assess effects in GI function post-injury.
Our minipig model allows us to assess these post-injury changes to optimize interventions and
ultimately improve GI function. The aim of this study was to compare pre-injury to post-injury
transit times, pH, and pressures in sections of GI tract by utilizing the SmartPill™ in three pigs after
SCI at 2 and 6 weeks. Tributyrin was administered to two pigs to assess the influences on their gut
microenvironment. We observed prolonged GET (Gastric Emptying Time) and CTT (Colon Transit
Time), decreases in contraction frequencies (Con freq) in the antrum of the stomach, colon, and
decreases in duodenal pressures post-injury. We noted increases in Sum amp generated at 2 weeks
post-injury in the colon, with corresponding decreases in Con freq. We found transient changes in pH
in the colon and small intestine at 2 weeks post-injury, with minimal effect on stomach pH post-injury.
Prolonged GETs and CTTs can influence the absorptive profile in the gut and contribute to pathology
development. This is the first pilot study to administer the SmartPill™ in minipigs in the context of
SCI. Further investigations will elucidate these trends and characterize post-SCI GI function.

Keywords: spinal cord injury; gastrointestinal motility; SmartPill™, wireless motility capsule;
porcine model

1. Introduction

SCI is associated with significant gastrointestinal (GI), urologic, dermatologic, cardiac,
pulmonary, and kinematic dysfunctions that contribute to poor outcomes and often require
costly medical intervention [1–8]. Mid-thoracic SCIs are associated with neurologic and
GI deficits below the level of injury and can result in chronic dysfunction that frequently
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becomes acutely pathologic [5,9–11]. The impaired motility and changes in microenviron-
ment can contribute to the deterioration of GI function, with treatment largely limited to
symptom management [5,12–21].

Scintigraphy studies that utilize radioisotopes, anorectal, and colon manometry are
commonly used to assess motility; however, scintigraphy is rarely used pre-clinically due
to its high cost [22,23]. Substances such as charcoal or dyes can be fed to subjects and
exit times noted to assess GI transit times, but are quantitatively limited to time [24,25].
Other investigations of GI function include electrogastrography and carbohydrate breath
tests [26,27]. The SmartPill™ (Medtronic Inc., Minneapolis, MN, USA) is a noninvasive
method for measuring gastrointestinal motility using a wireless motility capsule (WMC)
that is ingested [28–33]. The WMC is a relatively new modality FDA approved for clin-
ical assessment of gastroparesis, constipation, and general motility [34]. Pre-clinically,
the WMC is used to assess pathological GI conditions and pharmacological absorption
parameters [31,34–38]. Few studies have used the SmartPill™ in the context of SCI with
humans or animal models [39].

The porcine spinal cord is similar to that of humans, with comparable gray to white
matter ratios, cortical structure, sacral enlargement, cord dimensions/structure/organization,
and metabolic demands [40–45]. This porcine SCI model serves to assess critical GI param-
eters, a major comorbidity in SCI patients, compare to human functionality, and consider
interventions to improve GI function. The objective of this study was to assess transit times,
pH, and pressure of the GI tract in three pigs that underwent SCI through administration of
the SmartPill™ pre-injury at 2 and 6 weeks post-injury. We hypothesize that there will be
delays in gastric emptying time (GET), colonic transit time (CTT), decreases in pressures in
the colon, and increases in gastric and colonic pH at post-injury time points.

2. Materials and Methods

This study was conducted in accordance with applicable institutional and national
research guidelines and regulations for the care and use of animals in research [46]. All
experimental procedures were approved by the Institutional Animal Care and Use Com-
mittee of the University of Louisville (UofL) (approval number-20845). The UofL’s Animal
Care and Use Program is fully accredited by the American Association for Accreditation of
Laboratory Animal Care (AAALAC), International.

2.1. Animal and Surgical Procedures

Three 20–25 kg female Yucatan minipigs (Sinclair Bio-resources, Columbia, MO, USA)
were pair-housed in floor pens and provided with a minimum of 10 ft2 per animal on
5–10 cm of Cellu-nest™ bedding (Shepherd Specialty Papers; Watertown, TN, USA) on
top of 0.95 cm thick 1.22 × 1.22 m interlocking Rubber Gym Tiles (Rubber Flooring Inc.,
Mesa, AZ, USA). The animals were provided environmental enrichment consisting of
toys, videos, and mirrors. The environmental conditions were maintained at 20.0–22.0 ◦C,
30–70% humidity, and a 12 h light/dark cycle. Pens were cleaned daily, and the animals
were provided filtered tap water ad libitum.

Anesthesia was induced with Ketamine HCL (Zoofarm, Austintown, OH, USA,
5 mg/kg, i.m.), Dexmedetomidine (Dexmedesed®, KS, USA, 0.04 mg/kg, i.m.), and Gly-
copyrrolate (Piramal critical care®, PA, USA, 0.01 mg/kg, i.m.) mixed in the same syringe.
Following the induction of anesthesia, Meloxicam (Covetrus®, UK, 0.4 mg/kg, i.v.) was
administered for analgesia. Sustained release Bupivacaine SR (Nocita®, IN, USA, 2 mg/kg,
s.q.) was divided into several locations adjacent to both sides of the planned incision
site, providing local analgesia for up to 72 h. The pigs were endotracheally intubated
and maintained with Propofol (PropoFlo®, NJ, USA, 8–20 mg/kg/h, i.v.) and Fentanyl
(Fentanyl transdermal system, NJ, USA, 10–45 mcg/kg/h) for the entire procedure. Prior
to surgery, an indwelling urinary catheter (8 French foley) was manually inserted and left
in place post-operatively until the animal demonstrated continence. Standard intraopera-
tive anesthetic monitoring recording heart and respiratory rate, blood pressure, end-tidal
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carbon dioxide, oxygen saturation, and urine output was conducted. The fluid status
was monitored and maintained with Lactated Ringer’s solution and 5% Dextrose i.v. to
maintain normoglycemia and continued post-operatively until the animals were capable of
drinking independently. Dextrose was discontinued once animals were eating well. The
temperature was measured by a rectal probe and maintained at 37.3–39.4 ◦C by a heating
pad (Bair Hugger Model 775, 3M, Saint Paul, MN, USA).

With the animals in ventral recumbency on the operating table, the location of T10 was
confirmed with a dorsoventral radiograph. A dorsal midline incision was made between T8
and T13. The spinous processes, laminae, and pedicles of T8 and T13 were exposed using
electrocautery dissection. A second radiograph was acquired to confirm the appropriate
spinal and vertebral level. Laminectomy was performed at the 10th thoracic vertebrae level
to expose the dura and spinal cord and widened to a diameter of approximately 1.2 cm to
ensure unimpeded impact. Two 3.5 × 14 mm multi-axial cervical screws were inserted into
the T11 and T13 pedicles. Titanium rods were secured to the articulating arm of the im-
pactor and subsequently to the pedicular screws and secured with locking caps. This fixed
the T11–13 vertebral segments and secured the impactor in place and leveled it; the custom
impactor was provided by University of British Columbia researchers [41]. Rocuronium
was administered to mitigate animal movement during electrocautery dissection. A bolus
of Propofol (10 mL bolus, equating to 100 mcg from initial concentration of 10 mcg/mL)
was given five minutes prior to injury and the breath was held for impact. A 50 g cylindrical
weight was dropped via a triggering mechanism onto exposed dura from a randomized
height. An additional mass of 100 g was added immediately for five minutes. Follow-
ing compression, the weight drop apparatus was removed and the incision was closed.
Post-operatively, transdermal Fentanyl patches (Fentanyl transdermal system, NJ, USA,
1.5–5 mcg/kg/h, t.d.) and Meloxicam (Covetrus®, UK, 0.2–0.4 mg/kg, p.o.) were contin-
ued post-operatively and administered for 5 and 7 days, respectively. Maropitant (Zoofarm,
Austintown, OH, USA, 1 mg/kg, p.o.) was administered pre-operatively and continued
once daily for the duration of Fentanyl administration. The animals were monitored 24/7
and individually housed in open top crates in intensive care until cleared by UofL CMRU
veterinarian(s) for their return to normal housing.

2.2. Food Diet for Study

The animals were fed Purina LabDietTM 5081 (Purina Inc., St. Louis, MO, USA)
twice daily at 1% body weight per feeding for the duration of the experiment. Their food
was withheld the morning of injury, resumed post-operatively initially with a/d wet dog
food (Hill’s Inc., Topeka, KS, USA), and transitioned back to Purina LabDietTM 5081. The
SmartPill™ was administered orally via a balling gun with the morning feeding. Twice
daily feedings continued for the duration that the SmartPill™ dwelled in the animal.

2.3. Wireless Motility Capsule and Data Analysis

The WMC was administered randomly in the female Yucatan minipigs the week prior
to initial injury (N = 2), 2 weeks post-injury (N = 3), and 6 weeks post-injury (N = 3). Female
minipigs were used because of the ease of maintenance of the urinary bladder after the
surgery. The WMC actively measured and transmitted pressure, pH, and temperature to
a receiver secured to the animal. The pigs were monitored until capsule expulsion. The
data were downloaded and the proprietary software MotiliGI®(version 2.5, Medtronic Inc.,
Minneapolis, MN, USA) was used to view the initial study. Proprietary Gastrointestinal
Motility Software (GIMS®, version 3.0.0, Medtronic Inc., Minneapolis, MN, USA) refined
the descriptive statistical analysis. The WMC was calibrated and the function confirmed
using the MotiliGI®software before administration, and all of the WMCs were successfully
retrieved.

The raw data generated by the MotiliGI® software are displayed in (Supplemental
Figures S1–S8). A drop in pH to 1–3 indicated presence in the stomach. GET was identified
by a permanent rise in pH above 4. WMC transition to the small bowel was indicated by a
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gradual increase in pH to approximately 7–9. A sharp decline to approximately 6–8 pH
with concurrent increases in pressure indicated WMC passage through the ileocecal valve
and entry into the colon. The measurements were refined and validated by investigators
using a GIMS® data viewer for descriptive statistical analysis and stratified by anatomical
section within that GI section and by time quartile.

2.4. Tributyrin Administration

Oral Tributyrin (Alfa Aesar Inc., Heysham, UK) at a dose of 1 g/kg/day BID was
administered beginning the first day post-injury for 8 weeks as a liquid formulation mixed
with flavoring emulsion (LorAnn Oils Inc., Lansing, MI, USA) in pigs 1 and 2. Previous
pharmacological studies found Tributyrin to be protective against diarrhea and intestinal
permeability by enhancing colonic tight junction gene expression in weaned piglets [47].

3. Results

3.1. Transit Times

Pre-injury transit times were observed for pigs 1 and 2, respectively: GETs of 4:06:30
and 7:21:10, small intestine transit times (SITTs) of 2:28:35 and 2:07:20, and CTTs of 19:55:55
and 17:27:30 (Figure 1). We observed times at 2 weeks post-injury in pigs 1, 2, and 3,
respectively: GETs of 12:06:35, 99:07:37, 8:36:10, SITTs of 1:38:47, 2:14:00, and 2:39:25, and
CTTs of 21:58:18, 26:25:03, and 18:08:05 (Figure 2). At 6 weeks post-injury, we recorded the
following times for pigs 1, 2, and 3, respectively: GETs of 6:58:00, 8:13:51, and 8:41:40, SITTs
of 2:58:05, 2:10:32, and 3:00:55, and CTTs of 36:29:15, 22:00:27, and 86:13:05 (Figure 3). These
findings are clear in (Table 1), which shows delays in CTT, at both post-injury time points,
and mild delays in GET in pigs 1 and 2, with indications that pig 3 was following the same
trend.

Figure 1. Whole gut pH recorded by the SmartPill™ at pre-injured condition. The green line depicts
pig 1 and the red line pig 2. Graphs include raw data recorded by the SmartPill™. A drop in mean pH
to between 1 and 3 indicates that the wireless motility capsule (WMC) has been ingested and resides
in the stomach. A permanent rise in mean pH to above 4 to between approximately 7 and 9, with a
concomitant increase in pressure, indicates passage through the pyloric sphincter GET and into the
small intestine. A subsequent decrease in pH to approximately 6 to 8, with a congruent increase in
pressure, indicates passage through the ileocecal valve SITT into the colon, indicating colon arrival
time (CAT) and the start of CTT. A permanent and continuous rise above pH 7 indicates that the
WMC exited the body, completing whole gut transit time (WGTT).
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Figure 2. Whole gut pH recorded by the SmartPill™ at week 2 post-injured condition. The green line
is pig 1, the red line is pig 2, and the dark blue is pig 3. Graphs include raw data recorded by the
SmartPill™, with previously described graph analysis.

Figure 3. Six weeks post-injury whole gut pH recorded by the SmartPill™. The green line is pig 1,
the red line is pig 2, and the dark blue is pig 3. Graphs include raw data recorded by the SmartPill™,
with previously described graph analysis.

Table 1. Summary of transit times recorded in hours by the SmartPill®at each time point for each
animal. 1 Colon Transit Time, 2 Gastric Emptying Time, 3 Small Intestine Transit Time, 4 Colon arrival
time, 5 Whole Gut Transit Time.

Pig Time Frame Relative to Injury 1 GET 2 SITT 3 CTT 4 CAT 5 WGTT

1

Pre-injury 4:06:30 2:28:35 19:55:55 6:35:05 26:29:00

2 weeks post 12:06:35 1:38:47 21:58:18 13:45:22 35:43:40

6 weeks post 6:58:00 2:58:05 36:29:15 11:34:15 48:03:30

2

Pre-injury 7:21:10 2:07:20 17:27:30 9:28:30 26:56:00

2 weeks post 99:09:57 2:09:50 26:26:53 101:21:47 127:48:40

6 weeks post 8:10:35 2:10:30 22:12:55 10:21:05 32:43:00

3
2 weeks post 8:36:10 2:39:25 18:08:05 11:15:35 29:23:40

6 weeks post 8:41:40 3:00:55 86:13:05 11:42:35 97:55:40
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3.2. pH Changes

Changes in post-injury pH were noted in the small intestine and colon. We observed
an overall decrease in minimum (min) and median (med) pH in quartile one of the small
intestine (Table 2), but the remaining gastric (Supplemental Table S1) and small intestine
sections displayed no appreciable trends between pre-injury and post-injury. Colonic pH
interestingly increased in both min and med pH across all quartiles and anatomical regions
at 2 weeks post-injury, but returned to normality by 6 weeks (Table 3).

Table 2. Small intestine min and med pH recordings stratified by time quartiles and specific anatomi-
cal colonic regions of interest for each animal at each time point after WMC administration.

Duodenum Ileum Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pig Time Min Med Min Med Min Med Min Med Min Med Min Med

1

Pre-injury 1.95 7.58 7.73 7.9 1.95 7.46 7.6 7.72 7.67 7.82 7.73 7.9

2 weeks post 1.37 7.47 6.9 7.9 1.37 6.14 6.05 7.25 7.65 7.82 7.75 8.01

6 weeks post 1.43 6.71 7.9 7.99 1.43 6.56 7.29 7.71 7.82 7.96 7.9 7.97

2

Pre-injury 2.12 7.84 7.74 7.88 2.1 7.08 7.42 7.69 7.74 7.86 7.74 7.88

2 weeks post 7.86 9.99 10.12 10.24 7.86 9.42 10.01 10.12 10.12 10.18 10.22 10.26

6 weeks post 2.22 7.74 7.84 8.07 2.22 7.42 7.73 7.86 7.84 7.99 7.95 8.09

3
2 weeks post 1.29 6.52 7.29 7.46 1.29 6.35 6.42 6.84 7.12 7.35 7.39 7.48

6 weeks post 2.26 6.67 7.82 7.97 2.26 6.33 7.01 7.63 7.71 7.88 7.88 7.99

Table 3. Colonic min and med pH recordings, further stratified by quartile of colon and specific
anatomical location for each animal at each time point after WMC was administered.

Caecum Sigmoid Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pig Time Min Med Min Med Min Med Min Med Min Med Min Med

1

Pre-injury 5.9 6.69 6.07 6.23 5.61 6.14 6.13 6.39 6.01 6.13 5.95 6.11

2 weeks post 7.43 7.63 8.2 8.28 6.93 7.56 6.94 7.29 6.95 7.29 7.67 8.12

6 weeks post 6.48 6.77 6.15 6.21 5.95 6.48 5.5 5.95 5.67 6.48 6.15 6.49

2

Pre-injury 6.76 7.08 7.35 7.5 6.67 6.99 7.11 7.39 7.14 7.43 7.31 7.5

2 weeks post 9.05 9.22 10.03 10.24 8.27 8.89 8.03 8.56 8.65 9.61 9.92 10.41

6 weeks post 6.59 6.97 7.22 8.01 6.59 7.01 6.63 6.92 6.56 6.96 6.63 7.41

3
2 weeks post 6.05 6.27 5.92 6.01 5.52 5.97 5.95 6.16 5.71 6.09 5.92 6.05

6 weeks post 6.88 7.24 6.99 7.18 6.25 6.9 6.37 6.78 6.22 6.56 5.95 6.47

3.3. Pressure Changes

GIMS® software reported contraction frequencies (Con freq) and sum amplitudes
(Sum amp), the latter sum of the peak pressure of each contraction. We observed an initial
decrease in Con freq and Sum amp in the stomach at 2 weeks post-injury and, interestingly,
a slight increase in the same parameters at 6 weeks post-injury. These observations illustrate
the pathologic timeline and indicate potential for recovery (Table 4). The small intestine
appears unimpeded by SCI, with the only notable trend in pressure being the decrease
in duodenal Con freq and Sum amp that was obtained at both post-injury time points
(Table 5). Decreases in colonic Con freq were observed for all quartiles at both post-injury
time points, with a corresponding increase in Sum amp. In other words, there were less
frequent but more forceful contractions (Table 6).
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Table 4. Gastric pressure recordings stratified by time quartiles and anatomical regions of interest for
each animal at each time point after WMC administration. 1 Contraction Frequency, 2 Summation of
the Amplitudes.

Antrum Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pig Time
1 Con
Freq

2 Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

1

Pre-injury 12.6 13,541.92 6.96 6224.81 5.17 3701.71 5.85 4125.89 12.25 13,542.63

2 weeks post 2.64 7204.76 3.14 9589.59 4.29 12,143.88 4.55 14,139.2 2.82 13,267.17

6 weeks post 7.71 12,609.13 3.17 5185.17 2.77 7703.32 4.05 16,758.34 7.37 20,221.82

2

Pre-injury 6.1 8624.08 2.84 4896.96 3.21 10,021.52 2.29 5614.76 4.95 13,141.26

2 weeks post 1.47 5920.24 2.42 79,795.96 2.26 87,694.51 1.89 64,920.47 1.82 53,130.43

6 weeks post 2.88 5928.46 1.46 2362.98 3.32 16,949.41 4.47 12,145.5 3.85 11,257.91

3
2 weeks post 2.75 11,208.56 5.1 10,271.68 3.27 7069.23 3.82 9694.13 3.39 23,596.8

6 weeks post 4.03 7358.97 3.32 7400.25 2.29 5747.71 3.67 9257.94 3.37 11,169.59

Table 5. Small intestine pressure recordings further stratified by time quartiles and specific regions
for each animal at each time point after WMC administration.

Duodenum Ileum Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pig Time
Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

Con
Freq

Sum
Amp

1

Pre-injury 5.49 4806.65 1.77 1073.03 7.59 3948.92 2.29 1286.37 2.57 823.44 1.49 714.42

2 weeks post 5.08 5123.13 5.35 4140.09 3.34 2105.76 7.03 2459.54 7.25 1614.31 3.66 1736.16

6 weeks post 1.44 1839.88 3.9 3740.14 0.81 941.3 4.54 3386.94 1.81 1568.18 4.87 3440.62

2

Pre-injury 2.2 2456.44 0.59 844.1 3.5 2132.12 0.96 380.9 0.84 688.16 0.42 241.96

2 weeks post 0.89 920.92 0.41 421.82 1.24 695.06 0.53 266.8 0.19 123.72 0.68 325.22

6 weeks post 1.1 1835.98 0.47 456 1.35 1566.22 0.73 293.76 0.49 202.56 0.44 275.52

3
2 weeks post 1.67 1821.23 0.57 659.86 1.51 1166.52 1.97 1140.22 0.92 548.96 0.51 438.47

6 weeks post 2.2 3139.08 1.15 1145.38 2.23 2655.14 1.27 881.84 0.96 659.2 1.04 814.2

Table 6. Colonic pressure recordings further stratified by time quartiles and anatomical region for
each animal at each time point after WMC administration.

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pig Time Con Freq Sum Amp Con Freq Sum Amp Con Freq Sum Amp Con Freq Sum Amp

1

Pre-injury 1.59 950.81 1.76 34.86 1.84 1721.61 1.44 1052.29

2 weeks post 2.26 1820.64 3.09 3776.22 2.59 1910.86 1.34 614.88

6 weeks post 0.08 1656.46 0.04 660.02 0.16 2522.4 0.14 2912.1

2

pre-injury 0.56 356.5 0.49 614.1 0.59 499.56 1.67 1090.66

2 weeks post 0.08 911.7 0.05 508.76 0.31 3543.36 0.4 5234.8

6 weeks post 0.06 765.6 0.08 842.4 0.14 1218.24 0.42 4306.1

3
2 weeks post 0.51 1178.29 1.16 1563.24 2.22 2458.04 1.6 2547.76

6 weeks post 0.17 5298.34 0.05 1546.96 0.03 1050.62 0.09 3143.62

4. Discussion

To the best of our knowledge, this is the first study that has used the WMC in Yucatan
minipigs in the context of SCI. The focus of this study was validation of the SmartPill™ in
our SCI porcine model to help guide future experiments and compare existing pre-clinical
and clinical GI motility studies. It is important to note that spinal injury at this level was
relatively moderate and resulted in complete loss of hindlimb function. CTTs are gener-
ally longer in non-injured pigs when compared to humans, but similarly variable [37,48].
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T10–T11 level SCI in pigs 1 and 2 (Table 1) was associated with disturbances of GET and
CTTs, as hypothesized. Pre-injury data for pig 3 was unobtainable. It is well established that
SCI at a T4–5 level is associated with significant GI disturbance including pathologic gas-
troparesis [5,16]. The majority of pre-clinical GI motility SCI studies have been performed
in rodents, specifically rats, and depict a prolongation of both the gastric and colonic times
after injury [16,49,50]. While the mechanism behind gastric and colonic delays remains
unclear, previous findings indicate that autonomic dysfunction via alterations in vagal
nerve signaling integrity post-injury plays a significant role [5,15,16,51–54]. This is further
confirmed by Schneider et al., who also showed a prolongation of GET that was greater
than CTTs or SITTs [37].

We noted overall decreases in colonic contraction frequencies across all quartiles but,
interestingly, an increase in Sum amp. This indicates that the colonic and gastric motor
complexes are in an aberrant state, potentially contributing to delays in transit times and
leading to a constipation also likely exacerbated by opioid use for analgesia after SCI [55].
Another trend was the increase in colonic pH in all quartiles at 2 weeks post-injury and a
return to baseline at 6 weeks. This indicates a disturbance in the microenvironment in the
acute time frame, with potential for recovery. In non-injured conditions, the colonic pH in
both male Landrace and our pre-injury female Yucatan minipigs was comparable to that of
humans and generally ranged from 5 to 8 [35]. GI dysbiosis has recently gained attention
as a source of GI disturbances. The gut microbiome’s normal function significantly impacts
cognition, digestion and absorption, and overall wellness. In the context of SCI, the gut
microbiome is altered and affects the clinical prognosis [19,56,57]. Thus, pharmacological
influence of the biome is of interest. We administered oral Tributyrin, a triglyceride that
reportedly encourages natural gut flora, to assess its impact on motility and the colonic
environment. We would expect that pigs receiving Tributyrin would display improved
colonic pH and CTTs. However, the effect of Tributyrin is unclear in our study, likely due
to the small sample size, and further studies are required.

We observed a significant decrease inCon freq and Sum amp in the antrum at 2 weeks
post-injury and a slight improvement in these parameters at 6 weeks post-injury. These
findings indicate that there is significant deterioration or a “shock” period of autonomic
function in the acute setting that partially abates by 6 weeks. This change over time
suggests potential for improvement. Maximum pressures in both non-injured humans and
large canines have been reported to range from 100 to 500 mmHg in the fed state [37,58].
Male Landrace pigs’ gastric pressures were reported to range from 100 to 350 mmHg
in the fed state [35]. Another study conducted by Raunch et al. in Pietrain farm pigs
reported pressures between 4 and 20 mmHg [59]. It is unclear why these gastric pressures
are substantially lower; it is likely a result of the experimental conditions. Beagle dog
maximum gastric pressures have also been reported to range from approximately 200 to
800 mmHg [48].

Closer examination of the 2 weeks post-injury graph for pig 2 (Figure 2) shows the
WMC dwelling in the stomach for an extended time and multiple unsuccessful attempts
to expel the capsule over four days. This event could have stemmed from repetitious
feedings, which rhythmically close the pylorus under normal physiologic conditions. The
unique U shape of the pig stomach can impede passage of larger, more solid objects
by the pyloric sphincter [35,60]. Having observed decreases in antrum pressures after
injury, this could further exacerbate the passage of the WMC and solid foods into the
duodenum and contribute to pathology development. Pig 3 also displayed a significant
delay in the colon compared to other animals. This is likely an extreme effect of injury
on colonic motility; however, it could also stem from the unique spiral shape of the
porcine colon. On the other hand, the literature utilizing porcine GI models indicates
that this feature does not appreciably affect motility [61]. We considered the effect of
fentanyl administration on GI motility; however, the published pharmacokinetic and
pharmacodynamic parameters in humans indicate that relatively large doses of fentanyl
(100 g/h) administered transdermally and continuously over a week were present in
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negligible amounts after 6 days. Given that the animals had fentanyl removed 5 days after
injury, we concluded that fentanyl would be cleared from the system by 2 weeks post-injury
and was not responsible for the changes from week 2 to week 6 of administration [62].

The small intestine was largely unaffected when comparing pre- and post-injury
pressures, except for decreased contraction frequencies and maximum pressures in the
duodenum and quartile 1. The Yucatan minipigs in this study and a previous Beagle canine
study displayed shorter SITTs of 1–3 h when compared to humans and a marginally shorter
relative to male Landrace pigs in the fed condition [35,37]. It is suggested that the shorter
intestinal transit times can be correlated to different dimensions of intestine. In dogs, the
small intestine is shorter compared to humans and pigs, but this does not appear to affect
transit [31,60]. These data show that small intestine motility is essentially unaffected after
SCI, and this agreed with previous observations in humans, rodents, and other species
studies to date [35,37,48,58,59]. We observed transient increases in small intestine pH in all
quartiles and anatomical locations supposed by GIMS® software at 2 weeks post-injury
that returned to pre-injury conditions by 6 weeks. The small intestine pH in male Landrace
pigs was marginally higher and comparable to our limited pre-injury Yucatan data [35].
Two recently published studies involving a WMC in large canines and beagles revealed a
baseline colon and small intestinal pHs that were comparable to those of humans [31,58].
Changes in small intestinal absorptive and microenvironment physiology likely play a role
in pathogenesis after SCI. This change is important to consider clinically as these changes
influence nutrimental status and drug absorption, features that can directly affect prognosis
of SCI patients [5,12,13]. Minimum gastric pH was similar across all dog and pig species
and relative to humans, ranging from 0.1 to 1, with the exception of the male Gottingen
minipig study by Suenderhauf et al., which reported min gastric pHs ranging from 1.2 to
6 [30,31,59,60,63].

Williams et al. administered SmartPill™ to 20 patients in a chronic cervical and thoracic
SCI setting with a mean injury duration of 15 ± 11 years [39]. Patients were fed after a 12-h
fast and were asked to swallow a smart pill to measure the GET and the CTT. They reported
a prolonged GET of 10.6 ± 7.2 h in patients with SCIs versus 3.5 ± 1.0 h in control subjects.
Similarly, CTT was 52.3 ± 42.9 h versus 14.2 ± 7.6 h in controls. Additionally, they reported
no significant change in post-injury min gastric pH after injury. This study concluded that
the SmartPill™ was safe and can be used to demonstrate gastrointestinal motility delays
in patients with both cervical and thoracic SCI [39]. Delays in GET and CTT and general
trends in GI motility after SCI from previous studies agree with our observations in the
Yucatan minipig model post-injury. Further comparisons are limited by the paucity of
published data on pressure and pH parameters beyond MotiliGI®.

Although this study was a preliminary study to evaluate the SmartpillTM function in
the minipig model of SCI, a major limitation of this study was the sample size. The study
was conducted to evaluate and test the feasibility of the SmartpillTM in a pre-clinical model
of SCI. Moreover, in this study, we did not consider the representability of the minipig
gut with human. This could give us more insight into the gastrointestinal transit time
information. Another limitation of the study is that the anatomical structure of the minipig
spinal cord was not compared in this study, while some pieces of information are available
only for domestic pigs. The nerves that supply to the gastrointestinal tract from the spinal
cord were not very well known in Yucatan minipigs. Additionally, the administration of
tributyrin can modulate the transit time and pH. Further study will elucidate the effect of
tributyrin on the microbiome.

5. Conclusions

This is the first pre-clinical study that has implemented the SmartPill™ in the context
of SCI using a large animal model. Our trends post-injury are consistent with the limited
data that exist, both in pre-clinical and human studies. There are delayed GETs, CTTs, Con
freq, and Sum amp in both the antrum and colon and a transient increase in colonic pH 2
weeks after injury. The potential impact of Tributyrin remains unclear, and further studies
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are necessary to elucidate its influence post-injury. We acknowledge the limited power
of this pilot study, and additional studies are required to establish larger trends. Further
investigations are warranted to establish these trends in a larger cohort, at which point GI
microenvironmental changes can be effectively modulated to improve gut function and
overall morbidity.
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MotiliGI®software for pig 1; Figure S4: SmartPill®pre-injury graph generated by MotiliGI®software
for pig 2; Figure S5: SmartPill®2-week post-injury graph generated by MotiliGI®software for
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Figure S7: SmartPill®2-week post-injury graph generated by MotiliGI®software for pig 3; Figure S8:
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Author Contributions: Conceptualization, C.A.K., D.R.H., M.V.V., S.S.B., J.S., T.A. and M.B.; Method-
ology, C.A.K., J.E., M.V.V., S.S.B., J.S., T.A., M.M., D.G., L.C.S., K.B.C. and M.B.; Surgery, C.A.K., J.E.
and S.D.; Software, C.A.K. and J.S.; Results, C.A.K., R.U.A., F.W., J.S., T.A. and M.B.; Writing—original
draft preparation, C.A.K. and R.U.A.; Writing—review and editing, C.A.K., R.U.A., M.S. and M.B.;
Supervision, J.S., T.A. and M.B.; Project administration, M.B.; Funding acquisition, M.B. All authors
have read and agreed to the published version of the manuscript.

Funding: Research reported in this publication was supported by the Helmsley Foundation grant#
2016PG-MED005, Department of Defense grant# W81XWH-18-1-0117, Kentucky Spinal Cord Injury
Center, The Veterans Affairs Rehabilitation, Research and Development grant# RCSB92495, the Craig
F. Neilsen Foundation grant# 546123, and Ole A. Mabel Wise & Wilma Wise Nelson and Rebecca F.
Hammond Endowment.

Institutional Review Board Statement: This study was conducted under the guidelines and approval
by the Institutional Animal Care and Use Committee of the University of Louisville (UofL). IUCUC
approval codes: 18232, 15019.

Data Availability Statement: All data of this study are available from author upon request.

Acknowledgments: We would like to thank Jackson Gallagher and the University of Louisville
Veterinary staff for assisting with data collection and maintenance of animals, respectively.

Conflicts of Interest: J.S. is a representative of Medtronic, which provided the SmartPillsTM and
Gastric Intestinal Motility Software for visualization of the data and to assist with analysis. Other
authors declared no conflict of interest.

References

1. Nash, M.S.; Groah, S.L.; Gater, D.R., Jr.; Dyson-Hudson, T.A.; Lieberman, J.A.; Myers, J.; Sabharwal, S.; Taylor, A.J. Identification
and Management of Cardiometabolic Risk after Spinal Cord Injury: Clinical Practice Guideline for Health Care Providers. Top.
Spinal Cord Inj. Rehabil. 2018, 24, 379–423. [CrossRef] [PubMed]

2. Tate, D.G.; Wheeler, T.; Lane, G.I.; Forchheimer, M.; Anderson, K.D.; Biering-Sorensen, F.; Cameron, A.P.; Santacruz, B.G.; Jakeman,
L.B.; Kennelly, M.J.; et al. Recommendations for evaluation of neurogenic bladder and bowel dysfunction after spinal cord injury
and/or disease. J. Spinal Cord Med. 2020, 43, 141–164. [CrossRef] [PubMed]

3. French, D.D.; Campbell, R.R.; Sabharwal, S.; Nelson, A.L.; Palacios, P.A.; Gavin-Dreschnack, D. Health care costs for patients with
chronic spinal cord injury in the Veterans Health Administration. J. Spinal Cord Med. 2007, 30, 477–481. [CrossRef]

4. James, S.L.; Theadom, A.; Ellenbogen, R.G.; Bannick, M. Global, regional, and national burden of traumatic brain injury and
spinal cord injury, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 56–87.
[CrossRef] [PubMed]

5. Holmes, G.M.; Blanke, E.N. Gastrointestinal dysfunction after spinal cord injury. Exp. Neurol. 2019, 320, 113009. [CrossRef]
6. Rubin-Asher, D.; Zeilig, G.; Klieger, M.; Adunsky, A.; Weingarden, H. Dermatological findings following acute traumatic spinal

cord injury. Spinal Cord 2005, 43, 175–178. [CrossRef] [PubMed]
7. Berlowitz, D.J.; Wadsworth, B.; Ross, J. Respiratory problems and management in people with spinal cord injury. Breathe 2016, 12,

328–340. [CrossRef]

144



Biomedicines 2023, 11, 1660

8. Furlan, J.C.; Fehlings, M.G. Cardiovascular complications after acute spinal cord injury: Pathophysiology, diagnosis, and
management. Neurosurg. Focus. 2008, 25, E13. [CrossRef]

9. Ebert, E. Gastrointestinal involvement in spinal cord injury: A clinical perspective. J. Gastrointest. Liver Dis. 2012, 21, 75–82.
10. Han, T.R.; Kim, J.H.; Kwon, B.S. Chronic gastrointestinal problems and bowel dysfunction in patients with spinal cord injury.

Spinal Cord 1998, 36, 485–490. [CrossRef]
11. Correa, G.I.; Rotter, K.P. Clinical evaluation and management of neurogenic bowel after spinal cord injury. Spinal Cord 2000, 38,

301–308. [CrossRef] [PubMed]
12. Bernardi, M.; Fedullo, A.L.; Bernardi, E.; Munzi, D.; Peluso, I.; Myers, J.; Lista, F.R.; Sciarra, T. Diet in neurogenic bowel

management: A viewpoint on spinal cord injury. World J. Gastroenterol. 2020, 26, 2479–2497. [CrossRef]
13. Bigford, G.; Nash, M.S. Nutritional Health Considerations for Persons with Spinal Cord Injury. Top. Spinal Cord Inj. Rehabil. 2017,

23, 188–206. [CrossRef]
14. den Braber-Ymker, M.; Lammens, M.; van Putten, M.J.; Nagtegaal, I.D. The enteric nervous system and the musculature of the

colon are altered in patients with spina bifida and spinal cord injury. Virchows Arch. 2017, 470, 175–184. [CrossRef] [PubMed]
15. Fajardo, N.R.; Pasiliao, R.V.; Modeste-Duncan, R.; Creasey, G.; Bauman, W.A.; Korsten, M.A. Decreased colonic motility in persons

with chronic spinal cord injury. Am. J. Gastroenterol. 2003, 98, 128–134. [CrossRef] [PubMed]
16. Gondim, F.A.; de Oliveira, G.R.; Thomas, F.P. Upper gastrointestinal motility changes following spinal cord injury. Neurogastroen-

terol. Motil. 2010, 22, 2–6. [CrossRef]
17. Johns, J.S.; Krogh, K.; Ethans, K.; Chi, J.; Querée, M.; Eng, J.J.; Spinal Cord Injury Research Evidence Team. Pharmacological

Management of Neurogenic Bowel Dysfunction after Spinal Cord Injury and Multiple Sclerosis: A Systematic Review and Clinical
Implications. J. Clin. Med. 2021, 10, 882. [CrossRef]

18. Kabatas, S.; Yu, D.; He, X.D.; Thatte, H.S.; Benedict, D.; Hepgul, K.T.; Black, P.M.; Sabharwal, S.; Teng, Y.D. Neural and anatomical
abnormalities of the gastrointestinal system resulting from contusion spinal cord injury. Neuroscience 2008, 154, 1627–1638.
[CrossRef]

19. Kigerl, K.A.; Mostacada, K.; Popovich, P.G. Gut Microbiota Are Disease-Modifying Factors After Traumatic Spinal Cord Injury.
Neurotherapeutics 2018, 15, 60–67. [CrossRef]

20. Middleton, J.W.; Lim, K.; Taylor, L.; Soden, R.; Rutkowski, S. Patterns of morbidity and rehospitalisation following spinal cord
injury. Spinal Cord 2004, 42, 359–367. [CrossRef]

21. Szarka, L. Dysmotility of the Small Intestine and Colon. In Yamada’s Textbook of Gastroenterology; John Wiley & Sons, Ltd.: Oxford,
UK, 2015; pp. 1154–1195.

22. Corsetti, M.; Costa, M.; Bassotti, G.; Bharucha, A.E.; Borrelli, O.; Dinning, P.; Di Lorenzo, C.; Huizinga, J.D.; Jimenez, M.; Rao,
S.; et al. First translational consensus on terminology and definitions of colonic motility in animals and humans studied by
manometric and other techniques. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 559–579. [CrossRef] [PubMed]

23. Kornum, D.S.; Terkelsen, A.J.; Bertoli, D.; Klinge, M.W.; Høyer, K.L.; Kufaishi, H.H.A.; Borghammer, P.; Drewes, A.M.; Brock, C.;
Krogh, K. Assessment of Gastrointestinal Autonomic Dysfunction: Present and Future Perspectives. J. Clin. Med. 2021, 10, 1392.
[CrossRef] [PubMed]

24. Feldman, E.R.; Singh, B.; Mishkin, N.G.; Lachenauer, E.R.; Martin-Flores, M.; Daugherity, E.K. Effects of Cisapride, Buprenorphine,
and Their Combination on Gastrointestinal Transit in New Zealand White Rabbits. J. Am. Assoc. Lab. Anim. Sci. 2021, 60, 221–228.
[CrossRef] [PubMed]

25. Holmes, G.M.; Hubscher, C.H.; Krassioukov, A.; Jakeman, L.B.; Kleitman, N. Recommendations for evaluation of bladder and
bowel function in pre-clinical spinal cord injury research. J. Spinal Cord Med. 2020, 43, 165–176. [CrossRef] [PubMed]

26. Arbizu, R.A.; Rodriguez, L.A. Electrogastrography, Breath Tests, Ultrasonography, Transit Tests, and SmartPill. In Pediatric
Neurogastroenterology; Faure, C., Thapar, N., Lorenzo, C.D., Eds.; Humana Press: Totowa, NJ, USA, 2017; pp. 169–179.

27. Marucci, S.; Zarzour, J.; Callaway, J. Anatomic and Physiologic Tests of Esophageal and Gastric Function. In The SAGES Manual of
Foregut Surgery; Grams, J., Perry, K.A., Tavakkoli, A., Eds.; Springer: Cham, Switzerland, 2019; pp. 65–89.

28. Carter, D.; Bardan, E. The Wireless Motility Capsule. In Gastrointestinal Motility Disorders a Point of Care Clinical Guide; Bardan, E.,
Shaker, R., Eds.; Springer Nature: Cham, Switzerland, 2018; pp. 373–378.

29. Farmer, A.D.; Scott, S.M.; Hobson, A.R. Gastrointestinal motility revisited: The wireless motility capsule. United Eur. Gastroenterol.
J. 2013, 1, 413–421. [CrossRef]

30. Hasler, W.L. The use of SmartPill for gastric monitoring. Expert. Rev. Gastroenterol. Hepatol. 2014, 8, 587–600. [CrossRef]
31. Koziolek, M.; Grimm, M.; Bollmann, T.; Schäfer, K.J.; Blattner, S.M.; Lotz, R.; Boeck, G.; Weitschies, W. Characterization of the GI

transit conditions in Beagle dogs with a telemetric motility capsule. Eur. J. Pharm. Biopharm. 2019, 136, 221–230. [CrossRef]
32. Saad, R.J. The Wireless Motility Capsule: A One-Stop Shop for the Evaluation of GI Motility Disorders. Curr. Gastroenterol. Rep.

2016, 18, 14. [CrossRef]
33. Steiger, C.; Abramson, A.; Nadeau, P.; Chandrakasan, A.; Langer, R.; Traverso, G. Ingestible electronics for diagnostics and

therapy. Nat. Mater. 2018, 4, 83–98. [CrossRef]
34. Lee, Y.Y.; Erdogan, A.; Rao, S.S. How to assess regional and whole gut transit time with wireless motility capsule. J. Neurogastroen-

terol. Motil. 2014, 20, 265–270. [CrossRef]

145



Biomedicines 2023, 11, 1660

35. Henze, L.J.; Koehl, N.J.; Bennett-Lenane, H.; Holm, R.; Grimm, M.; Schneider, F.; Weitschies, W.; Koziolek, M.; Griffin, B.T.
Characterization of gastrointestinal transit and luminal conditions in pigs using a telemetric motility capsule. Eur. J. Pharm. Sci.
2021, 156, 105627. [CrossRef] [PubMed]

36. Maqbool, S.; Parkman, H.P.; Friedenberg, F.K. Wireless capsule motility: Comparison of the SmartPill GI monitoring system with
scintigraphy for measuring whole gut transit. Dig. Dis. Sci. 2009, 54, 2167–2174. [CrossRef] [PubMed]

37. Schneider, F.; Grimm, M.; Koziolek, M.; Modeß, C.; Dokter, A.; Roustom, T.; Siegmund, W.; Weitschies, W. Resolving the
physiological conditions in bioavailability and bioequivalence studies: Comparison of fasted and fed state. Eur. J. Pharm.
Biopharm. 2016, 108, 214–219. [CrossRef] [PubMed]

38. Wang, Y.T.; Mohammed, S.D.; Farmer, A.D.; Wang, D.; Zarate, N.; Hobson, A.R.; Hellström, P.M.; Semler, J.R.; Kuo, B.; Rao, S.S.;
et al. Regional gastrointestinal transit and pH studied in 215 healthy volunteers using the wireless motility capsule: Influence of
age, gender, study country and testing protocol. Aliment. Pharmacol. Ther. 2015, 42, 761–772. [CrossRef]

39. Williams, R.E., 3rd; Bauman, W.A.; Spungen, A.M.; Vinnakota, R.R.; Farid, R.Z.; Galea, M.; Korsten, M.A. SmartPill technology
provides safe and effective assessment of gastrointestinal function in persons with spinal cord injury. Spinal Cord 2012, 50, 81–84.
[CrossRef]

40. Kim, K.T.; Streijger, F.; Manouchehri, N.; So, K.; Shortt, K.; Okon, E.B.; Tigchelaar, S.; Cripton, P.; Kwon, B.K. Review of the UBC
Porcine Model of Traumatic Spinal Cord Injury. J. Korean Neurosurg. Soc. 2018, 61, 539–547. [CrossRef]

41. Lee, J.H.; Jones, C.F.; Okon, E.B.; Anderson, L.; Tigchelaar, S.; Kooner, P.; Godbey, T.; Chua, B.; Gray, G.; Hildebrandt, R.; et al. A
novel porcine model of traumatic thoracic spinal cord injury. J. Neurotrauma 2013, 30, 142–159. [CrossRef]

42. Schomberg, D.T.; Tellez, A.; Meudt, J.J.; Brady, D.A.; Dillon, K.N.; Arowolo, F.K.; Wicks, J.; Rousselle, S.D.; Shanmuganayagam,
D. Miniature Swine for Preclinical Modeling of Complexities of Human Disease for Translational Scientific Discovery and
Accelerated Development of Therapies and Medical Devices. Toxicol. Pathol. 2016, 44, 299–314. [CrossRef]

43. Toossi, A.; Bergin, B.; Marefatallah, M.; Parhizi, B.; Tyreman, N.; Everaert, D.G.; Rezaei, S.; Seres, P.; Gatenby, J.C.; Perlmutter, S.I.;
et al. Comparative neuroanatomy of the lumbosacral spinal cord of the rat, cat, pig, monkey, and human. Sci. Rep. 2021, 11, 1955.
[CrossRef]

44. Ziegler, A.; Gonzalez, L.; Blikslager, A. Large Animal Models: The Key to Translational Discovery in Digestive Disease Research.
Cell. Mol. Gastroenterol. Hepatol. 2016, 2, 716–724. [CrossRef]

45. Ahmed, R.U.; Knibbe, C.A.; Wilkins, F.; Sherwood, L.C.; Howland, D.R.; Boakye, M. Porcine spinal cord injury model for
translational research across multiple functional systems. Exp. Neurol. 2023, 359, 114267. [CrossRef]

46. National Research Council. Guidance for the Description of Animal Research in Scientific Publications; National Academies Press:
Washington, DC, USA, 2011.

47. Feng, W.; Wu, Y.; Chen, G.; Fu, S.; Li, B.; Huang, B.; Wang, D.; Wang, W.; Liu, J. Sodium Butyrate Attenuates Diarrhea in Weaned
Piglets and Promotes Tight Junction Protein Expression in Colon in a GPR109A-Dependent Manner. Cell. Physiol. Biochem. 2018,
47, 1617–1629. [CrossRef] [PubMed]

48. Koziolek, M.; Schneider, F.; Grimm, M.; Modeβ, C.; Seekamp, A.; Roustom, T.; Siegmund, W.; Weitschies, W. Intragastric pH and
pressure profiles after intake of the high-caloric, high-fat meal as used for food effect studies. J. Control. Release 2015, 220, 71–78.
[CrossRef] [PubMed]

49. Gondim, F.A.; Alencar, H.M.; Rodrigues, C.L.; da Graça, J.R.; dos Santos, A.A.; Rola, F.H. Complete cervical or thoracic spinal cord
transections delay gastric emptying and gastrointestinal transit of liquid in awake rats. Spinal Cord 1999, 37, 793–799. [CrossRef]
[PubMed]

50. Gondim, F.A.; Rodrigues, C.L.; da Graça, J.R.; Camurça, F.D.; de Alencar, H.M.; dos Santos, A.A.; Rola, F.H. Neural mechanisms
involved in the delay of gastric emptying and gastrointestinal transit of liquid after thoracic spinal cord transection in awake rats.
Auton. Neurosci. 2001, 87, 52–58. [CrossRef]

51. Faaborg, P.M.; Christensen, P.; Finnerup, N.; Laurberg, S.; Krogh, K. The pattern of colorectal dysfunction changes with time since
spinal cord injury. Spinal Cord 2008, 46, 234–238. [CrossRef]

52. Frias, B.; Phillips, A.A.; Squair, J.W.; Lee, A.H.X.; Laher, I.; Krassioukov, A.V. Reduced colonic smooth muscle cholinergic
responsiveness is associated with impaired bowel motility after chronic experimental high-level spinal cord injury. Auton.
Neurosci. 2019, 216, 33–38. [CrossRef]

53. Gondim, F.A.; Lopes, A.C., Jr.; Cruz, P.R.; Medeiros, B.A.; Querioz, D.A.; Santos, A.A.; Rola, F.H. On the complex autonomic
changes involved in the inhibition of gastrointestinal motility after spinal cord injury (SCI). Dig. Dis. Sci. 2006, 51, 1136. [CrossRef]

54. Hou, S.; Rabchevsky, A.G. Autonomic consequences of spinal cord injury. Compr. Physiol. 2014, 4, 1419–1453. [CrossRef]
55. Round, A.M.; Joo, M.C.; Barakso, C.M.; Fallah, N.; Noonan, V.K.; Krassioukov, A.V. Neurogenic Bowel in Acute Rehabilitation

Following Spinal Cord Injury: Impact of Laxatives and Opioids. J. Clin. Med. 2021, 10, 1673. [CrossRef]
56. Daniel, H.; Gholami, A.M.; Berry, D.; Desmarchelier, C.; Hahne, H.; Loh, G.; Mondot, S.; Lepage, P.; Rothballer, M.; Walker, A.;

et al. High-fat diet alters gut microbiota physiology in mice. ISME J. 2014, 8, 295–308. [CrossRef] [PubMed]
57. Du, J.; Zayed, A.A.; Kigerl, K.A.; Zane, K.; Sullivan, M.B.; Popovich, P.G. Spinal Cord Injury Changes the Structure and Functional

Potential of Gut Bacterial and Viral Communities. mSystems 2021, 6, e01356-20. [CrossRef]
58. Balsa, I.M.; Culp, W.T.N.; Drobatz, K.J.; Johnson, E.G.; Mayhew, P.D.; Marks, S.L. Effect of Laparoscopic-assisted Gastropexy on

Gastrointestinal Transit Time in Dogs. J. Vet. Intern. Med. 2017, 31, 1680–1685. [CrossRef] [PubMed]

146



Biomedicines 2023, 11, 1660

59. Rauch, S.; Johannes, A.; Zollhöfer, B.; Muellenbach, R.M. Evaluating intra-abdominal pressures in a porcine model of acute lung
injury by using a wireless motility capsule. Med. Sci. Monit. 2012, 18, BR163–BR166. [CrossRef] [PubMed]

60. Suenderhauf, C.; Tuffin, G.; Lorentsen, H.; Grimm, H.P.; Flament, C.; Parrott, N. Pharmacokinetics of paracetamol in Göttingen
minipigs: In vivo studies and modeling to elucidate physiological determinants of absorption. Pharm. Res. 2014, 31, 2696–2707.
[CrossRef]

61. Laber, K.E.; Whary, M.T.; Bingel, S.A.; Goodrich, J.A.; Smith, A.C.; Swindle, M.M. Biology and Diseases of Swine. Lab. Anim. Med.
2002, 52, 615–673.

62. Nelson, L.; Schwaner, R. Transdermal fentanyl: Pharmacology and toxicology. J. Med. Toxicol. 2009, 5, 230–241. [CrossRef]
63. Coleman, K.A.; Boscan, P.; Ferguson, L.; Twedt, D.; Monnet, E. Evaluation of gastric motility in nine dogs before and after

prophylactic laparoscopic gastropexy: A pilot study. Aust. Vet. J. 2019, 97, 225–230. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

147



Citation: Ao, W.; Grace, M.; Floyd,

C.L.; Vonder Haar, C. A Touchscreen

Device for Behavioral Testing in Pigs.

Biomedicines 2022, 10, 2612. https://

doi.org/10.3390/biomedicines10102612

Academic Editors: John O’Donnell

and Dmitriy Petrov

Received: 20 August 2022

Accepted: 14 October 2022

Published: 18 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

A Touchscreen Device for Behavioral Testing in Pigs

Will Ao 1, Megan Grace 1, Candace L. Floyd 2 and Cole Vonder Haar 1,*

1 Injury and Recovery Laboratory, Department of Neuroscience, Ohio State University, 460 W 12th Ave,
Columbus, OH 43210, USA

2 Department of Physical Medicine and Rehabilitation, University of Utah, Salt Lake City, UT 84132, USA
* Correspondence: cole.vonderhaar@osumc.edu

Abstract: Pigs are becoming more common research models due to their utility in studying neuro-
logical conditions such as traumatic brain injury, Alzheimer’s disease, and Huntington’s Disease.
However, behavioral tasks often require a large apparatus and are not automated, which may disinter-
est researchers in using important functional measures. To address this, we developed a touchscreen
that pigs could be trained on for behavioral testing. A rack-mounted touchscreen monitor was placed
in an enclosed, weighted audio rack. A pellet dispenser was operated by a radio frequency transceiver
to deliver fruit-flavored sugar pellets from across the testing room. Programs were custom written
in Python and executed on a microcomputer. A behavioral shaping program was designed to train
pigs to interact with the screen and setup responses for future tasks. Pigs rapidly learned to interact
with the screen. To demonstrate efficacy in more complex behavior, two pigs were trained on a delay
discounting tasks and two pigs on a color discrimination task. The device held up to repeated testing
of large pigs and could be adjusted to the height of minipigs. The device can be easily recreated
and constructed at a relatively low cost. Research topics ranging from brain injury to pharmacology
to vision could benefit from behavioral tasks designed to specifically interrogate relevant function.
More work will be needed to develop tests which are of specific relevance to these disciplines.

Keywords: cognition; behavior; operant; brain injury; Alzheimer’s disease; transgenic

1. Introduction

Historically, the rodent has been the model of choice for neuroscience research. There
are several reasons for this, including the economical nature, both in cost and space com-
pared to larger species. As such, an abundance of methods and tools have been developed
for use in rodents. Behavioral assessment is particularly well-developed with a number of
sensorimotor tests and more complex tasks which measure human-relevant functions such
as decision-making, working memory, and self-control. However, there are also concerns
with rodent models. The physiology is dissimilar to humans, particularly the brain struc-
ture and size. To effectively develop a translational pipeline for neurotherapeutics and to
understand neuropathology, larger species with greater brain similarities to humans are
needed.

One such existing model is the pig, already well-established for the study of circulatory,
nervous, and respiratory function due to their physiological similarities to the human [1].
Pigs are especially attractive in neuroscience because of a high degree of similarity to
human brains in the sulci and gyri, with gyrification far exceeding the rodent model and
even exceeding a common non-human primate model, the rhesus macaque [2]. Given
the greater anatomical homology, CNS diseases, injuries, and challenges in pigs are much
more likely to cause pathology of greater similarity to humans relative to rodent models.
For example, the pig cortex is more compressible than rodents [3]. Pig brains are also
considerably larger than their rodent counterparts, weighing in at 95.3 g relative to less
than 2.5 g in the case of the rat. This size again exceeds the rhesus macaque (90 g) [2].
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Recently, several fields have increased the use of pig models. Pigs have become
prominent in the field of traumatic brain injury (TBI), where they serve multiple purposes
such as analyzing pathophysiology, understanding surgical management of injury, and
even studies on recovery of function [4]. In addition, the recent development of transgenic
Göttingen minipigs have created a strong model for studying the pathology of Alzheimer’s
disease (AD; amyloid precursor protein and presenilin-1 mutations) and Huntington’s
disease (HD; huntingtin mutation) [5,6], while a transgenic of the Minnesota minipig has
been created for cancer research (floxed line for cre-dependent tumor expression) [7]. The
area of early developmental challenge has adopted pigs for both prenatal (e.g., hypoxia,
nutrient restriction) and postnatal (e.g., hypoxia/ischemia) challenges [8,9]. Notably, each
of these conditions strongly impact behavioral function, however porcine cognitive assays
are relatively limited. Simple discriminations, reversals, and working memory tasks have
been used in the case of TBI [10,11]. Motivation or ability to uncover hidden treats has been
used in the HD transgenic model [12] and a recognition memory task (novel object test) in
the AD transgenic model [13]. However, even these tasks do not always distinguish the
condition from control and small effect sizes of injury or disease may limit detection of
treatment effects. In surveying this literature, we have identified three primary barriers to
expanding cognitive testing in pigs: (1) specialized equipment requirements, (2) behavioral
expertise of the experimenters, and (3) study time constraints. While item number 3 will be
inherently study dependent, the first two challenges can be addressed to some degree with
technology.

Historically, both rodents and primates had purpose-designed behavioral equipment.
Perhaps most notable is the operant chamber, which is a modular, computer-controlled
chamber in which many different cognitive tests can be assessed and has a small space
footprint. In contrast, current functional assays for pig behavior often require large, room-
sized apparatus and manual setup and scoring. Even traditional T-mazes or multi-arm
mazes become a challenge due to the space constraints and are inherently low throughput.
Manual tasks also introduce the possibility of unconscious experimenter bias. While un-
common, several researchers have adapted automated devices (including a primate operant
chamber) for testing cognitive function in pigs. These devices have been used to assess
complex cognitive behaviors such as behavioral inhibition [14], working memory [15], and
behavioral flexibility [16]. Others have set up similarly sophisticated behavioral assays,
including gambling-like behavior [17], choice impulsivity [18], and working memory [19]
but required full manual administration and/or room-sized mazes. The heterogeneity
in testing apparatus and manual nature of many are likely a leading reason for sparse
adoption of pig cognitive outcomes. As such, the development of a small footprint, low-cost
platform with the capability to perform high throughput operant measures is needed.

To develop such a device, we can make use of touchscreen technology, open-source
software, and readily available equipment. This may provide the benefit of standardizing
methods across species, including humans. A recent argument has been made that this will
help close the gaps in fields that have struggled with translation, such as pharmacology [20],
although task similarity is likely a more important component than test medium (e.g.,
touchscreen). In the current paper, we describe the development of a device to make
behavioral research for the porcine model more accessible to a wide variety of researchers.
We utilized relatively low-cost materials and open-source software to create a robust tool
for behavioral analyses. This can be constructed in the average laboratory environment by
ordering the commercial pieces and assembling or can be made even lower cost with some
modifications noted in the methods.

2. Materials and Methods

2.1. Touchscreen Design Overview

The overall device design and finished product is shown in Figure 1. Two versions
were constructed; the first iteration was susceptible to damage from the pigs and is only
briefly described in the results for transparency (but can be viewed in Video S1). Subsequent
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methods will refer to the more durable, second iteration. A touchscreen monitor was
attached to a microcomputer (Raspberry Pi) which ran custom behavioral programs. In
this final iteration, a radio frequency (RF) transceiver was attached to the input/output
pins of the Raspberry Pi. This allowed pellet delivery to be located across the room to
reduce rooting behavior toward the screen. The RF transceiver communicated to a second
Raspberry Pi with a receiver. The second Raspberry Pi input/output pins were hooked
up to a printed circuit board (PCB). The PCB contained 8 inputs and 8 outputs capable of
handling standard 28 V operant equipment. In the iteration described here, only a pellet
dispenser and Sonalert tone generator were attached as outputs.

Figure 1. Schematic layout and actual device. (A) The conceptual schematic organization of the
touchscreen device with pieces numbered in black, corresponding to white numbers on the actual
device (panels (B–D)). A Raspberry Pi controls the touchscreen and records responses. Output is then
taken from the Raspberry Pi I/O pins and put through an external printed circuit board to step the
voltage up to the 28 V needed for peripheral components. Physical inputs were available but not
used in the current studies. (B) An image of the remote-controlled dispenser, attached to the PCB.
A raspberry Pi is attached underneath the PCB and not visible. Not in this picture is the sonalert
tone generator which was also hooked up to the PCB. (C) Front of testing device showing screen.
(D) Rear of testing device showing back of screen, Pi, and other components. Numbered items
indicate: (1) PCB, (2) RF transceiver, (3) pellet dispenser, (4) Raspberry Pi, (5) touchscreen, (6) audio
speakers, (7) weighted sandbags.
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2.2. Physical Components and Construction

All components are detailed in Table 1 along with the cost to acquire at time of
purchase. The below description is for the final iteration of the device.

Table 1. List of physical components and pricing as of purchase. Sums in each category are given in
bold. * The board and components were purchased as a set of 5 to meet minimum order thresholds;
price given is per board. ** A smaller rack would have been suitable even for the large Yorkshire pigs.
Future builds will use the SRK-12 (12U height). *** The rack shelf was not explicitly necessary, but
gave easy access to the Raspberry Pi.

Item Parts Price Vendor

Computer $148
Raspberry Pi 4B (2×) $110 SparkFun
Power supply (2×) $16 SparkFun
Misc. jumpers, etc. $10 SparkFun

RF Transceivers $12 Amazon

PCB $39
Board * $19 PCBWay

Misc. components * $20 Digikey

Peripherals $799
Pellet Dispenser $729 Med-Associates

Sonalert $70 Med-Associates
Desktop speakers $0 in lab

Monitor $855
19” Rack-mounted

Resistive $835 Hope Industrial

Screen protector $20 Hope Industrial

Frame $238
Samson SRK-16 ** $165 B&H Audio-Video

1U blank panel (4×) $18 B&H Audio-Video
2U blank panels (2×) $12 B&H Audio-Video

rack shelf *** $15 B&H Audio-Video
Sandbags (2×) $28 Amazon

Total $2079

2.2.1. Frame

Standard 19” wide racking for servers or audio equipment was used to house the
screen. It was enclosed on two sides and 31” high (16U rack height), 18” deep. Rack
“blanks” were used to fill the front not occupied by the screen and the rear was left open
but put against a wall. A rack-mounted shelf was put in the rear to hold the Raspberry Pi.
The modular nature of the frame allowed the screen to be moved up or down to deal with
smaller or larger pigs. A pair of sandbags (9 kg each) were purchased and filled to weigh
down the device so that pigs could not move it.

2.2.2. Screen

A rack-mounted resistive touchscreen (Hope Industrial Systems, HIS-RL19-CTDH)
designed for industrial use was mounted and adjusted for the height of the pigs. A plastic
screen protector was placed over the screen to reduce scratches and for easier cleaning.

2.2.3. Circuit Board Interface

A PCB was custom-designed to take 28 V input/output to 3.3 V for interfacing to the
Raspberry Pi. For outputs an optical switch was used to isolate the 3.3 V from 28 V. For
inputs, resistors were used to step down the voltage. A pass-through so that the board
could power the Pi was used.
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2.2.4. RF Transmitter/Receiver

A simple 433 MHz radio frequency transceiver/receiver combination were purchased,
and an antenna soldered to each. Software was modified to turn received signals into
outputs (pellet, tone) on the receiving Raspberry Pi and to transmit them on the sending
Raspberry Pi. The pellet dispenser was attached to a box which sat on top of a sink, raising
it above the reach of the pigs.

2.2.5. Raspberry Pi

Two Raspberry Pi model 4B were used, along with power supplies and jumper cables
to connect. These microcomputers allowed for a full range of function to be controlled,
including input/output switches to the PCB, radio signals, and the software which recorded
responses.

2.2.6. Peripheral Components

A pair of desktop computer speakers were placed in the bottom of the frame to provide
auditory feedback. A pellet dispenser (ENV-203-1000; Med-Associates, St. Albans, VT,
USA) was connected to the receiving raspberry pi via the PCB, located across the room. A
Sonalert tone generator (ENV-223AM; 2900 Hz, 100 dB; Med-Associates) was also attached
alongside the pellet dispenser.

2.2.7. Alternative Materials

The largest costs in construction are the monitor, pellet dispenser, and frame. Cheaper
framing materials may be available from other vendors, although we recommend a rep-
utable brand that will stand up to pigs interacting with it. Other rack-mounted screen
options are also available, although price points vary widely. We recommend choosing one
that has a reasonable impact rating and does not protrude from the racking as pigs may
chew at the corners. For the dispenser, it is possible to 3D print and purchase small motors
to operate it as described in papers for rats [21,22]. Alternate food delivery systems would
likely also be suitable.

2.3. Software Components
2.3.1. Peripheral Device Control

A program to send and receive RF signals in Linux was modified from RFChat [23]. A
program was written and ran on boot of the receiving Raspberry Pi. On receipt of a given
cue (e.g., “1”), the pellet dispenser would cycle. On receipt of another cue (e.g., “2”), the
tone would turn on for 1 s. Thus, as long as the board attached to the receiving Raspberry Pi
was powered, it would control the peripheral devices. Behavioral programs on the sending
Raspberry Pi used these commands on relevant events (i.e., reinforcement).

2.3.2. Graphical User Interface (GUI)

The Python Tkinter package was used to develop GUIs. For human user input, a
pop-over box with options to change variables (e.g., subject number, training stage, etc.) in
the underlying behavioral program populated at the start. A program for a touchscreen
numpad was written to allow numbers to be input without a keyboard (a wireless keyboard
may also be used). For pig responses, buttons housed within a full screen window were
used. Buttons were designated to respond on initial touch (default is release of click or
removal of touch).

2.3.3. Data Recording

Every response was recorded as a new line in a comma-separated value file with a
separate file for each subject. Each behavioral program recorded information relating to
the individual trial as well. Summary data were reported on the screen at the end for daily
monitoring of progress.
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2.3.4. Behavioral Testing Programs

Custom programs were written in Python according to the descriptions below. A
common shaping program was used to train initial response to the screen and to smaller
boxes within the screen.

2.3.5. Data Transfer To/From Raspberry Pi

An FTP server (vsftpd package) was setup on the raspberry pi with a folder to which
a remote computer could read and write files. An FTP transfer utility (FileZilla) was used
to move behavioral programs onto the Pi and pull data files for analysis.

2.4. Evaluation of Device Durability

The core goal of the current studies was to determine if a touchscreen device would
withstand repeated testing with pigs. In our first iteration of the device, the screen was
broken after 28 sessions with two pigs. In the second iteration, which is what is described
above, the screen withstood testing throughout all 35 sessions and remains intact.

2.5. Subjects

Male (castrated) and female Yorkshire pigs were used in the described experiments.
Two male pigs were 9 weeks of age at start of training, weighed 24–26 kg and were tested in
experiment 1. Two female pigs were 12 weeks of age at start of training, weighed 45–52 kg
and were tested in experiment 2. Pigs were obtained from the Ohio State University farms
and were acclimated to the vivarium for one week prior to testing. Pigs were housed in
individual pens adjacent to one another. Males and females were housed separately. All
procedures were approved by the Ohio State University Institutional Animal Care and Use
Committee.

2.6. Behavioral Training
2.6.1. Reinforcers

Mini-marshmallows were used as reinforcers during pre-training and 1 g fruit-flavored
sucrose pellets (F05478, F05711; Bio-Serv, Flemington, NJ, USA) were delivered from the
pellet dispenser while pigs interacted with the touchscreen.

2.6.2. Pre-Training of Pigs

The goal of this step was to familiarize pigs with the experimenter, get them used to
leash walking, and traveling to the testing room using basic behavior shaping techniques
with a clicker. In their home room, pigs were trained to associate a clicker with mini marsh-
mallow delivery and approach the experimenter to receive the reinforcer. The experimenter
then familiarized them with the leash by draping it across them, then wrapping it around
them, while providing reinforcers. Once comfortable, a large dog harness was placed over
the shoulders and clipped behind the legs. Pigs were then trained to walk on the lead in the
home room while receiving reinforcers. Once comfortable, the outer hallway was blocked
off (either physical blockade, or second researcher with a board) and pigs were taken back
and forth down the hallway. Once pigs were responding well to the leash, they were led to
the behavior testing room. This process could be accelerated with multiple sessions per
day if needed.

2.6.3. Response Shaping

To shape responses to the touchscreen, a multistage procedure was followed. Pigs
moved up in stages automatically within the program or were started at later stages if
they had completed the prerequisite the session before. Audio speakers inside the device
provided auditory feedback when the button was pressed (2900 Hz tone) and when a trial
began (7500 Hz tone).

Stage 0 was a Pavlovian autoshaping procedure in which the entire screen illuminated
(yellow color) and then a pellet was delivered 10 s following illumination. However, there
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was also a fixed ratio (FR)-1 schedule in effect such that at any given time, a press to
anywhere on the screen would be reinforced. If a pig did not contact the screen, ketchup
was wiped on the screen to motivate approach. After 20 presses, pigs moved to stage 1.
Stage 1 made the response conditional-presses were only reinforced when the screen was
illuminated (FR-1 schedule). After 15 presses, pigs moved to stage 2. Stage 2 reduced the
size of the response box from the entire screen to a large, illuminated (yellow) rectangle
occupying 1/3 of the screen. The rectangle was positioned randomly at one of three
heights to shape responses to track the change in position. Responses to the rectangle
were reinforced (FR-1 schedule). After 15 presses, pigs moved to stage 3. Stage 3 reduced
the size of the response box further to a square (yellow, 40% of screen width) which was
positioned randomly in one of five positions (just offset from each corner, and center). After
40 presses, pigs were considered ready for testing. A few optional manipulations may be
considered at this point. If a higher response requirement will be needed for subsequent
tasks, stage 3 may be increased to FR-3 or FR-5. If smaller response boxes will be needed, a
stage 4 where the box size shrinks gradually over successive correct trials may help shape
precision. Close attention should be paid throughout to the behavioral topology, or the
way in which responses are made and how that may affect subsequent tasks. See results
for qualitative descriptions of pig behavioral topology in interacting with the device.

2.7. Behavioral Assessment of Pigs

After shaping nose pokes to illuminated buttons, pigs were tested in one of two
experiments. Experiment 1 used two male pigs, while Experiment 2 used two female
pigs. Because a primary goal was to test the device, many minor adjustments were made
throughout the experiments to optimize the pig’s responses. Thus, these may serve better
as proof of concept that pigs can be trained on a task rather than strong baseline data for
either task.

2.7.1. Experiment 1—Delay Discounting Task

The goal of this behavior is to assess choice impulsivity [24]. This experiment was
performed on the first iteration of the touchscreen device, which ultimately broke. After
learning to respond to boxes on the screen, pigs were presented with a magnitude discrim-
ination of two buttons. One delivered 4 pellets (“Large” button), and the other 1 pellet
(“Small” button). 6 forced-choice and 6 free-choice trials were given. The first step was to
train a magnitude discrimination such that pigs showed preference for the Large button.
After that, delays to reinforcement on the Large button were then introduced progressively
across the session every 12 trials (0, 5, 10, 20 s). Because pigs rapidly became delay averse,
several behavioral manipulations were made to improve stability of choice (described in
results). These extended modifications served to provide a long period of assessment for
the device.

2.7.2. Experiment 2—Visual Discrimination

The goal of this behavior is to assess the ability to discriminate based on color. This
experiment was performed on the second iteration of the touchscreen which is described
fully in the methods. After learning to respond to buttons on the screen, pigs were presented
with a yellow box on the center of the screen, and after a response, a yellow and blue box
on the left and right side of the screen (pseudorandomly presented). Like in experiment
1, multiple behavioral manipulations were performed to improve performance and are
described in the results.

3. Results

3.1. Device Durability

The first iteration of the touchscreen device was ultimately not strong enough and
was not described above. An aluminum base and frame mounted a conventional capaci-
tive (home/office grade) touchscreen monitor and was enclosed in a plexiglass covering.
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Because pigs could get under the plexiglass box, they tended to root at it, and the frame
was not heavy enough to prevent this. Ultimately, they broke the screen despite repeated
attempts to shape behavior away from such rough interactions. Much of this damage
came from lifting the frame and letting it fall, thus it may still be possible to use a capaci-
tive touchscreen in the second iteration, however researchers should anticipate frequent
replacements as a common screen protector will not be sufficient long term.

The second iteration, which is fully described in the methods, was much more robust.
At the conclusion of the experiment, there was no obvious damage to the device, although
pigs did begin to root at it more and additional weight in the bottom may have been
beneficial to minimize this. A slightly smaller version of the frame (12U-rack) may have
been suitable as well to reduce movement when pushed on and would still accommodate
large Yorkshire pigs.

3.2. Behavioral Topology of Pigs on the Touchscreen
3.2.1. Capacitive vs. Resistive Touchscreen

Version 1 of this device used a capacitive touchscreen (similar to modern smartphones)
while version 2 (described in methods) used a resistive touchscreen (similar to ordering
kiosks). Pigs learned initial touch responses more rapidly to the capacitive touchscreen,
but it is unlikely to hold up to long-term testing. An alternative might be for researchers to
swap a capacitive screen in for the initial stages of training, then replace with a resistive
screen.

3.2.2. Presses on Touchscreen

Overall, pigs were reasonably accurate at pressing buttons. However, it should be
noted that the tendency is to press and then swipe upward at a slight diagonal. This
resulted in many initial problems as the software was designed to record/act on button
release rather than press. Even after fixing the buttons, pigs would often have inaccurate
responses slightly above the button. For one (male) pig, this resulted in more pronounced
swiping behavior. A future option may be to present a slightly larger but invisible response
box which extends above the visible button. Care should be taken in considering the layout
of buttons in a task.

3.2.3. Rooting

Pigs engaged in rooting behavior as noted above. This was largely mitigated in the
second version by a frame which they could not get their nose under. However, there
were still rooting behaviors present. This seems to be most mitigated by lack of device
movement. If an object moves, the pig is more likely to root at it. Smaller/heavier objects
are likely to be best for this. For the first experiment, which was performed with a weaker
device, rooting behavior was mitigated by instigating a differential reinforcement of other
(DRO) behavior schedule during the intertrial intervals. This involved periodically giving
marshmallows in other locations of the room to reinforce exploratory behaviors instead of
rooting at the screen. In the second version of the device, the pellet dispenser was attached
to a remote to reduce rooting toward the screen.

3.2.4. Responsiveness to Tones

Tones were added to each response to help pigs discriminate when a response was
made. Because there is no tactile feedback on the touchscreen, this helped to distinguish
that a press had been recorded. Pigs robustly responded to tone presentation when paired
with a reinforcer. A different pitch tone was also used to indicate the start of a trial and was
reasonably successful.

3.2.5. Frustration and Sensitivity to Reinforcer Magnitude

Pigs were very sensitive to when reinforcement was withheld. This was evident on the
few occasions the pellet dispenser failed to deliver: an experimenter would have to give a
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marshmallow in most cases before pigs would leave the pellet area and re-engage with the
touchscreen. Experiment 1 also demonstrated immediate aversion to delayed reinforcement,
and similar frustrations were seen on the transition from FR-1 to FR-3 in Experiment 2.
Conversely, larger numbers of pellets motivated more rapid re-engagement with the task.
Gradually changing response requirements or reinforcer density is recommended.

3.2.6. Competing Exploration

All pigs explored extensively during intertrial intervals and often during trials them-
selves. Items on the walls (e.g., sink, hose) competed for the attention of the pigs. This was
more drastic in Experiment 2 which took place in a larger room. The addition of a tone to
indicate a trial start helped pigs to orient to the device. Trial durations were increased to
allow more time to respond. Intertrial intervals were kept short (<20 s). A reasonably small,
plain room with minimal distractions is recommend.

3.3. Device Components & Evaluation
3.3.1. First Touchscreen Device

The first iteration of our touchscreen broke as described in Device Durability, above.
From this, we identified that the standard capacitive (office/home grade) touchscreen was
not strong enough. This was largely for two reasons, (1) food was delivered from just under
the screen (hopper behind screen and dropped out just in front of screen) and (2) pigs could
get under it to lift with their snout. These problems were both changed for the second
iteration which is what is fully described in the methods. Other core components, including
pellet dispenser, step up/down PCB, and raspberry pi for operation were satisfactory.
Supplemental Video S1 shows pigs learning to push the buttons on this version.

3.3.2. Second Touchscreen Device

Performance of all components of the second iteration were satisfactory and are fully
described in the methods. Some initial problems were found with the infrared remote
control of the dispenser. Stray infrared signals will be picked up, so care should be taken
to monitor which commands are received from other electronics in the area and select
input numbers which will not occur from other electronics. It may be advisable to adjust
the program such that it periodically turns off all outputs in the absence of a received
“on” signal or to use encoding to secure against stray interference. We located the pellet
dispenser (and tone generator, and Pi/PCB) on a box placed on top of a sink because it was
a convenient method to elevate it above the pigs’ reach. However, a wall-mounted shelf, or
3D-printed hanger would also be sufficient.

3.3.3. Extension to Rodents or Other Animals

We plugged the printed PCB and Pi into a Med-Associates rat operant testing chamber
and were able to control 28 V inputs (two levers, one nose poke) and outputs (pellet
dispenser, houselight, levers’ extension, food hopper light) using the standard 7” Raspberry
Pi touchscreen. Thus, the same equipment should be capable of running experiments for
other animals. However, care should be taken when going across species. For instance, rats
and mice do not respond well to a capacitive touchscreen in our experience. This may be
why many current commercial solutions use infrared touchscreens in currently available
equipment.

3.4. Pre-Training and Response Shaping

Pigs were habituated to the researchers through feeding of treats for two days. Pigs
were then acclimated to leash walking to the testing room over the course of 2–5 days as
described in the methods. The younger, male pigs (experiment 1) took longer, while the
female pigs (experiment 2) were able to be put on the leash on the first day.

Pigs were then trained to respond to the touchscreen and gradually shaped to respond
to a small, yellow box which moved around the screen. For the male pigs in Experiment 1,
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seven total sessions were required for them to accurately track the small box on the screen.
For the female pigs in Experiment 2, the initial touch response took longer, presumably due
to the resistive screen requiring a firm press compared to the capacitive screen in the first
device. This was solved by modifying the program to allow any touch to the screen to be
immediately reinforced and then by placing ketchup on the screen for one pig. After this,
4–6 sessions were required to shape the response to small boxes. Three sessions additional
training was then performed to determine how small of a box the pigs could accurately
respond to. Pigs were able to respond to a square occupying as little as 22% of the screen
height. Supplemental Video S2 shows pigs progressing through the stages of response
shaping.

Based on these results, we would recommend researchers habituating pigs in vivarium
to experimenter handling, leash, and walking over the course of 5 sessions. The response
shaping procedure could likewise be accomplished in 5–7 sessions. Though we tested daily,
this timeline could be sped up with multiple sessions per day.

3.5. Experiment 1—Delay Discounting Task

After response shaping, pigs began the magnitude discrimination. Pigs rapidly ac-
quired preference for the Large button across 3–5 sessions. Delays of 0, 5, 10, and 20 s
(incremented every 12 trials) were then introduced to the Large button. This caused on
increase in initiation latency (Figure 2A), but no large change in omissions (Figure 2B),
which held mostly constant across subsequent testing. However, pigs became extremely
averse to the delay as indicated by a drop in the Area Under the Curve (AUC) across five
sessions (Figure 2C). The AUC represents the proportion of total choices of the large lever
(minimum: 0; maximum: 1). By the final session, almost no choice of the Large lever was
made, even at 0 s delay. Because pigs were so averse to these longer delays, the Buttons
were reversed and delays decreased to 0, 2, 6, and 10 s. However, pigs again rapidly lost
preference (5 sessions) for the Large lever, even at the lowest delays. To attempt to fix this,
we reversed the Buttons again and implemented another magnitude discrimination. Within
3 sessions pigs strongly preferred the large lever with no delay. We then implemented
another set of delays at 0, 1, 2, and 4 s. One pig tolerated this well and the other displayed
some discounting but still preference for the large lever. At this point in the experiment, the
first iteration of our device broke, and we were unable to further evaluate whether these
delays could be titrated out further in a more gradual fashion.

3.6. Experiment 2—Color Discrimination

After the response shaping, pigs began the color discrimination. Choices of the
yellow button were reinforced (blue was the comparison color). During the first phase free
choices were made throughout the session. During the second phase, a correction trial was
implemented such that if an incorrect choice was made, the same trial was immediately
re-presented but the incorrect option could not be chosen (box appeared but as inactive).
Once pigs were accurate at this, the third phase presented a more difficult conditional
discrimination where a single-colored button (green or blue) was presented in the center
and then only choices of that color were reinforced. As performance degraded in the third
phase, an FR-3 requirement was put on the center (comparison) button and also on the
choice buttons to try and increase salience. Pigs initiated trials within approximately 8 s,
but latencies to start increased as performance went down in the conditional discrimination
(Figure 3A). Similarly, number of trials completed was similar for each pig across all
conditions until performance went down (Figure 3B). Omissions were initially high for
one pig but remained low throughout the rest of testing (Figure 3C). Accuracy on the
task was very low until the correction trial was implemented and then rapidly increased
over 1–2 sessions. Performance dropped sharply during the conditional discrimination,
suggesting additional training would be needed. The FR-3 requirement was not sufficient
to rescue accuracy (Figure 3D). Pigs also had a tendency toward side biases (Figure 3E)
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and a bias toward the green color once the conditional discrimination was implemented
(Figure 3F). Supplemental Video S3 shows pigs performing the discrimination task.

Figure 2. Performance on the Delay Discounting Task (DDT) for two male pigs (Experiment 1).
Partitions from left to right indicate performance during a magnitude discrimination (only large
versus small buttons, no delays), performance on the DDT with delays of 0, 5, 10, or 20 s (incrementing
every 12 trials within the session), performance on the DDT with delays of 0, 2, 6, or 10 s after reversing
the levers and giving marshmallows on a differential reinforcement of other (DRO) behavior schedule,
performance on a second magnitude discrimination after reversing levers, and finally performance
on the DDT with delays of 0, 1, 2 and 4 s. (A) Mean latency per session to initiate trials after a tone
played indicating button availability. Latencies increased once delays were introduced. (B) Total
omissions per session. Omissions remained relatively low throughout testing. (C) Area under the
discounting curve which indicates the proportion of large/delayed/self-controlled choices made.
Pigs made progressively more impulsive choices during the first set of delays but performed better at
the low delays trained at the end.
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Figure 3. Performance on a Color Discrimination task for two female pigs (Experiment 2). Partitions
from left to right indicate performance during an initial discrimination (yellow choices reinforced),
the same discrimination but with correction trials which forces choice of the correct option after an
incorrect choice, and finally a conditional discrimination where a blue or green box was shown in the
middle and then two choice boxes presented and only choices of the presented color were reinforced.
(A) Mean latency per session to initiate trials after a tone played indicating button availability.
Latencies increased as performance worsened under the conditional discrimination. (B) Total trials
completed per session. Trials remained relatively high throughout. (C) Total omissions per session.
Omissions for one pig were large during initial performance, and then somewhat variable under the
conditional discrimination. (D) Percent correct choices. Pigs performed poorly until the correction
trials were implemented and then rapidly improved. Conditional discrimination performance was
very poor. (E) Preference for left versus right (−1 to 1 scale with 0 indicating no preference). Pigs
exhibited moderate side biases throughout testing. (F) Preference for green versus blue color (−1 to
1 scale with 0 indicating no preference). Pigs showed a strong preference toward green, which may
be more similar to the previously reinforced yellow.

4. Discussion

In the current protocol, we provide a detailed description for constructing an operant
touchscreen for pig behavioral testing and assessed two behavioral tasks, highlighting
the utility of such devices. Previously, pig behavior had largely been limited to relatively
simplistic measures or required room-sized equipment. The current touchscreen device
is only limited by the time constraints of the researcher to train. Although pigs are not
a common laboratory species for all disciplines, there are several key research areas that
could benefit from such a device.
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The fields with the strongest integration of pigs are those of pharmacology, cardiology,
cancer, and vision. Pigs have long been used for safety testing of drugs and represented a
critical translational step from rodent safety and efficacy studies [25]. For drugs affecting
peripheral physiology, the pig has made a strong model due to the many physiological
similarities. However, for psychoactive drugs, researchers have historically relied on
monkeys to obtain both efficacy data and safety data. With a touchscreen device, pigs
could become a viable alternative for testing psychotherapeutics. In vision research, pigs
were classically used from the 1960s through the 1980s [26], and in recent years there has
been a resurgence of interest in pigs to study retinal degeneration [27]. A recent study
established an obstacle course behavioral test to assay gross visual impairment [28] but a
touchscreen assay could provide much more detail on the nature and progression of deficits
by systematically manipulating the salience of stimuli.

In the field of TBI, pigs have become much more common in recent years [29]. Their
large and gyrencephalic brains make them ideal specimens for examining pathophysiology
associated with rotational damage and unique cortical damage which cannot be observed
in rodents. However, functional assessments have been much more limited. Now, func-
tional assessments with great relevance to brain injury can be used. Behavioral flexibility,
attentional impairments, and impulsivity are all symptoms of brain injury in patients
and could not be readily assessed without a device such as this. In the current paper, we
report an example of delay discounting, which could be used to measure impulsivity in
a pig model of brain injury. This would provide crucial data about a relatively common
psychiatric outcome of TBI [30]. More robust and extended behavioral batteries will need to
be developed to meet the needs of the TBI field. In particular, both assays that are rapid (for
acute studies) and those that can hold up to extended, repeat testing (for chronic studies)
will be important.

Researchers studying early life stresses and challenges may also benefit from the
inclusion of cognitive testing in pigs. During gestation, pigs are amenable to various
types of translationally relevant hypoxic, diet, and surgical interventions to affect offspring
while also offering researchers the ability to sample blood from both sow and fetus [8].
Shortly after birth, hypoxia may be induced to mimic perinatal asphyxia to study another
common developmental challenge [9]. A large portion of such research has focused on
acute therapeutics (e.g., hypothermia) and immediate outcomes (e.g., pathology) [31].
However, gaining an understanding of the potential efficacy of such treatments on long-
term cognitive function could have great benefits. A range of conditions are associated
with preterm birth (a potential indicator of pregnancy challenges), including speech and
cognitive delays and potentially even ADHD risk [32].

Still other fields are being shaped by the recent advent of transgenic minipigs. The
current device could be immediately adapted to the minipig by dropping the screen down
lower on the frame and would require no other changes. It could feasibly be used in
labs which work in both mini- and full-size species. Perhaps most immediately relevant
to studying behavior are the transgenic Göttingen minipigs for HD [5] and for AD [6].
Memory tasks or others could be easily programmed for assessment. However, these
same pigs likely have even broader applications. Systems for rapid gene editing (e.g.,
CRISPR) are now being used to reduce the cost of generating a unique transgenic minipig
for a given question of interest [33,34]. Thus, a device such as this touchscreen, with the
flexibility to design multiple behavioral assessments provides great utility for these research
questions. A small but encouraging literature exists describing these types of assessments
in pigs. Researchers have evaluated impulsivity, memory, and decision-making [14–19]
using non-touch operant devices.

While there are numerous fields that could benefit from adopting behavioral testing
using an apparatus such as the one described here, there are also several limitations to
consider. First, while we have described a method for constructing a device with relative
ease, individual researchers will still need to program relevant behavioral tests for their
questions of interest. Perhaps more challenging is the need for behavioral expertise. For
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a physiology researcher with no background, it may be difficult to adapt to the needs of
behavioral study (e.g., training time). However, colleagues in psychology and neuroscience
departments may be readily available to provide such expertise. Despite stark differences
in rat or human behaviors, many such researchers regularly program tasks such as the ones
described in this paper. Our own lab is otherwise focused on rat behavior, but were able to
design and program these tests for pigs.

Researchers must also be ready to recognize and adapt to the limitations of pig
behavior. As an example, in the current study, we quickly determined that the method by
which a pig pushed a button on a screen was not congruent with the default expectations
for the software due to a swiping motion instead of click-and-release (see Results Section 3.2
on Behavioral Topology). Problems such as this can be mitigated by adjusting software
commands (e.g., processing a response on depression of a button rather than release or
making a taller response box to record presses). Similarly, we had challenges with rooting
behaviors, and indeed our first device was broken by the pigs. Design refinements to
reduce movement and access to areas under the screen as well as move the dispenser
solved some of these problems. However, rooting is a problem that was noted as early as
1961 in a classic article titled “The Misbehavior of Organisms”. This work noted (with pigs
as one example) that there was often drift toward instinctual responses (e.g., rooting) after
extended training with food reinforcement.

The current paper represents a start to automate and extend operant testing in pigs.
There is still more work to be done to optimize behavioral training regimens which will
reflect the needs of various fields. For example, rapid acquisition tasks for short time
frames (e.g., <10 days) versus more extended in-depth repeated measurements of stable
trait behaviors. Researchers may want to extend on this and integrate other peripheral
elements or input devices. For instance, a physical button, a foot lever, or a lever which
could be manipulated with the mouth can all be integrated using the device described
here. It could even be taken into rats or other species if a suitable response device can be
found (likely an infrared touchscreen instead of resistive or capacitive). Multiple reinforcer
types could be used with a behavioral economics approach to tease out subtle aspects of
preference and motivation. Or two screens could be used alongside one another (controlled
by one Pi or coordinating multiple) to provide stronger spatial separation of choice boxes.
The shaping program described in this paper will be available on the corresponding
author’s GitHub. Additional updates to this project and programs will be made available
as they are developed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines10102612/s1. Three videos are available which show the first device (Video S1),
acquisition of pressing behavior (Video S2), and the color discrimination (Video S3). A schematic for
the PCB in provided as S4. A program and other online resources are provided on the corresponding
author’s GitHub repository, https://github.com/VonderHaarLab/.
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Abstract: In recent decades, the pig has attracted considerable attention as an important intermediary
model animal in translational biobehavioral research due to major similarities between pig and
human neuroanatomy, physiology, and behavior. As a result, there is growing interest in using
pigs to model many human neurological conditions and injuries. Pigs are highly intelligent and
are capable of performing a wide range of behaviors, which can provide valuable insight into the
effects of various neurological disease states. One area in which the pig has emerged as a particularly
relevant model species is in the realm of neurotrauma research. Indeed, the number of investigators
developing injury models and assessing treatment options in pigs is ever-expanding. In this review,
we examine the use of pigs for cognitive and behavioral research as well as some commonly used
physiological assessment methods. We also discuss the current usage of pigs as a model for the study
of traumatic brain injury. We conclude that the pig is a valuable animal species for studying cognition
and the physiological effect of disease, and it has the potential to contribute to the development of
new treatments and therapies for human neurological and psychiatric disorders.

Keywords: neurotrauma; traumatic brain injury; translational neuroscience; large animal; behavior;
swine; pig; cognition; physiology

1. Introduction

Translational neuroscience within biomedical research is a rapidly growing field,
aiming to bridge the gap between basic science and clinical applications by using the
findings from preclinical studies to develop more effective interventions and treatments for
human neurological disorders and injuries [1,2]. The use of animal models is an essential
step in the research process as these models provide a means to study the underlying
mechanisms behind various disease states and the holistic effects of interventions in a
living system [3]. The development of animal models that accurately replicate aspects of
human neurological conditions is key to the success of translational neuroscience research.
In this regard, pigs (sus scrofa) have emerged as a highly valuable model species due to
notable similarities between pig and human neuroanatomy, physiology, and behavior [4–7].

Over the past several decades, the pig has gained significant attention as a model
animal for translational and biobehavioral research, particularly in the fields of neuro-
trauma and cognitive neuroscience. The relative cognitive complexity, social behavior, and
overall body composition of the pig make it an exceptional model organism for studying
various disease states [8,9]. Pigs have been used extensively in studies of pharmacology
and toxicology as a major translational model due to their vast biochemical similarities to
humans [10]. Another important aspect of biomedical engineering is the development of
new equipment and testing the diagnostic and prognostic potential of new methods and
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therapies. The pig is instrumental in this regard, as its large body size allows the use of
equipment and modalities with results that can be immediately applicable to humans [11].

This review will examine the different ways in which pigs are used to study cognition
and behavior. We will highlight many commonly used behavioral tasks that pigs are capable
of performing as well as several contemporary physiological assessments. We will also
highlight the use of pigs for the study of traumatic brain injury as many pig models of brain
injury have been developed, as well as how these models contribute to our understanding
of brain function and dysfunction in humans. Finally, we will discuss the future directions
of pig-based translational biobehavioral research, including the development of advanced
techniques for assessing pig behavior, and the potential of pig models for studying novel
treatments for neural injuries and neuropsychiatric disorders.

2. Review

2.1. Preclinical Research

Preclinical research is an essential step in advancing our understanding of neurological
disorders and developing effective treatments. Animal models play a crucial role in pre-
clinical neuroscience, providing valuable insights into the underlying mechanisms of brain
function and dysfunction in a living system. There are several advantages to using animal
models, including the ability to control experimental variables, genetic manipulations,
perform invasive procedures, and analyze biological samples in ways that cannot be done
in human subjects [12]. Over the past century, various animal species have been used
to model diseases and conditions in neuroscience research [13]. Of these various animal
model species, the most common and well-characterized are rodents, specifically mice and
rats [14].

Rodent models have greatly advanced our understanding of fundamental neurologi-
cal processes. Notably, rodent research has contributed to the study of neuronal function,
synaptic plasticity, neurotransmission, and connectivity [15,16]. Rats and mice have been
used extensively to model a wide range of neurological and psychiatric disorders, including
neural injury, degenerative diseases, and psychiatric conditions such as depression, anxiety,
and drug addiction [17]. By replicating these disorder-related conditions and phenotypes,
researchers can investigate the underlying mechanisms behind the disorders, study disease
progression, and develop and test the efficacy of potential therapeutic interventions. Pre-
clinical rodent research continues to play a critical role in the development and evaluation
of novel therapeutic interventions. Rodent models have been used to test pharmaceutical
interventions, gene therapies, and various other treatments, with many showing great
promise [18]. Rodents and humans share many physiological and genetic similarities,
thus rodent studies allow for rigorous preclinical testing of interventional strategies for
neurological disorders before moving on to human trials.

2.2. Translational Considerations

The use of rodent models in preclinical research has contributed significantly to the
development of a wide variety of treatments for various neurological disorders. Although
many potential treatments have shown promise in rodents, the vast majority of the thera-
peutics tested have failed in clinical trials [19,20]. Many researchers speculate that one major
contributing factor toward the low rate of translational success is due to the anatomical and
physiological differences between humans and rodents [6]. The anatomical differences be-
tween rodent and human brains are considerable. Rats and mice have small lissencephalic
brains with a low white to gray matter ratio [6]. In this regard, rodents may be a less-than-
ideal model organism for the study of diseases that have a major effect on white matter
regions, such as Multiple Sclerosis [21]. Additionally, the lack of cerebral convolutions
can be problematic for studies of brain injury as stress generated by mechanical insult
tends to be distributed more evenly across surface areas in smooth brains [22]. In contrast,
the presence of gyri and sulci in the human brain focuses mechanical stress toward the
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base of the sulci, deeper into the center of the brain and in close proximity to white matter
regions [22].

While the overall organization of brain structures is fairly similar between primates
and rodents, investigators are learning that the functions of these brain regions may not
be as alike as previously thought [23]. A recent report by Hodge et al. (2019) has demon-
strated considerable differences in the expression of genes among similar cell types within
mouse and human brains [24]. In this study, researchers used single-cell transcriptomics to
characterize various cell types in the cortex of mice and the human middle temporal gyrus.
They then compared the expression of genes in homologous cell types and found that
among similar cell types, there were major divergencies in the expression of neurotrans-
mitter receptors, ion channels, extracellular matrix elements, and cell-adhesion molecules
between species [24]. This divergent expression of key signaling elements could help to
provide some justification as to why the translation rate of pharmacological treatments for
neurological disorders has been so low.

2.3. Similarities of the Pig Brain

The pig brain shares many structural and functional similarities with the human brain,
including comparable cortical organization, anatomical structure (as shown in Figure 1),
gray and white matter ratio, and regional distribution of neurotransmitter systems [25,26].
They have a similar brain size and structure to humans, with analogous cortical folding,
white matter tracts, and subcortical structures [27,28]. Additionally, pigs exhibit similar
patterns of brain development, allowing researchers to investigate the underlying neurode-
velopmental processes associated with developmental disorders [29].

 

Figure 1. The gross anatomy of the pig brain shows similarities to human brains. (a) Photograph of
an adult Yucatan minipig brain in sagittal view. This image shows the gross gyrencephalic anatomy
of the pig cortex, depicting the presence of cerebral convolutions (gyri and sulci). (b) A 10× image
of 5 μm thick brain slice stained for Luxol fast blue showing considerable white matter tracts in the
Yucatan minipig cortex. Dark areas indicate the presence of myelin.

The pig brain undergoes a period of rapid growth and development during the peri-
natal period, which is comparable to human brain development during late gestation
and early infancy [25,30,31]. Another important similarity to humans is the chronological
development pattern of the neocortex; comparative studies demonstrated that the neu-
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rogenesis of a domestic pig is completed before term [29]. Additionally, imaging studies
using Diffusion Tensor Imaging (DTI) have demonstrated that the myelination rate in the
corpus callosum of pigs is similar to humans [25]. Pigs also exhibit many human-relevant
behaviors, such as social structure, enabling the investigation of complex cognitive func-
tions that are often impaired in human neurological disorders such as learning, memory,
and social behavior [32–34]. Moreover, the pig’s physiology and metabolism are closer
to humans compared to smaller animal models, enabling a more accurate evaluation of
pharmacokinetics and treatment responses [35,36]. Collectively, these factors make the pig
a valuable model for studying human neurological conditions and injury, facilitating the
translation of preclinical findings to clinical applications, and enhancing our understanding
of these complex disorders.

2.4. Pig Cognition and Behavior

Behavioral assessment in preclinical research provides a bridge between basic neu-
roscience and clinical applications. The study of cognition and behavior is essential for
understanding brain function and modeling human disorders. Many neurological and
psychiatric disorders manifest as cognitive and behavioral impairments. By observing
and quantifying behavioral responses in animal models, researchers can investigate vari-
ous aspects of brain function, including sensory perception, motor control, learning and
memory, social behavior, and emotional processes. Pigs possess a high level of cognitive
complexity, exhibiting a wide range of behaviors and mental abilities that are relevant to
studying human cognition. Pigs demonstrate advanced social behavior, problem-solving
skills, spatial memory, and learning capabilities. In order to use pigs as a model animal
for biobehavioral research, it is important to have reliable methods for assessing their
behavior. Direct observation and scoring are commonly used, as well as video recording
and computerized analysis, which enable researchers to monitor and measure behavioral
parameters with high precision and accuracy. Automated systems, such as accelerometers
and radio-frequency identification (RFID), are also being developed for monitoring pig
behavior in a non-invasive manner. The advancement of technology continuously facilitates
the development of sophisticated and precise behavioral assessment methods.

2.4.1. Spatial Memory and Maze Tests

Spatial memory deficits are observed in various neurological disorders. Maze tests
can be used to assess spatial learning and memory in pigs. Pigs are trained to navigate
through mazes, such as T-mazes or radial arm mazes, to locate rewards or escape routes.
The T-maze apparatus consists of a central stem and two perpendicular arms, forming a
T-shape. The stem is typically a long corridor or runway, while the arms are shorter and
lead to distinct goal areas that customarily have a food reward. Similarly, a radial arm maze
consists of a central hub and several radiating arms, typically eight, arranged in a circular
pattern. Performance in these tests can reveal a pig’s ability to remember and utilize spatial
information. A T-maze was used to evaluate a pig’s spatial cognition after brain injury,
published by Kinder et al. (2019). They found that pigs with a brain injury required more
time to make a decision and were less accurate when deciding which arm of the maze
would contain a reward [37]. Similarly, Singh et al. (2019) found that pigs with hypoxia-
ischemia (HI) performed more slowly in a T-maze compared to control pigs, suggesting that
HI pigs have poorer working memory [38]. While less common, the eight-arm radial maze
has also been used to assess spatial cognition in pigs. In a study published by Chen et al.
(2021), neonatal pigs whose diets were supplemented with lactoferrin were able to reach
learning objectives in the radial maze faster than the experimental controls [39]. These
studies show that maze tasks are valuable assessment tools for their use with pigs.

The spatial hole board test is another commonly used assessment to test spatial learn-
ing and working memory in pigs [40,41]. The apparatus typically consists of a rectangular
platform with evenly spaced holes or containers. During testing, food rewards or pellets
are placed into some of the holes, while other holes are left empty. Pigs are tasked with
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retrieving the food in the most efficient way possible without returning to holes which have
already been explored. Performance can be measured by the number of correct choices, the
latency to find rewards, and the pattern of exploration. A recent study by Clouard et al.
(2022) reported that pigs who were fed oligosaccharides spent more time in between visits
to different baited buckets, which resulted in higher scores for memory and fewer errors.
The researchers concluded that the pigs who were fed oligosaccharides demonstrated
higher executive functioning than the controls who exhibited more sporadic, hyperactive
behavior [42].

A spatial baited ball pit task was first published by Netzley et al. (2021), wherein food
rewards were distributed evenly throughout a shallow pool and hidden under colorful
plastic balls (Figure 2). The investigators found that over the course of several weeks,
healthy pigs become faster and more accurate at retrieving the rewards [43].

 

Figure 2. The baited ball pit—a novel spatial test to assess cognition and memory in pigs. (a) An
overhead view of the apparatus and placement of food rewards (black circles with white outlines).
(b) Photo showing a Yucatan minipig engaged in the ball pit task.

2.4.2. Object Recognition and Discrimination Tests

Object recognition tests can be used to assess the ability of pigs to discriminate between
colors, shapes, or familiar and novel objects. These tasks test recognition memory, and often,
the training for these tasks involves familiarizing the animal with a certain object and later
presenting the trained object alongside one or more new or incorrect objects. For example,
a three-choice color discrimination task was used to assess recognition memory in minipigs
by Schramke et al. (2016). Pigs were presented with three colored boxes (blue, red, and
yellow), each containing a food reward. Pigs were trained to recognize that only the blue
box could be opened, while the red and yellow boxes were sealed. This task was given to
both healthy pigs and pigs modeling Huntington’s Disease, although no differences in task
performance between groups were found [44]. Ao et al. (2022) developed a rack-mounted
touchscreen device for pigs given a color discrimination task. Briefly, a touchscreen monitor
was placed on an audio rack, and an automatic pellet dispenser was positioned across the
room. Pigs were tasked with snout-touching a colored shape on the screen, and successful
touches were reinforced with an audio cue while a fruit-flavored pellet was deposited from
the dispenser [45].

2.4.3. Social Interaction and Aggression Tasks

Social interaction tests are used to evaluate a pig’s social behavior and cognition.
They often involve introducing a subject to an unfamiliar pig in order to observe social
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interactions between animals, dominance hierarchies, play behavior, and social recognition.
A voluntary human approach test was conducted by Wegner et al. (2020), which revealed
that pigs who approached a motionless human observer more quickly were more likely to
engage in forceful means of contact, i.e., biting, when compared to pigs who were more
reserved [46]. Aggression tests assess aggressive behavior and response to social challenges
in pigs. In these tests, pigs are introduced to stimuli or provocations that elicit aggressive
responses, such as competing for resources or territorial intrusions. One example of a
dominance task was published by Schramke et al. (2016). Two pigs were led into a tunnel
separated by a trap door. The trap door was removed, and the more dominant pig pushed
past the less dominant one in order to reach a food reward given behind the opposing
pig [44].

2.4.4. Vocalization Analysis

Vocalization analysis involves recording and analyzing the vocalizations emitted
by pigs in different contexts. It provides insights into their communicative behaviors,
emotional states, and responses to stimuli. Pigs are a vocal species, who communicate
in a herd by calling to one another. A speech recognition paradigm for pigs was recently
developed by Wu et al. (2022), utilizing a fusion network that combines both spectral
and audio features to classify individual pig speech patterns [47]. Vocal expression has
also been used to assess emotional states in pigs. In a study by Briefer et al. (2022), pig
vocalizations were used to develop an automated vocal recognition system to monitor
animal welfare in a farm setting [48].

2.4.5. Fear and Anxiety Tasks

Fear and anxiety tests assess an animal’s responses to fear-inducing stimuli, such as
open fields, sudden loud sounds, or even unfamiliar objects and locations. Observing
behaviors like freezing, avoidance, or elevated stress markers can provide insights into
porcine emotional states and stress responses. The open field test is a widely used behav-
ioral test to assess exploratory behavior, locomotor activity, and anxiety-like responses in
animals including pigs. The test is traditionally conducted in a square or rectangular arena,
usually made of an open and brightly lit area, devoid of any specific cues or obstacles. The
animal is placed in the center of the arena, and their behavior is recorded and analyzed. In
pigs, typical behavioral parameters include the distance traveled, exploration of different
zones such as the center or periphery of the arena, and specific behaviors such as rearing,
sniffing, and defecation [49]. These measures provide insights into the animal’s exploratory
behavior, as well as anxiety levels. For example, greater distance traveled, and more time
spent in the center of the arena are indicative of reduced levels of anxiety. On the other hand,
freezing, defecating, and staying near the walls of the arena may indicate higher anxiety
levels (Figure 3) [43,50]. In a study published by Haigh et al. (2020), it was determined
that pigs who were bitten by other members of the herd exhibited more anxious behaviors
in the open field compared to pigs who committed the biting acts [49]. Overall, the open
field test is a well-established and widely used method to evaluate behavior in animals,
including pigs, and has contributed significantly to our understanding of anxiety-related
behaviors and exploratory tendencies.

Behavioral assessment is a fundamental component of preclinical neuroscience re-
search, providing valuable information about the functioning of the nervous system and
its relationship to behavior. It plays a crucial role in the development and evaluation of
potential treatments for neurological and psychiatric disorders, ultimately contributing to
the advancement of clinical neuroscience. Table 1 (below) lists several key behavioral assess-
ments conducted in pigs and the various experimental conditions that have been evaluated.
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Figure 3. Example of pig locomotor activity in the open field. Coordinates were taken from the top
of the head of a healthy Yucatan minipig over the course of 10 min via overhead video monitoring.
Observations indicate that this individual spent much of their time rooting along the walls near the
entrance to the chamber (top left corner). This can indicate some level of anxiety and the desire to
escape the chamber.

Table 1. Summative table of highlighted behavioral tests used in pigs.

Type of Test Authors Experimental Condition

Maze Tasks
Kinder et al., 2019 [37] Traumatic Brain Injury
Singh et al., 2019 [38] Hypoxia-Ischemia
Chen et al., 2021 [39] Diet

Spatial and Hole board
Clouard et al., 2022 [42] Diet

Netzley et al., 2021 [43] Healthy

Object Discrimination
Schramke et al., 2016 [44] Huntington’s Disease

Ao et al., 2022 [45] Healthy

Socialization
Wegner et al., 2020 [46] Healthy

Schramke et al., 2016 [44] Huntington’s Disease

Vocalization
Wu et al., 2022 [47] Healthy

Briefer et al., 2022 [48] Healthy

Open Field Haigh et al., 2020 [49] Tail biting

2.5. Physiological Assessments

Preclinical researchers utilize physiological assessments to gain a deeper understand-
ing of the underlying biological mechanisms that drive changes in cognition and behavior.
These assessment methods provide valuable data on various physiological parameters,
such as heart rate, blood pressure, respiration rate, hormonal levels, and neural activity.
Physiological assessments can be particularly important in preclinical research because
they provide objective and quantitative measurements of biological processes that may
not be directly observable through behavioral assessments alone. These assessments also
help researchers investigate the effects of experimental manipulations on the function of
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different organ systems, including the cardiovascular, respiratory, endocrine, and nervous
systems. For example, researchers can use electroencephalography (EEG) or functional
magnetic resonance imaging (fMRI) to study brain activity patterns and neural responses.
They can measure neurotransmitter levels or hormone concentrations to examine the im-
pact of experimental interventions on biochemical signaling. Physiological assessments
also enable researchers to monitor vital signs and physiological parameters during different
experimental conditions, helping to ensure animal welfare and safety during the study.

2.5.1. Real-Time Physiological Monitoring

As technology advances, more accessible physiological monitoring devices have been
developed. Pigs have been equipped with many of the technologies used to monitor health
and wellness in humans. Wearable electrocardiograms have been used to monitor heart
rate and blood pressure in pigs in a study published by Nachman et al. (2020). They
found that the wearable device was able to consistently monitor these parameters in pigs
with hemorrhagic shock despite unstable physiological conditions [51]. Other wearable
devices have been used to monitor the health of pigs in research. Healthy minipigs were
outfitted with human Fitbit® devices in Netzley et al. (2021) in order to track their activity
during the course of a 12 h day, finding that the pigs were most active between the hours of
12 pm and 4 pm [43]. While wearable devices are desirable for human patients, pigs are
curious and often chew anything they can reach, thus some studies may facilitate a need
for implantable monitoring equipment. Martinez-Ramirez et al. (2022) demonstrated the
capability of subdural implanted EEG monitoring systems for the long-term assessment
of post-traumatic epilepsy in freely ambulating pigs for up to 13 months [52]. As a whole,
pigs provide a fantastic model in which to test the validity of various novel devices or to
use pre-established technologies for comparison to human data.

2.5.2. Neuroimaging

Neuroimaging plays a crucial role in translational research by providing valuable
insights into the structure, function, and connectivity of the brain. Imaging studies can
bridge the gap between preclinical studies and clinical research by facilitating the translation
of findings from the laboratory to real-world applications. Neuroimaging techniques, such
as magnetic resonance imaging (MRI), positron emission tomography (PET), and functional
MRI (fMRI), allow researchers to non-invasively visualize and study the living brain. These
techniques enable the investigation of brain abnormalities and alterations associated with
various neurological and psychiatric disorders, providing crucial information for diagnosis,
treatment planning, and monitoring responses to treatment. Additionally, neuroimaging
provides a means to identify biomarkers, which can serve as objective measures of disease
presence, progression, and treatment outcomes. By utilizing modern imaging techniques,
researchers can better understand the underlying mechanisms behind brain disorders,
evaluate the efficacy of interventions, and develop personalized treatment approaches.

The considerable biological similarities between pigs and humans make pigs a highly
sought-after animal model for neuroimaging studies. Pig brains are anatomically similar to
human brains (Figure 4), and the large body size of the pig allows researchers to utilize
clinically available equipment and techniques to study various neurological conditions.
The function of the pig brain is also remarkably similar to humans. Through resting-state
fMRI (rs-fMRI), Simchick et al. (2019) demonstrated that pigs have homologous resting
state networks similar to humans [53]. These networks include executive control, cerebellar,
sensorimotor, visual, auditory, and default mode networks. These similarities can help
researchers to better understand how different disease states may affect the functional
connectivity of the brain. As such, Diffusion Tensor Imaging (DTI) was used to assess
fractional anisotropy in pigs with hypoxic ischemia, as published by Lee et al. (2021).
Specifically, they found that DTI could be used as a diagnostic tool for identifying pigs with
more swollen astrocytes in the striatum [54]. Because of the considerable similarities that
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the pig brain shares with the human brain, pigs serve as an excellent resource for testing
the efficacy of novel therapeutic interventions.

 

Figure 4. T2-weighted anatomical MR images of a minipig brain showing (a) coronal slice, (b) sagittal
slice, and (c) axial slice. Gyri and sulci are clearly visible as well as regions of white matter.

2.6. Pigs as a Model Animal for Traumatic Brain Injury Research

In translational neuroscience, pigs are most commonly used for the study of traumatic
brain injury (TBI). TBI is a major public health issue throughout the world, affecting millions
of people annually and contributing to significant morbidity and mortality rates [55]. The
Center for Disease Control and Prevention defines TBI as any disruption in brain function
caused by an external force, such as a blow or jolt to the head. The severity of TBI can
range from mild, such as a concussion, to severe, which often results in coma or death [56].
The pathophysiology of TBI is complex and involves both primary and secondary injury
mechanisms, including mechanical damage to brain tissue, excitotoxicity, oxidative stress,
inflammation, and cellular apoptosis [57,58]. Despite extensive research, effective treat-
ments for TBI are still lacking, highlighting the need for improved understanding of the
underlying mechanisms and the development of new therapeutic approaches [59]. There
has been a growing concern among TBI researchers that a major reason for the poor clinical
translation of treatments for TBI may be due to the animal models used [7]. As with most
neuroscience research, TBI has traditionally been studied using rodent models. While the
use of rats and mice has greatly increased our understanding of the cellular and molecular
mechanisms behind neural injury, there are several key differences between rodent and
human brains that can make it difficult to accurately predict the effects of potential treat-
ments in humans based on rodent studies alone. As a result, there is increasing interest in
using larger, more complex animal species, such as pigs, to better model the effects of TBI
in humans and improve the translational potential of TBI research.

Studies That Use Pigs for TBI Research

The pig has been used to model various causes of TBI insults. One common method
to induce TBI is the controlled cortical impact (CCI) [60]. CCI involves a craniotomy that is
performed to expose the targeted region of the brain, usually the frontal or parietal cortex
under general anesthesia. A pneumatic or electromagnetic impactor device is then used
to deliver a controlled impact to the exposed brain tissue. The impactor is aligned and
positioned to ensure accurate and consistent delivery of the impact. Researchers can adjust
parameters such as impact velocity, depth, and dwell time to control the severity of the
injury [61]. Following the impact, the craniotomy is typically covered with a protective
material, and the scalp incision is sutured. While this is a well-characterized method for
preclinical TBI in pigs [37,61–65], most human brain injuries are closed-head injuries [66].
Craniotomy-based models primarily mimic open-head injuries such as impalement or
gunshot wounds, which may not fully capture the complexities and mechanisms of closed-
head injuries, as the CCI is typically conducted with the pig’s head secured in a stereotaxic
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frame, not allowing for any movement of the head during impact. Nevertheless, studies
using the CCI to induce TBI have led to crucial understanding on primary and secondary
injury mechanisms [67,68].

In contrast, rotational acceleration models in pigs involve the application of rotational
forces to induce brain injury [69–72]. The procedure typically involves a specialized
device that allows controlled rotational movement [69]. Under general anesthesia, the
head is positioned securely to ensure accurate and consistent delivery of rotational forces.
The rotational acceleration can be achieved using various methods, such as a custom-
built device, a pendulum, or a rotational platform. The force and duration of rotation
can be adjusted to control the severity of the injury. During rotation, the pig’s head
undergoes angular acceleration, leading to the deformation and shearing of brain tissue,
which mimics the rotational forces experienced during closed-head TBIs in humans. The
pig’s relatively large brain size is needed to make scaled-up acceleration achievable. The
rotational acceleration is a strong biomedical predictor in human TBI necessary to generate
the characteristic manifestations used to diagnose severity: mild TBI with diffuse injury
and no imaging abnormalities; moderate TBI with 30 min–24 h of unconsciousness; and
severe TBI with over 24 h of unconsciousness. Therefore, rotational acceleration in pigs is
vital for preclinical TBI studies to recreate the actual mechanisms and manifestations of
human injury and bridge the translational gap in neurotrauma research.

Though less common than CCI or rotational acceleration models, pigs are also used
to study the effects of blast injury to the brain [73–75]. The blast injury model involves
exposing an anesthetized animal to a shockwave generated by an explosive or compressed
gas. This model is specifically designed to simulate blast-related TBI, which occurs due
to the impact of explosive forces on the brain such as those experienced by military per-
sonnel in active combat. Blast TBI is often associated with complex injury mechanisms,
including primary blast waves, secondary injury from flying debris, and tertiary injury
from body displacement. The blast model enables researchers to investigate the unique
aspects of blast-induced brain injury, including the effects of shockwaves on brain tissue,
neuroinflammation, and cognitive impairments (Table 2).

Table 2. Types of approaches used to model TBI in pigs.

Input Methods Authors

Controlled Cortical Impact

Kinder et al., 2019 [37]
Simchick et al., 2021 [62]
Baker et al., 2019 [63]
Manley et al., 2006 [64]
Wang et al., 2023 [65]

Rotational Acceleration

Cullen et al., 2016 [69]
Mayer et al., 2021 [71]
Mayer et al., 2022 [70]
O’Donnell et al., 2023 [72]

Blast Injury
Chen et al., 2017 [73]
Kallakuri et al., 2017 [74]
Cralley et al., 2022 [75]

Each of these TBI models has advantages and limitations, and the choice of injury
model depends on the specific research questions and objectives. The different models play
crucial roles in elucidating the pathophysiology of TBI, exploring therapeutic interventions
and advancing our understanding of the mechanisms underlying brain injury.

Nevertheless, there are important considerations regarding the effects of TBI when
conducting research on pigs. Specifically, there is a species-specific complication that is
well known in the swine industry, porcine stress syndrome (PSS). PSS is a hereditary
disorder that affects pigs, particularly Landrace and Yorkshire breeds [76]. This condition
can have detrimental effects on imaging and behavioral data as PSS is characterized by a
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hypermetabolic response and is triggered by stressors such as handling or transport. Care
must be taken to reduce stress in animals susceptible to PSS.

2.7. Considerations for Conducting Pig Research

Pigs can serve as an incredibly beneficial intermediary model species to bridge the
gap between small animal research and clinical studies. While there are many benefits to
using pigs in research, there are also several considerations that need to be addressed when
designing studies that will use pigs.

Financial cost: The costs associated with using pigs for research can be much higher
compared to small laboratory animals such as rodents. The initial costs to acquire pigs can
vary depending on the specific breed, age, and supplier. Pigs bred specifically for research
tend to be more expensive than those bred for agricultural purposes. Additionally, pig
welfare is regulated under the United States Department of Agriculture, thus requiring
specialized housing facilities with adequate space, ventilation, temperature control, and
waste management systems. The overall size and difficulty of working with pigs can
necessitate specially trained animal care staff to handle daily care such as feeding, health
monitoring, and handling. Veterinary services such as routine health checkups, vaccina-
tions, and treatment of any health issues should also be considered when budgeting for
pig research. Further, conducting research with pigs often requires specialized supplies,
equipment, and instrumentation. Often, clinical surgical tools and imaging equipment can
be used; however, behavioral testing equipment generally must be specially engineered.

Lack of commercially available equipment: At present, there is limited availability of
commercially available research supplies designed for working with pigs. Pigs are used in
a wide range of research areas, and the various research applications require specialized
supplies tailored to specific research objectives. The limited number of researchers who
currently work with pigs and the diversity of research needs result in a lack of incentive
for market suppliers to generate equipment for pig research. Additionally, pigs come in
various sizes depending on breed and age. This size variability also makes it challenging to
develop standardized research supplies that can accommodate the different sizes of the
animals. Researchers often need to rely on adapting or modifying supplies used for other
animal species, such as sheep or dogs. It is not unusual for research groups to commission
customized equipment from vendors or to engage in an in-house fabrication of supplies.

Limited genetic tools: While pigs are becoming increasingly popular as a model
organism in many fields of research, the genetic tools for working with pigs are limited
compared to rodent species. Pigs have a larger and more complex genome than rats and
mice, which can pose a challenge for genetic manipulation.

While these considerations and limitations exist, pigs offer unique advantages as a
model organism for certain research questions, particularly in areas that require larger
animal models with a closer resemblance to human physiology and behavior. Researchers
must carefully weigh these factors and design experiments accordingly to maximize the
benefits and minimize the limitations of using pigs for research purposes.

3. Discussion

Pigs have attracted much attention as a highly valuable model organism within the
field of neuroscience. Pigs provide unique advantages and challenges for researchers
interested in studying aspects of neural injury and disease that cannot be fully replicated
in small animal models. Widely regarded for their similarities to humans in terms of
neuroanatomy and neurodevelopment, pigs can help bridge the gap between small animal
preclinical neuroscience and clinical applications. Pigs are particularly useful for studying
cognition, behavior, and physiology in a variety of human health and disease states. Here,
we have touched upon many of the commonly used behavioral tests, which have been
conducted in pigs to demonstrate their intelligence and cognitive complexity. The range
of relevant behaviors that pigs engage in can help researchers to identify more subtle
differences in how a disease may affect an individual. Many easily replicable tests have
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been developed for use in pigs, and with the advancement of technology, more complex
and integrative assessments are being conceptualized. Pigs are highly social animals who
engage in their own forms of communication, social hierarchies, and emotional responses.
The size of the pig allows for the usage of various wearable and implantable physiological
monitoring devices, and neuroimaging studies can be conducted using the same equipment
found in a clinical setting. Pigs are becoming one of the most sought-after model organisms
for studying neurotrauma, as there are many aspects of brain injury that are unable to be
replicated in a lissencephalic model species.
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Abstract: Astrocytes are essential to virtually all brain processes, from ion homeostasis to neurovas-
cular coupling to metabolism, and even play an active role in signaling and plasticity. Astrocytic
dysfunction can be devastating to neighboring neurons made inherently vulnerable by their polarized,
excitable membranes. Therefore, correcting astrocyte dysfunction is an attractive therapeutic target to
enhance neuroprotection and recovery following acquired brain injury. However, the translation of
such therapeutic strategies is hindered by a knowledge base dependent almost entirely on rodent
data. To facilitate additional astrocytic research in the translatable pig model, we present a review of
astrocyte findings from pig studies of health and disease. We hope that this review can serve as a
road map for intrepid pig researchers interested in studying astrocyte biology.
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1. Introduction

Astrocytes, the most abundant cell type in the brain, were once believed to play only a
supporting role in brain function. However, research over the last few decades has revealed
that they are active participants in nearly all facets of brain activity. They maintain ion
gradient homeostasis essential for brain function, prevent edema, remove glutamate from
the extracellular space, couple neuronal activity to changes in blood flow and glucose
uptake, and engage directly in signaling events and plasticity mechanisms. As the hub
between the vasculature and the synapse, they are also central to anabolic and catabolic
metabolism in the brain, processing glucose for energy substrates (glycogen, lactate, etc.)
or to synthesize essential molecules like glutamate, as well as providing antioxidant pro-
tection to neighboring neurons and performing the essential task of fixing NH4 to allow
incorporation of nitrogen into biological molecules. Neurotrauma and neurodegenerative
diseases that impact these essential astrocytic functions can be devastating to the brain
and the organism as a whole (for reviews, see [1–8]). Their central role in facilitating both
healthy brain function and the mechanisms of neurotrauma and neurodegenerative disease,
combined with their resilience relative to neighboring neurons, make astrocytes a very
attractive therapeutic target [9–11]. Translating such therapies will require investigations in
a large animal model like pigs to investigate the mechanisms and manifestations of human
injuries more closely.

The overwhelming majority of our astrocyte knowledge stems from research in rodents
due to their low cost and ease-of-use. However, recent genetic brain atlas comparisons
between mice, pigs, and humans revealed greater variability between humans and mice
relative to humans and pigs [12], and the distribution of splice variants of glutamate
transporters (a signature family of astrocytic proteins) also shows a greater similarity
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between pigs and humans relative to mice and humans [13], suggesting that translation of
knowledge even at the level of cell biology should involve a large animal model like the
pig at some stage. In addition to the cellular similarities between humans and pigs (relative
to rodents), pigs are high-fidelity models for the translational study of acquired brain
injury due to their large gyrencephalic brains, structural similarities in limbic, subcortical,
diencephalic, and brainstem regions, high white-to-gray matter ratio, and similar basal
cistern geometry, among other features [14–22]. Due to their relatively large brain mass,
pigs offer the unique opportunity to recreate rotational acceleration injury, the predominant
mechanism of human traumatic brain injury (TBI), which in turn presents the unique
opportunity to study TBI manifestations that cannot be recreated in rodents, such as coma
and other disorders of consciousness [14,23]. Head rotational acceleration TBI in pigs also
recreates acute crises such as apnea and increased intracranial pressure, which, coupled
with their large size providing compatibility with clinical neuromonitoring equipment,
makes them an ideal model for studying neurocritical care [24].

Beyond direct brain injury, we will also discuss studies of astrocytes in pigs that have
experienced indirect brain injuries through mechanisms such as cardiac arrest, sepsis, and
others. While we will have inevitably overlooked some research works, we believe that this
neurotrauma-forward review provides a near-comprehensive assessment of studies that
have assessed astrocytes in pigs. Such a review would be impossible in rodent literature,
further emphasizing the relative lack of, and need for, astrocyte research in pigs.

2. Investigations of Astrocyte Structure and Function in the Porcine Brain

To date, there have been several studies that have investigated the structure and
function of astrocytes in the pig brain. Porcine astrocytes have been investigated in vivo,
in slice culture, histologically, and using cell culture techniques. Here, we review the
details of these studies to highlight what is known about porcine astrocytes. We only
discuss elements of these publications that are relevant to astrocytes in the porcine brain.
Furthermore, as it can be difficult to find histological antibodies for pig specimens, we
summarize all available antibody information from the reviewed papers in Supplementary
Table S1.

2.1. Glutamate Transporters

The astrocytic sodium-dependent glutamate transporters GLAST (GLutamate
ASpartate Transporter) and GLT-1 (GLutamate Transporter-1) are responsible for clearing
glutamate from the extracellular space. Glutamate is the primary excitatory neurotransmit-
ter in the mammalian brain and also, paradoxically, a potent neurotoxin. Therefore, one
of the most obvious and important tasks astrocytic glutamate transporters perform is the
constant clearance of glutamate from the extracellular space to prevent excitotoxic neuronal
death. However, astrocytic glutamate transporters and associated calcium signals appear
integral to many brain functions. Glutamate uptake into fine astrocytic processes results in
local reversal of the sodium/calcium exchanger that positions astrocytic mitochondria near
GLT-1 clusters that are servicing active synapses [25]. Aside from facilitating glutamate
oxidation, local calcium signals in fine astrocytic processes appear between neighboring
mitochondria, very rarely extending past a mitochondrion. However, when astrocytic
mitochondria were damaged via transient oxygen/glucose deprivation in organotypic hip-
pocampal slices (rat), most of these calcium signaling events extended beyond neighboring
mitochondria [26]. These observations suggest that glutamate transporters may provide
additional information integration via astrocytic calcium signaling between local synapses
facilitated by mitochondria in fine astrocytic processes and that trauma can disrupt this
communication. Astrocytic glutamate transporters are vitally important to brain function,
but little is known about them outside of rodent models.

The Pow lab published a detailed article describing the expression patterns of the
glutamate transporters GLAST, GLT-1alpha, and GLT-1v in the Large White/Landrace
porcine brain [13]. They conducted immunohistochemistry for these three transporter
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proteins as well as GFAP in the coronal and sagittal sections of the porcine brain. They
reported the highest level of immunoreactivity to GLAST in the cerebellum, with strong
labeling in the Bergmann glial cells of the molecular layer and less labeling of astrocytes
in the granular cell layer. The porcine hippocampus also expressed high levels of GLAST,
with significant labeling in areas CA1, CA2, CA3, and the dentate regions. Additionally,
there was GLAST labeling in the molecular layers of the fascia dentate and the hilar region
of the dentate such that certain layers stained more strongly for GLAST than others. GLAST
labeling was evident in all cortical gray matter layers. The motor cortex was evenly labeled
for GLAST expression, while the frontal and temporal cortices had patchy labeling with
some strongly immunoreactive areas interspersed with areas of weakly labeled tissue. These
patchy areas were not contained within any specific cortical regions but rather seemed
to be present in all cortical layers. GLAST co-labeled with GFAP in these patchy cortical
regions. There was strong labeling of GLT-1alpha in the cortex, putamen, hippocampus,
thalamus, and cerebellum. There was little labeling of GLT-1alpha in the forebrain white
matter (Figure 1). In the cerebellum, GLT-1alpha was strongly labeled in Bergmann glial
cells of the molecular layer, in astrocytes in the granular layer, and in the deep cerebellar
nuclei. There was also significant GLT-1alpha labeling in hippocampal areas CA1, CA2,
CA3, and the dentate gyrus, with the strongest dentate labeling occurring in the molecular
layer. Immunolabeling of GLT-1alpha was strong but patchy in cortical areas such as the
frontal cortex and temporal cortex. They also reported immunolabeling of the porcine
brain for GLT-1v, but this labeling was seen in oligodendrocytes rather than astrocytes.
GLT1-alpha expression was restricted to gray matter regions, whereas GLT-1v expression
was restricted to white matter regions. They also reported that GLAST and GLT-1alpha
expression sometimes, but not always, co-localized with GFAP staining. Overall, these
results indicate that, as has been observed in other mammals, different brain regions
have different glutamate transport properties and that GLAST and GLT-1apha glutamate
transporters sometimes co-localized with GFAP in the porcine brain.

The Pow lab followed up on this with a publication describing the associated ex-
pression of the glutamate transporter GLAST and the astrocyte intermediate filament
protein GFAP in the 1-day-old piglet brain [27]. In this study, they demonstrated co-
immunoprecipitation of GFAP and GLAST in the cortex and cerebellum of the piglet brain.
They immunoprecipitated total piglet brain lysate with anti-GFAP antibodies and detected
GLAST, and immunoprecipitated total piglet brain lysate with anti-GLAST antibodies
and detected GFAP. These results suggested an in vivo interaction between GFAP and
GLAST in the piglet brain. They also performed immunohistochemistry to reveal that
GFAP was strongly expressed by astrocytes in the gray and white matter of the piglet brain.
GLAST was highly expressed in the cortical gray matter, hippocampus, thalamus, and
hypothalamus. High magnification imaging revealed a close spatial association of these
two markers, with GFAP expression in the core or cytoskeleton of the cell and GLAST
expression in the plasma membrane. This publication also included data on changes in
GFAP and GLAST expression following hypoxia in the piglet brain, which is discussed in
the hypoxia–ischemia injury section below. These results, along with results gathered from
experiments on the rat brain, led the authors to hypothesize that GFAP stabilizes astrocyte
processes, which could help to anchor GLAST in the plasma membrane.

This group also demonstrated that the GLAST1c splice variant is expressed in the
piglet brain [28]. RT-PCR and Western blot were used to identify the expression of GLAST1c
in the pig cortex. They also used immunohistochemistry to demonstrate the presence of
GLAST1c in Bergmann glial cells of the molecular layer, astrocytes of the granule cell layer,
and cells in the white matter layer of the pig cerebellum.
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Figure 1. Cross-species comparison of astrocytic GLT-1alpha. Coronal brain sections from mouse (A),
rat (B), and rabbit (C), and sagittal brain sections from cat (D), pig (E), and marmoset monkey (F),
immunolabeled for GLT-1α. Cortex (c) and hippocampus (h) possessed high levels of GLT-1α in all
species. Both rats (B) and pigs (E) exhibited strong labeling in the thalamus (t), but only pigs (E) and
monkeys (F) exhibited strong labeling in deep cerebellar nuclei. Species such as cats (D), pigs (E),
and monkeys (F) possess high amounts of white matter (like humans), which does not stain positive
for GLT-1α. Rats, mice, and rabbits possess almost no white matter, but there does appear to be
staining for GLT-1α in the paucity of white matter present. Scale bars = 5 mm in (A–C); 10 mm in
(D–F). Figure reproduced with permission from Williams et al. 2005 [13].

2.2. GFAP (Glial Fibrillary Acidic Protein)

Throughout this review, it will become evident that histological staining of GFAP is
by far the most common technique used to study astrocytes, primarily via morphological
analyses or simply by measuring stain intensity. This section describes studies in pigs that
focused on GFAP itself.

Blechinberg and colleagues published a report detailing the expression of the GFAP
isoforms GFAPα, GFAPε, and GFAPκ in the adult and developing porcine brain [29].
They utilized real-time PCR (RT-PCR) to analyze and quantify the mRNA expression of
these three GFAP isoforms in adult pig cortical tissue. They report that in the adult pig
cortex, the expression of GFAPα is approximately 100-fold higher than the expression
of GFAPκ and roughly 60-fold higher than the expression of GFAPε. The expression
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of GFAPε is almost double the expression of GFAPκ in the adult pig cortex. They also
performed RT-PCR analysis of these three GFAP isoforms in fetal brain tissue comprised
of the hippocampus, cortex, basal ganglia, cerebellum, and brain stem of embryonic day
40, 60, 80, 100, and 115 fetal pigs. They reported that mRNA levels of GFAPα, GFAPε, and
GFAPκ increase across porcine development. The highest GFAP expression was observed
in the brainstem and cerebellum brain regions, and the lowest GFAP expression was in
the cortex. They reported the highest increase in GFAP expression occurred between
e100 and e115 in the brainstem. The mRNA ratio of GFAPα/GFAPε is consistent across
development, with GFAPα around 100-fold higher than GFAPε. The mRNA ratio of
GFAPα/GFAPκ in the basal ganglia and brainstem increases on e115 compared to e60,
whereas the GFAPα/GFAPκ ratio in the cerebellum increases between e60 and e80 and
then decreases again. The GFAPκ/GFAPε mRNA ratio decreases from e60 to e115. Overall,
the GFAPα/GFAPκ and GFAPε/GFAPκ ratios are higher in the adult cortex compared
with the brain during fetal pig development. The results of this study indicate that GFAP
is first expressed around e40 and is tightly regulated during fetal development. The
authors speculate that changing mRNA ratios of the various GFAP isoforms throughout
development could reflect cues for glial cell differentiation. Another group employing
transcriptomic analyses to study glial differentiation in pigs reported that marker genes of
astrocytes, including GFAP and AQP4, are differentially expressed in the male and female
porcine brain during development between gestational days 45 and 90 [30].

2.3. Inflammatory Signaling

The Busija lab published two reports detailing prostaglandin synthesis in cultured
porcine cerebral astrocytes [31,32]. The first report revealed that PGF2α is the predom-
inant prostaglandin produced by porcine astrocytes [31]. These cells were observed to
produce minimal amounts of 6-keto-PGF1α, PGE2, and LTC4/D4. Application of phorbol
12,13-dibutyrate (PDB), a protein kinase C (PKC) activator, onto astrocyte cultures led to
increased levels of PGF2α. PDB application did not increase levels of 6-keto-PGF1α, PGE2,
or LTC4/D4. This PDB-induced increase in PGF2α was prevented when cultures were
treated with the drugs indomethacin, quinacrine (phospholipase A2/PLA2 inhibitor), or
isoquinolinylsulfonylmethyl piperazine (PKC inhibitor) at the same time as PDB. Applica-
tion of 4α-phorbol 12,13-didecanoate (PDD), which does not activate PKC, did not lead to
increased levels of PGF2α in porcine astrocyte cultures. These results indicate that the major
prostaglandin produced by porcine cerebral astrocytes is PGF2α and that PKC activation
increases the production of PGF2α through a mechanism that may involve PLA2. In a
separate study, they also demonstrated that the administration of interleukin 1α (IL-1α)
to cultured porcine astrocytes rapidly increases their production of PGF2α [32]. Using a
previously validated protocol, PGF2α was increased two-fold when 11 μg/mL of IL-1α
was added and four-fold when 22 μg/mL of IL-1α to astrocyte media. To our knowledge,
equivalent dosing in humans has not been determined. Levels of 6-keto-PGF1α and PGE2
did not change with IL-1α addition. These results confirm the results of their previous
study indicating that PGF2α is the major prostaglandin produced by porcine astrocytes.

The Zimmer lab conducted a study to investigate the cultured porcine astrocyte
expression of major histocompatibility complex (MHC) antigens and their ability to induce
the proliferation of human T-lymphocytes [33]. They reported that cultured astrocytes
harvested from the fetal porcine brain were not autofluorescent, stained negative for
CD18, and stained positive for GFAP, CD44, and the NCAM isoform of CD56. Cultured
astrocytes also had upregulated levels of MHC class I antigens compared to freshly isolated
cells, indicating that the process of culturing cells can lead to upregulated MHC antigens.
Cultured astrocytes did not express MHC class II antigens. Cultured astrocytes also induced
a proliferative response in human T lymphocytes, which provides relevant information
to studies investigating neural xenotransplantation of porcine donor cells that contain an
astrocytic population.
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Ionescu and colleagues reported that astrocytes harvested from the adult porcine
cortex express the markers GFAP, S100β, CD14, and interferon-γ receptor 2 (IFN-γ-R2) [34].
This group also examined the response of astrocytes to human SH-SY5Y neuroblastoma
cells when exposed to proinflammatory mediators. When astrocytes were exposed to
IFN-γ or a combination of lipopolysaccharide (LPS) and IFN-γ, they were cytotoxic to
SH-SY5Y cells (as seen by increased levels of cell death). Exposure to LPS alone did not
cause astrocyte toxicity toward SH-SY5Y cells. The authors did not detect increased levels
of tumor necrosis factor-α (TNF-α) or nitric oxide (NO) in astrocyte culture media when
astrocytes became cytotoxic toward SH-SY5Y cells, indicating that these neurotoxins were
not mediating the astrocyte response to SH-SY5Y cells.

The Parfenova group published a detailed report investigating the antioxidant and
cytoprotective effects of sulforaphane (SFN) in porcine cortical astrocyte cultures [35]. They
demonstrate that adding the pro-inflammatory cytokine TNF-α or excitotoxic glutamate
to astrocyte cultures rapidly led to increased production of reactive oxygen species (ROS).
Independent application of tiron (a potent superoxide scavenger), apocynin (common Nox
inhibitor), DPI (diphenylene iodonium; common Nox inhibitor), GKT137831 (novel Nox4
inhibitor), or SFN blocked ROS elevation in the presence of TNF-α or excessive glutamate.
Application of DPI, GKT137831, or SFN to astrocyte cultures also inhibited NADPH oxidase
activity under control conditions, TNF-α-induced inflammatory conditions, and excitotoxic
glutamate conditions. Application of tiron or SFN to astrocyte cultures reduced DNA
fragmentation and cell detachment, two indicators of apoptosis, under TNF-α-induced
inflammatory conditions and excitotoxic glutamate conditions. These results indicate that
the application of TNF-α or excitotoxic glutamate to astrocyte cultures activates Nox4
NADPH oxidase, which increases ROS, which in turn causes oxidative stress and apoptosis.
The inhibitor compounds investigated in this study, including GKT137831 and SFN, exhibit
antioxidant and cytoprotective properties toward astrocytes via inhibiting Nox4 activity.

2.4. Vascular Regulation

Barnes et al. investigated the presence of the cell surface peptidases aminopeptidase
N (AP-N) and dipeptidyl peptidase IV (DPP-IV) in porcine striatal astrocytes [36]. They
reported that AP-N, but not DPP-IV, is expressed by astrocytes in the piglet striatum. AP-N
was seen in the cell membranes of striatal astrocytic endfeet, including in astrocytes associ-
ating with endothelial cells and pericytes. They demonstrated this with immunolabeling
and transmission electron microscopy of primary cultures isolated from the postnatal-day-1
piglet striatum and brain sections from the postnatal-day-1 piglet striatum. The presence
of AP-N in the cell membranes of striatal astrocytic endfeet suggests that astrocytes may
actively participate in the enzymatic processing of peptides in the striatum. Additionally,
the localization of AP-N in endothelial cells and pericytes suggests a potential role in the
interaction between astrocytes and the neurovascular unit. This may enable striatal astro-
cytes to regulate the processing and transport of circulating peptide signaling throughout
the brain.

Leffler and colleagues investigated the role of astrocytes in the dilation of porcine
cerebral arteriole myocytes [36]. In porcine astrocyte cultures, inhibition of the enzyme
heme oxygenase (HO) with chromium mesophorphyrin (CrMP) prior to being placed in
contact with myocytes caused the elimination of glutamate-induced KCa channel activation
in myocytes. Additionally, treatment of porcine cortical brain slices with the selective
astrocyte toxin L-2-α-aminoadipic acid (L-AAA) blocked glutamate-induced dilation of
arterioles. These results provide evidence that glutamate-induced dilation of monocyte
arterioles is dependent on astrocyte-derived HO.

Authors from this same group then investigated the role of astrocytes in the mediation
of Ca2+ signaling in arteriolar smooth muscle cells in live brain slices from the porcine
cortex [37]. Following astrocyte injury by treating brain slices with L-AAA, glutamate-
induced Ca2+ spark activation and reduction in intracellular Ca2+ concentration in arteriolar
smooth muscle cells were both prevented. L-AAA treatment also increased glutamate-
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stimulated Ca2+ wave frequency in smooth muscle cells. This experiment demonstrates that
astrocytes modulate glutamate-induced Ca2+ sparks, Ca2+ waves, and global intracellular
Ca2+ levels in smooth muscle cells.

This group then investigated the mechanism of glutamate-induced carbon monoxide
(CO) production in cultured porcine astrocytes [38]. They demonstrated that administra-
tion of glutamate, hemin (an exogenous HO substrate), and ionomycin (Ca2+ ionophore
that held free intracellular calcium concentration constant) to astrocyte cultures each in-
creased astrocyte CO production in a concentration-dependent manner. Administration
of glutamate also increased intracellular calcium concentration in astrocyte cultures in a
concentration-dependent manner. When astrocyte cultures were treated with the endo-
plasmic reticulum Ca2+-ATPase blocker thapsigargin, which depleted intracellular Ca2+

stores, glutamate-induced Ca2+ signaling was blocked, and steady-state intracellular cal-
cium levels were elevated, suggesting that glutamate stimulates Ca2+ release from the ER
which in turn leads to intracellular calcium concentration. Glutamate did not increase
astrocyte CO production when Ca2+ levels were held constant with ionomycin, suggesting
that glutamate stimulates astrocyte CO production via Ca2+. HO was inhibited by CrMP,
which blocked glutamate-induced CO production in cultured astrocytes. Additionally,
treatment of astrocytes with thapsigargin reduced basal CO levels and blocked glutamate-
stimulated CO increase in astrocytes. Treatment of cultures with the calmodulin blocker
calmidazolium also blocked glutamate-stimulated CO increase in astrocytes. Overall, these
results suggest a mechanism by which glutamate causes the ER to release Ca2+, which leads
to elevated intracellular Ca2+ levels, in turn leading to Ca2+-calmodulin-dependent HO
activation and CO production in porcine cortical astrocytes. Astrocytic CO production then
dilates cerebral arterioles.

This group also utilized Western blotting and immunohistochemistry to demonstrate
that newborn porcine cortical astrocytes express the hydrogen sulfide-producing enzyme
cystathionine β-synthase, which is important for cysteine synthesis [39].

2.5. Blood–Brain Barrier Modeling

Several different groups have published protocols outlining the isolation of cerebral
astrocytes from the adult porcine brain [40–42]. These cells exhibit characteristic astrocyte
morphology under phase microscopy, with multiple star-like processes extending from the
cell body and uniformly expressed GFAP [41]. Cultured porcine astrocytes also express
aquaporin 4 (AQP4), enhance neuronal survival, and demonstrate a dose-dependent loss
of GFAP when exposed to sera from patients with Neuromyelitis optica, which is a disease
characterized by astrocyte loss [42].

The Bobilya group and others have demonstrated that astrocytes can be cultured
together with porcine brain capillary endothelial cells to create an in vitro blood–brain
barrier model [40,43,44]. In a contact culture system, astrocytes form a confluent layer
underneath the endothelial cells, and their presence in culture increases the transendothelial
electrical resistance (TEER) up to nine times compared with culturing of endothelial cells
alone [40]. In a non-contact culture system, astrocyte presence also contributes to increased
TEER and barrier tightness [43,44] and influences endothelial cell expression of tight
junction proteins [44]. The Moos lab has also demonstrated that porcine astrocytes can
be cultured together with porcine brain endothelial cells and porcine pericytes in a triple
culture model of the blood–brain barrier [45]. Here, they show that astrocyte presence in
the tri-culture model contributes to high TEER and low permeability of endothelial cells.

2.6. Olfactory Bulb

The Osterberg lab published a detailed report about the structure of the adult porcine
olfactory bulb (OB) [46]. Using GFAP immunohistochemistry, they reported that the porcine
OB is densely populated by astrocytes, particularly in deep layers, including the granule
cell layer and the mitral cell layer. The anterior olfactory nucleus (including the pars externa
and pars principalis) was also populated with GFAP+ astrocytes, with the lowest astrocyte
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density seen in layer 2 of the pars principalis. The lateral olfactory tract was also found to
be densely populated with GFAP+ astrocytes.

2.7. Optic Nerve and Retina

The Eppenberger group utilized GFAP immunohistochemistry and transmission elec-
tron microscopy to examine the astrocyte morphology in the porcine retina [47]. They
demonstrated that GFAP staining is only located in the nerve fiber layer of the retina.
Astrocytes extend an elaborate network of processes across the entire retina. Astrocytes
are closely associated with blood vessels, particularly superficial blood vessels. Astrocytes
were often seen wrapping their processes entirely around blood vessels, always with a
higher quantity of GFAP+ processes located on the lateral/vitreal side and fewer on the
scleral side of the vessels. The asymmetry with which astrocytes wrapped their processes
around vessels was clearly visible with electron microscopy imaging. The authors describe
astrocyte presence in the retina as forming a scaffold around blood vessels that bulge into
the vitreous body.

Noda and colleagues described the expression of myocilin, the product of the gene
MYOC/TIGR that is responsible for the pathogenesis of primary open-angle glaucoma
in astrocytes of the optic nerve head [48]. Utilizing electron microscopy and GFAP and
myocilin immunohistochemistry, they reported that myocilin was expressed in optic nerve
astrocytes in the perinuclear region (outer nuclear membrane), pericentriolar region, glial
filament, mitochondrial membrane, rough endoplasmic reticulum, and process endfeet
near blood vessel walls. Myocilin was often found to be associated with microtubules
and was also observed in astrocytes located in the lamina cribrosa region. The authors
hypothesize that myocilin is an astrocyte membrane-associated cytoskeletal-linking protein
that supports astrocyte cell shape and that dysregulation of myocilin in glaucoma may lead
to structural alterations of the optic nerve head. This group published another report which
showed that the amino acid sequence of myocilin expressed in porcine optic nerve head
astrocytes is 82% homologous to human myocilin [49]. They also showed that optineurin,
another glaucoma-associated gene, is expressed in porcine optic nerve head astrocytes and
has an amino acid sequence that is 84% homologous with the human optineurin sequence.

Ripodas and colleagues reported that GFAP+ astrocytes in the inner layers of the
porcine retina (nerve cell layer and ganglion cell layer) extend processes that make contact
with blood vessels [50]. These astrocyte cell bodies and vasculature-contacting processes
stain positive for vasoconstrictor endothelin-1 (ET-1), indicating that astrocytes may play a
role in vascular regulation within the porcine retina.

Lee and colleagues reported the presence of heat shock protein 27 (HSP27) in the
porcine retina [51]. In the adult (6 months) pig retina, they found expression of HSP27
on GFAP+ astrocytes in the ganglion cell layer and inner nuclear layer. In the newborn
(postnatal day 1) pig retina, HSP27 expression was found on GFAP+ astrocytes in the
ganglion cell layer.

Carreras and colleagues used immunohistochemistry and transmission electron mi-
croscopy to study the astrocyte cell–cell adhesions in the prelaminar region of the optic
nerve head (ONH) [52]. They reported that the incomplete inner limiting membrane of
Elschnig, which separates the ONH from the vitreous fluid of the eye, is covered with an
interwoven expansion of GFAP+ astrocytes. Astrocytes closer to the vitreous stained more
intensely for GFAP compared to astrocytes further away from the vitreous. However, the
anterior surface of the ONH was only partially covered with astrocytes. Astrocytes at the
surface of the vitreous exhibited cellular expansions that were conjoined by intercellular
adherens junctions (zonulae adhesions) and occasionally gap junctions. These cells ex-
pressed calcium-dependent adhesion molecules neural cadherin (N-cadherin) in zonula
adherens junctions and expressed neural cell adhesion molecules (N-CAM) in areas of
cellular adhesions that were not junctional. These results indicate that astrocyte intercellular
adhesions in the prelaminar region of the ONH are calcium-dependent.
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Carreras and colleagues used GFAP immunohistochemistry, transmission electron mi-
croscopy, and perfusion with a fluorescent tracer to examine the pathways of fluid exchange
between astrocytes within the prelaminar tissue of the porcine ONH [53]. They described
the anterior interface of the ONH contacting the vitreous fluid is covered by a thick, uneven
layer of astrocytes. Astrocytes expand in an interwoven fashion across this region and wrap
around axons and blood vessels. The retina and optic nerve disc show extracellular spaces
between the astrocyte networks that can be permeated by fluid. Astrocytes surrounding
the meniscus of Kuhnt in the optic disc had large intracellular spaces and were organized
together in a way the authors described as a “foamy” appearance. Astrocytes in the vitreous
surface of the optic nerve are organized into an ordered “cobblestone-like” pattern. The
distribution of dye across the optic disc was not uniform due to the structure of astrocyte
processes, which had non-uniform, variably sized interconnected spaces between them.
These extracellular spaces between astrocyte processes connected to form cavities which
appeared to be preferred fluid flow routes to rid the prelaminar tissue of extra fluid.

Carreras and colleagues also published a report detailing the expression of glucose
transporters in the ONH [54]. They described the ONH as having strong GFAP staining
and columns of astrocytes alternating with columns of axonal bundles. GLUT1 was
expressed in astrocyte endfeet, somas, and processes wrapping around axons in the ONH.
They reported GLUT1 expression in the astrocyte endfeet of the nerve fiber layer, in the
membranes of perivascular astrocytes of the optic disc, and in the astrocyte columns of the
prelaminar regions.

Balaratnasingam and colleagues detailed astrocyte distribution in the lamina cribrosa,
pre-laminar region, and post-laminar region of the porcine ONH [55–58]. Their results
showed that astrocytes are the predominant glial cell in the optic nerve and that astrocytes
in the ONH had radial, inter-digitating processes [56,57]. GFAP+ astrocytes in the nerve
fiber layer followed the course and direction of axons, with their processes forming bundles
that resembled retinal ganglion cell axons [55]. They found an absence of GFAP staining
in tissue that contained laminar plates [57]. The area occupied by GFAP+ astrocytes was
significantly greater in the pre-laminar region compared to the post-laminar region and the
lamina cribrosa, indicating that the pre-laminar region may have the greatest metabolic
demand out of these three areas [57,58]. In the pre-laminar region, GFAP staining was seen
in areas where neuronal staining was present, in spaces around axonal bundles, and along
the inner limiting membrane [56]. GFAP astrocytes that were present in the lamina cribrosa
and post-laminar regions were also seen to closely associate with axonal bundles [56].
Additionally, higher regions of astrocyte density correlated to higher regions of axonal
density in the ONH [58].

Kimball and colleagues reported on the co-expression of GFAP and the astrocyte
aquaporin (AQP) channels AQP1, AQP4, and AQP9 in the ONH, retina, and myelinated
optic nerve (MON) of the porcine eye [59]. They found AQP4 expression in the retinal
nerve fiber layer, prelamina, and MON regions. Of particular note, they found that, similar
to humans, there was no AQP4 expression in the lamina cribrosa region. There was AQP1
and AQP9 expression in the internal limiting membrane. There was no AQP1 or AQP9
expression in the lamina cribrosa or the MON. There was GFAP expression in the prelamina,
lamina, lamina cribrosa, and MON. These results demonstrate that AQP4, which is normally
expressed by healthy astrocytes, is not expressed in astrocytes of the lamina cribrosa of
the porcine eye providing additional evidence supporting astrocytic porcine homology
to humans.

Ederra and colleagues reported on the expression of the high-affinity nerve growth
factor (NGF) receptor tyrosine kinase A (TrkA) in the porcine retina [60]. They performed
GFAP and TrkA immunohistochemistry in the retinas of six adult porcine eyes and reported
that the distribution of astrocytes in the porcine retina mimics that of the human retina.
The highest quantity of GFAP+ astrocytes was found in the nerve fiber layer and ganglion
cell layer of the retina, with fewer GFAP+ astrocytes found in the inner plexiform layer and
inner nuclear layer. All astrocytes appeared to be closely associated with blood vessels.
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Most GFAP+ astrocytes in the porcine retina expressed TrkA receptors. There was a
subpopulation of GFAP+ astrocytes, some of which were seen in the inner nuclear layer,
that did not express TrkA receptors. The results presented in this study demonstrate that
most astrocytes in the porcine retina likely play a role in modulating NGF levels.

3. Previous Investigations of Porcine Astrocytes in Neurotrauma Research

Various research groups have conducted examinations of astrocyte response to injury
in a range of porcine models. While undoubtedly not exhaustive, our literature review
is extensive, and we summarize the number of studies in each porcine injury model that
investigated astrocytes to provide a glimpse at where the focus has been thus far (Figure 2).
These studies and their effects on astrocytes in the porcine brain are reviewed below and
summarized in Supplementary Table S2. Most of the research articles discussed below
contain details about astrocyte response to injury as well as injury response that is not
astrocyte related. Here, we only review the details of these papers that are related to
astrocytes specifically. We omit review of other non-astrocyte, injury-associated data that
are described in these articles.

 

Figure 2. Porcine astrocyte studies in neurotrauma. Summarizing the number of astrocyte studies
found in each pig injury model listed.
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3.1. Hypoxia–Ischemia

Several research groups have investigated astrocyte response to injury in the porcine
brain using models of hypoxia (oxygen availability deficiency) and/or ischemia (blood
supply restriction). The Traystman lab utilized a piglet model of asphyxic cardiac arrest
to examine striatal astrocyte response at 24-, 48-, and 96 h following hypoxic–ischemic
(H-I) injury [61]. They reported astrocyte degeneration at early time points (24 h and 48 h)
post-H-I, seen as astrocyte cytoplasmic swelling, distended processes, loss of GFAP staining,
cell death, and fragmented DNA evidenced by co-labeling of TUNEL and GFAP. GFAP
cell proliferation returned to normal levels at 96 h. They additionally reported changes
in astrocytic GLT-1 expression following H-I injury. While astrocyte processes primarily
stained for GLT-1 in control brains, astrocyte cell bodies (instead of processes) stained
positive for GLT-1 at 24 h and 48 h, and astrocytes were virtually absent of GLT-1 staining
at 96h following H-I. The authors hypothesize that rapid glutamate toxicity in the striatum
following H-I could be responsible for these astrocytic changes. This group then followed
up by investigating whether N-methyl-D-aspartate (NMDA) glutamatergic receptors are
responsible for this striatal excitotoxicity following H-I [62]. They reported that astrocytes
express elevated levels of the NMDA receptor subunit NR2B in the putamen at 24 h (but
not at 3, 6, or 12 h) following H-I, but that elevated expression of this receptor subunit
specifically did not correlate with striatal neuronal injury resulting from H-I.

Lee and colleagues examined whether H-I injury, with and without therapeutic hy-
pothermia and rewarming, affected the expression of endoplasmic reticulum to nucleus
signaling-1 protein (ERN1) expression in astrocytes [63]. ERN1 is a marker of unfolded
protein response (UPR) activation which may contribute to cell death that occurs during
the cellular stress caused by H-I injury, hypothermia, and rewarming (all independent
cellular stressors). While endoplasmic reticulum stress-induced activation of UPR can
be neuroprotective, it can also become maladaptive. They report that hypothermia and
rewarming increase the quantity of ERN1+ astrocytes in the cerebral cortex and subcortical
white matter of the motor gyrus and that this change occurs in the absence of H-I injury.
They further report that H-I injury followed by hypothermia reduces the quantity of ERN1+
astrocytes. There was a correlation between ERN1+ astrocytes and astrocyte apoptosis
in white matter after hypothermia and rewarming, but this correlation was not seen in
animals also exposed to H-I. The authors conclude that hypothermia and rewarming cause
astrocyte ER stress, as evidenced by UPR activation, leading to astrocyte apoptosis. They
further conclude that H-I injury might interrupt this astrocyte ER stress response that is
induced by hypothermia.

Lee and colleagues also examined changes in astrocyte morphology and the correlation
of these changes to fractional anisotropy (FA) from diffusion tensor imaging (DTI) following
H-I injury and excitotoxic injury caused by striatal quinolinic acid (QA) injection [64].
They examined astrocyte swelling as well as expression of astrocyte cytoskeletal (GFAP),
glutamate reuptake (GLT-1), and water regulation (aquaporin 4/AQP4) markers, as well
as the relationship of these markers to FA measurements during DTI. They reported that
QA-induced excitotoxic injury causes swollen astrocytes that display AQP4+ aggregates,
cytoplasmic swelling, and vacuoles, as well as degenerating astrocytes with fragmented
processes in the putamen. H-I injury similarly causes swollen astrocytes in the caudate and
degenerating astrocytes with fragmented processes in the putamen. QA and H-I injury
both induce swollen GLT-1+ astrocytes in the putamen. Across both types of injury, swollen
GFAP+ AQP4+ GLT-1+ astrocytes seen in the caudate and putamen correlate with lower
FA measured during DTI. These results indicate that swelling of astrocytes that regulated
water (AQP4+) and glutamate reuptake (GLT-1+) are associated with FA changes. The
authors are unsure if astrocyte swelling directly or indirectly affects FA.

The Pow lab described the altered expression of GFAP and GLAST following hypoxia
in the 1-day-old piglet brain [27]. They reported that GFAP expression was upregulated in
gray matter areas, including the dentate gyrus of the hippocampus, some regions of the
thalamus, and some outer cortical layers. GLAST expression following hypoxia remained
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high in these same regions and co-localized with GFAP. This colocalization simply served
to confirm that the GLAST was, in fact, astrocytic and does not indicate protein–protein
interactions. Astrocytes in these regions displayed typical morphology with co-localization
of GFAP and GLAST in their distal processes. Following hypoxia, GFAP expression was
minimal in area CA1 of the hippocampus. There was a significant loss of GLAST expression
in area CA1 of the hippocampus and cortical layers 2–5. Subregions of the thalamus also
lost GLAST expression following hypoxia. Astrocyte morphology was altered in regions
damaged by hypoxia, with retracted processes and GFAP and GLAST expression restricted
to the soma and proximal processes rather than expressed in the distal processes. These
results support this group’s hypothesis that GFAP and GLAST are co-localized such that
GFAP helps to anchor GLAST in the astrocyte plasma membrane.

The Pow lab also examined the expression of the exon-9 skipping form of the glutamate-
aspartate transporter EAAT1 (GLAST1b) following hypoxic injury to piglets [65]. They
reported that expression of glutamate transporter 1 (GLT1a) decreases while expression of
GLAST1b increases in the hippocampus (particularly the CA1 region) following H-I injury.
They further report that some GFAP+ astrocytes co-localize with this GLAST1b following
H-I but that most of the GLAST1b+ cells are MAP2+ neurons. The authors indicate that
GLAST1b could be utilized as an important marker of neuronal damage following excito-
toxic injuries. This group also reported no difference in GLAST1c expression as assessed by
mRNA and protein expression in the piglet brain following hypoxia [28].

This same group then published a detailed article describing astrocyte structural
changes following H-I injury in the newborn piglet brain [66]. By injecting Lucifer Yellow
(LY) into fixed tissue and performing Golgi–Kopsch staining, they found that astrocytes
from control subjects had fine, highly structured processes extending from astrocyte cell
bodies and that multiple processes often extended from the cell to create complex arbors of
processes. This contrasted astrocytes in damaged cortical gray matter regions following H-I,
which had thicker processes, shorter processes, fewer processes, less complex branching
structures, and often contained bulb-like swellings both along the processes and at the
process terminals. Astrocytes in H-I injured animals had drastically fewer secondary and
tertiary processes (i.e., processes extending from primary processes that extended directly
from the soma) compared to the control. They performed Sholl analysis which revealed that
astrocytes had far less branching complexity at 5–20 microns from the cell body compared
to the control, a difference that was not found further out at 25–40 microns from the cell
body. They also reported that astrocyte soma size significantly increased following H-I
injury. These changes in astrocyte morphology occurred as early as 8 h following H-I
injury and continued to become more abnormal at 72 h post-injury. This contrasted with
neuronal injury, which was not observed at the 8 h time point. They reported that, in control
subjects, astrocytes were of different sizes in different cortical layers and that H-I caused a
decrease in astrocyte size across all cortical layers. They also performed D-aspartate uptake
studies prior to fixation to examine changes in glutamate uptake in injured astrocytes.
They reported that astrocytes in control brains uptake D-aspartate abundantly in their
processes, whereas uptake was drastically reduced and restricted to uptake in astrocyte cell
bodies at 8 and 72 h following H-I. These results collectively indicate that astrocytes in the
cortex structurally and functionally change following H-I and that these astrocytic changes
occur early and before neuronal changes. The authors speculate that astrocytes retract
their processes quickly following injury, which damages neurons which in turn causes
astrocyte proliferation and gliosis to re-establish connectivity within void brain tissue. The
retraction of astrocyte processes may also lead to the observed phenomenon of glutamate
transporters being closer to astrocyte cell bodies following H-I compared to their normal
location along astrocyte processes. The reduced ability of astrocytes to uptake glutamate
following H-I suggests that glutamate transporters may be reduced and/or distributed,
and this indicates that glutamate-mediated excitotoxicity may play an important role in
damage resulting from H-I injury. They also reported on changes in white matter astrocytes
following H-I injury in newborn pig brains [67]. Utilizing GFAP immunolabeling, they
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reported that approximately 40% of cell bodies in subcortical white matter are GFAP+
astrocytes. They found reduced GFAP expression in the subcortical white matter following
H-I, with the average area of GFAP+ astrocytes decreasing by 46% compared to the control.
Utilizing Golgi–Kopsch staining, they also reported that white matter astrocytes were, on
average, 34% smaller following H-I and that these cells had fewer processes that were
shorter, thicker, and had abnormal swellings compared to control subcortical white matter
astrocytes.

This group then published another report detailing changes in the presence of glu-
tamine synthetase (GS), the glutamate detoxification enzyme that converts ammonia and
glutamate into glutamine, in a newborn porcine model of H-I injury [68]. They reported
changes in GS as soon as 1 h following H-I injury, with small patches of GS-devoid regions
seen in regions of the cortex and CA1. At 24 and 72 h following H-I, they report extensive
areas of GS loss in the cortex and CA1 (areas generally vulnerable to H-I injury) but not in
the dentate gyrus or thalamus (areas not typically vulnerable to H-I injury). Astrocyte GS
loss at these later time points overlapped with astrocyte GLAST loss. Like this group’s pre-
vious work, these results suggest that astrocytes respond early to H-I injury, evidenced here
by the early loss of GS that continues to become more pronounced over time. They argue
that this early loss of GS likely leads to an accumulation of glutamate in astrocytes which
would reduce their ability to uptake glutamate and, in turn, exacerbate the potential for
glutamate toxicity following injury. Reduced GS may also lead to ammonia accumulation
in the brain which would greatly disrupt ammonia homeostasis.

This group also investigated the presence of two phosphorylated GFAP proteins,
p8GFAP and p13GFAP, following H-I injury in newborn piglets [69]. They reported that,
even in control brains, pGFAP is expressed in astrocytes with normal morphology. As-
trocytes that expressed pGFAP lacked the fine and bushy processes of normal astrocytes
and instead had short processes and thickened varicose processes. Specifically, astrocytes
expressed pGFAP in processes near the cell body, in abnormal terminal dilations on their
processes, and in endfeet contacting blood vessels. They also reported upregulated pGFAP
expression in brain regions that were injured following H-I. p8GFAP was upregulated
in the cortex at 24 h following H-I and was upregulated in the cortex, basal ganglia, and
thalamus at 72 h following H-I. p13GFAP expression did not change at 24 h following
H-I but was upregulated in the cortex and basal ganglia at 72 h following H-I. They also
reported that higher pGFAP expression correlated with higher histological injury. Overall,
pGFAP expression appears in astrocytes with abnormal morphology and is upregulated
in injured regions following H-I. The authors speculate that phosphorylation of GFAP,
despite being an energy-dependent mechanism, could be part of a repair mechanism
following injury.

Ruzafa and colleagues exposed newborn pigs to hypoxia and then examined astrocyte
changes in the retina and superior colliculus at 4 h following injury [70]. They reported
that astrocyte networks in the retina, which typically run parallel to retinal ganglion
cell axons, appeared more disorganized following hypoxia. Although these differences
in organization were not significant, they reported more laterally extending astrocyte
processes and a higher degree of randomness of retinal astrocytes following hypoxia
compared to control. They also reported that astrocytes in the superior colliculus exhibited
hypertrophy, increased density, and increased astrocyte cytoskeletal area following hypoxia.
These results indicate that astrocytes in the brain may be more susceptible to early damage
from hypoxia compared to astrocytes in the retina. The authors speculate that this resilience
of the retina to oxygen deprivation may be due to the presence of Müller glial cells, which
exist in the retina but not in the brain.

Zheng and Wang investigated changes in lactate and glucose metabolism in the basal
ganglia between 2 and 72 h following hypoxic–ischemic injury in piglets [71]. In this study,
they utilized H&E staining to demonstrate that astrocytes in the basal ganglia become
swollen at 6 h following H-I and that these swollen astrocytes further exhibit condensed
nucleoli at 24 h and become degraded at 48 h following H-I. They also reported that

191



Biomedicines 2023, 11, 2388

expression of monocarboxylate transporter 4 (MCT-4), a lactate transporter that is primarily
expressed by astrocytes, is increased in the basal ganglia at 12–24 h following H-I. These
results indicate that astrocytes exhibit early morphological changes following H-I and that
the lactate metabolism of astrocytes is altered following H-I.

Parfenova and colleagues investigated the role of astrocyte-produced carbon monoxide
in both in vitro porcine astrocyte cultures and an in vivo model of neonatal asphyxia in
the piglet brain [72]. They report that astrocyte cultures highly express heme oxygenase
2 (HO-2) and produce CO in the presence of the prooxidants glutamate and TNF-alpha.
They also demonstrate that in vitro and in vitro porcine astrocytes drastically increase
CO production (6–10-fold) when exposed to asphyxic conditions. Asphyxia also leads
to increased astrocyte ROS production in vivo, which is further increased when subjects
are pre-treated with the HO inhibitor SnPP and are decreased when subjects are pre-
treated with the CO-releasing molecule A1 (CORM-A1) and bilirubin. Astrocyte cultures
that were exposed to excitotoxic glutamate had increased ROS production and increased
apoptosis, and this was augmented when astrocyte CO production was inhibited by SnPP.
They also demonstrated that pial responses to the astrocyte-dependent vasodilators ADP
and glutamate were compromised at 24 and 48 h post-asphyxia. Pial responses to ADP
and glutamate were further inhibited when subjects were pretreated with SnPP prior to
asphyxia. On the other hand, the reduced pial responses to ADP and glutamate resulting
from asphyxia were prevented by pretreatment with CORM-A1. Overall, these results
demonstrate that cortical astrocytes in the porcine brain respond to asphyxia by activating
HO-2 and increasing the production of CO, which acts as an antioxidant and cytoprotective
messenger against oxidative stress induced by asphyxia. These cytoprotective effects are
increased with CO levels and augmented and reduced when HO is inhibited. These results
indicate that CO donors could be an effective approach to treating prolonged asphyxia.

3.2. Middle Cerebral Artery Occlusion

Spellicy and colleagues recently published an article detailing their use of high-content
image (HCI) analysis to examine changes in astrocyte morphology following middle
cerebral artery occlusion (MCAO) in the adult Yucatan porcine brain [73]. Four weeks
post-stroke, they performed GFAP immunohistochemistry and utilized HCI to examine
19 astrocyte morphological parameters in the perilesional area and ipsilateral hemisphere
of stroke and non-stroke subjects. These methods provided a wealth of information on
subtle changes in astrocyte morphology following injury. They reported larger, more
extended, more ramified astrocytes in the perilesional area and ipsilateral hemisphere
following stroke, compared to smaller, more rounded astrocytes in non-stroke subjects.
Additionally, they reported significant increases in GFAP+ area shape perimeter, major axis
length, and mean radius and a significant decrease in solidity in the ipsilateral hemisphere
stroke subjects compared to non-stroke subjects. In the perilesional area, they reported
significant increases in GFAP+ area, compactness, and major axis length and significant
decreases in form factor, solidity, and orientation in stroke subjects compared to non-stroke
subjects. Overall, their analysis indicated a higher GFAP+ area and more reactive astrocyte
morphology following stroke. The semi-automated analyses employed in this article
provided an in-depth analysis of changes in astrocyte morphology following MCAO.

3.3. Controlled Cortical Impact Brain Injury

Baker and colleagues developed a graded cortical control impact (CCI) brain injury
model in 3-week-old piglets [74]. They described the effect of CCI on astrocytes by compar-
ing GFAP reactivity in the perilesional area compared to the same area in the contralateral,
uninjured hemisphere. They reported that increased GFAP reactivity in the perilesional
area (compared to the contralateral side) correlates with increased CCI severity (increased
impact velocity and impact depth). As CCI injury increased, the quantity and intensity
of astrocytes in the perilesional area increased, indicating increased astrocyte prolifera-
tion (astrocytosis) and hypertrophy (astrogliosis) with more severe injury. The authors
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reported that augmented GFAP expression likely results from increased astrocyte size and
proliferation following injury, as well as astrocyte migration toward the injury site.

3.4. Fluid Percussion Brain Injury

Lafrenaye and colleagues performed central fluid percussion injury (cFPI) in Yucatan
mini pigs and collected blood samples at various time points up to 6 h post-injury [75]. They
found steadily increasing blood serum levels of GFAP as time following injury increased,
with significantly greater serum levels at 3 and 6 h post-injury compared to sham. Upon
examining GFAP immunohistochemistry in the thalamus at 6 h post-injury, they reported
that astrocyte GFAP intensity negatively correlated with cell area and cell roundness.
These morphological changes are indicative of injured astrocytes. They also found more
subtle differences in astrocyte morphology by examining GFAP+ cells in the thalamus
using ultrastructural imaging. For example, GFAP+ astrocytic endfeet appeared more
pronounced around vessels following cFPI injury compared to sham. Additionally, they
discovered GFAP+ vesicles in the basement membrane and endothelial cell cytoplasm
following cFPI injury. These findings indicate a possible mechanism for vesicular GFAP
transport directly from astrocyte endfeet through endothelial cells lining blood vessel
walls and into the blood. Additionally, these studies demonstrate that circulating serum
biomarkers can be useful metrics to assess subtle changes in histopathology following
diffuse brain injury.

3.5. Head Rotational Acceleration Injury

Currently, the only preclinical model that recreates the mechanisms and manifestations
of human TBI relies on head rotational acceleration injury in pigs [14]. The core acceleration-
induced forces exerted throughout the brain during human TBI are dependent on brain
mass, which is why attempts to replicate acceleration-based injury in rodents with the
CHIMERA model fail to reach scaled thresholds [76–80]. Pigs possess brains of sufficient
mass to replicate human TBI forces by scaling up acceleration, and recreating this core
mechanism of human TBI also recreates key manifestations of human TBI that do not
appear in any other models, such as loss of consciousness [23,24,81]. Three previous studies
utilizing this model reported from the Smith, Meaney, and Cullen labs include information
on astrocyte response to rotational acceleration injury. In 1997, Smith and colleagues
induced rotational acceleration injury in Hanford swine in the coronal plane and reported
reactive astrocytosis in the molecular layer of the cerebral cortex, in subcortical white matter
regions, in the corpus callosum, and in the CA1 and CA3 regions of the hippocampus [82].
Reactive astrocytosis was reported to be much greater in the hippocampus compared to
other regions. Twenty years later, Johnson and colleagues investigated BBB disruption
and associated astrocyte response at 6 h, 48 h, and 72 h following coronal head rotational
acceleration in Hanford swine [83]. In addition to demonstrating BBB disruption via
leaked serum proteins fibrinogen (FBG) and immunoglobulin (IgG), they report that these
serum proteins are internalized by surrounding astrocytes in the brain parenchyma, as
evidenced by GFAP-positive cells with astrocyte morphology surrounding FBG or IgG
immunoreactivity (Figure 3). While the number of astrocytes internalizing these serum
proteins was not quantified, striking images clearly demonstrate co-localization of GFAP
with these serum proteins in the premotor cortex and parietal cortex at 72 h post-injury.
The Cullen Lab then also conducted studies that included analysis of astrocyte response to
head rotational acceleration injury. Grovola et al. analyzed astrocyte reactivity via GFAP
expression following two severities of mild injury in the coronal plane [84]. They scored
GFAP+ cell size and the density of GFAP+ cells in the hippocampus, periventricular white
matter, inferior temporal gyrus, and cingulate gyrus and averaged these scores to provide
a single score of reactivity for each subject. They reported no change in astrocyte size or
density in either injury condition. Unfortunately, astrocytes have been mostly overlooked
in this highly translational model, limited to GFAP-based morphological assessments after
mild TBI, and deeper study is required.
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Figure 3. Internalization of bloodborne fibrinogen in astrocytes and neurons following mechanical
permeabilization of the blood–brain barrier due to rotational acceleration injury in pigs. (a) Within
the depth of the sulcus in the inferior temporal gyrus, cells with a glial morphology stain positive for
fibrinogen at 48 h post-injury; (b) higher magnification of the call-out box. (c) In the caudate nucleus,
cells with neuronal morphology were positive for fibrinogen 72 h post-injury. (d) In an uninjured
brain, fibrinogen (red) is confined to the vessel lumen and absent from astrocytes (GFAP; green)
or microglia (IBA-1; purple). (e) Higher magnification of box in (d). (f) Vessels in premotor cortex
showing marked fibrinogen (red) extravasation 72 h post-experimental concussion. Co-localization
with astrocytes (GFAP; green) is observed. Only minimal co-localization with microglia (IBA-1;
purple) was observed in cells immediately adjacent to the vessel; (g) higher magnification of the call-
out box. (h) In the parietal cortex, fibrinogen (red) extravasation is evident around penetrating surface
vessels and co-localizes with astrocytes (GFAP; green) 72 h post-injury; (i) higher magnification of
the call-out box. (j) In the frontal cortex, fibrinogen (red) is present within cells that have neuronal
morphology and stain negative for IBA-1 (purple) and GFAP (green); (k) these fibrinogen-positive
cells also stained positive for MAP-2 (green), offering confirmation of neuronal cell-type. Scale bars
(a,c) 100 μm, (b,e) 25 μm, and (d,f–k) 50 μm. Figure reproduced with permission from Johnson et al.
2018 [83].

3.6. Explosive Blast Injury

To our knowledge, just three previous reports on the effects of explosive blast injury
in the porcine brain have included an analysis of astrocyte response to this injury. In 2011,
explosive blast injury was performed on Yorkshire swine to simulate a blast experienced
in an open field (blast tube), tactile vehicle, or a building [85]. Seventy-two hours and
two weeks following injury, GFAP+ cells were found to be greater in the hippocampus,
corpus callosum, parasagittal cortex including cingulate gyrus, and superior, middle, and
inferior frontal gyri. They reported increased cell density in the hilus and molecular layers
of the hippocampus. Interestingly, despite the reported increase in GFAP+ astrocytes,
the cells remained within distinct domains and did not display the phenotype typically
characteristic of injured astrocytes. The authors speculate that the augmented astrocyte
numbers combined with the normal astrocyte phenotype could indicate that astroglio-
sis resulted from proinflammatory factor release from activated microglia or transient
blood–brain barrier permeability rather than resulting directly from neuronal injury. A few
years later, this research group investigated the effects of a single, double, or triple blast
on astrocyte proliferation and reactivity in Yucatan minipigs [86]. They found augmented
astrocyte density in the dentate hilus and molecular layer of the hippocampus following
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blast injury (single, double, and triple injury) compared to sham. This astrocyte prolifera-
tion was found between 2 weeks and 6–8 months following blast exposure. Furthermore,
this increase in astrocyte density was greater in animals exposed to two and three blasts
compared to one blast. Examined astrocytes had a stellate appearance and non-overlapping
domains. Additionally, animals exposed to three blasts also had astrocyte proliferation in
the deep central white matter. The researchers speculate that astrocyte activation may be an
early hippocampal response to injury. A different research group investigated the effects of
open field blast exposure (medium and high blast overpressure) on astrocyte proliferation
at 3 days following blast exposure [87]. They observed significantly higher quantities of
astrocytes in frontal lobe regions in both the medium and high blast groups compared to
sham animals, with most astrocytes seen in white matter. There were also more astrocytes
in the high-blast group compared to the medium-blast group. The observed astrocytes had
enlarged cell bodies and processes and more intense GFAP staining compared to sham,
although these observations were not quantified. Overall, the above reports reveal that
explosive blast injury causes astrocyte proliferation in all reported studies ranging from
3 days to 8 months following blast exposure.

3.7. Cerebral Edema via Water Intoxication

The Rosenthal group performed water intoxication in female swine as a mechanism to
investigate cerebral edema leading to elevated intracranial pressure [88]. They took electron
microscopy samples of brain tissue (harvested from over the left coronal suture 1 cm lateral
to the midline) before and after serially inducing four levels of water intoxication in each
subject. While no widespread brain astrocyte pathology was examined, transmission
electron micrographs revealed substantial swelling of astrocyte endfeet in injured tissue
when compared to tissue samples taken prior to injury. These swollen astrocyte endfeet
were found around capillary endothelial cells.

3.8. Intracerebral Hemorrhage via Blood Injection

Zhou and colleagues induced intracerebral hemorrhage in adult male pigs by injecting
blood into the frontal lobe to study the expression of the integrin-associated protein cluster
of differentiation 47 (CD47) following injury [89]. CD47 plays a critical role in immune
responses by providing inhibitory signals to phagocytic processes regulating inflammatory
and immune responses. They reported that while CD47 was increased throughout the
brain, this protein did not co-localize with astrocytes (defined as GFAP+ cells) in the
perihematomal region 3 days following injury. These results indicate that astrocytes may
not be directly involved in the increase in brain CD47 expression following injury.

3.9. Multiple Trauma and Hemorrhagic Shock

Vogt and colleagues studied the effects of multiple trauma associated with hemor-
rhagic shock (MT/HS) in male pigs [90]. They performed two different severities of MT/HS
injury: MT with 45% blood loss and 90 min HS phase (T90) and MT with 50% blood loss
and 120 min HS phase (T120). In separate groups for both injury severities, they induced hy-
pothermia (TH90, TH120) to examine how this treatment might change the analyzed injury
effects. They analyzed the levels of the calcium-binding astrocytic protein S100B at six time
points up to 48.5 h following trauma induction and analyzed S100B immunohistochemistry
at 48.5 h following trauma induction. They reported that S100B blood serum values were
transiently increased in the T120 group compared to sham and that hypothermia did not
influence serum S100B levels compared to normothermic groups across both injury condi-
tions. Although they did not report any change between groups in S100B+ astrocyte cell
count in the frontal lobe, they did note that S100B+ astrocytes in all four trauma groups
had enlarged somata and elongated branches compared to astrocytes in control and sham
groups. This lack of astrocyte proliferation following MT/HS injury caused authors to
speculate that the temporary increase in S100B serum levels likely resulted from the trauma
and/or shock but not directly from cerebral damage.
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3.10. L-2-Alpha-Aminoadipic Acid (L-AAA) Toxicity

Leffler and colleagues performed a set of experiments examining the effects of glial
toxin L-AAA on pig astrocytes in culture and in vivo [91]. They reported that treating
cultured porcine astrocytes with 0.2–2 mM L-AAA for 2 h dose-dependently increased
cell detachment, process retraction, loss of cell–cell contacts, and cytoskeletal changes.
They further reported that in vivo administration of 2 mM L-AAA for 5 h significantly
disrupted the confluent layer of GFAP+ superficial glia limitans, as evidenced by GFAP
immunohistochemistry. In vivo L-AAA administration additionally eliminated pial arterio-
lar dilation to the astrocyte-dependent dilators ADP and glutamate, as well as eliminated
glutamate-stimulated CO production at the cortical surface. These results suggest that
astrocytes employ CO as a mechanism to induce glutamatergic vasodilation in the cerebral
cortex. The authors hypothesize that glutamate activates astrocyte glutamate receptors
to stimulate CO production, which then dilates pial arterioles. A few years later, these
authors published another report further elucidating this mechanism [92]. They utilize a
methodology to demonstrate that injuring astrocytes via the application of 2 mM L-AAA
or the heme oxygenase (HO) inhibitor CrMP to the parietal cortex in vivo blocks both pial
arteriolar dilation and ADP-induced CO production. These results further confirm their
previous findings that glia limitans astrocytes utilize CO as a gaseous neurotransmitter to
mediate ADP-induced pial arteriolar dilation. Further, these findings suggest that CO is
produced by astrocytes via a HO-catalyzed reaction. This group continues their research to
investigate whether cortical astrocyte ionotropic glutamate receptors (iGluRs), specifically
NMDA- and AMPA/kainate-type receptors, mediate the glutamate-induced, astrocyte-
dependent HO activation that in turn causes cerebral vasodilation [93]. They demonstrate
that NMDAR agonists (NMDA and cic-ACPD) and AMPA receptor agonists (AMPA and
kainate) cause pial arteriolar dilation in vivo and that the glial toxin L-AAA blocks this
response. They further demonstrate that in vivo application of the NMDAR antagonist
D-AP5 and the AMPA/kainite receptor antagonist DNQX block pial arteriolar dilation
that results from AMPA, NMDA, or glutamate application. These results demonstrate that
astrocytic iGluRs play an essential role in the dilation of pial arterioles in the piglet cortex.

3.11. Seizure

The Parfenova lab has also published two research articles which examine the ef-
fects of cerebral astrocyte response to neonatal seizure caused by bicuculline adminis-
tration [94,95]. Both studies examine the effect of seizures on cerebral vascular response
to the astrocyte-dependent vasodilator ADP and endothelium and astrocyte-dependent
vasodilators glutamate, the AMPA receptor agonist L-quisqualic acid, and the HO substrate
heme. In addition to examining general changes in the response of pial arterioles to these
vasodilators after a seizure, they also investigate whether administration of CORM-1A (a
carbon monoxide-releasing molecule) can improve vascular outcome following seizure.
They report that cerebral vascular response to ADP, glutamate, quisqualic acid, and heme
is significantly reduced following seizure compared to control groups [94]. Administration
of CORM-A1 either 10 min prior to seizure induction or 20 min after seizure induction was
able to prevent this lower cerebral vascular response to ADP, glutamate, and heme [94].
These studies suggest that the astrocyte components of the neurovascular unit are injured
during a seizure, which could contribute to the dysregulation of blood flow in the brain.
Moreover, these studies indicate that functional astrocytes are necessary for regular cerebral
blood flow. Additionally, the positive effects of CORM-1 administration on this dysregula-
tion could indicate that carbon monoxide administration in the brain could help alleviate
some of this astrocyte damage before or after seizure induction. They further report no sex
differences in these findings [95].

3.12. Bovine Spongiform Encephalopathy

Liberski and colleagues experimentally infected porcine with bovine spongiform en-
cephalopathy (BSE) and performed transmission electron microscopy imaging to examine
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the ultrastructural pathology caused by this neurodegenerative disorder [96]. They re-
ported that BSE causes astrocytosis and astrocyte processes to be in close conjunction with
microglial cells. These ultrastructural findings parallel previous reports of cattle infected
with BSE and humans infected with transmissible spongiform encephalopathies (TSEs).

3.13. Mechanical Ventilation

The Reynolds research group investigated brain injury caused by lung-protective me-
chanical ventilation in a porcine model [97]. Following 50 h of mechanical ventilation (MV),
subjects had a higher percentage of GFAP-positive reactive astrocytes in the hippocampus
compared to never-ventilated (NV) subjects. Astrocyte proliferation in the hippocampus
indicates the hippocampus is damaged because of MV. Additionally, MV subjects had
higher blood serum levels of GFAP compared to NV subjects, indicating astrocyte damage.
The authors speculated that elevated serum GFAP levels could be caused either directly by
lung injury or by a brain injury that occurred during MV. These researchers additionally
reported that transvenous diaphragm neurostimulation (TTDN) during MV can reduce
these negative effects [98]. Furthermore, neuroprotection was greater in subjects exposed
to TTDN during every breath during MV compared to subjects exposed to TTDN every
other breath during MV. The authors speculate that by mimicking the pulmonary stretch re-
ceptor response that occurs during spontaneous breathing, TTDN during MV may regulate
dopamine release in the hippocampus to offer neuroprotection.

3.14. Cardiac Arrest and Cardiopulmonary Bypass (CPB)

Sharma et al. examined changes in GFAP expression and astrocyte morphology via
transmission electron microscopy following 12 min of untreated cardiac arrest (ventricular
fibrillation) in piglets [99]. They reported augmented GFAP reactivity in both the thalamus
and cerebral cortex at 30 and 60 min following injury, with GFAP reactivity correlating well
with neuronal damage and albumin leakage. Immunohistochemistry revealed an increase
in star-shaped astrocytes around blood vessels and neurons, and electron microscopy
revealed swollen astrocytes in the thalamus and cortex at 60 min following cardiac arrest.
Overall, this study demonstrated astrocyte reactivity and morphological changes in diverse
brain regions at early time points following cardiac arrest.

In 1989, Laursen and colleagues examined GFAP expression following total cardiopul-
monary bypass (CPB) for two hours in pigs [100]. They did not observe any astrocytosis
following CPB. However, they did observe perivascular swelling of astrocyte endfeet in
white and gray matter following CPB that occurred at normothermia. This swelling of
astrocytic endfeet was prevented when CPB was conducted at hypothermia. The authors
speculate that astrocyte endfeet swelling could have been caused by a relative impairment
of Na+-K+ exchange.

Around 30 years later, Stinnett and colleagues examined changes in fractional anisotropy
(FA) obtained from diffusion tensor imaging and the correlation of these changes to changes
in GS+GFAP+ astrocyte numbers following mild and severe CPB in piglets [101]. They
reported acute astrogliosis following severe CPB and no differences in astrocyte quantities
between sham, mild, and severe CPB injury by 4 weeks post-injury. They also reported that
FA was not associated with astrocyte quantity in control subjects but that FA changes were
positively correlated with astrocyte numbers in the acute postoperative period following
CPB. Collectively, their results show that the quantity of white matter astrocytes changes
acutely following CPB and that these changes can be captured with FA.

3.15. Sepsis

Papadopolous and colleagues utilized electron microscopy to explore astrocyte mor-
phology changes in the cortex following sepsis induced by fecal peritonitis in adolescent
pigs [102]. They reported that astrocyte endfeet were occasionally swollen in sham subjects.
In contrast, astrocyte endfeet were frequently and intensely swollen in septic subjects.
Astrocyte endfeet in septic subjects also presented ruptured perimicrovessel membranes.
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The authors speculate that injury to astrocytic endfeet caused by sepsis could potentially
impair astrocytic metabolic activity.

3.16. Hepatic Clamping and Hepatic Encephalopathy

Diemer and Tonnesen investigated glial changes following portocaval anastomosis
(PCA) and either total or partial hepatic artery clamping/devascularization [103]. Utilizing
H&E staining, they reported no astrocyte changes following PCA and total hepatic devascu-
larization. They found increased density of astrocyte nuclei and increased astrocyte nuclei
diameter in the frontal cortex and putamen following PCA and partial hepatic clamping for
30–60 min. Additionally, they found enlarged astrocytes with watery nuclei and peripheral
nucleoli in the frontal cortex in the temporary hepatic clamping group, which is indicative
of Alzheimer’s type II astrocytes (AIIA) (Figure 4).

 

Figure 4. Alzheimer type II astrocytes (AIIAs). AIIAs are not associated with Alzheimer’s disease but
are similarly named due to their discovery by the same researcher. The AIIA phenotype can occur
when hepatic dysfunction leads to the elevation of NH3 in the bloodstream (blue arrow). Under
normal conditions, glutamine from astrocytes is converted to glutamate in neurons, which is then re-
leased for synaptic signaling and take back up into astrocytes (pink arrow). The glutamine/osmolyte
hypothesis suggests that elevated ammonia levels cause an increase in astrocytic glutamine syn-
thesis (green arrows). The resulting increased intracellular glutamine concentration precipitates
an osmotic disequilibrium, causing an influx of excess water molecules into the astrocyte. This
leads to distinctive morphological changes, which include astrocytic swelling and a pronounced
pale nucleus. Conversion of astrocytes to an AIIA phenotype can negatively affect neurons due to
increased reactive oxygen species, metabolic insufficiency, and excitotoxicity due to loss of astrocytic
glutamate clearance (created with BioRender.com; accessed on 15 August 2023).

Kristiansen and colleagues induced acute liver failure in pigs by placing an end-
to-end portocaval shunt and ligating the hepatic arteries and analyzed the frontal lobe,
pons, and cerebellum with electron microscopy imaging 8 h later [104]. They reported
several ultrastructural astrocyte changes in these brain regions following ALF, including
cytoplasmic swelling, increased electron density, condensation of the cytoplasm, clumping
of nuclear chromatin, and cytoplasmic membrane dissolution. Electron microscopy imaging
allowed this group to find several different areas of astrocyte injury following ALF that
are indicative of necrotic cell death from this injury phenotype. Zeltser et al. created a
model of diet-induced nonalcoholic fatty liver disease (NAFLD) in 13-day-old juvenile
pigs by feeding them a high-fructose, high-fat (HFF) diet for 70 days [105]. They analyzed
the GFAP intensity per area in the frontal cortex and reported increased astrogliosis in
HFF subjects compared to subjects fed a control diet. They also demonstrated that GFAP
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intensity increased with the severity of liver disease, indicating that metabolic changes
caused by NAFLD can lead to neurodegenerative changes, including astrogliosis.

Kanai and colleagues induced acute hepatic failure in male mini-pigs by administration
of 0.05 mg/kg alpha-amanitin and 1 ug/kg lipopolysaccharide (LPS) in the splenic vein
and investigated the effect of this injury on blood serum S100B levels with ELISA several
hours after injury [106]. They reported that acute hepatic failure led to increased S100B
serum protein levels and that S100B levels were particularly elevated in animals that died
from induction of acute hepatic failure. They also reported that treatment of subjects with
bioartificial liver (BAL) therapy for 4–6 h after hepatic failure induction decreased these
plasma levels of S100B. This study reveals that acute hepatic failure induces astrocyte
damage, as seen by elevated S100B serum levels, and that this astrocyte damage can be
mitigated with BAL therapy.

The Cholich group induced hepatic encephalopathy by poisoning pigs with 5–10%
Senna occidentalis (S. occidentalis) seeds [107]. Brain histology was studied within 12 h of
the first observation of clinical symptoms, which occurred 7–11 days following poisoning.
Utilizing H&E immunohistochemistry, they reported that hepatic encephalopathy subjects
had AIIA in the cerebral cortex that exhibited nuclear pallor, chromatin margination,
and swelling. GFAP immunohistochemistry revealed that white matter astrocytes in
control subjects had long, branching processes that expressed GFAP, whereas white matter
astrocytes in subjects treated with 10% S. occidentalis had reduced immunoreactivity to
GFAP, cell shrinkage, and process retraction. Treated subjects had AIIA in gray matter
regions that were GFAP and had overall reduced numbers of GFAP astrocytes and a reduced
percentage of GFAP+ area in white matter compared to control. The authors speculated
that these morphological and intermediate filament changes following poisoning with S.
occidentalis may precede glial cell death resulting from poisoning.

3.17. Poisoning

Finnie and colleagues published a case report on the presence of AIIA in the brains
of pigs that were subject to salt poisoning resulting from at least 2 days of water de-
privation [108]. Utilizing H&E and GFAP histochemistry, they reported the presence of
numerous AIIA randomly distributed in the cerebral cortical gray matter. These cells were
minimal in subcortical white matter and were absent in the brains of control subjects. The
morphology and appearance of these AIIA were described as swollen, clear, and watery.
These cells also had scant chromatin, vacuolated nuclei, and reduced GFAP expression.
They were sometimes aggregated in clusters of 2–3. The authors speculated that reduced
GFAP staining in AIIA could be due to the instability of GFAP mRNA in these cells. Ad-
ditionally, they hypothesized that the AIIA phenotype may be a transitionary phenotype
between non-reactive astrocytes with normal GFAP expression and reactive astrocytes with
augmented GFAP expression.

The Leifsson group examined changes in the astrocyte phenotype following the natu-
ral infection of pigs with the parasite Taenia solium (T. solium) [109]. They described normal
astrocyte distribution in uninfected brains, with higher expression of astrocytes and astro-
cyte endfeet in the medulla compared to the cortex. There was an increase in astrocyte size,
number, and GFAP expression in subjects infected with T. solium. This astrogliosis resulting
from infection was more pronounced around cysticeri (larval cysts) found in the cortex
compared to the medulla. They also noted that some lesions were surrounded by astrocyte
endfeet forming a glial scar, while others were surrounded by blood vessels that lacked
astrocyte endfeet (indicative of BBB loss). Overall, astrogliosis is prominent after T. solium
neurocysticercosis.

Riet-Correra et al. examined the effects of ingesting 13% Aeschynomene indica (A. indica)
seeds in adult pigs [110]. A. indica is a weed that grows abundantly in irrigated rice
fields and can contaminate rice harvests. Utilizing H&E staining and transmission electron
microscopy, they reported that astrocytes in the cerebellum were enlarged and swollen 24 h
after ingestion, with endfoot processes often seen separating capillary endothelial cells and
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pericytes. They also reported astrocytosis in the cerebellum at 15 days following A. indica
ingestion.

3.18. Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR), caused by placental insufficiency, leads to fetal
development in a chronic hypoxic environment that, in turn, leads to neurological disabili-
ties. Wixey and colleagues published a report detailing the effects of IUGR on astrocyte
density and morphology in postnatal-day 1 (p1) and 4 (p4) piglets [111]. They reported
that GFAP+ astrocytes in the parietal white matter of normal growth (NG) brains possessed
long, branching processes and small cell bodies. On the other hand, GFAP+ astrocytes in
the parietal white matter of IUGR brains had morphology indicative of reactive astrocytes,
including larger cell bodies and fewer, shorter, retracted processes. Analyzing GFAP+ areal
density revealed that IUGR brains significantly increased GFAP+ density in intragyral
white matter, subcortical white matter, and periventricular white matter compared with
NG brains at both p1 and p4. Additionally, GFAP+ astrocytes co-localized with IL-1beta in
periventricular white matter and with IL-18 and TNFalpha in the parietal cortex of IUGR
brains. NG brains had a very minimal overlap of these inflammatory markers with GFAP+
astrocytes. Overall, these results reveal that chronic hypoxia during fetal development
causes increased astrocyte density and astrocytes to possess a reactive morphology up to at
least p4. This group then published two studies examining whether Ibuprofen treatment
immediately after birth affected this inflammatory astrocytic morphology seen in IUGR
brains [112,113]. They reported that treatment of Ibuprofen on postnatal days 1–3 alleviated
the increase in GFAP+ density in intragyral white matter, subcortical white matter, and
periventricular white matter that was seen in IUGR brains at p4 [112]. These results indicate
that Ibuprofen treatment in the first few days after birth may hinder inflammatory media-
tors and thus reduce astrocyte reactivity in white matter regions. They also investigated
the effects of IUGR and Ibuprofen treatment on the integrity of the neurovascular unit,
including the interaction between astrocytic endfeet and blood vessels [113]. They reported
that IUGR brains had significant loss of GFAP labeling around vasculature, increased
hypertrophy of GFAP+ endfeet around vasculature, and decreased quantity of astrocyte
endfeet interacting with the vasculature (overall loss of astrocyte coverage of vasculature).
Ibuprofen treatment for three days following birth caused astrocyte interactions with vas-
culature to return to normal, with Ibuprofen subjects exhibiting normal astrocyte coverage
of vessels and reduced endfeet hypertrophy. IUGR brains also contained GFAP+ astrocytes
that took extraverted serum proteins albumin and IgG. Astrocytes co-labeling with these
serum proteins tended to maintain their normal interactions with blood vessels but had
very hypertrophic endfeet. Ibuprofen treatment reduced serum protein extraversion and
co-labeling of astrocytes with serum proteins. IUGR brains also had increased expression
of GFAP+ co-labeling with the tight junction protein claudin-1 (Cldn1) compared to NG
brains, an increase that was also reduced with Ibuprofen treatment. Overall, these results
indicate that the neurovascular unit is disrupted because of IUGR, including disrupted as-
trocyte interactions with vasculature and BBB disruption and leakage. Ibuprofen treatment
decreased astrocyte reactivity and restored healthy astrocyte interactions with vasculature,
helping to reduce BBB leakage. Anti-inflammatory signaling caused by Ibuprofen treatment
appears to help restore BBB integrity in IUGR subjects. To our knowledge, this has not been
investigated clinically.

3.19. Maternal Infection and Poisoning

Prenatal maternal infections can lead to fetal brain abnormalities. Antonson and
colleagues investigated astrocyte changes in the Large White/Landrace porcine fetal hip-
pocampus following maternal infection with porcine reproductive and respiratory syn-
drome virus (PRRSV) [114]. Pregnant female pigs were infected with PRRSV at gestational
day (GD) 76, and fetuses were removed for analysis on GD111, 3 days before their ex-
pected delivery date. Using quantitative real-time PCR, they reported increased GFAP
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expression in the fetal hippocampus of PRRSV-infected mothers relative to fetuses of
uninfected mothers. They also utilized GFAP immunohistochemistry to show that the rela-
tive integrated density of GFAP+ cells in the hilar region of the hippocampus was greater
following maternal PRRSV infection compared to uninfected mothers. These results demon-
strate upregulation of GFAP+ gliosis following late-gestation maternal PRRSV infection,
indicating that maternal infection during pregnancy causes astrocyte responsiveness in
developing fetuses.

Recently the Pankratova Lab published a study investigating the exposure of porcine
fetuses to intra-amniotic injection of 1 mg liposaccharide (LPS), which can cause intrauter-
ine inflammation at embryonic gestation day 103 (E103) prior to cesarean section delivery
at E106 [115]. They analyzed GFAP immunoreactivity in the cortex, hippocampus, and
periventricular white matter at day 1 (P1) and day 5 (P5) after birth. They reported no dif-
ferences between control and LPS-treated subjects in GFAP immunoreactivity across these
three brain regions at either P1 or P5. They did show an increase in GFAP immunoreactivity
in the periventricular white matter from P1 to P5 in all subjects, reflecting a developmental
increase in astrocytes during this time. GFAP did not increase from P1 to P5 across the cor-
tex or hippocampus. The authors speculated that an increase in GFAP in the periventricular
white matter specifically could be because astrocytes play an important role in myelination
during this early time by supplying energy, trophic factors, and iron to oligodendrocytes
and their precursors, among other supportive functions [116]. Additionally, their results
showed that white matter astrocytes express overall higher levels of GFAP than gray matter
astrocytes at both P1 and P5.

Brunse and colleagues investigated the effect of preterm birth, often associated with im-
paired neurodevelopment and necrotizing enterocolitis, on perivascular astrocyte coverage
in the hippocampus and striatum of the porcine brain at 8 h and 5 days following birth [117].
Following the delivery of fetuses at preterm (106 days of gestation) and full-term (117 days
of gestation), they conducted Western blotting and reported that GFAP protein levels in
the hippocampus and striatum were similar between these groups at both 8 h and 5 days
following birth. However, they noted that perivascular astrocyte coverage (determined
by overlapping immunohistochemistry of GFAP and laminin) was three-fold higher in
full-term compared to preterm pigs in the hippocampus. This difference was still found
at 5 days following birth. Perivascular astrocyte coverage was similar between groups in
the striatum. These results indicate that astrocyte endfeet coverage of the BBB is reduced
in the hippocampus, but not the striatum, following preterm birth. This indicates that the
hippocampus might be more vulnerable than the striatum to BBB disruption following
preterm birth.

3.20. Injury to the Optic Nerve

In an earlier section, we described a publication that reported on the amino acid
sequences of the glaucoma-associated genes myocilin and optineurin [49]. In this same
publication, the authors examined the effects of different stressors on the level of these
two genes in astrocytes isolated from the trabecular and prelaminar regions of the porcine
optic nerve head. Expression of myocilin and optineurin was assessed by RT-PCR isolated
from cultured cells following exposure to various stressors. Incubating porcine optic nerve
head astrocytes under conditions of hydrostatic pressure (33 mg Hg above atmospheric
pressure for between 12–72 h) or mechanical stretching (10% mechanical stretch over
24 h) caused no difference in myocilin or optineurin expression as analyzed via total RNA
expression. Incubating porcine optic nerve head astrocytes under hypoxic conditions (7%
O2 and 5% CO2 for 72 h) caused significantly decreased myocilin expression and no change
in optineurin expression. Exposing porcine optic nerve head astrocytes to dexamethasone
(500 nM added to culture media for 2 weeks) caused significantly decreased optineurin
expression and significantly increased myocilin expression. The differing responses in
expression levels of these two genes under different stressors indicate that myocilin and
optineurin induce glaucoma via different mechanisms.
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Balaratnasingam and colleagues examined astrocyte damage in the porcine optic
nerve head following an acute increase in intraocular pressure (IOP) for 3, 6, 9, or 12 h [56].
There was no change in GFAP intensity following increased IOP for 3 h. After elevated
IOP exposure for 6, 9, or 12 h, there was decreased GFAP expression in the pre-laminar,
post-laminar, and lamina cribrosa regions. The percentage of ONH tissue that stained
positive for GFAP decreased following 12 h of elevated IOP, a change that was not seen
after shorter exposure times. They also reported that the architecture of astrocytes changed
following increased IOP. Under normal conditions, GFAP+ astrocytes had a reticulated and
skein organization across all regions of the ONH. Following increased IOP, astrocytes were
disorganized and had round and ovoid changes to their structure. These changes were seen
across all regions of the ONH (pre-laminar, post-laminar, and lamina cribrosa) but only in
a subset of astrocytes. They observed patches of unaltered astrocytes interspersed with
patches of morphologically altered astrocytes across these three regions following increased
IOP. These morphological changes were seen in all groups. In subjects exposed to increased
IOP for 12 h, the GFAP morphology changed drastically to elicit an amorphous appearance,
having lost the structure of fine processes and gained nodular enlargements. In subjects
exposed to elevated IOP for 3 h, morphological changes occurred in the lamina cribrosa. In
subjects exposed to increased IOP for 6, 9, and 12 h, morphological changes were seen in
the pre-laminar, post-laminar, and lamina cribrosa regions. The authors hypothesized that
these morphological changes are due to astrocyte swelling and likely result from cell injury
rather than cell reactivity.

This group also reported astrocyte changes following argon laser-induced axotomy of
the porcine retinal ganglion cell axon [55]. A reduction in the intensity of GFAP staining
was observed at the axotomized region as well as up to 2400 microns on the peripheral side
of the axotomy location. Authors believe that reduced GFAP staining at the axotomized
region is indicative of glial cell injury rather than reactive astrocytosis. They further
hypothesize that reduced GFAP staining on the peripheral side of axotomy could be due to
the enhanced coupling capacity of astrocytes by gap junction proteins or a reduced supply
of neurotrophins necessary for astrocyte survival.

4. Conclusions

Historically, studies that assess astrocytes in the context of injury or disease suffer
from an overreliance on GFAP and simplistic “reactive” scoring, and many of the above
pig studies suffer from this oversimplification. Astrocyte reactivity is actually quite hetero-
geneous, and a great deal can be learned from a closer examination of expression patterns,
morphological changes, and other properties [118,119]. However, we also reviewed several
studies that went beyond GFAP to offer more insight into astrocyte biology. As we continue
to pursue astrocyte research in pigs and other species, we must strive to collect and analyze
meaningful data without depending on oversimplified GFAP scoring. These studies will be
vital to therapeutic development in the field of neurotrauma. We have described the many
reasons that astrocytes represent a very attractive therapeutic target for neuroprotection
and recovery, provided the essential roles they play in neuronal survival as well as brain
blood flow, metabolism, edema, and other functions that are affected by neurotrauma.
Pigs are an essential translational bridge between rodents and humans in neurotrauma
research. With the larger, more developed pig brain, we are able to recreate mechanisms
and manifestations of human neurotrauma that are not possible in small animal models.
Beyond size and anatomy, the brain cells of pigs also appear to be more similar to humans
relative to rodents, further emphasizing the need for pig research [12]. We hope that in
addition to providing a roadmap for previous pig astrocyte research and resources, this
review will inspire researchers to expand the study of astrocytes in pigs in pursuit of a
functioning translational neurotrauma pipeline.
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Abstract: Large animal models of spinal cord injury may be useful tools in facilitating the develop-
ment of translational therapies for spinal cord injury (SCI). Porcine models of SCI are of particular
interest due to significant anatomic and physiologic similarities to humans. The similar size and func-
tional organization of the porcine spinal cord, for instance, may facilitate more accurate evaluation
of axonal regeneration across long distances that more closely resemble the realities of clinical SCI.
Furthermore, the porcine cardiovascular system closely resembles that of humans, including at the
level of the spinal cord vascular supply. These anatomic and physiologic similarities to humans not
only enable more representative SCI models with the ability to accurately evaluate the translational
potential of novel therapies, especially biologics, they also facilitate the collection of physiologic data
to assess response to therapy in a setting similar to those used in the clinical management of SCI.
This review summarizes the current landscape of porcine spinal cord injury research, including the
available models, outcome measures, and the strengths, limitations, and alternatives to porcine mod-
els. As the number of investigational SCI therapies grow, porcine SCI models provide an attractive
platform for the evaluation of promising treatments prior to clinical translation.

Keywords: spinal cord injury; porcine models; regeneration; translational neurotrauma; hemisection;
contusion; balloon compression technique

1. Introduction

Traumatic spinal cord injury (SCI) is a devastating event that leads to varying loss
of sensorimotor, autonomic, sphincter, and sexual dysfunction. SCI is a major driver of
disability worldwide, afflicting over 20 million individuals [1]. Motor vehicle collisions
(MVC), falls, and violence are the most common causes of SCI [2], which disproportionately
affect young individuals aged 15 to 29. Injury in this age group accounts for the majority
of disability adjusted life years in the SCI population [3]. In recent years, however, there
has been an increasing incidence of SCI amongst older adults, potentially driven by global
increases in life expectancy [4]. On average, the annual cost of injury is 14.5 billion dollars,
which positively correlates with the severity of injury [2].

Spinal cord topography changes along its rostrocaudal and ventrodorsal axes, making
the location of injury a major determinant of SCI subtype and severity [5]. For example,
high cervical spine injuries may lead to tetraplegia, autonomic dysfunction, and loss of
respiratory drive requiring lifelong mechanical ventilation, while thoracic cord injury
spares respiratory and upper extremity function [6,7]. Both cervical and thoracic spine
injuries are suprasacral injuries and may result in neurogenic detrusor overactivity that has
disabling social consequences and increases the risk of urinary tract infections [8]. Given
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the disability that results from these devastating injuries, substantial efforts have been
made to mitigate secondary injury following SCI [9].

Secondary injury stems from a variety of sources including host response to mechani-
cally damaged tissue and pathologic states of spinal cord blood flow that lead to impaired
tissue metabolism [10]. Direct cellular injury that occurs from the primary insult also
triggers a cascade of damaging events including glutamate-mediated excitotoxicity and
oxidative stress [11]. These effects combine to create a hostile environment for recovery,
which is made worse by the limited regenerative capacity of the central nervous system.
Advances in first responder, hospital, and rehabilitation care have led to dramatic im-
provements in SCI outcomes [12]. However, meaningful recovery of the sensorimotor and
autonomic function that injured patients desire have remained elusive and are an active
area of preclinical investigation [9–11].

Animal models have been developed using different species and mechanisms of injury
to characterize pathogenesis of SCI and test new therapies. Unfortunately, many promising
preclinical treatments have failed to show efficacy in clinical trials [13]. For example,
pharmacologic therapies such as high-dose methylprednisolone and GM-1 ganglioside
are not recommended by current guidelines since randomized clinical trials have failed to
show sufficient benefit [14]. One potential reason for translational failure is the inadequacy
of widely used rodent models of SCI, which account for 72% of SCI models [13]. Porcine
models of SCI account for 1.5% of animal SCI studies and are a promising alternative species
that may hold translational relevance due to comparable spinal anatomy and cardiovascular
physiology. In this article, we review the current state of porcine models of SCI.

2. SCI Pathophysiology

The majority of SCI results from sudden, traumatic impact on the spine causing
fractured or dislocated vertebrae. The impacts on the spinal cord can be broken down into
the primary injury, which occurs due to direct mechanical forces at the time of injury, and
the secondary injury, which is the result of downstream effects including ischemic injury,
excitotoxicity, and inflammatory damage [11].

The primary injury can be classified based on mechanism of trauma, including
(1) impact plus persistent compression, (2) impact alone with only transient compres-
sion, (3) distraction, and (4) laceration/transection [15]. Impact leads to destabilization
of the spinal column as a result of bony and ligamentous injuries. Bone and ligamentous
injuries can cause further direct injury to the spinal cord through fragments compressing
the cord or ligamentous instability causing shearing or stretching injuries. Distraction
injuries occur when two adjacent vertebrae are pulled apart, and laceration and transection
injuries can occur through missile injuries, severe dislocations, or sharp bone fragment
dislocations. Intraparenchymal, subdural, or epidural hematomas may also form and
further compound injury from bony compression [11].

The primary injury then sets off a cascade of pathophysiologic mechanisms leading
to further morbidity and mortality in SCI patients. Numerous secondary injury processes
are initiated following the primary insult. In addition to the direct damage to the cord
parenchyma, the compressive forces on the spinal cord can compromise spinal cord per-
fusion leading to tissue ischemia and further cell death [16,17]. Disruption of the brain
spinal cord barrier facilitates the formation of cytotoxic and vasogenic edema in addition
to an influx of peripheral inflammatory cells. A complex interaction of these processes
result in apoptosis, necrosis, axonal degeneration, gliotic and fibrotic scar formation, and
demyelination, which contribute to the persistent neurological deficits experienced by
patients with SCI [18].

3. Broad Overview of SCI Models

Development of new SCI therapeutics is dependent on effective preclinical models
that can be used to develop and evaluate new treatments. The first widely publicized
SCI model was developed by Alfred Allen at the University of Pennsylvania [19]. In 1911,
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he published the first report on a canine model of SCI via controlled weight drop on the
exposed spinal cord. Since his early experiments, numerous methods have been developed
to induce experimental SCI across several species [13]. Experimental methods are broadly
categorized as contusion, compression, and transection injuries. Contusion models are the
most frequently studied, followed by transection and compression models [13]. Although
cervical SCI has the highest clinical prevalence, most SCI models employ thoracic injuries
(81%), a practice that is frequently attributed to ethical and resource concerns with cervical
SCI-associated morbidity [13]. Rodent models of SCI are the most frequently cited species
in the published literature, accounting for 88.4% of studies (72.4% rat, 16% mouse) [13].

Large animal models of SCI are less frequently reported in the literature. The first
porcine model of SCI was developed in 1996, 85 years after Allen’s canine SCI report [20].
Prior to development of porcine and nonhuman primate models, small animal models of
SCI using rats and mice predominated due to low cost, small size, a well-characterized
genome, and established functional assessment tools. However, clear anatomic and physio-
logic differences between rodents and humans present major limitations when generalizing
insights from the rodent SCI literature to the human SCI population. Differences in the
functional organization of the rodent spinal cord, vascular supply to the spinal cord, size of
the spinal column, and the well-described potential for spontaneous recovery following
SCI in rodents limit translatability of these models [21]. In a review of animal SCI models
by Shari-Alhoseini et al., only 1.5% of over 2000 SCI studies reported use of porcine models
with another 1.5% using nonhuman primate (NHP) models [13]. In comparison, 72.4% of
studies used rats, 6% mice, 2.4% rabbit, 2.3% dog, 2.2% cat, and 0.4% goat, sheep, or bovine
models [13]. Despite their infrequent use in the published literature, large animal models
remain important in the study of SCI and development and preclinical testing of novel
treatment strategies.

Comparative studies of spinal cord structure and function across species have found a
significant degree of homology between the porcine and human spinal cord and column
anatomy when compared to rodents [22–24]. A more accurate recapitulation of the human
spinal cord is of great translational importance. Ongoing strategies for reanimation of
limbs following SCI include implanting tissue engineered axonal constructs to bypass
the region of SCI [25], neuromodulation to convert cortical motor intent into action via
implantable spinal cord electrodes [26], and fiberoptic monitoring of spinal cord blood flow
and oxygenation for closed-loop blood pressure augmentation using epidural probes [27].
Translation of these implantable technologies is limited by scalability when using small
animal models. Additionally, the lateral location of the corticospinal tract in pigs is more
similar to the corticospinal tract (CST) in humans, whereas rodent CST is divided into dorsal,
ventral, and lateral components [24]. An increased level of similarity in the functional
organization and size of the relevant anatomic tracts is essential in determining the efficacy
of new therapies [28].

4. Porcine Models of SCI

Similar to rodent models of SCI, porcine spinal cord injuries are experimentally pro-
duced by contusion, compression, selective spinal tractotomy, or transection of the spinal
cord. These injuries produce varying degrees of axotomy and axonal regeneration [29]. Neu-
ronal death, vascular damage, and connective tissue scarring are differentially impacted
based on mechanism of injury, allowing experimental modeling of the varied presentations
of human SCIs. Below, we discuss porcine models of SCI, with summaries provided in
Table 1.
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Table 1. Porcine spinal cord injury models—strengths and limitations.

Porcine Spinal Cord Injury Models—Strengths and Limitations

Strengths Limitations Clinical Translation

Contusion only
[30] • Titratable force applied can produce graded

injury that has been shown to correlate with
clinical and histopathologic changes.

• Cavitation, axonal loss, and syrinx formation
mimic sequela of human SCI.

• Requires laminectomy,
decompressing the spinal cord
before injury.

• Lateral cord displacement
during impaction may produce
variable injury patterns.

• Invasive, laminectomy +/−
instrumentation requires large
surgical exposures and more
postoperative care.

• Model for central cord
where spinal cord is
contused during
extension from
disc–osteophyte
complex or compressed
from tricompartmental
stenosis.

Compression [31]
• Force and duration of compression are

titratable that can create graded changes in
clinical exam.

• Cavitation, axonal loss, and syrinx formation
mimic sequela of human SCI.

• Procedure can be performed with minimally
invasive technique using balloon
compression.

• Compression without contusion
has little clinical translation in
traumatic spinal cord injury.

• Model for pathology
that slowly develops
such as degenerative
stenosis.

Contusion–
compression

[30] • Best mimics real-life traumatic SCI.
• Titratable force applied can produce graded

injury that has been shown to correlate with
clinical and histopathologic changes.

• Mimics initial force against cord
and time under compression
prior to surgical intervention.

• Lateral cord displacement
during impaction may produce
variable injury patterns.

• Invasive, laminectomy +/−
instrumentation requires large
surgical exposures and more
post operative care.

• Model for fracture
dislocation injury and
central cord with
ongoing degenerative
stenosis.

Transection [32]
• Highly selective injury.
• Produces clinical and histologic changes

similar to hemisection of the human spinal
cord.

• Rare pathology.
• Non-titratable injury.

• Stab wounds.

Ischemic
[27,33,34] • Duration and degree of ischemia can be

titrated to grade both clinical injury and
neuronal cell death on histology.

• Ischemia can be induced in a minimally
invasive fashion through aortic balloon
occlusion.

• Devices used to measure SCBF can be used
in traumatic SCI applications to characterize
and treat pathologic changes in SCBF to
reduce secondary injury.

• Prolonged ischemic time may
damage nonneural tissue such
as the limbs and kidneys,
producing widespread damage
and increasing animal care
needs.

• Iatrogenic injury during
aortic surgery.

• Anterior spinal artery
compression from
fracture fragments.

• Blood pressure
augmentation following
spinal cord injury.

Penetrating [20]
• Useful for the study of pathophysiologic

mechanisms of injury that can provide
insights for penetrating injuries in humans,
which disproportionately affect young
healthy individuals.

• Ethical issues.
• Difficult reproducibility.

• Military and civilian
SCI from direct and
blast-related injury.
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4.1. Contusion Models

Contusion models of SCI remain the most widely utilized in porcine models. In a
recent systematic review, 70% of published studies of porcine SCI used contusion-based
injuries, 43% weight drop with subsequent compression, 16% weight drop alone, and 11%
using modified computer-controlled impactors similar to controlled cortical impaction in
traumatic brain injury [35]. Contusion-induced injuries first require a laminectomy at the
level of injury to expose the dura and underlying spinal cord [30]. To secure the device
platform to the animal, pedicle screws can be placed to mount the device. After ensuring
appropriate positioning of the guide rail and impactor overtop the laminectomy defect, the
impactor is dropped from a predetermined height to then impact the cord. After injury, the
impactor may be left in place and additional weight may be added to simulate ongoing
spinal cord compression after the initial injury. The severity of injury may be adjusted by
changing the mass of the impactor, the height from which it is dropped, and the duration
of compression after initial impact [36].

To reduce the variability in size and severity of lesions produced by the weight drop
method, Zuchner et al. developed a spring-loaded impactor device equipped with a load
sensor to more accurately estimate the force of impact applied during a given injury [37].
Although the authors encountered a degree of variability in the injuries produced with this
device, efforts to mitigate that variability through optimizing positioning of the animals
during surgery, rigidly fixating the spine to minimize dissipation of force through exten-
sion of the spine in response to the impact, and standardization of the treated levels via
preoperative X-ray substantially reduced this variation [37].

Kuluz et al. also described the use of a controlled cortical impactor (CCI) device to
induce SCI in piglets [38]. In this study, a 6 mm impactor tip was used to injure the spinal
cord of 3–5-week-old piglets in which the average spinal cord diameter was 5.5 to 6.5 mm.
Complete and incomplete injuries could be selectively and reliably obtained by varying the
depth of impact and pressure generated.

4.2. Compression Models

Spinal cord compression injuries account for the next most commonly cited porcine
SCI model with balloon compression models being cited in 5% of studies and surgical clip
application in 6% [35]. The compression model of SCI was first introduced in the 1950s by
Tarlov in a canine model [39]. Tarlov’s device consisted of a hydraulic device that inflated
a bulb-shaped balloon with either water or iodinated contrast that was inserted into the
spinal canal after a laminectomy was performed at the site of injury. Acute or chronic
compression injuries were induced by variation in the time course of balloon inflation.

Foditsch et al. described a similar method of inducing SCI in minipigs via minimally
invasive techniques. A needle is introduced percutaneously into the lumbar epidural
space which facilitates placement of a guidewire and serial dilations before insertion of
a kyphoplasty balloon that is threaded into the thoracic epidural space before inflation.
This minimally invasive, percutaneous method has the advantage of inducing less pain
to the animal. The technique also avoids the need for upfront laminectomy in contusion
and transection methods, which increases translatability as injury does not occur to a
decompressed spinal cord in clinical practice.

In addition to balloon compression, variations of the rodent clip compression SCI
have also been studied in porcine models. In the clip application model, a laminectomy is
performed at the level to be injured, followed by the placement of a calibrated clip, such
as an aneurysm clip, around the cord. Given the size of the porcine spinal cord, these
models have been adapted with the use of specially developed devices capable of providing
precisely controlled compressive forces. Injury severity can be modulated by using clips that
are calibrated to deliver a different amount of force or by adjusting the length of time the clip
is left in place on the spinal cord. Zurita et al. described a technique in which a durotomy
is performed prior to application of two Heifetz’s clips directly onto the spinal cord [40].
Following the surgical procedure, the authors reported the formation of a reproducible
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necrotic centromedullary lesion 2 weeks following injury. Similarly, Kowalski et al. showed
reproducible injuries after epidural application of Heifetz’s clips for 30 min [41]. While the
clip application method is notable for its ease of implementation and consistent delivery
of a calibrated force, the force applied by the clips produces a predominantly laterally
directed compression, unlike the typical dorsal or ventral compressive forces generated
in clinical SCI.

4.3. Transection Models

Unlike rodent models, in which hemisection and complete transection injuries are
commonly utilized, such methods are reported at a significantly lower rate in porcine
models [36]. The damage caused by transection of the spinal cord in animal models is
representative of lacerating spinal cord injury in humans, which may account for up to
20% of SCI [42]. Similar to the weight drop method, a laminectomy is first required to
expose the dura and underlying spinal cord in order to perform hemisection or complete
transection of the porcine spinal cord.

Many animal SCI models produce complete paraplegia. However, given the large
number of human injuries meeting criteria for incomplete SCI (American Spinal Injury
Association Grades B–E), hemisection of the spinal cord offers an injury mechanism that can
mimic the deficits associated with incomplete SCI [13]. Prior work in other animal models
has demonstrated that hemisection of the cord causes a reliable pattern of neural damage
with significant neuronal loss in the spinal cord tissue adjacent to the lesion and chronic
motor disability [43]. Hemisection of the spinal cord can produce injury phenotypes similar
to Brown–Séquard syndrome in human patients, but also hold the potential to induce
monoparesis of the upper extremity, which maybe a useful tool for studying cervical
lesions while minimizing the morbidity associated with more severe, tetraplegia-inducing
complete cervical injuries [32]. Injury phenotypes for hemisection of the cervical spinal cord
included severe and chronic paresis of the ipsilateral forelimb with substantial recovery of
the hindlimb, consistent with the motor syndrome observed in humans with asymmetric
SCI [32].

Another spinal cord transection model that has been described is a transection caudal
to the last sacral spinal cord segment [44]. In this model, a spinal cord injury was induced
in the sacrocaudal spinal cord of Yucatan minipigs to cause paralysis of the tail while
sparing pelvic limb, rectal, and bladder function. Dorsal laminectomy of the seventh
lumbar and first two sacral vertebrae is performed, and the spinal cord is then transected at
the junction of the last sacral and first caudal spinal cord segment using tenotomy scissors.
This spinal cord transection model has been utilized for cellular transplantation research
and offers a novel method for investigating the effect of cellular transplantation on axonal
regeneration and functional recovery. Transection of the sacral spinal cord provides the
benefit of producing paralysis of the tail only, allowing for a more humane model than those
leading to severe thoracolumbar SCIs in pigs. In addition, this reduces the practical nursing
challenges associated with inducing pelvic limb and bladder paralysis in a large mammal.
However, as motor impairment and bowel and bladder dysfunction are the most frequently
cited drivers of disability in patients, the sacrocaudal model may prove inadequate in
evaluating the efficacy of potential therapeutics targeted towards those functional domains.

In a study designed to investigate the early postinjury response of sympathetic nerve
activity following high cervical injuries, Ruggiero et al. described a complete transection
at the C1 level in a non-survival injury model [45]. Given the significant anesthetic and
physiologic support required to maintain the animals following this type of injury, the
widespread applicability of this model remains limited to studies of the hyper-acute period
after injury, which may ultimately limit frequent utilization of this technique. Overall,
as large animal studies are utilized as a more advanced step on the path to translation,
the significant incongruencies between clinical SCI pathophysiology and that induced by
cord transection models may explain why few studies have been described in the porcine
SCI literature.
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4.4. Ischemic Models

Spinal cord injury from ischemia may occur following fractures that compress the
anterior spinal artery causing anterior cord syndrome, aortic surgery, and thromboembolic
phenomena during endovascular procedures. Comparable vascular anatomy between
humans and pigs have made pigs an ideal candidate to study spinal cord ischemia in the
area of aortic surgery research [35].

Recently, a porcine model of pure spinal cord ischemia (i.e., no compression) was
used to test SCBF monitoring devices [27]. Busch et al. performed a lumbar laminectomy
with placement of a spinal cord blood flow (SCBF) monitoring probe in the epidural space
that utilized diffuse correlation spectroscopy (DCS) to measure changes in SCBF. This
noninvasive optical technique measures fluctuations in near infrared light (NIR) due to
red blood cell (RBC) motion. Ischemic injury was produced by placing a REBOA balloon
catheter into the aorta via femoral artery cannulation. Sensors on the probe were found
to have a sensitivity of 0.87 and specificity of 0.91 for detecting a 25% decrement in SCBF
below the level of aortic occlusion [27]. Monitoring of SCBF is also important in contusion
models of SCI as spinal cord ischemia is a driver of secondary injury. For example, prior
porcine models of SCI that have used laser doppler flowmetry (LDF) to measure SCBF
following moderate trauma from weight drop measured a 47.5–61.1% reduction in SCBF
following injury [46].

Interestingly, when Busch et al. compared DCS to LDF in the porcine model of spinal
cord ischemia, reperfusion after releasing aortic occlusion measured using DCS transiently
increased above baseline values, whereas LDF returned to baseline. This may reflect
differences in sampling, as LDF can only measure surface microcirculation, while DCS
penetrates deeper microcirculation [27]. The ability to monitor deeper tissues may be
especially important in incomplete spinal cord injuries such as central cord syndrome
where damage primarily occurs in the central grey matter with white matter sparing,
resulting in segmental sensorimotor dysfunction without long tract injury.

Thus, ischemic models of SCI can be used to prevent ischemia during vascular pro-
cedures, investigate ideal pressors to optimize spinal cord blood flow [47], and serve as a
platform for testing devices that allow targeted hyperdynamic therapy following traumatic
SCI. Indeed, current clinical guidelines following traumatic SCI recommend maintaining
mean arterial pressure (MAP) between 85 and 90 mm Hg for 5–7 days following SCI to
mitigate secondary injury from hypoperfusion, but little is known on how this strategy
affects SCBF across individuals [48].

4.5. Other Models

Penetrating SCI accounts for only ~5% of traumatic SCI. However, such injuries
disproportionately affect young male patients, which leads to significant disability costs
due to lost productivity and larger duration of long-term care needs. SCI resulting from
gunshot wounds likely display different pathophysiologic characteristics than blunt injuries
as a result of the unique processes of ballistic injury and cavitation. Given their large size,
pigs provide a much more suitable model system to evaluate pathophysiologic mechanisms
following penetrating SCI [20]. Few studies employing porcine models of penetrating
trauma have been published, which reflects the relative rarity of this entity. Given the
relative infrequency of penetrating SCI and the significant ethical concerns of such models,
their larger utility remains in doubt.

5. Porcine Strains Used in SCI Models

There are several wildtype porcine strains used in medical research. While domestic
farm pigs were one of the first porcine strains to be used, their large size presents signifi-
cant challenges in the study of SCI, as adults frequently achieve weights of greater than
200 kg [49,50]. This has led to exploration of minipig strains as more favorable for biomedi-
cal research purposes. Minipigs offer significant advantages for biomedical research given
their more manageable size and gentle disposition, which simplify the logistics of animal
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care while providing a more accurate representation of human spine biomechanics [51,52].
The Yucatan porcine strain is most widely used within SCI research, followed by the
Gottingen mini, Vietnamese potbellied mini, and Yorkshire pigs [35].

The Yucatan minipig is a hairless and docile pig that reaches a weight of 70 kg
(154 lbs) [52]. The Yucatan pig is an inbred strain, leading to less genetic variability [50].
This is important when considering genetic manipulations in SCI research and responses to
new drug therapies. A genetically defined population is advantageous in animal research
when compared to outbred strains that have more genetic variability [53].

In contrast, the Gottingen minipig offers an even smaller alternative, reaching up
to 38 kg (83 lbs) in weight [50]. Size differences in porcine strains are important, as
researchers must balance replicating human height and weight with research expenditures
(e.g., housing size, food, and handling).

As the majority of porcine SCI injury models require laminectomy to expose the cord
prior to contusion, transection, or compression, the effect of the laminectomy on subsequent
spinal instability must be evaluated and addressed due to potential confounding effect
of iatrogenic SCI secondary to mechanical instability. These size considerations make
domestic farm pigs most suitable for non-survival or short-term studies, as demonstrated
by Ruggerio et al [45].

As with any animal model, the use of porcine strains for biomedical research should
be conducted in accordance with legal and ethical principles. In addition, researchers
should be careful to follow strain-specific considerations such as acclimation periods and
individual housing following surgical procedures [54].

6. Strengths of Porcine Models

Due to the similarity of porcine spinal cord morphology and physiology to humans,
porcine models offer significant advantages for preclinical therapeutic trials for human
disease. Pig spinal cords are similar in size, dimensions, vertebral body height, and
circulatory system to humans [22,55,56]. Toossi et al. recently published a comparative
study examining the anatomy of the lumbosacral spina cord in humans and domestics
pigs, in addition to Sprague–Dawley rats, rhesus macaques, and cats [57]. Relative to
the other species studied, there were significantly greater similarities between several
metrics between humans and pigs including the length of the lumbosacral enlargement,
cross-sectional area of the spinal cord, and morphology of the central gray matter. This
varies across porcine strains, as minipigs have a spinal cord ~ 1

2 the diameter of humans [58].
As clinical SCI can sometimes span multiple vertebral levels, the increased length of the
porcine spinal cord allows for the study of axonal regeneration across large distances more
commensurate with humans, an essential factor in determining the translational potential of
bioengineered SCI therapies [28]. Additionally, the position of the porcine corticospinal tract
is lateral to the central gray matter, similar to humans [24]. Such anatomic considerations
make porcine models better suited to study the effects of implantable therapies on motor
recovery compared to rodent models. With respect to sensory pathways, nociceptive
neurons traverse the ventrolateral spinal cord in pigs [59]. The location of these fibers
correspond with the ventrolateral positions of the anterior and lateral spinothalamic tracts
in humans, which are the primary tracts responsible for conveying nociceptive input to the
thalamus. Especially in porcine models of SCI, in which the larger caliber of the spinal cord
can magnify the regional differences in pathology based upon the injury model employed,
a more accurate arrangement of critical functional pathways is helpful in establishing the
translational relevance of both the injury model itself and any therapies investigated within
a given model.

The vascular anatomy of the porcine spinal cord also shares significant similarities to
humans [56]. Vascular compression and damage lead to tissue ischemia and subsequent
reperfusion injury, which are important components in the acute phase of SCI. In the chronic
phase, subsequent angiogenesis occurs and plays a further role in the chronic remodeling
that occurs after SCI. As injury patterns may vary significantly depending upon differences
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in vascular supply to the cord as well as the mechanism of injury employed in a given
study, this homology is an important factor in the interpretation of the effects of tissue
ischemia following experimental SCI. In addition to the similarities in spinal cord vascular
anatomy, the circulatory system of the pig also more closely approximates the human than
many other large animal models. The well-characterized cardiovascular system of the pig
also makes it an attractive model in the study of SCI-induced spinal shock in the acute
phase of SCI, and long-term cardiovascular dysfunction that results in the chronic phase of
SCI [60].

Recovery of voluntary bladder control is cited as a high priority for spinal cord-injured
patients, and pigs have comparable lower urinary tract anatomy and physiology. Anatomic
studies in pigs have shown comparable features including slit-like urethral openings and
similar urethral epithelial lining, although differences in smooth and striated detrusor
muscle arrangement exist [61]. Importantly, humans and pigs share similar voiding activity
as both species have relaxed bladders during filling stages prior to detrusor contraction.
Awake urodynamic studies in Yucatan minipigs undergoing contusion–compression injury
were recently demonstrated by Keung et al., which demonstrated similar pathophysiologic
changes in detrusor activity following spinal cord injury [62]. Compared to healthy cohorts,
spinal cord-injured pigs displayed detrusor contractions during filling stages, which mimics
neurogenic detrusor overactivity seen in spinal cord-injured humans [62]. Importantly,
pigs did not display recovery of spontaneous voiding weeks after injury that can be seen in
rodent models.

Several studies have investigated the neurophysiologic changes following both com-
plete and incomplete SCI in pigs [38,63–65]. Numerous outcome measures have been
described in pigs including histologic; electrophysiologic; CSF sampling; microdialysis
within spinal cord parenchyma; spinal cord pressure and perfusion; multiple imaging
modalities including MRI, CT, and ultrasound; as well as behavioral outcomes, especially
motor function scoring [35]. The wide array of available neurophysiologic outcomes and
significant similarities between human and porcine SCI have thus enabled the rigorous
study of both clinically accepted and investigational therapies in attempts to better under-
stand the mechanisms through which these treatments may affect recovery after SCI. For
example, Zurita et al. showed that functional locomotor recovery in pigs after transplanta-
tion of bone marrow stromal cells (BMSC) into an experimental SCI lesion was paralleled
by the recovery of somatosensory-evoked potentials, reduction in lesion size upon MRI,
and by the formation of tissue-containing axon bundles mixed with differentiated BMSCs
expressing a variety of markers including those of both neuronal and glial lineages [63].
Hu et al. described the different neurophysiologic profiles of pigs who sustained complete
versus incomplete SCI induced by balloon compression. In their study, motor-evoked po-
tentials (MEPs), SSEPs, and novel “spine-to-spine-evoked spinal cord potentials” (SP-EPs),
which were generated by direct stimulation of the spinal cord and subsequent measuring
of potentials at more distal segments located both above and below the injured level [65].
They found that in pigs that received complete SCI lesions, MEPs, SSEPs, and SP-EPs
were all completely diminished without recovery. In animals who received incomplete
lesions, however, while MEPs and SP-Eps were significantly impaired, SSEPs remained
unchanged throughout the operative procedure. Additionally, in the incomplete group,
SP-EPs recovered partially in some subjects, although not back to their preinjury baseline.
These findings are consistent with findings in human electrophysiologic research in which
SSEPs may be preserved even in patients with significant neurologic deficits, while MEPs
and D-waves (directly recorded spinal cord impulses, similar to the SP-EPs described
by HU et al.) are much more sensitive and specific predictors of subsequent neurologic
deficits [66].

In addition, pigs are the only large omnivore in which complex transgenic manipu-
lations have been successfully performed [67]. Transgenic manipulation of porcine lines
opens the door for a wide variety of experimental designs that require reliable reporter gene
expression, immunocompromised phenotypes, or manipulation of other genes of interest.
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7. Limitations of Porcine Models

One important limitation of ungulate models, such as porcine SCI models, is the
inability to study upper extremity deficits and recovery, a major driver of disability and
frequently cited desire for recovery by SCI patients [68]. Consideration must be made for
more suitable models, particularly nonhuman primates, for studies aiming to evaluate
upper extremity recovery with a high degree of translational potential.

As a result of the less frequent utilization of porcine SCI models, there is less stan-
dardization in quantification of behavioral outcomes [35]. While the Porcine Thoracic
Injury Behavior Scale (PTIBS) is commonly used [30], numerous others are frequently
cited, including the Porcine Neurological Motor (PNM) Score [31], Miami Porcine Walking
Scale [69], Tarlov Scale [63], Individual Limb Motor Scale [32], and Quadruped Position
Global Scale [32]. Comparisons across studies of porcine models of SCI are thus impaired
by the variety of scoring systems described in the literature. Of the frequently used scoring
systems, the PTIBS offers advantages over other available scoring systems. The 10-point
scale allows for detailed hindlimb function scoring while also grouping scores into gross
locomotor function—hindlimb dragging (score 1–3), stepping (score 4–6), impaired walking
(score 7–9), and normal function (score 10) [30]. Additionally, the PTIBS has good inter-
and intraobserver reliability.

The detailed 14-point PNM grading system evaluates movement of the tail and move-
ments across the bilateral hip, knee, and ankle joints in the hind limbs [31]. Prior reports
using this scale have not documented inter- and intrarater reliability and have required ex-
perienced scorers to complete the task. This limits generalizability of the PNM scale [31,70].
The original 5-point Tarlov scale was created in the 1980s to evaluate hindlimb function in
rats following SCI and has been used across species with modifications into a short 4-point
and longer 6- and 10-point scales [40,71]. Modifications to the scale make it difficult to
perform direct comparisons between SCI studies.

In addition to the variation in motor outcome scales reported in the literature, evalu-
ation of sensory function and pain are highly limited in porcine models relative to other
animals [72]. Chronic neuropathic pain is an important factor negatively influencing qual-
ity of life after SCI and a thorough understanding of how any proposed therapies will
modulate that pain is critical in assessing the translational potential of any new treatment.
Assessment of pain in swine is limited and past porcine models of SCI have used vocal-
ization in response to pressure applied to the back as a crude measure of allodynia. To
maximize the data obtained from porcine studies of SCI, development and standardization
evaluations across multiple functional domains is essential.

8. Other Large Animal Models

NHP represent the primary alternative to swine for large animal SCI investigations.
One systematic review of tissue engineering approaches to SCI showed NHP models were
used in 3.2% of identified studies [28]. Another, larger systematic review, evaluating all
published animal models of SCI, not just those limited to tissue engineered therapies,
similarly found a low frequency of NHP studies, with only 1.5% of over 2000 publications
reporting their use. In comparison, 77.4% used rat models and 1.9% used porcine models.
NHP models of SCI larger mirror the techniques used in swine and rats. These include
contusion via weight drop or mechanical impaction, various transection methods, and
compression with balloons or clips.

The benefits of NHP models include decreased genetic interspecies differences relative
to humans [73], larger size and more similar neuroanatomic organization of the spinal
cord relative to rodents [74], and the potential to evaluate more advanced motor behaviors
including bipedal locomotion and hand dexterity [75].

However, NHPs are subject to similar barriers to adoption as other large animal
models [76]. Similar to pigs, NHPs are more expensive and require specialized housing
and veterinary care. Furthermore, NHPs are subject to a greater degree of ethical concerns
given their higher degree of phylogenetic similarity to humans. To our knowledge, while
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these considerations do not preclude their use in SCI research, it is important to ensure
that the selection of such models is done only after the careful exclusion of other available
animal models.

Historically, canines served as one of the first SCI model systems as reported by Allen’s
seminal work detailing his device for facilitating contusive SCI via weight drop [19]. Tarlov
also developed the balloon compression model in canines [39]. More recently, Fukuda et al.
refined this by detailing methods for a laminectomy-free balloon compression injury in
mixed breed dogs by insertion of a balloon catheter through the intervertebral foramen [77].
As with pigs, the larger size of canines provide a more direct comparison to human SCI
and facilitates more detailed histologic examinations. In addition, canines are more docile,
which facilitates examination of neurologic function. Consequently, canine models have
been cited more frequently in the SCI literature relative to porcine models: 2.2% vs. 1.5% of
published studies, respectively.

9. Conclusions

While large animal models have been used since Allen published the first report
of experimental SCI in canines, they have largely been supplanted by rodent models.
However, a renewed interest in large animal models has been growing as a potential tool
to further validate new SCI therapeutics in light of prior translational failures. Perhaps the
only translational success in animal research following spinal cord injury is hyperdynamic
therapy to improve spinal cord perfusion, as reduced spinal cord blow flow has been
demonstrated response to injury across species [78,79].

Porcine models of SCI are of particular interest due to significant anatomic and physi-
ologic similarities to humans. The similar size and functional organization of the porcine
spinal cord, for instance, may facilitate more accurate evaluation of axonal regeneration
across long distances that more closely resemble the realities of clinical SCI. Furthermore,
the porcine cardiovascular system closely resembles that of humans, including at the level
of the spinal cord vascular supply. These anatomic and physiologic similarities to humans
not only enable more representative SCI models with the ability to accurately evaluate the
translational potential of novel therapies—especially biomaterial and cell-based therapies—
they also facilitate the collection of physiologic data to assess response to therapy in a
setting similar to those used in the clinical management of SCI. The collection of such data
can significantly aid in both translation of novel therapies, but also may provide insights
into optimizing clinical treatment strategies. Furthermore, relative to NHP models of SCI,
the primary large animal model alternative used to test promising small molecule and
immune therapies targeting secondary injury, porcine models are less expensive and have
significantly less ethical objections [8].

However, the benefits of large animal models with respect to improving translational
success remain theoretical. No empirical data exist to support the claim that therapies
that prove efficacious in swine are more likely to show benefit in clinical trials relative to
therapies evaluated in rodent models alone. While extrapolations may be made from data
in other fields where clinical trial outcomes demonstrated a significantly higher degree of
concordance with data derived from porcine studies relative to rodent studies, the highly
complex and heterogeneous pathophysiologic mechanisms that occur after SCI may present
a larger hurdle to overcome. Given this uncertainty, careful consideration must be taken
in determining the role of these models in the development pipeline for SCI therapeutics.
The situations in which it is appropriate to employ porcine models of SCI must also be
clarified. Due to their increased associated costs, reserving these models for the evaluation
of therapies that have shown efficacy in lower-order animal models is prudent. While
there may be specific circumstances unique to a given study that may drive the selection
of one strain, method of injury, or outcome measure over another, efforts to standardize
these measures should be undertaken to facilitate cross-study comparisons. Such efforts
have the potential to significantly increase the value and utility of investigations utilizing
porcine models.
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