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Abstract: Traumatic brain injury (TBI) is one of the leading causes of death and disability. TBI is
associated with neuroinflammation, but temporal changes in immune and inflammatory signaling
following TBI have not been fully elucidated. Furthermore, there have been no previous studies on
changes in immune cell populations following TBI via the Closed Head Injury Model of Engineered
Rotational Acceleration (CHIMERA). The current study aimed to determine the time course changes
to inflammatory marker mRNA expression in the acute period following TBI in juvenile rats and to
determine acute changes to brain and circulating immune cell populations. For this study, post-natal
day (PND)-30 male Long Evans rats sustained a TBI or Sham TBI and were euthanized at 0, 3, 6, 12,
24, or 96 h post-injury. Prefrontal cortex and hippocampus samples were used to determine mRNA
expression changes of inflammatory factors. The mRNA expression of the pro-inflammatory cytokine
TNF-« was significantly elevated at 6 h post-injury in both regions evaluated. To evaluate immune
cell populations, male Long Evans rats were euthanized at 48 h post-injury, and brain and blood
samples were used for cell sorting by marker-specific antibodies. In the peripheral blood, there was an
elevation in CD3™ total T cells, CD45R* total B cells, and CD3*CD4* helper T cells in the TBI subjects.
However, there were no changes to natural killer cells or CD3*CD8" cytotoxic T cell populations.
In the brain, there was a reduction in CD11b/c* monocytes/macrophages, but no changes in other
immune cell populations. At 48 h post-injury, the TBI subjects also demonstrated expansion of the
thymic medulla. These changes in the cerebral and blood immune cell populations and thymic
medulla expansion may implicate the subacute recovery timeframe as a vulnerable window for the
immune system in the pediatric population.
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1. Introduction

Traumatic brain injury (TBI) is a significant public health concern that can have
debilitating consequences, particularly in the juvenile population, in which TBI is one of
the leading causes of death and disability [1]. An insult to the brain initiates both primary
and secondary injury cascades. The primary injury consists of mechanical damage to the
brain due to impact with the skull protuberances [2—4]. The secondary injury cascade,
which occurs in the minutes and hours following the injury, can consist of blood-brain
barrier (BBB) disruption, inflammatory process, and cell death [5]. Neuroinflammation can
produce both beneficial and detrimental changes to neural tissue following injury, and due
to this duality, inflammatory processes have often been viewed as a target for a therapeutic
option for TBI [5,6]. However, the functions and processes of neuroinflammation following
brain injury are not entirely understood.
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Neurological manifestations of concussion focus attention on the neural and vascular
components of the brain; however, parenchymal damage invites a cascade of immune cell
participation in the response and debris clearance following TBI. Using adult models, some
laboratories have similarly focused on parsing the immune populations that are affected
by TBI [7-10]. Unsurprisingly, shifts in immune cell populations in peripheral blood after
TBI have been identified acutely, with some enduring results chronically [11-14]. Groups
that have used the CHIMERA to produce mild injury have not previously reported any
studies evaluating central and peripheral immune cell population shifts. Furthermore,
limited studies exist in a juvenile TBI model evaluating immune cell infiltration within
the cerebral cortex or circulating immune cell populations [14,15]. The gap in knowledge
regarding central and peripheral immune cell changes in the juvenile population is critical
to fill because the inhibitory (GABAergic) inputs to the prefrontal cortex in the juvenile are
not solidified at this developmental time, suggesting that damage to the cytoarchitecture of
the brain and/or immune cell infiltration could significantly modulate the neural networks.
Furthermore, as opposed to an adult, where thymic T cell processing has peaked and thymic
involution is actively occurring, the thymus continues to educate and mature T cells in a
juvenile. As a result, this developmental stage (the juvenile age) is particularly vulnerable.

The current study investigates acute cerebral and peripheral immune cell changes
using flow cytometry. We report time course changes in relevant immune-related genes.
We also analyze histologic sections of the thymus and spleen. Taken together, significant
changes to immune cells, both centrally and peripherally, and relevant lymphoid organs
occur 48 h after injury.

2. Methods
2.1. Institutional Animal Governance

Procedures for animal use were approved by the University of Mississippi Medical
Center (UMMOC) Institutional Animal Care and Use Committee, Protocol #1589. These
animal-use procedures complied with the National Research Council’s Guidelines for the
Care and Use of Laboratory Animals.

2.2. Animals

Post-natal day (PND)-20 male Long Evans rats were obtained from commercial sources
(RRID: RGD_5508398, Inotiv, Indianapolis, (IN), USA). The animals were group-housed in
the UMMC vivarium and were maintained on a 12 h/12 h light/dark cycle with 50-60%
humidity at 25 °C. The animals were given ad libitum access to a standard chow diet (#8640,
Inotiv, 3.0 kecal/g; 17% fat, 54% carbohydrate, 29% protein) and were randomly assigned to
either Sham or TBI groups.

2.3. CHIMERA Procedures

On PND 30, rats were placed in an induction chamber and anesthetized using 3.5%
isoflurane in 100% oxygen. Both Sham and TBI subjects received subcutaneous injections of
carprofen (5 mg/mL) for pain management following the procedures. After animals were
fully anesthetized and nonresponsive to a toe pinch, they were placed on the CHIMERA
animal holder at a 45° angle in the supine position and were secured to the animal holder
using Velcro straps; while the animals were on the CHIMERA apparatus, anesthesia was
maintained via nosecone. The TBI subjects” heads were aligned so that the piston would
deliver the injury between the eyes and the ears in the center of the head. Immediately
prior to the piston deployment, the nosecone was removed briefly, but the subjects were
still fully anesthetized. Sham animals were treated the same in all respects, but they were
placed beside the animal holder so that they did not sustain a TBL. Immediately following
TBI or Sham procedures, the animals were placed in a recovery chamber in the supine
position, and time to righting and walking were analyzed following placement in the
recovery chamber while the animal was awakening from anesthesia. Time to righting is
a measure of consciousness, and it is the latency to return to the prone position from the
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supine position after awakening from anesthesia. Time to walking is considered the use of
all four limbs in an attempt to walk.

2.4. Study 1

The subjects (Total n = 21, n = 3 per group) sustained either a Sham TBI or a 0.6 ]
vertical TBIL. TBI subjects were then euthanized immediately following TBIor3h, 6 h, 12 h,
24 h, or 96 h post-injury via conscious decapitation. Sham subjects were euthanized at 3 h
post-Sham injury. Brains and terminal trunk blood were collected. Brains were flash-frozen
in methylbutane, cooled on dry ice, and the prefrontal cortex and hippocampus were
microdissected for RNA extraction.

2.5. Study 2

The subjects (Total = 20; Sham groups: n = 10, TBI groups: n = 10) received either a
Sham TBI or a 0.6 ] vertical TBI on PND 30. On PND 32, animals were euthanized 3 h after
the onset of the light cycle, brains were excised, and blood was collected for immune cell
extraction and sorting. Spleens and thymuses were collected and used for H&E staining.

2.6. RNA Processing and Real-Time PCR

Brain tissue was flash-frozen on methylbutane and cooled on dry ice. The tissue
was then stored in —80 °C until further processing. Using a QIAGEN miniprep RNA
kit (QIAGEN, Inc., Valencia, CA, USA), RNA was extracted. Complementary DNA was
transcribed using an iScript complementary DNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA, USA). Quantitative polymerase chain reaction was performed using TagMan
inventoried gene expression assays (Life Technologies, Foster City, CA, USA) on a Step-One
Plus Real-Time PCR machine with StepOne Software (v2.3) (Applied Biosystems, Foster
City, CA, USA).

2.7. Cell Isolation Protocols
2.7.1. Brain

Tissue was cut into approximately 1 mm x 1 mm pieces, and 5 mL of digestion
solution (RPMI medium containing 10% fetal bovine serum (FBS), 10 ug/mL DNase, and
0.1% collagenase) was added. Samples were incubated at 37 °C for 30 min, mixed with a
pipette, and incubated for an additional 30 min. Following incubation, digestive was filtered
through a 70 um filter and the filter was washed with 10 mL of 1x phosphate buffered
saline (PBS), 2% FBS (wash buffer). The cell suspension was subsequently centrifuged at
300x g for 10 min. After discarding the supernatant, the cells were resuspended in 3 mL of
1x PharmLyse (BD Biosciences, Franklin Lanes, NJ, USA) to lyse erythrocytes for 5 min
at RT. After incubation, 10 mL of wash buffer was added and the tubes were centrifuged
at 300x g for 10 min. The pellet was then resuspended in 8 mL of 30% Percoll in RPML
Five milliliters of Hank’s balanced salt solution (HBSS) was gently layered on top and the
samples were centrifuged for 30 min at 800 rpm at 4 °C with no brake. The myelin middle
layer was gently removed, and cells were resuspended in 30 mL HBSS. Samples were
centrifuged for 50 min at 800 rpm at 4 °C. All but 5 mL of solution were removed, and cells
were resuspended in 10 mL of wash buffer. Samples were centrifuged again, and cells were
resuspended in wash buffer after the supernatant was discarded. Cells were centrifuged
for 5 min at 350 g at 4 °C. The resulting cells were used in flow cytometric analyses.

2.7.2. Peripheral Blood Leukocytes (PBL)

Erythrocytes were lysed using 1x PharmLyse (BD Biosciences Franklin Lanes, NJ,
USA) according to the manufacturer’s instructions. Cells were washed and resuspended
in PBS pH 7.4, containing 2% FBS and 0.09% sodium azide (stain buffer). An amount
of 5 x 10° cells were stained for 30 min on ice with immune cell-specific antibodies (BD
Biosciences, Franklin Lakes, NJ, USA) as follows: CD8a (#561611), CD4 (#554837), CD3
(#554833), CD11b/c (#743980), CD161a (#555009), or CD45RA (#554881) at a concentration



Brain Sci. 2024, 14, 398

40f13

of 1:100 diluted in stain buffer. Cells were washed two times with 2 mL stain buffer and
centrifuged at 350 x ¢ for 5 min at 4 °C. Cells were resuspended in 400 uL of stain buffer
and immediately analyzed using a BD FACSymphony A3 Flow Cytometer (BD Biosciences,
Franklin Lanes, NJ, USA) at the UMMC Flow Cytometry and Cell Sorting Core Facility.
Data were analyzed using Flow]Jo software version 10.8.2. Gating strategy for both the
brain and PBL are included in Supplemental Figure S1.

2.8. Paraffin Embedding and Standard Stains

Paraformaldehyde post-fixed spleens were subjected to standard paraffin-embedding
and then sectioned at 5 pm onto glass slides for staining with hematoxylin and eosin (H&E).
Bright-field and fluorescent microscopy photographs were obtained with 10x magnification.

2.9. Cytokine Analyses

V-PLEX custom rat biomarker assay was used to measure pro-inflammatory cytokine
IL6 (#K153A0H-1, Mesoscale Discovery Systems, Rockville, MD, USA). Samples were
diluted according to the manufacturer’s standard protocol.

2.10. Statistical Analyses

Statistical analyses were performed using GraphPad Prism version 10.0.2. One-way
ANOVA with repeated measures was used to determine differences of time. Multiple com-
parisons were made to the Sham group. Unpaired Student’s  test was used to determine
differences of injury. Means were considered significant at p < 0.05. The results are given as
means £ SEM.

3. Results

In the juvenile model of TBI, animals are either injured by the CHIMERA or sustain
Sham procedures on PND 30. As previously reported, time to righting in TBI rats is
significantly elevated, p < 0.0001 (Figure 1A). Time to walking is also elevated in TBI rats
compared to Sham, p < 0.0001 (Figure 1B).
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Figure 1. Righting and walking reflex post-injury. (A) Time to righting in min following TBI.
(B) Time to walking in min following TBI. Data are presented as mean 4+ SEM. Student’s ¢ test was
used to determine statistical significance. Relevant statistical comparison reported by **** p < 0.001
(n = 6-8/group).

To capture inflammatory marker changes in the hippocampus and prefrontal cor-
tex, blocked regions of the brains were used for quantitative gene expression analysis.
Despite peaks at 6 h, there were no significant differences in the time course of IL-1f3 in
the hippocampus and prefrontal cortex, respectively (Figure 2A,B) or IL-6 (Figure 2C,D).
Transcription factor NFkB1, an integrator of immune pathways, was significantly increased
at 12 h in the prefrontal cortex compared to Sham, p < 0.05, but not the hippocampus
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(Figure 2E,F). Extracellular matrix protein MMP9 was elevated at 6 h in the hippocampus
compared to Sham, p < 0.05, but only insignificantly peaked in the prefrontal cortex at 6 h
(Figure 2G,H). TNF-« was robustly elevated in both the hippocampus, p < 0.0001, and the
prefrontal cortex, p < 0.01, at 6 h post-injury compared to the Sham group (Figure 2L]).
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Figure 2. Time course of the mean gene expression of relevant cell markers impacted by TBI.
Hippocampus is featured in black in the upper panels and prefrontal cortex in the bottom panels
in gray. (A,B) IL1p (C,D) IL6 (E,F) NFkB1 (G,H) MMP9 (1J) TNF-«. Statistical significance within
each time point was determined through one-way analysis of variance with multiple comparisons
followed by Tukey’s post hoc test. Relevant statistical comparison reported by * p < 0.05, **** p < 0.001.

We next investigated peripheral immune cell populations using cell sorting (Figure 3).
TBI rats have elevated total T cells in circulation based on the CD3* percentage, p < 0.05
(Figure 3A). In particular, CD3/CD4" helper T cells were elevated in TBI compared to Sham,
p < 0.05 (Figure 3). However, we did not measure any differences between CD3/CD8*
cytotoxic T cells (Figure 3C) or CD161* natural killer (NK) cells percentage (Figure 3D).
CD45R" total B cell percentage was elevated in TBI compared to Sham, p < 0.05 (Figure 3E).
No differences in CD11b/c monocyte/macrophage percentages were identified (Figure 3F).

Using validated immune cell extraction protocols for the upper hemisphere of the
brain, we did not measure differences in CD45" hematopoietic cells (Figure 4A), CD3* total
T cells (Figure 4B), NK cells (Figure 4C), or CD45R* total B cells (Figure 4D). Only CD11b/c*
monocyte/macrophage percentages were reduced in TBI in comparison to Sham, p < 0.01
(Figure 4E).

Splenic tissue was extracted and processed for histologic quantification. Represen-
tative images of the spleen in Sham (Figure 5A) and TBI (Figure 5B) show a field of both
germinal centers, primary nodules, and splenic cords. The germinal center area (Figure 5C)
and primary nodule area (Figure 5D) were calculated as a percentage of the total splenic
area, but neither was significantly different. Representative images of the thymus in
Sham (Figure 5E) and TBI (Figure 5F) show both the thymic cortex and medulla. The
medullary area was calculated as a percentage of the total thymic area, and the medullary
area percentage was significantly greater in the TBI subjects, p < 0.05 (Figure 5G).
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Figure 3. Peripheral blood lymphocytes at 48 h post-injury. Representative histograms and percentage
of counts of (A) CD3* Total T cells. (B) CD3/CD4" helper T cells. (C) CD8/CD3" cytotoxic T cells.
(D) CD161* natural killer cells. (E) CD45R* Total B cells. (F) CD11b/c* monocyte/macrophages.
Data are presented as mean £ SEM. Student’s ¢ test was used to determine statistical significance.
Relevant statistical comparison reported by * p < 0.05. (n = 9-10/group).
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Figure 4. Cerebral hemisphere immune cell populations at 48 h post-injury. Representative histograms
and percentage of counts of (A) CD45" hematopoietic cells. (B) CD3* Total T cells. (C) CD161* natural
killer cells. (D) CD45R* Total B cells. (E) CD11b/c* monocyte/macrophages. Data are presented
as mean £ SEM. Student’s t test was used to determine statistical significance. Relevant statistical
comparison reported by ** p < 0.01 (n = 9-10/group).
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Figure 5. Splenic and thymic histology at 48 h post-injury. (A,B) Representative spleen H&E histology.
The outer circle composed of smaller dashed lines indicates the primary nodule, while the inner
circle composed of larger dashed lines indicates the germinal center. (C) A bar graph of percentage of
splenic area composed of germinal centers. (D) A bar graph of percentage of splenic area composed
of primary nodules. (E,F) Representative thymic H&E histology. The dashed line indicates the thymic
medulla. (G) Bar graph of percentage of thymic area composed of thymic medulla. Data are presented
as mean £ SEM. Student’s t test was used to determine statistical significance. Relevant statistical
comparison reported by * p < 0.05. (n = 6-8/group).

Using plasma from the time course studies, inflammatory cytokine IL-6 was measured
in circulation (Figure 6A). There was a main effect of time, p (time) < 0.01, on IL-6 levels in
the time course (Figure 6A). Sham levels were undetectable and continued to rise, peaking
at 6 h post-injury, p < 0.01 (Figure 6A). Though not discernable in the graph, IL-6 levels
remained elevated through 96 h (Figure 6A). Using the samples generated from the cell
sorting study, we directly compared IL6 levels in circulation at 48 h post-injury (Figure 6B).
IL-6 was significantly elevated in TBI subjects compared to Sham, p < 0.05 (Figure 6B).
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Figure 6. Plasma interleukin 6 (IL6) post-injury. (A) Time course of changes in plasma interleukin
6 levels. (B) Interleukin 6 levels 48 h post-injury. Data are presented as mean + SEM. Statistical
significance within each time point for time course data was determined through one-way analysis of
variance with multiple comparisons followed by Tukey’s post hoc test. Student’s t test was used to
determine statistical significance of 48 h post-injury data. Relevant statistical comparison reported by
*p <0.05 *p <0.01. (n = 6-8/group).

4. Discussion

TBI is the result of a physical blow to the head; however, the damage produced is
both architectural as well as inflammatory in nature. The objective of the current work was
to identify the extent of immunological disruption to the juvenile brain and circulating
immune system following CHIMERA-induced TBI in the acute phase. We show gene
changes in the hippocampus (MMP9 and TNF-«) and prefrontal cortex (NFkB1 and TNF-«)
and specifically reductions in CD11b/c* monocytes/macrophages. The circulating total
and helper T cell and total B cell percentages are elevated 2 days post-injury. Furthermore,
thymic medullary expansion is occurring in TBI juvenile subjects.

In severe TBI, humans demonstrate increases in absolute number of leukocytes at
1- and 4-days post-injury in the peripheral blood [16]. Furthermore, both NK cells and
cytotoxic T cells are substantially reduced at 4 days post-injury compared to healthy
controls [16]. B cells remain stable throughout the 7 days of measurements [16]. Monocytes
are elevated at 1-day post-injury compared to controls [16]. On the other hand, the present
study did not find differences in NK, cytotoxic T cells, or monocytes at the time point
sampled, while there were elevations in total B cells at 2 days post-injury.

To date, the literature is silent regarding the effect of CHIMERA-induced changes
on immune cell populations, either centrally or peripherally. There are scattered reports
of flow cytometry of immune cells in the juvenile population; these use a wide range of
models and degrees of injury severity. Using a CCI model in PND 28 Sprague Dawley
rats, peripheral monocytes and granulocytes were not altered compared to Sham at either
1- or 3-days post-injury [14]. Using an open-head weight drop model in adult C57B1/6
mice, blood immune cells (B cells, T cells, NK cells, and neutrophils) remained unchanged
during acute and chronic sampling periods [12]. Only monocytes were suppressed in the
blood at 24 h post-injury and then during the remainder of the first-month post-injury [12].
Interestingly, while we found reductions in monocytes/macrophages in the brain, we did
not identify a significant difference in this population in the blood. Again, in adult mice
using a moderate injury in the CCI model, there was an increase acutely in monocytes and
neutrophils, whereas lymphocytes were reduced at 1 and 3 days post-injury [13]. This is
directly in contrast to our findings. Finally, in a repeated CCI injury model, adult Sprague
Dawley rats initially show a reduction in T lymphocytes, with a rising level at 3, 7, and
14 days post-injury [11]. Unlike the previous examples in mice, which show opposite
outcomes, the Sprague Dawley rats’ lymphocyte measurements more closely resemble
our phenomenon.

Expansion in the total T-lymphocyte population in circulation, specifically helper T
cells, that we identified may be supported by the significant thymic medulla area expansion
we also report. The medulla of the thymus is responsible for T lymphocyte maturation
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and education, in particular in the juvenile, where involution of the thymus has not yet
commenced. The thymus in juveniles has extraordinary flexibility to respond to various
traumatic and inflammatory stimuli. The thymic reticular epithelial cells and dendritic
cells provide guidance to the thymocytes during the maturation process through tissue-
restricted antigens via MHCI and II by screening the cells for their T cell receptor specificity
against self. The phenomenon of increased thymic medullary expansion following juvenile
TBI has not been previously reported.

A far greater number of studies have investigated the changes in various parenchyma-
residing immune cells following TBIL The microglia are self-renewing antigen-presenting
cells in the central nervous system. In particular, they can present antigens to helper T
cells in the brain. The resident microglia and the morphologic switch of the microglia
between M1 and M2 phenotypes following injury are most commonly studied. In an
adult mouse study using CCI, resident microglia are increased 7 days post-injury in the
cortex [7]. Similarly, adult mouse CCI shows increases in microglia on the ipsilateral side
of the brain at 2- and 14-days post-injury with parallel increases in PSD95" immature
microglia at 2 days, suggesting a de novo birth and maturation of resident microglia [17].
Using Marmarou’s weight drop model, Balb/c mice show macrophage increases at 1-, 2-,
and 3-days post-injury, whereas microglia in the brain dramatically decrease [8]. Finally,
using an open-head model of weight drop, monocytes in the brain are elevated at 24 h in
severe, but not mild, TBI [10].

Our present work displays a reduction in monocytes/macrophages within the brain.
Perivascular macrophages are significantly distinct from the microglia residing within the
CNS. These perivascular macrophages exist at the interface between the brain and the
blood and function to remove cellular debris and/or ingest cell components that are no
longer needed. The reduction in the live monocytes/macrophage population residents in
the brain 48 h after injury may be due to the clearing of these cells during architectural
renovation following TBI.

The rat data are somewhat differing. In a male Sprague Dawley severe CCI model,
microglia on the contralateral side are reduced as numbers of microglia on the ipsilateral
side (same side as injury) are elevated at 24 h [18]. Using a closed-head weight drop model
in female rats, single or repeat TBI shows no differences in resting or activated microglia
or macrophages [9]. Though our study does not report changes to T and B lymphocytes
in the cerebral cortex, we do report reductions in macrophages/monocytes, which is in
contrast to the previously reported literature. The antibody used for the staining protocol
should also stain neutrophils and potentially microglia. Many of these antibodies have
been perfected in mouse models, where many of these studies are commonly performed.

Although we did not identify significant differences in IL6 mRNA expression in either
the hippocampus or prefrontal cortex, there was a significant elevation in circulating IL6
levels at 6 h post-injury in comparison to Sham. Inflammatory cytokines increase after TBI
have been commonly reported in both human and rodent models. In severe TBI, IL6, 8, and
10 are significantly elevated and together may be an early predictor of adverse outcomes in
severe TBI patients [19]. Furthermore, polymorphisms in the promotor region of the IL6
gene are associated with death or ICU stays in patients with severe TBI [20]. The multiplex
of brain homogenates for inflammatory cytokines IL6, IL13, and TNF-o show increases 6 h
after injury using force thresholds similar to the ones we used with the CHIMERA [21], as
well as in models of moderate to severe CHIMERA-induced TBI [22]. Although we did
identify a significant increase in TNF-o« mRNA expression at the same time point, we did
not determine significant differences in IL6 or IL1 expression. Interestingly, TBI produced
in IL-6 knockout mice results in poor behavior performance in open field tests and rotarod,
suggesting overall beneficial actions of IL-6 increase to neurorehabilitation after TBI [23].

Though not addressed in the present work, the lymphatic system within the brain
may be negatively affected by CHIMERA-induced TBI. The meningeal lymphatic vessels
access the cerebrospinal fluid and produce drainage through a network of blind-ended
capillaries that evacuate into larger vessels to remove waste, fluid, proteins, and interstitial
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fluid within the brain parenchyma. The glial endfeet, which are immunoreactively positive
for water channel aquaporin-4, surround the lymphatic vasculature and contribute to the
glymphatic drainage system of the brain. Both T and B lymphocytes, as well as antigen-
presenting cells, travel through these lymphatic vessels [24]. The cervical lymph nodes may
be crucial in supplying the brain with lymphocyte populations during various forms of
trauma [24]. The model of TBI used in the current study is mild, and overt edema is not
classically present in mild injuries. However, the contributions of the glymphatic system to
immune responsiveness and facilitation of brain rehabilitation following injury deserve to
be addressed.

5. Conclusions

The current study highlights the important changes to the immune cell populations in
circulation and those immune cells homed to the cerebral cortices in the 48 hours following
TBI. Our model does not feature any potential for sepsis or open-head. But in the human
condition, the possibilities are endless for the additional injuries that may accompany the
TBI. Thus, understanding the status of the immune system is important for overall recovery
from injury.

6. Caveats and Future Directions

The impetus for the current studies rested on understanding immunological changes
in the acute recovery phase following TBI with an eye for therapeutic targets during this
recovery window. Thus, our investigation was limited in its scope. The Real-Time PCR
time course experiments were used to give some indication of the timing for the cell sorting
experiments. However, due to the small n size of the groups, there are limitations to
these results. Furthermore, future investigations would utilize a variety of subacute and
chronic time points to determine the long-lasting effect of TBI on both peripheral and
central immune cells. Immunohistochemical detection of immune cells within the brain
would assist in localizing the penumbra of the injury. Our previous studies highlighted the
effect of obesogenic diets on various outcomes in pediatric rats. Given that these diets are
chronically toxic to immune cells, we would anticipate that the changes in immune cells
would be further exacerbated under high saturated fat conditions.
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strategy for the immune cells obtained from the brain.

Author Contributions: Conceptualization, A.M.S., E.B.T. and B.E.G.; Methodology, A.M.S., E.B.T. and
B.E.G.; Validation, A.M.S. and B.E.G.; Formal analysis, AM.S., E.B.T., R].B. and B.E.G.; Investigation,
AMS, R].B,CD.S.esS. and B.E.G; Resources, C.D.S.e.S. and B.E.G.; Data curation, E.B.T.; Writing—
original draft, AAM.S., E.B.T. and B.E.G.; Writing—review and editing, AM.S., EB.T,, R.J.B.,, C.D.S.eS.
and B.E.G.; Visualization, B.E.G.; Funding acquisition, C.D.S.e.S. and B.E.G. All authors have read
and agreed to the published version of the manuscript.

Funding: AMS: HYPERTENSION AND CARDIORENAL DISEASES RESEARCH TRAINING PRO-
GRAM T32HL105324. BEG:. National Institute of General Medical Sciences of the National Institutes
of Health under Award Number 5U54GM115428.

Institutional Review Board Statement: Ethical approval for this study was provided by the Institu-
tional Animal Care and Use committee (IACUC), University of Mississippi Medical Center, Protocol
1589, 11 June 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data presented in the study are openly available at
10.6084/m9.figshare.25646400.


https://www.mdpi.com/article/10.3390/brainsci14040398/s1
https://www.mdpi.com/article/10.3390/brainsci14040398/s1

Brain Sci. 2024, 14, 398 12 of 13

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Thurman, D.]. The Epidemiology of Traumatic Brain Injury in Children and Youths: A Review of Research Since 1990. |. Child
Neurol. 2014, 31, 20-27. [CrossRef]

Stuss, D.T. Traumatic brain injury: Relation to executive dysfunction and the frontal lobes. Curr. Opin. Neurol. 2011, 24, 584-589.
[CrossRef]

Ommaya, A K.; Gennarelli, T. Cerebral concussion and traumatic unconsciousness: Correlation of experimental and clinical
observations on blunt head injuries. Brain 1974, 97, 633-654. [CrossRef]

Hill, C.S.; Coleman, M.P.; Menon, D.K. Traumatic axonal injury: Mechanisms and translational opportunities. Trends Neurosci.
2016, 39, 311-324. [CrossRef]

Jarrahi, A.; Braun, M.; Ahluwalia, M.; Gupta, R.V.; Wilson, M.; Munie, S.; Ahluwalia, P.; Vender, ].R.; Vale, EL.; Dhandapani, K.M.;
et al. Revisiting Traumatic Brain Injury: From Molecular Mechanisms to Therapeutic Interventions. Biomedicines 2020, 8, 389.
[CrossRef]

Correale, J.; Villa, A. The neuroprotective role of inflammation in nervous system injuries. J. Neurol. 2004, 251, 1304-1316.
[CrossRef]

Assis-Nascimento, P.; Umland, O.; Cepero, M.L.; Liebl, D.J. A flow cytometric approach to analyzing mature and progenitor
endothelial cells following traumatic brain injury. J. Neurosci. Methods 2016, 263, 57-67. [CrossRef]

Mishra, S.K.; Kumar, B.S.H.; Khushu, S.; Singh, AK.; Gangenahalli, G. Early monitoring and quantitative evaluation of
macrophage infiltration after experimental traumatic brain injury: A magnetic resonance imaging and flow cytometric analysis.
Mol. Cell. Neurosci. 2017, 78, 25-34. [CrossRef]

Anyaegbu, C.C.; Mao, Y.; McGonigle, T.; Raja, S.; Clarke, T.; Solomon, T.; Black, A.M.B.; Fuller, K.; Fitzgerald, M. Simultaneous
flow cytometric characterization of multiple cell types and metabolic states in the rat brain after repeated mild traumatic brain
injury. J. Neurosci. Methods 2021, 359, 109223. [CrossRef]

Trahanas, D.M.; Cuda, C.M.; Perlman, H.; Schwulst, S.]J. Differential Activation of Infiltrating Monocyte-Derived Cells After Mild
and Severe Traumatic Brain Injury. Shock 2015, 43, 255-260. [CrossRef]

Bai, R.; Gao, H.; Han, Z.; Huang, S.; Ge, X.; Chen, F,; Lei, P. Flow Cytometric Characterization of T Cell Subsets and Microglia
After Repetitive Mild Traumatic Brain Injury in Rats. Neurochem. Res. 2017, 42, 2892-2901. [CrossRef]

Schwulst, S.J.; Trahanas, D.M.; Saber, R.; Perlman, H. Traumatic brain injury-induced alterations in peripheral immunity. | Trauma
Acute Care Surg 2013, 75, 780-788. [CrossRef]

Ritzel, RM.; Doran, S.J.; Barrett, ].P.; Henry, R.J.; Ma, E.L.; Faden, A.L; Loane, D.J. Chronic alterations in systemic immune
function after traumatic brain injury. J. Neurotrauma 2018, 35, 1419-1436. [CrossRef]

Sribnick, E.A.; Weber, M.D.; Hall, M.W. Innate immune suppression after traumatic brain injury and hemorrhage in a juvenile rat
model of polytrauma. J. Neuroimmunol. 2019, 337, 577073. [CrossRef]

Eyolfson, E.; Carr, T.; Khan, A.; Wright, D.K.; Mychasiuk, R.; Lohman, A.W. Repetitive mild traumatic brain injuries in mice
during adolescence cause sexually dimorphic behavioral deficits and neuroinflammatory dynamics. J. Neurotrauma 2020, 37,
2718-2732. [CrossRef]

Mrakovcic-Sutic, I.; Tokmadzic, V.S.; Laskarin, G.; Mahmutefendic, H.; Lucin, P.; Zupan, Z.; Sustic, A. Early Changes in Frequency
of Peripheral Blood Lymphocyte Subpopulations in Severe Traumatic Brain-Injured Patients. Scand. ]. Immunol. 2010, 72, 57-65.
[CrossRef]

Cannella, L.A.; Andrews, A.M.; Razmpour, R.; McGary, H.; Corbett, C.B.; Kahn, J.; Ramirez, S.H. Reward and immune responses
in adolescent females following experimental traumatic brain injury. Behav. Brain Res. 2020, 379, 112333. [CrossRef]

Toledano Furman, N.; Gottlieb, A.; Prabhakara, K.S.; Bedi, S.; Caplan, H.W.; Ruppert, K.A.; Srivastava, A.K.; Olson, S.D.; Cox, C.S.
High-resolution and differential analysis of rat microglial markers in traumatic brain injury: Conventional flow cytometric and
bioinformatics analysis. Sci. Rep. 2020, 10, 11991. [CrossRef]

Ferreira, L.C.B.; Regner, A.; Miotto, K.D.L.; Moura, S.d.; Ikuta, N.; Vargas, A.E.; Chies, ].A.B.; Simon, D. Increased levels of
interleukin-6, -8 and -10 are associated with fatal outcome following severe traumatic brain injury. Brain Inj. 2014, 28, 1311-1316.
[CrossRef]

Dalla Libera, A.L.; Regner, A.; de Paoli, J.; Centenaro, L.; Martins, T.T.; Simon, D. IL-6 polymorphism associated with fatal
outcome in patients with severe traumatic brain injury. Brain Inj. 2011, 25, 365-369. [CrossRef]

Namjoshi, D.R.; Cheng, W.H.; Bashir, A.; Wilkinson, A.; Stukas, S.; Martens, K.M.; Whyte, T.; Abebe, Z.A.; McInnes, K.A.; Cripton,
P.A.; et al. Defining the biomechanical and biological threshold of murine mild traumatic brain injury using CHIMERA (Closed
Head Impact Model of Engineered Rotational Acceleration). Exp. Neurol. 2017, 292, 80-91. [CrossRef] [PubMed]

Bashir, A.; Abebe, Z.A.; McInnes, K.A.; Button, E.B.; Tatarnikov, I.; Cheng, W.H.; Haber, M.; Wilkinson, A.; Barron, C.; Diaz-
Arrastia, R.; et al. Increased severity of the CHIMERA model induces acute vascular injury, sub-acute deficits in memory recall,
and chronic white matter gliosis. Exp. Neurol. 2020, 324, 113116. [CrossRef] [PubMed]


https://doi.org/10.1177/0883073814544363
https://doi.org/10.1097/WCO.0b013e32834c7eb9
https://doi.org/10.1093/brain/97.1.633
https://doi.org/10.1016/j.tins.2016.03.002
https://doi.org/10.3390/biomedicines8100389
https://doi.org/10.1007/s00415-004-0649-z
https://doi.org/10.1016/j.jneumeth.2016.01.025
https://doi.org/10.1016/j.mcn.2016.11.008
https://doi.org/10.1016/j.jneumeth.2021.109223
https://doi.org/10.1097/SHK.0000000000000291
https://doi.org/10.1007/s11064-017-2310-0
https://doi.org/10.1097/TA.0b013e318299616a
https://doi.org/10.1089/neu.2017.5399
https://doi.org/10.1016/j.jneuroim.2019.577073
https://doi.org/10.1089/neu.2020.7195
https://doi.org/10.1111/j.1365-3083.2010.02407.x
https://doi.org/10.1016/j.bbr.2019.112333
https://doi.org/10.1038/s41598-020-68770-0
https://doi.org/10.3109/02699052.2014.916818
https://doi.org/10.3109/02699052.2011.556107
https://doi.org/10.1016/j.expneurol.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28274861
https://doi.org/10.1016/j.expneurol.2019.113116
https://www.ncbi.nlm.nih.gov/pubmed/31734317

Brain Sci. 2024, 14, 398 13 of 13

23. Ley, EJ.; Clond, M.A.; Singer, M.B.; Shouhed, D.; Salim, A. IL6 Deficiency Affects Function After Traumatic Brain Injury. J. Surg.
Res. 2011, 170, 253-256. [CrossRef]

24. Sun, B.-L.; Wang, L.-H,; Yang, T.; Sun, J.-Y.; Mao, L.-L.; Yang, M.-F; Yuan, H.; Colvin, R.A.; Yang, X.-Y. Lymphatic drainage system
of the brain: A novel target for intervention of neurological diseases. Prog. Neurobiol. 2018, 163164, 118-143. [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.


https://doi.org/10.1016/j.jss.2011.03.006
https://doi.org/10.1016/j.pneurobio.2017.08.007

	Introduction 
	Methods 
	Institutional Animal Governance 
	Animals 
	CHIMERA Procedures 
	Study 1 
	Study 2 
	RNA Processing and Real-Time PCR 
	Cell Isolation Protocols 
	Brain 
	Peripheral Blood Leukocytes (PBL) 

	Paraffin Embedding and Standard Stains 
	Cytokine Analyses 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	Caveats and Future Directions 
	References

