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Abstract

The leading cause of death in the juvenile population is trauma, and in particular neurotrauma. The
juvenile brain response to neurotrauma is not completely understood. Endoplasmic reticulum (ER)
stress has been shown to contribute to injury expansion and behavioral deficits in adult rodents and
furthermore has been seen in adult postmortem human brains diagnosed with chronic traumatic
encephalopathy. Whether endoplasmic reticulum stress is increased in juveniles with traumatic
brain injury (TBI) is poorly delineated. We investigated this important topic using a juvenile rat
controlled cortical impact (CCI) model. We proposed that ER stress would be significantly
increased in juvenile rats following TBI and that this would correlate with behavioral deficits
using a juvenile rat model. A juvenile rat (postnatal day 28) CCI model was used. Binding
immunoglobulin protein (BiP) and C/EBP homologous protein (CHOP) were measured at 4 h in
the ipsilateral pericontusion cortex. Hypoxia-inducible factor (HIF)-1a was measured at 48 h and
tau kinase measured at 1 week and 30 days. At 4 h following injury, BiP and CHOP (markers of
ER stress) were significantly elevated in rats exposed to TBI. We also found that HIF-1a was
significantly upregulated 48 h following TBI showing delayed hypoxia. The early ER stress
activation was additionally associated with the activation of a known tau kinase, glycogen synthase
kinase-3p (GSK-3p), by 1 week. Tau oligomers measured by R23 were significantly increased by
30 days following TBI. The biochemical changes following TBI were associated with increased
impulsive-like or anti-anxiety behavior measured with the elevated plus maze, deficits in short-
term memory measured with novel object recognition, and deficits in spatial memory measured
with the Morris water maze in juvenile rats exposed to TBI. These results show that ER stress was
increased early in juvenile rats exposed to TBI, that these rats developed tau oligomers over the
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course of 30 days, and that they had significant short-term and spatial memory deficits following
injury.
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Introduction

Juvenile traumatic brain injury (jTBI) is the leading cause of death and disability in the
juvenile population. Often due to falls, sports, and automobile accidents, jTBI results in
behavioral and cognitive dysfunction that can lead to learning difficulty and trouble with
day-to-day living as the child reaches adulthood [1, 2]. TBI outcome is dependent upon the
age at which the injury occurred. Multiple reports have shown the young, developing brain
to respond differently to TBI when compared to the adult brain response [3-11]. What is still
unknown is how the acute effects of injury can lead to cognitive dysfunction. For instance,
brain injury early in life often leads to issues with increased impulsivity, which can lead to
poor decision-making [12-14] and disrupt cognitive flexibility [15, 16].

Endoplasmic reticulum (ER) stress following injury has been shown to contribute to the
unfolded protein response [17, 18]. ER stress is disrupted following TBI and reversed by
docosahexaenoic acid or salubrinal [19, 20]. The ER stress pathway has also been associated
with increased glycogen synthase kinase-3p (GSK-3p) activation [21-23], while it has
recently been observed that ER stress occurs following TBI; however, it has not been shown
in juvenile models. Therefore, there is a tremendous need to further develop animal models
of jTBI. Further, early brain injury could lead to the development of tauopathy, which has
been associated with impaired ER stress pathways in adult models of brain injury [24]. This
can present problems later in life, as it would lead to an altered trajectory of cognitive
development.

One group studying ER stress in juvenile animal models found that neonate mice exposed to
hypoxia/ischemia had increased neuronal necrosis due to ER stress activation [25]. This
finding was also validated in juvenile rats but furthermore linked to short-term memory
deficits as well as poor working memory [26]. The proposed mechanism is that ER stress
activates the unfolded protein response and contributes to cell death at an accelerated rate in
juveniles because of the rapid growth and axonal track formation that occurs at this time
period [27]. By activating the first arm of the ER stress pathway in particular (the protein
kinase RNA-like ER kinase pathway), damage to the hippocampus has been seen [28].

We sought to investigate the role of ER stress in juveniles exposed to TBI instead of
hypoxia. In the current study animals were injured on postnatal day 28, an age
corresponding to 7-10 years of age in humans [29]. Following injury, subjects were tested
on a neurocognitive battery of tests aimed to examine impairments in memory, impulsivity/
anti-anxiety, and executive functioning. We wanted to see whether deficits would be present
similar to those reported in the hypoxia literature. The brains were then processed for known
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early markers of tauopathy and neurofibrillary tangles [30, 31]. Separate groups of subjects
underwent surgery and were euthanized at 4 h, 48 h, and 1 week, and the pericontusion
cortex was examined for markers associated with ER stress.

Twenty-eight male Sprague-Dawley rats (postnatal day 28) were used for the duration of this
study. All rats were housed in cages of 2 or 3 and had access to food and water ad libitum.
The rats remained in a temperature- and light-controlled environment on a 12-h light/12-h
dark cycle with lights on at 07:00 h and lights off at 19:00 h. Animals were housed with
dams until postnatal day 21 at which point they were weaned and housed with littermates of
the same gender. Water and food were provided ad libitum. Injury and treatment groups
came from multiple, separate litters, from different parents to avoid litter-specific effects. A
timeline for the behavioral and biochemical experimental procedures is outlined in Figure 1.

Controlled Cortical Impact Surgery

All experimental procedures were approved by the Institutional Animal Care and Use
Committee. The controlled cortical impact (CCI) procedure was modified from previous
studies [32, 33]. Rats were anesthetized using 5% isofluorane mixed with oxygen. Once
anesthetized, the rats received either a CCl or a sham surgery. For the CCI surgery, skin
incisions were performed followed by bilateral craniotomy, and an electromagnetically
driven CClI device (Leica Impact One) with a 5-mm impactor tip was used to deliver a
unilateral injury to the right parietal lobe. The impact was at a velocity of 5.5 m/s with a
200-ms dwell time and a 2-mm deformation of the cortical surface. Each craniotomy was 6
mm in diameter and was centered approximately 2 mm posterior to the bregma and 1 mm
from the midline. Bilateral craniotomies were used because they increase contralateral
axonal damage and the chances of contralateral hippocampal damage [34-38]. A
representative example of the injury is shown in Figure 2a and b. Figure 2c illustrates how
the bilateral craniotomy results in mechanical stress upon the contralesional hemisphere. For
the sham surgery, rats were anesthetized and had the incision but did not receive
craniotomies or an impact. This was done to avoid any potential complications that are
associated with the surgical procedure and to control for confounding variables. This is an
approach utilized by our laboratory and other previously established research [39, 40]. After
either surgery, the rats were placed back in their home cages, and behavioral testing started
the following day. For the behavioral testing portion of the study, 12 animals were used for
the CCI group and 14 animals were used as shams.

Behavioral Assessments

Novel Object Recognition—The protocol used for the novel object recognition task has
been previously established [41]. Prior research has revealed that deficits are present in TBI
models during the acute period following injury [42, 43]. The task took place in a clear,
Plexiglas box (57.5 cm in length, 36 cm in width, and 38 c¢cm in height) in a room with
minimal lighting. Testing began 1 day following surgery. The procedure consisted of 3
phases: habituation, training, and object recognition testing. Habituation took place on day
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1, training and testing took place on day 2. In the habituation phase, each rat was placed in
an empty box for 20 min to acclimate to the task environment. For the training phase, each
rat was placed in the box for 10 min. This time, the box contained 2 identical objects for the
rat to explore. After training, the rat was taken out of the box and placed back into the home
cage for 1 h, and then testing occurred. For testing, 1 of the 2 objects from training was
replaced with a novel object and the rat could explore the box for 5 min. All training and
testing were recorded. AnyMaze software was used to analyze the videos and assessed how
long the rat attended to each object, as well as how many times the rat interacted with each
object. To determine an interaction with an object, a circle (4 cm diameter centered on the
object) was drawn around each object, and an interaction was scored each time the animal’s
head entered the circle.

Plus Maze—The procedure was modified from a procedure that assessed anxiety-like
behaviors in mice [44] and has been used to measure impulsive-like behavior or anti-anxiety
in the rodent as indicated by increased time spent in the open arms. Each rat was assessed
once on the plus maze task 10 days after the surgical procedure. The plus maze was placed
in the center of an open room with minimal light. The apparatus consisted of 4 arms (2 of
which have walls and 2 that do not) and was elevated 75.5 cm from the ground. The arms
were 51 cm in length and 11.5 cm wide, and the walls were 40.5 cm in height. Each rat
could explore the plus maze for 5 min. During those 5 min, the rat’s behavior was recorded.
AnyMaze software was used for analysis of the task. The rats were assessed on 2 measures:
the number of entries into an open versus a closed arm and the amount of time spent in an
open versus a closed arm to quantify impulsive behaviors. The maze was cleaned with 70%
ethanol between each rat to eliminate olfactory cues from previous rats.

Open Field—This protocol was modified from an open field test using mice [45]. Each rat
was assessed only once on the open field task. Similarly, to the plus maze, this task assessed
exploratory and anxiety-like behaviors after injury. Testing for the open field task occurred
12 days after the surgical procedure. Each rat was placed in a clear, circular Plexiglas
behavioral apparatus (44.5 cm in diameter; 26.5 cm in height) and allowed to explore the
field for 10 min. During the task, behaviors were recorded. After testing, the videos were
analyzed using AnyMaze software. Analysis consisted of quantifying the number of times
the rat entered the center of the field versus the perimeter, as well as the amount of time the
rat spent in each of these 2 areas. Between each test, the open field was cleaned with 70%
ethanol to eliminate attenuation to olfactory cues from previous rats.

Morris Water Maze—The Morris water maze test was conducted using a protocol used in
prior studies [46]. A polyethylene pool measuring 200 cm x 74 cm was divided into 4
quadrants: northeast, northwest, southeast, and southwest. Inside the pool is a submerged
platform measuring 72 cm in height and 13 cm in diameter. Between the pool and the
experimenter is a shower curtain colored dark blue to obscure movements of the
experimenter. Additionally, overhead light sources were turned off and instead the room was
illuminated by two 60-W light bulb lamps obscured by a translucent curtain. The external
cues to the pool consisted of 4 items: a painted guitar on the wall, 3 vertical stripes painted
on the wall, a pyramid attached to the wall, and the dark blue opaque curtain.
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The Morris water maze test was performed 14 days after injury in order to measure spatial
memory. Animals were run in groups of 4 with each animal undergoing 4 trials per day for 5
days of training. Animals were placed in the pool by hand facing the wall. Starting locations
were randomized, selected from 8 potential starting points, for each trial. Rats were given a
time limit of 60 s to successfully find the submerged platform. If the rat was unsuccessful in
finding the platform within the time limit, it was guided to the platform by the experimenter.
Once on the platform, the animal was given 30 s before being removed from the pool to
familiarize themselves with the external cues. Once removed from the pool, animals were
kept in single-house cages on top of heating pads between trials. Intertrial intervals were 5
min.

On the following day, 24 h after the final day of training, a probe trial was administered by
removing the submerged platform. Each animal could swim for 60 s in search of the
platform. One day following the probe trial animals were trained on reversal training. For
this the platform location was moved into the quadrant opposite to the one used during
training. This was done to test the animal’s ability to demonstrate cognitive flexibility.
Subjects were given 4 trials during reversal training Swimming paths was recorded via a
camera fixed directly above the pool and were collected using AnyMaze software (San
Diego Instruments). Latency to the platform was recorded.

Western Blot—For Western blot, a 1 mm x 1 mm sample (taken anterior to the impact
site) of the ipsilateral pericontusion cortex was collected from CCI rats at various time
points after injury, and the same approximate region was collected for control rats at various
time points following injury (7= 3 per group). The pericontusion cortex is defined as
penumbral region surrounding the contusion that is sensitive to further damage [47-49]. 1%
SDS was used to prepare the protein samples. The protein assay and Western blot were
performed as previously described [50]. Primary antibodies were rabbit anti-binding
immunoglobulin protein (BiP) monoclonal antibody (mAB; 1:1,000, No. 3177) and rabbit
anti-C/EBP homologous protein (CHOP) mAB (1:1,000, No. 5554) (Cell Signaling); rabbit
uncleaved caspase-12 mAB (1:200, No. 21747), mouse cleaved caspase-12 mAB (1:200,
No. 515103), rabbit anti-MOX-1 mAB (1:500, No. 398845), and rabbit anti-hypoxia-
inducible factor-1a (HIF-1a) mAB (1:500, No. 13515) (Santa Cruz); rabbit p-GSK-3p
mAB (1:1,000, No. 5H1L11) (Thermo). A mouse anti-B-actin mAB (1:10,000, No. 3700)
(Cell Signaling) was used as an endogenous control to normalize protein loading. Secondary
antibodies were IRDye® 800CW, and IRDye® 680RD (LI-COR Bio-sciences). Images were
collected and analyzed with an Odyssey fluorescent scanner. Images were converted to gray
scale, the values calculated after background subtraction, and then normalized to B-actin to
measure relative intensity.

Immunohistochemistry—Rats were anesthetized with 4% isoflurane, and cardiac
perfused with ice-cold 0.9% saline. Brains were rapidly removed and placed into an ice-cold
protease/phosphatase inhibitor cocktail mix (HaltTM; Thermo Scientific, Pittsburgh, PA,
USA). Tissues were cryoprotected with 30% sucrose, were subsequently flash frozen in
liquid nitrogen, and stored at —80 °C. Brain tissue for the CCI and control rats were prepared
for cryostat sectioning as previously described [50]. Sections from the ipsilateral
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pericontusion cortex were stereotaxically selected based on the following dimensions:
anterior/posterior 1.94 mm, medial/ lateral 0.5 mm, and dorsal/ventral 3.75 mm. This region
was chosen for sections and analysis as it corresponds to the pericontused cortex, an area
that is associated with brain plasticity and functional recovery following TBI [47, 49, 51].
Brain slabs were sectioned (20 um), mounted onto slides, and prepared for staining. Three
immediate adjacent sections of 20 pm were cut per each slide. Briefly, brain slices were
circumscribed and incubated overnight with primary antibodies: anti-paired helical filament
(PHF) mAB (1:500), anti-R23 mAB (1:500), and anti-CP-13 mAB (1:500) kindly gifted
from the Peter Davies Laboratory. The next day, an Alexa Fluor® secondary antibody
(Invitrogen) was applied to slides for 3 h, and coverslip mounted with Vectashield® 4°,6-
diamidino-2-phenylindole nuclear counterstain (Vector). All images were acquired from the
ipsilateral pericontusion cortex (10 slides per animal [ = 4 per group]). Antibody-stained
fluorescence images were acquired using a confocal microscope (Z1 Axio Observer; Zeiss,
Oberkochen, Germany). The ipsilateral pericontusion cortex was analyzed. For antibody-
stained fluorescence quantification, 10 distinct cells with clear morphology were randomly
selected per slide, outlined, and measured with ImageJ software (NIH) by an observer
blinded to the experimental group. Density was adjusted per mean area to give total cell
fluorescence normalized to background.

Statistical Analysis—An independent ¢test was used to analyze data from the novel
object recognition task, the plus maze, and the open field task. For the novel object
recognition task, the ftest assessed the difference between the 2 groups on total number of
interactions with each object and the total amount of time of interactions with each object.
For the plus maze, the #test assessed the difference between the 2 groups on the total
number of times the animal entered an open versus a closed arm, as well as the total amount
of time spent in open versus closed arms. For the open field task, the #test assessed the
difference between the 2 groups on the total number of entries into the center of the field
versus the perimeter, as well as the total amount of time spent in the center versus the
perimeter of the field. Differences between the 2 groups on the Morris water maze were
analyzed by repeated measures one-way ANOVA for the time needed to locate the hidden
platform over the course of 5 days of testing. An independent ¢test was used to analyze the
data from the probe day, whereas a repeated measures one-way ANOVA was used to analyze
the trial data for the reversal of the Morris water maze. For the probe day, the ftest assessed
the difference between the 2 groups on the number of target crossings and the time of the
first target crossing. For the reversal, the repeated measures one-way ANOVA assessed the
difference between the 2 groups on the amount of time taken to locate the hidden platform.
The experimenter conducting the behavioral tests was blinded to the injury group, and the
data were analyzed by a separate individual.

For the biochemical studies, one-way ANOVA with Holm-Sidak post hoc analysis was used
to compare groups and determine statistically significant differences between groups. The
experimenter performing the assays was blinded to the treatment group, and the results were
analyzed by an independent evaluator. Relative intensity or corrected total cell fluorescence
were used as the variables for analysis. All tests were considered significant if p< 0.05. Data
were tested for normality using Shapiro-Wilk tests, and Brown-Forsythe tests were used to

Dev Neurosci. Author manuscript; available in PMC 2019 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hylin et al.

Results

Page 7

test homogeneity of variance. All data are represented as means + SEM. Data were analyzed
using SigmasStat software.

jTBI Leads to Increased Hypoxia without Impacting Endothelial Cell Function

HIF-1a is a transcription factor that responds to decreased levels of cellular oxygen.
Following injury there is an acute increase in HIF-1a 48 h after injury that normalizes to
sham levels by 1 week after injury (~, 4 = 18.451, p=0.01, Holm-Sidak post hoc test p <
0.05; Fig. 3a). MOX-1 is a marker of brain endothelial cell function especially for vessels
that course near the skull [52]. Significant activation indicates vascular proliferation in
response to injury. Increases are likely due to vascular disruption and ongoing vascular cell
proliferation; however, following jTBI there were no significant differences at any time
points for the level of MOX-1 (£, 4 = 3.453, p= 0.135; Fig. 3b).

jTBI Results in Alterations in ER Stress Proteins

BiP and CHOP are proteins associated with ER stress and neurocognitive dysfunction [24].
Survival factors, such as B-cell lymphoma 2, are downregulated by the proapoptotic
transcription factor. Increased CHOP leads to cellular death through the promotion of
proapoptotic protein transcription [53]. BiP was elevated after 4 h and remained elevated 48
h after injury (/4 = 27.728, p=0.005, Holm-Sidak post hoc test p < 0.05; Fig. 4a). CHOP
was elevated 4 h after injury but was not significantly different from sham animals at 48 h
(R, 4 =8.319, p=0.039, Holm-Sidakposthoctest p < 0.05 forshamvs. 4 h; Fig. 4b), though
levels were not at sham levels at this time point.

Early Brain Injury Results in Increased Phosphorylated GSK-3p but Not Caspase-12

Increases in caspase-12 have been found to be associated with increased markers of ER
stress, such as CHOP [54]. Following early injury there is a nonsignificant trend toward an
increase in cleaved caspase-12 that is elevated 1 week after injury (~, 4 =5.531, p=0.071,
Fig. 5a).

GSK-3p has been found to be associated with increased tauopathy and behavioral
dysfunction following brain injury [55]. As shown in Figure 5b, injured animals show an
increase in the levels of phosphorylated GSK-3p (p-GSK-3p) that begins to increase 48 h
after injury and reaches a significant level 1 week after injury (/ 4 = 9.855, p=0.028).

Tauopathy Markers Are Elevated 1 Month after jTBI

In the pericontused cortex at the coordinates outlined above, tissue was examined for early
markers of tauopathy 30 days after injury. Immunohistochemistry was used to quantify tau
markers. PHF, R23, and CP-13 are all markers of tau conformation change. They are
progressive in severity with PHF occurring prior to R23 and R23 prior to CP-13. CP-13 is a
precursor for neurofibrillary tangles [56]. Injured subjects demonstrated an increase in PHF
when compared to sham subjects (g =-5.517, p< 0.001; Fig. 6a). Injured subjects also
showed an increase in R23 protein (4g = -5.435, £ < 0.001; Fig. 6b) and an increase in
CP-13 (g =-3.00, p< 0.01; Fig. 6¢).
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Object Recognition Memory Deficits Emerge in the Acute Period following Injury

Novel object exploration has been used as a measurement of object recognition functioning.
During habituation training to the testing apparatus, CCI subjects explored the apparatus to
the same extent as uninjured sham animals, which indicates that the anesthesia did not have
an impact upon the subsequent short-term memory testing (p > 0.05). An independent
samples 2-tailed ztest found that uninjured animals spent a significantly higher percentage
of time exploring the novel object compared to CCI animals (63 = -2.321, p=0.0295; Fig.
7a). Furthermore, CCIl animals spent significantly less time (tog = —4.526, p=0.0001; Fig.
7b) and made fewer interactions (&g = 3.583, p = 0.0014; Fig. 7c) with the novel object.
These findings indicate that injured animals experience object recognition memory deficits
resulting in them spending less time with novel objects.

jTBI Increases Impulsive-Like Behavior without Increasing Anxiety

Independent samples #tests were run to determine differences between number of entries
into open and closed arms in CCI animals and uninjured animals. Analysis found that CCl
animals entered open arms a significantly higher amount of times than uninjured animals
(o =2.287, p=0.0452; Fig. 8a). Additionally, another independent samples ¢test found no
significant differences between the number of closed arm entries for CCI animals and
uninjured animals (49 = 1.774, p=1.06; Fig. 8a).

A separate set of independent samples ¢tests was run to determine differences in time spent
in open and closed arms. ttests found that CCI animals spent a significantly higher amount
of time in open arms than uninjured animals (#g = 2.265, p=0.0470; Fig. 8b). Analysis also
found that CCI animals spent a significantly lower amount of time in closed arms than
uninjured animals (f9 = -3.159, p=0.0102; Fig. 8b). Additional analysis revealed that CClI
animals also traveled further distances while in the open arms (p = 0.015) but not in the
closed arms (p = 0.668; Fig. 8c). There were no differences between the 2 groups in the
speed of the animals while they were exploring the open or closed arms of the maze (o >
0.05; Fig. 8d).

Two-tailed independent samples #tests were run to determine differences between the
number of center crossings in an open field in CCI and uninjured animals. Analysis found no
significant differences in center crossing numbers between CCI animals and uninjured
animals (43 =-1.888, p=0.0815; Fig. 8e).

Injury Results in Spatial Memory Deficits 2 Weeks after Injury

A repeated measures ANOVA was used to test for differences between CCI animals and
uninjured animals on latency data in the Morris water maze. Significant differences in
latency were found between CCI animals and sham animals (/24 = 19.696, p< 0.01).
Additionally, analysis found a significant effect due to day on latency. As days passed, the
latency to platform decreased (£, 24 = 32.461, p< 0.01). A significant interaction was found
between injury and day on latency (/s 24 = 2.898, p=0.026; Fig. 9a). These findings
suggest that animals who received an injury did significantly worse on each day of the trial
than sham animals. Both groups made significant improvement from day 1 to day 5, which
indicates that learning did occur.
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Animals were tested on a probe day to measure spatial memory and platform acquisition.
During the probe test the platform was removed from the pool. The number of platform
crossings was analyzed for injured and uninjured animals. An independent samples ¢test
showed a significant difference in platform crossings between CCI animals and uninjured
animals. Uninjured animals crossed the platform significantly more than the injured animals
(64 =-3.415, p< 0.001; Fig. 9b). This difference indicates that animals who were not
injured had a better spatial memory than injured animals.

Animals were also tested on reversal days where the platform was placed 180° from its
normal location. A repeated measures ANOVA showed significant effects of injury on
reversal latency (£ 24 = 5.227, p=0.031; Fig. 9c). Additional analysis showed no
significant effects on reversal latency due to trial number (/3 24 = 1.245, p=0.30), or
interaction of injury and trial number (/3 24 = 0.939, p=0.426). These findings suggest that
animals who received an injury had significant deficits in cognitive flexibility in the task.
Swim speed was analyzed for all phases of testing and revealed no significant differences in
speed throughout testing (p values >0.05; Fig. 9d), which indicates that the differences
observed were not due to motor deficits or impairments in the ability to swim or perform the
task. Taken together, injured subjects did not remember spatial cues to find the platform,
which indicates longterm spatial memory deficits.

Discussion

This is the first study examining how jTBI results in the activation of biochemical
mechanisms, such as ER stress. It is possible that these mechanisms tie directly to worsened
behavioral outcomes but further studies are warranted to test this hypothesis. We found that
ER stress is activated early following CCI in juvenile rats and was associated with
subsequent cellular neuroinflammation and an increase in precursor neurofibrillary tangle
markers. This biochemical progression was found to correlate with object recognition
deficits on novel object recognition, increased impulsivity/anti-anxiety on elevated plus
maze, and cognitive deficits on Morris water maze. Future studies are warranted to elucidate
the exact mechanisms by which biochemical changes can contribute to behavioral deficits.
The benefit of this pilot study is that we mapped a time course of injury expansion and
found behavioral deficits that parallel those seen in human jTBI patients [57]. Currently,
limited treatment options exist for this select group of patients, and little is known about how
TBI in juveniles differs from TBI in adults. This study provides increased understanding
about the pathophysiology of TBI in juveniles. When coupled with matching data from
human pediatric TBI patients, these findings may serve as an initial framework that could be
used to discover novel pharmacological treatment approaches for this population going
forward.

CHOP and BiP were used to measure ER stress activation. CHOP is a component of the ER
stress cascade while BiP is a regulator of all 3 arms of the pathway [58]. Interestingly, we
found that CHOP and BiP were both significantly increased 4 h after injury, but BiP
remained elevated at 48 h. This is an important finding because CHOP directly activates p-
GSK-3B and the proapoptotic marker caspase-12 [54]. We found a significant increase in p-
GSK-3pB 1 week following CCI and a trend towards significance for caspase-12. Future
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studies will increase the number of experimental groups to further tease out this relationship.
p-GSK-3p has been shown to be the primary contributor of tau hyperphosphorylation [59],
and apoptosis has been postulated as a proposed mechanism for pathological tau to enter the
extracellular milieu [60]. Once tau becomes phosphorylated, neuroinflammation must persist
for the formation of tau oligomers [19]. The continued activation of BiP allowed for the
activation of the second arm of the ER stress pathway. This may be the triggering event for
acute cellular hypoxia and neuroinflammation, but further studies are warranted to prove this
connection and investigate these pathways [61]. The timing of ER stress activation
correlated with the upregulation of HIF-1a at 48 h. HIF-1a is a regulator of multiple
intracellular pathways and has recently been shown to contribute to tau oligomer formation
[62].

We then measured the progression of tauopathy with a series of molecular markers at 1
month. PHF, R23, and CP-13 mark a progression in tauopathy and are all markers of tau
conformation change [56]. PHF is a precursor to tau oligomers, R23 is a marker for tau
oligomers, and CP-13 is a precursor for neurofibrillary tangles. These markers are
progressive in severity with PHF occurring prior to R23 and R23 prior to CP-13. Taken
together our results support similar findings in adult models [24]. However, there are some
notable differences in that HIF-1a plays a more notable role in oligomer formation in
juveniles and the progression of injury is quicker than that seen in adults. Juveniles exposed
to TBI have previously been shown to be at increased risk for engaging in potentially
harmful behaviors such as excess alcohol consumption and are at a significantly increased
risk for cognitive and behavioral disorders [63, 64].

In this study, we found that behavioral deficits can develop early after injury. The jTBI rats
spent a lower percentage of time exploring the novel object showing acute deficits in object
recognition. Furthermore, the jTBI rats had more impulsive-like or anti-anxiety behavior in
that they spent more time and had more entries into the open arms of the elevated plus maze.
This interpretation of less anxiety is based on the finding that rodents with anxiety-like
features spend little time in the open arms of the elevated plus maze. Rodents are nocturnal
creatures and typically choose to spend time in dark enclosed areas, which are safer than
bright open places. This is a significant finding in that jTBI patients have been shown to
have increased impulsive behavior in their adolescent and early adult years leading to
frequent incarceration [65]. Another significant finding is that CCI caused deficits on latency
to platform over the period of training and caused is that CCI caused deficits on latency to
platform over the period of training and caused jTBI rats to spend significantly less time
exploring where the platform had been on the probe trial. Future studies will directly
compare rodent TBI serum samples to human pediatric serum samples and correlate
biochemical changes to behavioral deficits in rodents and clinical outcomes in humans.

Conclusion

jTBI remains a significant challenge for treatment and preventing cognitive and behavioral
deficits. In this seminal paper, we mapped for the first time the biochemical sequence of
events following injury in juvenile rats. Interestingly, ER stress was activated early, HIF-1a
activation occurred at 48 h, and early tauopathy was seen at 30 days. These biochemical
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events occurred on a similar timeline to what was observed with object recognition deficits,
impulsivity or anti-anxiety, and cognitive decline measured with behavioral assays. Going
forward, this foundation of understanding the injury pathophysiology in juveniles will serve
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Fig. 1.
A timeline illustrating time points for the behavioral testing and biochemical assays used in

the experiments. Model: CCl, controlled cortical impact; biochemistry: WB, Western blot;
IHC, immunohistochemistry; behavior: NOR, novel object recognition; EPM, elevated plus
maze; OFT, open field test; MWM, Morris water maze.
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Fig. 2.
a A representative coronal cresyl violet section illustrating the nature of the injury. b A

dorsal image of a CCl injury. ¢ An illustration showing the proposed mechanism of how a
bilateral craniotomy results in contralateral damage.
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Fig. 3.

a Hypoxia-inducible factor-1a (HIF-1a) was significantly increased 48 h following CCI (p
< 0.05). HIF-1a is activated by ER stress and contributes to tau oligomer formation. b
MOX-1 was not significantly elevated following CCI. MOX-1 is a marker of endothelial cell
function and responds to endothelial HIF-1a.. This confirms that HIF-1a is activated in

neurons but not endothelial cells. * p < 0.05.
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Fig. 4.

a BiP is a regulator of the 3 arms of the ER stress cascade and was significantly elevated 4
and 48 h following CCI. ** p< 0.01. b CHOP is a marker of the first arm of the ER stress

pathway and contributes to activation of phosphorylated GSK-3p and cleavage and

activation of caspase-12. CHOP was significantly increased 4 h following CCI. * p< 0.05.
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Fig. 5.

a Cleaved caspase-12 is a key regulator of the apoptotic cascade. A trend towards
significance was seen 7 days following CCI (p = 0.071). b Phosphorylated GSK-3p (p-
GSK-3p) is the primary contributor towards tau hyperphosphorylation. p-GSK-3f was

significantly increased 7 days after CCI. * p< 0.05.
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Fig. 6.

Tau pathology progresses from paired helical filaments to oligomers to neurofibrillary tangle
precursors and finally neurofibrillary tangles. We found rapidly progressive tauopathy
following CCI in juveniles. a Paired helical filament (PHF) was significantly increased 1
month following CCI. *** p< 0.001. b R23, a marker of tau oligomers, was significantly
increased 1 month following CCI. *** p< 0.001. ¢ CP-13, a precursor of tau neurofibrillary
tangles, was seen 1 month following CCI. ** p< 0.01. The scale bar is 50 pm, and arrows
show the cell(s) that is (are) focused upon at high power. The low-power image is x20, and

the high-power image is x63.
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Fig. 7.

Early CCI injury results in impaired object recognition in the novel object recognition task.
a Injured subjects spend significantly less percentages of time with the novel object when
compared to control subjects. * p < 0.05. This is reflected by a significantly lowered number
of interactions (b) and a diminished amount of time spent with the novel object (c) relative
to sham subjects. *** p< 0.001.
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Fig. 8.

a CCl animals entered open arms significantly more often than sham animals (*** p =
0.001) with no significant differences for entries into closed arms between groups. b CCI
animals were shown to spend significantly more time in open arms (** p< 0.01) and

significantly less time in the closed arms (*** p < 0.001) than the uninjured animals. ¢ CClI
animals also traveled a significantly larger amount of distance in the open arms (* p < 0.05).

d There were no differences in the speeds of the 2 groups while they were traveling in the
open or closed arms of the maze. Results are indicative that injured animals may be more
impulsive spending more time in open arms. e No significant differences were found for
number of center crossings between injured and uninjured animals in open field testing.
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Early injury results in impaired spatial memory and cognitive flexibility. a Significant
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Fig. 9.

differences were found in latency to the platform between sham and injured animals. *** p <
0.001. b During the probe trial, 24 h following the last day of training, uninjured animals
crossed the platform location significantly more times than injured animals. ** p<0.01. c
24 h following the probe trial, reversal trials were done. Significant differences were found
in latency to the platform between sham and injured animals. * p< 0.05. d These differences
were not due to differences in the subjects” motor ability as no differences were observed for

the swim speeds throughout all phases of testing.
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