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Neurons in Subcortical Oculomotor Regions
Are Vulnerable to Plasma Membrane Damage
after Repetitive Diffuse Traumatic Brain Injury in Swine

Carolyn E. Keating,® Kevin D. Browne,"? John E. Duda,'® and D. Kacy Cullen'#*

Abstract

Oculomotor deficits, such as insufficiencies in accommodation, convergence, and saccades, are common following
traumatic brain injury (TBI). Previous studies in patients with mild TBI attributed these deficits to insufficient activation of
subcortical oculomotor nuclei, although the exact mechanism is unknown. A possible cause for neuronal dysfunction in
these regions is biomechanically induced plasma membrane permeability. We used our established porcine model of head
rotational TBI to investigate whether cell permeability changes occurred in subcortical oculomotor areas following single
or repetitive TBI, with repetitive injuries separated by 15 min, 3 days, or 7 days. Swine were subjected to sham conditions
or head rotational acceleration in the sagittal plane using a HYGE pneumatic actuator. Two hours prior to the final injury,
the cell-impermeant dye Lucifer Yellow was injected into the ventricles to diffuse throughout the interstitial space to
assess plasmalemmal permeability. Animals were sacrificed 15 min after the final injury for immunohistological analysis.
Brain regions examined for cell membrane permeability included caudate, substantia nigra pars reticulata, superior
colliculus, and cranial nerve oculomotor nuclei. We found that the distribution of permeabilized neurons varied depending
on the number and spacing of injuries. Repetitive injuries separated by 15 min or 3 days resulted in the most permeability.
Many permeabilized cells lost neuron-specific nuclear protein reactivity, although no neuronal loss occurred acutely after
injury. Microglia contacted and appeared to begin phagocytosing permeabilized neurons in repetitively injured animals.
These pathologies within oculomotor areas may mediate transient dysfunction and/or degeneration that may contribute to
oculomotor deficits following diffuse TBI.
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Introduction

OCULOMOTOR DEFICITS are a common occurrence following
traumatic brain injury (TBI). Up to 90% of individuals with
TBI experience some sort of oculomotor dysfunction, with in-
sufficiencies in accommodation (41%), vergence (56%), and ver-
sional movements such as saccades and smooth pursuit (51%)
being the most frequent.! Similarly, a retrospective study of 50
veterans with non-blast-related TBI found that 90% of patients
experienced oculomotor deficits, including 85% who displayed
saccadic dysfunction and 62% with accommodation defects.’
Previous work in patients with mild TBI attributed deficits in sac-
cades and vergence to insufficient activation of subcortical oculo-
motor nuclei, such as the lateral geniculate nucleus, superior
colliculus, cranial nerve nuclei III and IV, and supra-oculomotor
area.> However, the exact mechanism for this dysfunction is
unknown.

A possible underlying cause for neuronal dysfunction in these
oculomotor regions may be transient biomechanically induced
plasma membrane permeability. These micro- or nano-tears in the
plasma membrane are immediate physical consequences of the
supra-threshold loading experienced by cells during TBL.* This
so-called ‘‘mechanoporation’ can cause loss of membrane charge,
disruption of electrokinetic transport, osmotic imbalance, and loss
of calcium homeostasis, ultimately triggering disruption of normal
cell function.>'®""* Importantly, these acute permeability changes
are often transient,”®'* and studies suggest that many initially
compromised cells survive the insult but may exhibit later func-
tional alterations”'® or protracted cell death.'®

Delayed cellular dysfunction and death may contribute to the
long-term and progressive changes in mood, behavior, and neuro-
logical function that are sometimes observed after repetitive mild
injuries.'” In athletes and military veterans in particular, repetitive
mild TBI has been linked to neurodegenerative diseases such as
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chronic traumatic encephalopathy, Alzheimer’s disease, Parkinson’s
disease, and various other dementias.'®?* Due to the consequences
of receiving multiple TBIs and the prevalence of oculomotor dys-
function after TBI, we sought to examine the impact of repetitive
injuries on the oculomotor system.

The oculomotor system, and saccadic movements in particular,
provides an eloquent circuit to investigate the systems-level con-
sequences of TBI. Saccades are originally driven mainly from
cortical regions including frontal eye fields, lateral intraperitoneal
area, and supplementary eye fields. These areas project to sub-
cortical structures including the caudate and superior colliculus
(SC).** The caudate receives visually related cortical projections
throughout discrete subregions referred to as the head, body, and
tail, with oculomotor-specific neurons located in the head and body
subregions.”’ The caudate then sends an inhibitory projection to the
substantia nigra pars reticulata (SNpr), a key output region of the
basal ganglia. The SNpr, whose projection neurons are also
GABAergic, tonically inhibits firing of the SC. When an eye
movement is to be made, the caudate inhibits the SNpr, thus dis-
inhibiting the SC. The SC is then able to activate brainstem regions
which in turn stimulate the cranial nerve nuclei that control the eye
muscles.”*

To investigate damage to the oculomotor system resulting from
TBIL we used a porcine model of closed-head rotational accelera-
tion.?®?” This well-characterized model subjects the head to rapid
angular acceleration, inducing inertial forces common in human
TBI resulting from falls, collisions, or blunt impacts. Because of
this ability to replicate the injury biomechanics seen in humans—
owing to neuroanatomical features of swine such as large, gyr-
encephalic brains with a gray-to-white matter ratio similar to
humans*-**—this model has been shown to produce acute and
chronic pathologies in swine in patterns and extents that mirror
those seen clinically.®'-?

Using this swine model of closed-head rotational acceleration,
we have observed acute plasmalemmal disruptions of neurons ac-
companied by an increase in microglia density in close proximity to
those neurons after single injuries in the cerebral cortex and hip-
pocampus.®* Building on these findings, we predicted that neuronal
populations in subcortical structures involved with oculomotor
function would also exhibit plasma membrane damage following
diffuse TBI, particularly after repetitive injuries. We also assessed
changes in neuronal loss, neuron-specific nuclear protein (NeuN)
reactivity, and microglia. This neuronal plasma membrane per-
meability and subsequent evolving neuropathology could underlie
the dysfunction that contributes to oculomotor deficits following
injury.

Methods
Animal care and anesthesia

All procedures and protocols were approved by the Animal Care
and Use Committee of the University of Pennsylvania. All animal
care complied with the Guide for the Care and Use of Laboratory
Animals. Female Yorkshire swine (n=23) between 2-3 months of
age and weighing 20-30 kg were used. Animals were housed in-
doors with access to normal feed and water ad libitum. The housing
facility was accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International. Prior to the
injection and/or injury procedure, animals were fasted for 18-20h
with water remaining ad libitum. After induction with a cocktail of
ketamine (20-30 mg/kg; Hospira, Lake Forest, IL) and midazolam
(0.4-0.6 mg/kg; Hospira, Lake Forest, IL), anesthesia was provided
with 5% isoflurane (Akorn Inc., Lake Forest, IL) via a snout mask,
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and glycopyrrolate (0.01 mg/kg; West-Ward Pharmaceuticals,
Eatontown, NJ) was given subcutaneously to reduce secretions.
The animal was then intubated, and isoflurane was connected at
maintenance levels (1.5-2.0%). Eye lubricant was used to minimize
drying. Physiological monitoring allowed titration of anesthesia
so that SpO,, heart rate, and respirations were within acceptable
ranges.

Delivery of Lucifer Yellow via
intracerebroventricular injections

As described previously,* Lucifer Yellow (LY; Invitrogen,
Carlsbad, CA)—an aldehyde-fixable, cell-impermeable dye—was
delivered into the lateral ventricles of all animals before the rota-
tional or sham injury to label cells permeabilized during the injury.
Animals were placed in a stereotactic head frame and a 7 cm in-
cision was made in the scalp. The scalp was reflected from the skull
in order to visualize bregma. Two 5 mm craniectomies were made
at the following stereotactic coordinates: 1.0mm posterior to
bregma, 6.0 mm lateral. A small incision in the dura was made
with a 19-gauge needle. For each site in serial fashion, a Hamilton
syringe (Reno, NV) was lowered 18.0 mm from the surface of the
dura mater to access the ventricles. The brain was left to stabilize
for 2min before delivering 500 uL. of LY (10 mg/mL in sterile
saline) per side over a period of 10min per injection using an
UltraMicroPump III (World Precision Instruments, Sarasota, FL).
The needle was slowly withdrawn and the burr holes were sealed
with bone wax. The incision site was closed with 0-O sutures.
A surgical plane of anesthesia was maintained through the inju-
ry/sham procedure and sacrifice. The injury occurred 2 h after the
start of the first injection to allow LY to evenly distribute
throughout the brain tissue. For animals receiving repetitive in-
juries separated by 3 or 7 days, LY injection occurred prior to the
second injury only.

Porcine closed-head rotational/inertial TBI

Briefly, animals were anesthetized and subjected to rapid head
rotational acceleration in the sagittal plane using a HYGE pneu-
matic actuator. Angular velocity was recorded using a magneto-
hydrodynamic sensor (Applied Technology Associates, Albuquerque,
NM) connected to a National Instruments DAQ, controlled by
LabVIEW. The anesthetized animal’s head was secured to a padded
bite plate and mounted to the HYGE device. Head rotation in the
sagittal plane occurred at mean peak angular velocities of 102+ 11
radians/sec, with most rotations corresponding to a ‘‘moderate”
injury level based on the clinically defined time of neurological
recovery.”” Animals received single rotations (n=>5-7), or repeti-
tive rotations separated by 15 min (n=4), 3 days (n=4), or 7 days
(n=3-4). Sham animals (n =4) received all other procedures absent
head rotation.

Brain tissue acquisition and processing

All animals were sacrificed within 15 min of head rotational
injury (15 min following the second injury for the animals sub-
jected to repetitive head rotations). Animals were transcardially
perfused using heparinized saline (4°C, 2-3 L) followed by chilled
4% paraformaldehyde (4°C, 8-10L; Sigma, St. Louis, MO). Brains
were blocked in the coronal plane at 5 mm intervals and transferred
to 30% sucrose until saturated. The blocks then were placed in
OCT, flash frozen in isopentane (Fisher Scientific, Waltham, MA),
and stored at -80°C. Twenty micron-thick sections were cut cor-
onally on a cryostat (Leica Biosystems, Buffalo Grove, IL).

Additional age-matched, naive female Yorkshire swine (n=3)
were used for a brain atlas and neuronal phenotype determination.
Animals were transcardially perfused using heparinized saline
(4°C, 2-3L) followed by 10% neutral buffered formalin (8-10L;
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Sigma, St. Louis, MO). Brains were blocked in the coronal plane at
Smm intervals and process through paraffin. Eight-micron thick
sections were cut coronally on a microtome (Thermo Scientific,
Waltham, MA).

Immunohistochemistry and imaging

Florescent immunohistochemistry on paraformaldehyde-fixed
frozen sections was performed with several antibodies against
neuronal-type specific markers to aid in anatomical identification,
as well as antibodies for pathological assessments: tyrosine hydrox-
ylase (TH; sheep 1:1000, Abcam, Cambridge, MA), parvalbumin
(PV; rabbit 1:250, Abcam), choline acetyltransferase (ChAT; goat
1:500, Millipore, Burlington, MA), NeuN (mouse 1:500, Milli-
pore), and/or ionized calcium binding adaptor molecule 1 (Ibal;
rabbit 1:1000, Wako, Richmond, VA). Mounted sections were
washed in phosphate buffered saline (PBS) and blocked in 4%
normal horse serum (NHS; Sigma, St. Louis, MO) with 0.3% Triton
X-100 (Sigma, St. Louis, MO) for 1 h at room temperature. Slices
were incubated with primary antibody in blocking solution over-
night at 4°C. Secondary antibodies were applied at a 1:1000 con-
centration for 2 h at room temperature in blocking solution: donkey
anti-sheep 647 (Jackson Immuno, West Grove, PA), donkey anti-
rabbit 568 (Invitrogen), donkey anti-rabbit 647 (Invitrogen), don-
key anti-goat 568 (Invitrogen), donkey anti-mouse 647 (Life
Technologies, Carlsbad, CA) goat anti-mouse IgG1 555 (Invitro-
gen). Sections were counterstained with Hoechst (Hoechst 33342,
Life Technologies, Carlsbad, CA) or Neurotrace 435/455 Blue
Fluorescent Nissl stain (ThermoFisher, Waltham, MA) before
being cover-slipped with Fluoromount-G (Southern Biotech,
Birmingham, AL).

To counterstain with fluorescent Nissl, tissue was washed in PBS
before being permeabilized with 0.1% Triton-X for 10 min. Neu-
rotrace 435/455 Blue Fluorescent Nissl stain was applied for 20 min
at a concentration of 1:100 in PBS. Slides were washed briefly in
PBS +0.1% Triton before incubating in PBS for either 2 h at room
temperature or overnight at 4°C. Sections were cover-slipped with
Fluoromount-G.

Because injured cells can lose their antigenicity for certain
neuronal markers,*>>” formalin-fixed paraffin-embedded tissue
from age-matched naive female Yorkshire swine was used in order
to obtain representative fluorescent images of cell phenotypes in the
various oculomotor regions examined for a Yorkshire brain atlas.
The same antibodies were used as described for paraformaldehyde-
fixed frozen sections, with the following concentrations: TH 1:500;
PV 1:1000; NeuN 1:1000; ChAT 1:250. Slides were dewaxed in
citrosolv (Fisher Scientific) and rehydrated in ethanol and de-
ionized water. Antigen retrieval was completed in Tris-EDTA
buffer pH 8.0 (Sigma, St. Louis, MO) using a microwave pressure
cooker. Tissue was blocked in Optimax buffer (Fisher Scientific)
plus NHS for 30 min at room temperature. Primary antibodies were
diluted in Optimax and incubated overnight at 4°C. Slides were
washed with PBS-Tween (Sigma, St. Louis, MO) before incubation
with secondary antibodies (same concentrations as frozen sections)
in Optimax plus NHS for 1h at room temperature. Slides were
cover-slipped with Fluoromount-G.

Hematoxylin and eosin (H&E) staining was performed on
formalin-fixed paraffin embedded-tissue (as well as one block of
sham frozen tissue) to contribute to a Yorkshire brain atlas. Slides
were dewaxed in xylene (Fisher Scientific) and rehydrated in eth-
anol and de-ionized water. Nuclei were stained with Mayer’s
Hematoxylin (Fisher Scientific) and blued with lithium carbonate
(Sigma, St. Louis, MO). Tissue was counterstained with eosin
(Fisher Scientific). Eosin was differentiated and slides were dehy-
drated in ethanol before being cleared in xylene and cover-slipped
with Cytoseal (Fisher Scientific).

Fluorescence images used for quantification were acquired with
an Eclipse Ni-E (Nikon, Tokyo, Japan) upright fluorescent micro-
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scope or Keyence BZ-X800 (Keyence, Osaka, Japan) fluorescent
microscope. Publication-quality representative images were taken
on either a confocal microscope (A1RSI Laser Scanning Confocal;
Nikon) using 10X, 20X, or 60 X objectives with or without 2 x
optical zoom, or Keyence microscope using a 20 X objective. Ex-
amination of H&E sections was performed using light microscopy
on an Eclipse E600 (Nikon) and images were acquired using an
Aperio Scanscope CS2 (Leica Biosystems, Buffalo Grove, IL).

Quantification

All quantification was conducted by a skilled scientist who was
blinded as to the tissue experimental group. LY+ cells were man-
ually quantified from slides cut from 2-3 different blocks of tissue
per anatomical region of interest (ROI) per animal, except for a few
cases when only one block was available.

To put the number of permeabilized cells per ROI in context
with the total number of neurons per ROI in one tissue section, the
number of Nissl+ cells was also quantified for each animal. As the
SC and caudate are large regions with many cells, Nissl+ cells in
these ROIs were quantified semi-automatically using the Pixel
Classification workflow of ilastik software.>® Briefly, the software
was trained to recognize Nissl+ cells from background using
training images before images of entire ROIs were batch processed.
The resulting simple segmentation map was exported as a TIF file
and opened in FIJI. A size threshold of 50-1000 ym? and circularity
range of 0.25-1.00 were used to restrain the particle analysis. Nissl+
cells in SN and oculomotor nuclei were quantified by hand as these
regions are either sparsely populated or small in area, respectively.

The number of LY+ cells was then put in context with the
number of Nissl+ cells per ROI, and is expressed as the percentage
of LY+ Nissl cells per hemisphere, £ standard error of the mean
(SEM).

The number of NeuN+ cells in each ROI also was assessed as a
marker of neuronal injury. NeuN was quantified as described above
for the Nissl staining, though using a size threshold of 80-800 yms,.
Similar to LY, the number of NeuN+ cells was expressed as a
percentage of Nissl cells per hemisphere. Additionally, the number
of LY+ cells that were NeuN+ was quantified by hand for each ROI,
and expressed at the percentage of NeuN+ LY cells per hemisphere.

Microglia reactivity was assessed by examining the density and
intensity of Ibal in each ROI Density was quantified by semi-
automatically using ilastik software to identify microglia cell
bodies. The resulting simple segmentation map was opened in F1JI,
where particles with a minimum size of 20 um” were counted, and
expressed as the number of Ibal+ cells per mm?. FIJI also was used
to take Ibal fluorescence intensity measurements of the entire ROI,
as well as several background (Ibal-) regions within the ROI. Ibal
intensity is expressed as %%. We also noticed large
clusters of Ibal+ cells that appeared to contain small LY+ particles.
Cells displaying this colocalization were counted by hand and ex-
pressed as the number of Ibal-+/LY+ cells per mm?>.

Statistical analysis

Percentage data within a range of 0-20% or data without a
normal distribution was log transformed using the equation Y =
log(Y +1) before further statistical analyses. To detect statisti-
cal differences between groups, one-way analyses of variance
(ANOVAs) with Tukey’s multiple comparisons tests were per-
formed. When data distribution assumptions for ANOVA were not
met, Kruskal-Wallis non-parametric tests with Dunn’s multiple
comparisons tests were used. The p values are reported as fol-
lows: non-significant p>0.05, *p<0.05, **p<0.01, ***p<0.001,
*#Ekp <0.0001.

Post hoc analyses revealed that the study was adequately pow-
ered to detect permeability differences between groups for each
region examined except the oculomotor nuclei in which tissue from
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fewer animals was available (caudate: power=0.913, effect size
f=0.983; SNpr: power=0.874, effect size f=0.956; SC: power=
0.991, effect size f=1.247; oculomotor nuclei [CNIII/IV]: power =
0.684, effect size f=0.799). The study also was adequately pow-
ered to detect differences in Ibal and LY colocalization for each
region except the caudate (caudate: power=0.719, effect size
f=0.753; SNpr: power=0.930, effect size f=1.047; SC: pow-
er=0.854, effect size f=0.931; CNII/IV: power=0.997, effect
size f=1.723). It also was adequately powered to detect differences
between the percentages of LY+/NeuN- between injury groups in
all regions examined except the SNpr (caudate: power=0.949,
effect size f=0.945; SNpr: power=0.555, effect size f=0.677; SC:
power=0.985, effect size f=1.233).

Results

To investigate TBI-induced neuronal plasma membrane per-
meability, we used a porcine model of closed-head rotational ac-
celeration (Fig. 1). Swine were subjected to sham conditions or
head rotational acceleration in the sagittal plane using a HYGE
pneumatic actuator. Rotational injuries were either single or re-
petitive, with repetitive injuries separated by 15 min (0d), 3 days
(3d), or 7 days (7d). Two hours prior to the final injury, the normally
cell-impermeant dye Lucifer Yellow (LY) was injected into the
ventricles to diffuse throughout the interstitial space. In this way,
cells experiencing plasmalemmal permeability during injury would
be labeled with the dye. Animals were sacrificed 15 min after the
final injury for immunohistological analysis. Several subcortical
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brain regions involved in oculomotor functions were examined for
neuronal permeability (Fig. 2). In particular, we focused our anal-
ysis on regions involved in saccadic eye movements. Specifically,
we analyzed tissue slices from the caudate, SNpr, SC, and cranial
nerve nuclei III and IV (oculomotor and trochlear, respectively,
here referred to together as CNIII/IV). Permeabilized cells were
exclusively neuronal, as described previously®* and as shown by
Nissl staining (Supplementary Fig. S1). The number of permeabi-
lized neurons in each region was put in context with the number of
Nissl+ cells per region.

Acute neuronal permeability

In the head and head-to-body transition of the caudate, per-
meabilized cells were relatively infrequent. LY+ cells were gen-
erally scattered throughout the structure, although sometimes cells
were found concentrated in clusters, particularly in the most dor-
solateral region (Fig. 3A-E, 3G, 3H). However, one 3d repetitive
animal was unusual in that instead of a few intensely-labeled per-
meabilized cells, there were many faintly labeled cells concentrated
predominantly in the ventral portion of the structure.

The distribution of permeabilized cells is important, as visual-
and oculomotor-related neurons are found throughout the head,
body, and tail of the caudate.”> Although in macaques saccade-
related neurons were predominantly found in dorsomedial regions
where the head of the caudate transitions into the body,* studies in
macaque and cat have demonstrated that both the frontal and

B

2h 15 mj
n—) Injury —mgSacriﬁce

2h 15 mj 15 min
n—)lnjury 1 —mglnjury 2 —‘Sacriﬁce

3or7d LY 2h 15 min
Injury 1 Minjection_)lnjury 2 —‘Sacriﬁce

Experimental overview. (A) Schematic of Lucifer Yellow (LY) intracerebroventricular injections. Bilateral craniectomies

were made at the approximate brain level shown. Needles were lowered into the ventricles. LY was delivered sequentially on each side
and allowed to diffuse throughout the parenchyma. (B) Anesthetized swine were subjected to rapid head rotational acceleration in the
sagittal plane using a HYGE pneumatic actuator. (C) Experimental timeline for single and repetitive injuries (same day and separated by
3 or 7 days). Note that animals receive LY injections on the second injury day for 3- and 7-day repetitive groups, and all animals are
sacrificed at 15 min post-final injury. Color image is available online.
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FIG. 2. Swine oculomotor neuroanatomy. Representative blocks showing caudate (A-D), substantia nigra (E-H), superior colliculus
(I-L), and oculomotor cranial nerve nuclei (M-P). Hematoxylin and eosin panels on left illustrate gross structure, while fluorescent
panels of adjacent sections illustrate cell phenotypes. (C, D) Neuron-specific nuclear protein (NeuN), a neuronal marker, purple. (G, H)
Tyrosine hydroxylase (TH), a marker of dopaminergic neurons in the pars compacta, green; parvalbumin (PV), a marker of inhibitory
neurons in the pars reticulata, purple. (K, L) PV, a marker of inhibitory neurons found in superficial layers, green; NeuN, purple. (O, P)
Choline acetyltransferase (ChAT), a marker of motorneurons, purple. Boxes indicate magnified areas in the following panel. Dashed
yellow lines indicate boundaries of anatomical regions of interest. Scale bars: (A) 5 mm, (E, I) 8 mm, (M) 9 mm, (B) 2 mm, (F, J) 4 mm,
(N) Smm, (C, G, K, O) Imm, (D, H, L, P) 100 um. Color image is available online.

supplemental eye fields, as well as other extrastriate visual areas,
project to the dorsolateral region.*>*> Further, tracing studies have
shown that caudate neurons in the dorsolateral region project to the
SNpr.** However, as the caudate is involved in many functions, it is
possible that the permeabilized neurons are not related to oculo-
motor tasks. Overall, it appeared that more permeabilized neurons
were present in 3d repetitive animals, and to a lesser extent in 0d
repetitive animals, whereas sham, single, and 7d repetitive inju-
ries had even fewer permeabilized cells. Kruskal-Wallis non-
parametric ANOVA revealed that this trend was nearly significant
(p=0.0567; Fig. 3F).

In the SNpr, many permeabilized cells were found in Od and 3d
repetitive injuries (Fig. 4A-E). Quantification revealed that over
50% of neurons were permeabilized in these groups (Fig. 4F). In
contrast, sham, single, and 7d repetitive injuries all had similarly

low numbers of permeabilized cells. One-way ANOVA revealed
significant differences between groups (p=0.0084). Multiple
comparisons demonstrated that sham injuries were statisti-
cally different from Od repetitive (p=0.0281) and 3d repetitive
injuries (p=0.0419). Single injuries were trending towards be-
ing statistically different from the Od repetitive group as well
(p=0.0849).

In the SC, very few of the total number of neurons in each tissue
section were permeabilized. Nevertheless, the same pattern was
seen in this region as in the previous two areas, with 0d and 3d
repetitive injuries exhibiting more permeabilized neurons com-
pared with sham, single, and 7d repetitive injuries (Fig. SA-E).
One-way ANOVA showed significant differences between groups
(p=0.0011), with 0d repetitive injuries producing more permea-
bilized cells than sham (p=0.0063), single (p=0.0054), and
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FIG. 3. Neuronal permeability in the caudate. Representative images of regions from (A) sham, (B) single, (C) 15-min (0d) repetitive,
(D) 3-day (3d) repetitive, and (E) 7-day (7d) repetitive injuries. Lucifer Yellow (LY), green. Scale bar=50 um. (F) Quantification of LY
permeability as a percentage of Nissl+ cells per hemisphere, = standard error of the mean. Though not quite statistically significant
(p=0.0567), permeability is increased in animals injured repetitively 3 days apart and to a lesser extent in animals injured 15 min apart.
(G and H) Tracings depicting regional distribution of permeabilized cells (dots) within (G) the head of the caudate in a Od repetitive
injury and (H) the head to body transition of the caudate in a 3d repetitive injury. Permeabilized cells are located in regions involved
with oculomotor functions. Scale bar=500 um. Color image is available online.

7d repetitive (p=0.0043) injuries (Fig. SF). Additionally, per-
meabilized cells tended to be distributed in intermediate and deep
layers, as opposed to superficial layers of the SC (Fig. 5H). This
localization is noteworthy, as these intermediate and deep layers
are the regions that receive input from the SNpr and are involved in
saccade generation.** What appeared to be neuritic beading also
was occasionally observed in the intermediate and deep layers of 0d
and 3d repetitive injuries (Fig. 5G).

The CNIII/IV complex was difficult to delineate in some ani-
mals depending on how the tissue was initially cut during blocking,
which led to fewer animals analyzed per group: sham n=3, single
n=>5, 0d repetitive n=3, 3d repetitive n=4, 7d repetitive n=3. In
CNIII/IV a few permeabilized neurons were found in most animals,
with no permeabilized cells seen in 7d repetitive injuries (Fig. 6A-
E). Animals injured repetitively 3 days apart appeared to have the
most permeabilized cells, although one-way ANOVA showed that
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FIG. 4. Neuronal permeability in the substantia nigra pars reticulata. Representative images from (A) sham, (B) single, (C) 15-min
(0d) repetitive, (D) 3-day (3d) repetitive, and (E) 7-day (7d) repetitive injuries. Lucifer Yellow (LY), green; TH, purple. Scale
bars=1mm. (F) Quantification of LY permeability as a percentage of Nissl+ cells per hemisphere, + standard error of the mean. There
were significant differences in permeability between groups (p=0.0084), with the most permeability in animals injured repetitively

15 min and 3 days apart. Color image is available online.

there were no significant differences between any groups (p=0.0786;
Fig. 6F), possibly due to the low number of cases analyzed.

Acute neuropathological changes

In addition to assessing plasma membrane permeability, we
investigated several other pathologies in these oculomotor regions.
To examine cell loss, the number of Nissl+ cells was quantified
(Fig. 7). There were no differences in neuronal loss in any region
(caudate p=0.0690; SNpr p=0.7609; SC p=0.6828; CNIII/IV
p=0.9862). This finding is not surprising, as animals were sacri-
ficed just 15 min after the final injury. However, it suggests that
there was no cell death as a consequence of the first injury (i.e.,
either 3 or 7 days prior in this cohort) at this rotational severity.

Another marker often used to measure cell loss is NeuN, though
lack of NeuN signal can instead reflect loss of antigenicity as op-
posed to cell loss, and has been suggested to predict delayed neu-
ronal degeneration.*®*” We observed no differences in overall
percentage of NeuN+ Nissl cells among injury groups in any region
(Supplementary Fig. S2), though CNIII/IV was not analyzed as
there was not enough remaining tissue to perform meaningful
statistics. However, we noticed that permeabilized neurons in
particular displayed altered NeuN staining, in some cases expres-
sing NeuN very weakly and in others not at all (Fig. 8A). Quanti-
fication of the percentage of LY+ neurons co-expressing NeuN
revealed that only 42.46% of permeabilized neurons were NeuN+
in the caudate, while 92.49% of LY+ neurons in the SN and 64.48%
of permeabilized cells in the SC were NeuN+ (Fig. 8B-D). It is pos-
sible that this loss of NeuN in permeabilized neurons was not reflected
in aloss of total NeuN due to relatively low numbers of permeabilized

cells in certain areas like the caudate. There were no differences in the
percentage of NeuN+ permeabilized neurons between each group
(caudate p=0.2861; SNpr p=0.0636; SC p=0.9267).

However, as 0d and 3d repetitively injured animals have more
LY+ cells, any consequences of NeuN loss may be more apparent in
these animals as opposed to other injury conditions where the number
of permeabilized neurons is much lower. Indeed, an examination of
the percentage of LY+ neurons that did not express NeuN (Fig. 8E-G)
revealed that there were significant differences between injury
groups in the caudate (p=0.0379) and SC (p=0.0202), but this
significance was lost in Dunn’s non-parametric multiple comparison
analyses. In contrast, there were no differences in the percentage of
LY+/NeuN- neurons in the SNpr (p=0.1762).

To investigate acute inflammatory changes in oculomotor areas,
we assessed microglia reactivity. While the overall density and
intensity of Ibal staining were not different across injury groups in
any region (Supplementary Fig. S3), microglia were seen inter-
acting with LY+ neurons (Fig. 9A). In some cases, large clusters of
microglia were observed with LY+/Nissl+ signal inside of them,
suggesting phagocytosis of acutely permeabilized neurons
(Fig. 9B). Quantification of large Ibal+ signal containing LY re-
vealed that this colocalization occurred most often in repetitively
injured animals, particularly those injured 3 days apart (Fig. 9C-F).
This pattern was most evident in the SC (p=0.0273), with animals
injured repetitively 3 days apart displaying more Ibal/LY coloca-
lization compared with single (p=0.0324) and to a lesser extent
sham (p=0.0512) injuries. Colocalization did not reach statistical
significance in the other oculomotor regions examined (caudate
p=0.0680; SNpr p=0.1457; CNIII/IV p=0.2000), perhaps due to
the infrequency and high variability of these events.
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Permeabilized cells are located in regions involved with oculomotor functions. Scale bar=1mm. Color image is available online.

Discussion

Here, we report for the first time neuronal plasma membrane
damage across several brain regions involved with oculomotor
function. Permeability was observed predominantly in animals
injured repetitively 15min or 3 days apart. Within large multi-
functional regions like the caudate and SC, permeabilized cells

were located in subregions responsible for oculomotor activity.
However, it should be noted that permeabilized cells were not ex-
clusive to oculomotor regions in this injury model, as we have
observed neuronal plasma membrane vulnerability in the cerebral
cortex and hippocampus as well.** Despite no neuronal loss at this
acute time point after injury, we report loss of NeuN reactivity in
permeabilized cells, along with observations of microglia that
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Repetitive

appear to be actively phagocytosing permeabilized neurons. These
neuronal plasma membrane disruptions and associated pathologies
within oculomotor areas may mediate transient dysfunction and/or
degeneration that may contribute to the symptomology of oculo-
motor deficits following diffuse TBI.

It is no surprise that oculomotor dysfunction is common after
TBI, as more than half of the circuitry in the brain is implicated in
vision. Because there are so many visually-associated brain areas,
we chose to limit the number of regions examined. Areas involved
in saccades were selected as a focus for several reasons. First, the
underlying neural circuitry is well known. The subcortical struc-
tures in particular are readily identifiable in the pig (with the ex-
ception of the paramedian pontine reticular formation (PPRF), as
described in more detail below). In contrast, the cortical structures
underlying vision would be difficult to confidently identify purely
by histology, especially given the lack of in-depth brain atlases for
these animals. Second, saccadic dysfunction is common after TBI
in humans. A retrospective study of 50 veterans with non-blast-
related TBI found saccadic dysfunction in 85% of patients,” while
another retrospective study of ambulatory outpatients identified 62
of 160 TBI patients with saccade deficits and 19 of 160 with sac-
cadic intrusions." A more recent meta-analysis found that mild
and severe TBI had a significant impact on saccades and smooth
pursuit.** Finally, saccades are a behavior that could potentially be
assessed in swine, which cannot be said of all oculomotor functions
known to occur in humans. For instance, although convergence or
accommodation insufficiencies may also occur following TBI, the

anatomy and physiology of the pig likely prohibits these behaviors:
pig’ eyes are located fairly laterally, resulting in little binocular
vision. Further, they are thought to be unable to accommodate and
have poor near vision. For these reasons, we chose to focus on
saccades and their subcortical circuitry.

Notably, the PPRF, a crucial mediator of saccade generation,
was excluded from this analysis. As mentioned, swine brain neu-
roanatomy is less well-characterized than that of humans or animals
such as primates or rodents. We were not confident in our ability to
distinguish the PPRF from surrounding tissue using histology
alone, and therefore did not include this region in our analysis.
While not quantified, we did observe permeabilized cells in the
pons (Fig. 21, 2J; region below the cerebral aqueduct) of Od and 3d
repetitively injured animals (data not shown), though the exact
nuclei could not be reliably determined. This observation of pon-
tine permeability in Od and 3d repetitively injured animals is con-
sistent with our data in the caudate, SNpr, SC, and CNIII/IV.

Subcortical regions including those analyzed here may be par-
ticularly biomechanically vulnerable to head rotation in the sagittal
plane owing to the relationship between the center of mass of the
brain and the center of rotation for the excursion. This relationship
would be similar for rotation in the axial plane, but biomechanical
loading distribution is predicted to differ for rotation in the coronal
plane (for swine and other quadrupeds). In the coronal plane,
stresses may be greater for peri-midline structures and trans-
hemispheric connections may be more vulnerable. Therefore, fu-
ture studies should explore the relationship between plane of head
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rotation and vulnerability of specific brain regions, especially those
involved in clinically-relevant functional outcome measures such
as control of eye movements.

In the present study of sagittal plane head rotation, increased ocu-
lomotor permeability was observed in Od and 3d repetitively injured
animals. In contrast to these groups, single and 7d repetitive injuries
resulted in levels of permeability similar to sham injuries. The pa-
thology associated with the spacing of these injuries is consistent with
the literature examining the temporal window of vulnerability to re-
petitive injuries. For instance, a modified controlled cortical impact
study (CCI) in mice found that 3- or 5-day repetitive injuries, but not
single or 7-day repetitive injuries, led to significantly more behavioral
dysfunction and, in the case of the 3-day repetitive group, increased
axonal damage.*® In another modified CCI study, mice injured re-
petitively 24 h apart had greater behavioral impairments and increased

blood-brain barrier breakdown, axonal damage, and loss of MAP2
immunoreactivity than mice receiving a single injury.*’ Examination
of temporal windows of vulnerability in large animal models has
produced similar results. Using the same head rotational acceleration
model employed in the current study, piglets were subjected to mild to
moderate injuries in the axial plane once or repetitively 15 min apart,*®
or 24 h or 1 week apart.** While a moderate TBI separated by 15 min
may not be a clinically relevant situation (or at a minimum would be
extremely rare), we view this group in our study and others as a
““positive control” for the acute biomechanical effects of repetitive
TBI. Animals receiving mild repetitive injuries 15 min apart had in-
creased foci of damaged axons compared with animals receiving a
single injury. Piglets receiving moderate repetitive injuries 24 hours
apart had increased mortality and injury severity (pathologically and
behaviorally) compared with piglets receiving moderate repetitive
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FIG. 8. Altered neuron-specific nuclear protein (NeuN) reactivity in permeabilized neurons. (A) Some Lucifer Yellow (LY)+ cells are
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(arrowheads). Representative image from caudate of 15 min (0d) repetitive injury. LY, green; NeuN, red. Scale bars=50 ym. (B-D) Quan-
tification of the percentage of permeabilized cells that were NeuN+ per hemisphere, * standard error of the mean (SEM). There were no
significant differences in LY+ NeuN loss between injury groups. Overall, only 42.46% of permeabilized cells were NeuN+ in the caudate,
while 92.49% of substantia nigra (SN) and 64.48% of superior colliculus (SC) permeabilized cells were NeuN+. (E-G) Quantification of
permeabilized cells with or without NeuN co-expression in context with the percentage of permeabilized cells per hemisphere, + SEM. LY+/
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NeuN- cells, but these differences were not significant in multiple comparison analyses. The substantia nigra pars reticulata (SNpr) displayed
no significant differences in the number of LY+/NeuN- cells (p=0.1762). Color image is available online.

injuries 7 days apart. Unlike the current study however, both 24 h and 7
days repetitive injuries produced poorer outcomes than single injuries.

Taken together with the results presented here, there appears to
be increased vulnerability to damage from repeated TBI within
3 days of injury. We assessed other acute pathologies that could
contribute to and/or be a consequence of this vulnerability, in-

cluding neuronal cell loss, loss of NeuN antigenicity, and microglia
reactivity. We did not observe cell loss in any areas, which is not
surprising given that animals were sacrificed just 15 min after in-
jury, while primary and secondary cell death are typically ob-
served on a timescale ranging from hours to days or even weeks
after TBL.”
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NeuN is also frequently used as a marker for neuronal loss,
although studies have shown that loss of NeuN signal may actually
be due to injury-induced loss of antigenicity and could be used to
predict delayed degeneration.®*” While we did not detect gross
changes in total NeuN, we did observe that in some regions per-
meabilized cells frequently lost NeuN reactivity irrespective of
injury group. This loss of NeuN in membrane-damaged neurons
proportionately affects more cells in injuries that produce more
permeability, such as those spaced repetitively 15 min or 3 days
apart. This finding may indicate that more neurons in these animals
will experience delayed cell death, although a recent study exam-
ining cortical neuronal membrane disruption at subacute and
chronic time points (6 h to 4 weeks) following central fluid per-
cussion injury (cFPI) in rats suggests that neuronal loss may not be
the outcome.’' Similar to the present work, after cFPI in rats there
were no differences in the number of NeuN-negative cells between
sham and injured animals, and membrane disruption was associated
with loss of NeuN reactivity at 2 weeks after injury. However, there
was no evidence of progression to cell death. Follow-up studies
examining a longer-term cohort of animals will be necessary to
determine the fate of neurons experiencing immediate and late
membrane damage and the significance of alterations in NeuN
expression over time.

Another contributor to vulnerability to damage could be
changes in microglia. Overall microglia density and intensity did
not differ between injury groups, which again may be due to the
acute time frame after injury. We did note microglia contacting
permeabilized neurons in all oculomotor regions, consistent with
our earlier observations of increased microglia density in close
proximity to permeabilized neurons after injury.* Further, we
saw what appeared to be large microglia clusters completely sur-
rounding L'Y+/Nissl+ neurons or debris, suggesting that we captured
snapshots of microglia actively phagocytosing permeabilized neu-
rons rapidly after injury. These cells were most often seen in repet-
itively injured animals, though the low frequency of these events and
high variability across animals led to statistical significance only in
the SC.

While we were limited to assessing acute pathologies 15 min
after injury, increased vulnerability to damage from repetitive TBI
could also be due to depletion of energetic reserves, pathological
priming of cell death pathways, inflammation, and/or biomechan-
ical stress-strain alterations in brain structure. Future studies should
investigate these possible mechanisms. These findings could have
important implications from a ‘“‘return to play” perspective in
competitive sports, so that the potential for damage from multiple
concussions is minimized.
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It should be noted that in our study of TBI-induced oculomotor
vulnerability, we used female swine. In humans, girls have greater
impairment on measures of vestibular-oculomotor function after
sport-related concussion than boys,”>>® and being female is asso-
ciated with an increased likelihood of this dysfunction in pediatric
populations.’**> In general, women are reported to experience
more concussion-related symptoms and slower symptom resolution
than men.>® However, outcomes for males and females post-TBI
appear to be dependent on the severity of injury and the types of
outcomes measured, as well as whether the studies were conducted
in animals or humans.?” It is clear that more studies should include
sex as a variable in order to determine differences in responses to
injuries at the cellular/molecular and functional levels.

While more studies are examining the effect of sex on injury, to
our knowledge no animal models have specifically examined oc-
ulomotor damage after TBI. A few animal studies have explored
visual system pathology post-TBI using a variety of injury meth-
ods, although these have primarily focused on the retina and optic
nerve/tract. For example, models employing impact acceleration,®
¢FPL> and closed-head weight drop®® have reported traumatic
axonal injury along with inflammatory glial responses in the optic
nerve/tract, lateral geniculate nucleus of the thalamus (LGN), and
SC. Several rodent blast overpressure models of TBI have found
retina and optic nerve/tract damage, as well as degenerating axon
fibers and activated microglia in the LGN and SC.®'~** Visual
deficits after these blast injuries included reduced acuity and con-
trast sensitivity.f’z'64 However, until now, oculomotor pathology
has not been investigated.

The studies described above investigating visual system pa-
thology following TBI have primarily focused on white matter
injury. In contrast, the current work examined gray matter damage
acutely after injury; in particular, neuronal plasma membrane
permeability. Direct mechanical poration of neuronal plasma
membranes due to injury has been well established both in vitro*=®
and in vive.>1#16:346567 1portantly, studies using rodent TBI
models of weight drop,'* cFPL® and CCI°"'® to examine somatic
changes in permeability have all demonstrated that mechan-
oporation is not a death sentence in all cases. Although some
neurons display ultrastructural or enzymatic signs of cell death,
others appear morphologically intact and are not positive for
markers of necrosis or apoptosis. A study using fluorescent dex-
trans injected to the brain before and after injury showed that
some cells were only labeled with the pre-injury dextran, indi-
cating that they resealed.'* Accordingly, in the present study LY
is believed to mark cells that have resealed, as the dye would be
washed out of unsealed cells during perfusion. Overall, these
studies suggest that permeabilized neurons can survive the initial
insult.

However, because the accompanying loss of osmotic and ionic
homeostasis can disrupt normal cell function,>'%'3 it is possible
that these permeabilized neurons could contribute to dysfunction
observed after TBI. Indeed, in vitro models of mechanical injury
have shown increased plasma membrane permeability from shear
stress resulted in electrophysiological disturbances,” while stretch
injury resulted in disruption of neuronal network synchrony, loss of
excitatory tone, and increased modular topology.'® The dysfunc-
tion of permeabilized neurons in oculomotor regions could con-
tribute to the insufficient activation observed in these nuclei in
patients with mild TBI who experience deficits in saccades and
vergence,” although further research is necessary to determine the
precise role of permeabilized cells in the underlying mechanism(s)
behind oculomotor dysfunction.

KEATING ET AL.

Conclusions

We have shown that repetitive closed-head diffuse TBI sepa-
rated by 15min or 3 days results in increased neuronal plasma
membrane permeability in brain regions involved with oculomotor
function. Despite the prevalence of oculomotor dysfunction after
TBI, to our knowledge this is the first time that brain areas impli-
cated in eye movements have been specifically examined for
damage in a pre-clinical model. These neuronal plasma membrane
disruptions and associated NeuN and microglia pathologies may
mediate transient dysfunction and/or degeneration that may con-
tribute to the oculomotor deficits following diffuse TBI. Overall,
the presence of permeabilized neurons in oculomotor regions re-
veals the vulnerability of an eloquent sub-cortical circuit that may
underlie a common clinical deficit associated with TBI. Future
work will assess other types of longer-term damage in these areas,
such as diffuse axonal injury, neuronal loss, inflammation, or syn-
aptic changes. More importantly, we will examine whether damage
in oculomotor regions translates to functional deficits in our swine
model by assessing eye movements before and after rotational
injuries.
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