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Traumatic brain injury (TBI) can affect different regions throughout the brain. Regions near the site of impact are the most vulnerable to injury.

However, damage to distal regions occurs. We investigated progressive neuropathology in the dorsal hippocampus (near the impact) and cerebel-

lum (distal to the impact) after diffuse TBI. Adult male rats were subjected to midline fluid percussion injury or sham injury. Brain tissue was

stained by the amino cupric silver stain. Neuropathology was quantified in sub-regions of the dorsal hippocampus at 1,7, and 28 days post-injury

(DPI) and coronal cerebellar sections at 1,2,and 7 DPI. The highest observed neuropathology in the dentate gyrus occurred at 7 DPI which attenu-

ated by 28 DPI, whereas the highest observed neuropathology was at 1 DPI in the CA3 region. There was no significant neuropathology in the CA1

region at any time point. Neuropathology was increased at 7 DPI in the cerebellum compared to shams and stripes of pathology were observed in

the molecular layer perpendicular to the cerebellar cortical surface. Together these data show that diffuse TBI can result in neuropathology across

the brain. By describing the time course of pathology in response to TBL it is possible to build the temporal profile of disease progression.
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INTRODUCTION

Traumatic brain injury (TBI) is an event which leads to physi-
ological processes that can result in lifelong consequences [1]. The
heterogeneity of TBI makes each injury, response, and recovery
course unique to the millions of people impacted by TBI each
year [1]. TBI can be categorized as focal or diffuse, the latter being
more common, although combinations of focal/diffuse injury oc-
cur [2]. Diffuse TBI is characterized by a mechanical force exerted
on the head or skull, followed by acceleration and deceleration of
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the brain within the skull [2]. The acceleration/deceleration of the
brain produces the mechanical injury and occurs immediately
after impact, which shears axons and disrupts circuits [2]. Ensuing
neuropathological signaling goes on to restore brain homeosta-
sis, but this process often exacerbates the TBI [3]. Post-traumatic
pathology encompasses myelin loss, glial activation, cytokine
production, reactive oxygen species production and can occur
minutes to days to weeks after the mechanical event [2]. TBI neu-
ropathology is a driving force of both acute deficits and chronic
morbidities, which can include clinical symptoms in the domains
of cognition, somatosensation, and movement that can persist for
years following the injury [4-6].

Although there is no overt cell loss in diffuse TBI, there is exten-
sive diffuse injury throughout the brain in the form of disrupted
connections and damaged axonal processes [7-9]. One method
that has been widely used to assess neuropathology in TBI and
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other neurodegenerative disease is the amino cupric silver staining
technique [10-12]. The silver staining technique was first used to
visualize dendritic and axonal processes in the early 19005. The
staining quality was non-specific and labeled both healthy and
degenerating neuronal processes [10, 13, 14]. Later modifications
to the silver stain protocol amplified staining of degenerative
processes and reduced staining of healthy processes, resulting in
a more discrete delineation of pathology [10, 15]. While neuro-
degeneration is a component of neuropathology and can result
in full degeneration of a cell [10, 11], it is important to note that
positive silver staining does not always indicate assured neuronal
death, but could represent axotomy, neurofilament compaction, or
synaptic sprouting. Positive silver staining is associated with me-
chanical injury, pathological processes, and circuit reorganization,
and therefore cannot distinguish specific processes of pathology.
For example, diffuse TBI in the rodent somatosensory cortex re-
sulted in neuronal atrophy in the somatosensory cortex compared
to sham controls at 7 days post-injury (DPI), but neuronal nuclear
volume returned to sham control levels at 28 DPI [11]. The associ-
ated silver staining showed a time course with the highest level of
silver staining at 7 DPI that was not fully resolved by 28 DPI [11].
Based on these data, we used the de Olmos amino cupric silver
stain for histological representation of neuropathology in various
brain regions after TBI [10-12].

We have previously reported the progression of neuropathology
in cortex, thalamus, midbrain, and brainstem using the de Olmos
amino cupric silver technique [11, 16-19]. Archived tissue provides
an opportunity to extend the investigations of neuropathology to
new brain regions. To date, no quantification of neuropathology
following midline fluid percussion injury in the rodent in the three
major sub-regions of the dorsal hippocampus or the cerebellum
over time has been done. Therefore, the current study sought to
categorize progressive neuropathology in the dorsal hippocampus
and cerebellum following experimental diffuse TBI using the de

Olmos amino cupric silver stain method.
MATERIALS AND METHODS

All animal studies were conducted in accordance with the guide-
lines established by the internal IACUC (Institutional Animal Care
and Use Committee) at the University of Kentucky and the NIH
guidelines for the care and use of laboratory animals. Studies are
reported following the ARRIVE (Animal Research: Reporting In
Vivo experiments) guidelines [20]. Randomization of animals was
achieved by assigning animals to brain injury groups before the
initiation of the study to ensure equal distribution across groups.
Data collection stopped at pre-determined final endpoints based
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on days post-injury (DPI) for each animal. Animals were excluded
from the study if post-operative weight decreased by 15% of pre-
surgical weight (n=0). All animal quantification of silver stain was
scored by investigators blinded to the treatment groups. Data sets
were screened using the extreme studentized deviate method for

significant outliers.

Animals

Adult male Sprague Dawley rats (n=15, 300~350 g; Harlan, IN)
were used for all experiments. Rats were housed in pairs in a 12
h light:12 h dark cycle at a constant temperature (23+2T ) with
food and water available ad /ibitum according to the Association
for Assessment and Accreditation of Laboratory Animal Care In-
ternational. Rats were acclimated to their environment following
shipment for at least 1 week before any experiments. After surgery,
rats were evaluated daily for postoperative care by a physical ex-

amination and documentation of each animals condition.

Midline fluid percussion injury

Rats were subjected to midline fluid percussion injury (mFPI)
consistent with methods described previously [21-24]. Rats were
anesthetized using 5% isoflurane in 100% oxygen for 5 minutes
and the head of the rat was placed in a stereotaxic frame with
continuously delivered isoflurane at 2.5% via nosecone. Rats were
anesthetized with 5% isoflurane, transferred to a stereotaxic frame
(Kopf Instrument, Tujunga, CA), and maintained at 2% isoflurane
via a nose cone for the duration of the surgery. During surgery,
body temperature was maintained at 37C with an isothermal
heating pad (Braintree Scientific). A midline incision was made
exposing bregma and lambda, and fascia was removed from the
surface of the skull. A trephine (4.8 mm outer diameter) was used
for the craniectomy, centered on the sagittal suture between breg-
ma and lambda without disruption of the dura. A skull screw was
secured in a 1-mm hand-drilled hole into the right frontal bone.
An injury cap prepared from the female portion of a Luer-Loc
needle hub was fixed over the craniectomy using cyanoacrylate
gel and methyl-methacrylate (Hygenic Corp, Akron, OH). The
incision was sutured at the anterior and posterior edges and topi-
cal Lidocaine ointment was applied. Rats were placed in a heated
recovery cage and monitored until ambulatory.

For injury induction, rats were re-anesthetized (60~90 min after
surgery) with 5% isoflurane delivered for 5 minutes. The dura was
visually inspected through the hub to make sure it was intact with
no debris. The hub was then filled with normal saline and attached
to the male end of the fluid percussion device (Custom Design and
Fabrication, Virginia Commonwealth University, Richmond, VA).
A diftuse brain injury (1.8~2.0 atm) was administered by releasing
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the pendulum onto the fluid-filled cylinder. Sham-injured rats un-
derwent the same surgical procedures except the pendulum was
not released. Rats were monitored for the presence of a forearm
fencing response, and righting reflex times were recorded for the
injured rats as indicators of injury severity [25]. The righting reflex
time is the total time from the initial impact until the rat spontane-
ously rights itself from a supine position. The fencing response is a
tonic posturing characterized by extension and flexion of opposite
arms that has been validated as an overt indicator of injury sever-
ity [25]. The injury hub was removed, and the brain was inspected
for uniform herniation and integrity of the dura. The dura was
intact in all rats and none were excluded. The incision was cleaned
using saline and closed using staples. Diffuse brain-injured rats
had righting reflex recovery times between 5~10 minutes and a
positive fencing response. Sham-injured rats recovered a righting
reflex within 20 seconds. After spontaneously righting, rats were
placed in a heated recovery cage and monitored until ambulatory
(approximately 5~15 minutes) before being returned to their cage.
Adequate measures were taken to minimize pain or discomfort.

Tissue preparation

At selected time points (1, 2, 7, 28 DPI) or sham operation, rats
were given an overdose of sodium pentobarbital (i.p.) and trans-
cardially perfused with 4% paraformaldehyde after a phosphate
buffered saline flush. The brains were transferred to fresh fixative
solution and sent to NeuroScience Associates Inc. (Knoxville, TN)
to be processed for histological and immunohistochemical stain-
ing. The brains were embedded into a gelatin matrix where they
could be frozen and sectioned from one solid block (MultiBrain®
Technology, NeuroScience Associates). MultiBrain® Technol-
ogy processes up to 16 rat brains simultaneously, which results in

uniform staining across sections, concurrent staining in adjacent
sections, and built-in quality control. Sections of 40 pum thickness

were taken in the coronal plane and wet-mounted on 2% gelatin-
subbed slides.

Amino cupric silver technique and analysis

Neuropathology, indicated by argyrophilic reaction product, was
examined using de Olmos amino cupric silver stain technique ac-
cording to proprietary protocols [10, 26-28]. Brain sections were
counterstained with Neutral Red to stain normal cell bodies. Both
stained and unstained brain sections were returned to our labora-
tory. The same histological series has been incorporated into other
published datasets [11, 29-34] and analyzed in our laboratory as
previously published [11]. Primary quantification of positive silver
stain (black precipitate) was carried out for the hippocampal and
cerebellar regions. Digital photomicrographs were taken at 20x
(hippocampus) or 10x (cerebellum) magnification with a Zeiss
ImagerA2 microscope and AxioCam mRc5 camera (Zeiss US
subsidiary, Dublin, CA). Photomicrographs were montaged us-
ing Neurolucida software (MicroBrightField, Inc, Colchester, VT).
Photomicrographs were taken of all brains with fixed exposure
settings to ensure consistency. A densitometric quantitative analy-
sis was performed on all silver stain tissue using ImageJ software
(1.48v, NIH, Bethesda, MD). Specific regions of interest (dentate
gyrus (DG) and the Cornu Ammonis fields 1-3 (CA1-3) in the
dorsal hippocampus were traced using strict anatomical borders
(Bregma A/P -2.40 mm to -4.68 mm, Fig. 1 [35]) while full coro-
nal cerebellar sections were analyzed (Bregma A/P -12.36 mm
to -12.84 mm, Fig. 2 [35]). Digital thresholds of greyscale images
separated positive-stained pixels from unstained pixels. Images
were segmented into black and white pixels which indicated posi-

~SHAM

1DPI

Fig. 1. Representative images
show neuropathology in the hip-
pocampus following diffuse TBI
that is not present in sham ani-
mals. CA1, CA3, and DG were
isolated for analyses as overlaid
in the sham image. Images from
coronal sections were montaged
to include the entire hippocam-
pus in the analysis. Scale bar 50
um for representative images.
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Fig. 2. The cerebellum was
montaged for analysis of neuro-
pathology. High magnification
representative images show
stripes of neuropathology visible
in the molecular layer of the cer-
ebellar cortex following diffuse
TBI that are not present in sham
animals. Additional neuropa-
thology is visible in cerebellar
white matter tracts. Images from
coronal sections were montaged
to include full coronal cerebellar
sections in the analysis. Scale bar
100 um for representative im-

tive and negative staining, and the percentage of positive pixels was
calculated within the regions of interest.

Statistical analysis

Previous studies have shown no accumulation of silver stain
in sham animals after isoflurane exposure [36-38]. Therefore, in
order to reduce the number of animals used in the study, 1 sham
animal was collected at each time point while 3 brain-injured
animals were collected at each time point. To avoid violating sta-
tistical assumptions, one-way analysis of variance (ANOVA) was
used to compare neuropathology between all injured rats at the 3
time points post-injury in the hippocampal sub-regions and the
cerebellum; sham values were excluded from these analyses. Post
hoc comparisons were used and corrected using the Bonferroni
method. For comparisons between sham and post-injury time
points, independent t-tests were performed for each time point in
each region. For the individual t-tests, sphericity was violated for
several comparisons. In those cases, a t statistic not assuming ho-
mogeneity of variance was computed and reported.
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RESULTS

Hippocampal neuropathology microscopy

Several distinct patterns of neuropathology were observed for
each hippocampal sub-region over time post-injury (Fig. 1). In the
DG, there was observed neuropathology at 1 DPI that increased
at 7 DPL There were several patterns of neuropathology observed
in the DG: increased neuropathology in the deep lamina of the
granular cell layer, in the ventral and dorsal leaves of the molecu-
lar layer, in the polymorphic region, and in the deeper lamina of
the granular cell layer at 7 DPL This pattern of neuropathology is
indicative of damage to local and incoming neuronal processes
and granular axon terminals. In the CA3 region, neuropathology
was observed at all time points and was the only sub-region with
neuropathology in the cellular layer. At 1 DPI there was neuro-
pathology in the different strata layers and the pyramidal cellular
layer of CA3 that decreased at the subsequent time points. Neuro-
pathology in the CA1 region was observed at the lateral end in the
strata and at the transition to the subiculum, most proximal to the
impact site.

https://doi.org/10.5607/en21027
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Hippocampal neuropathology was increased in a
sub-region-specific manner at different time points

A one-way ANOVA was conducted between brain-injured ani-
mals for each sub-region. The results revealed a significant effect
of time post-injury in the DG (F(2,8)=8.053, p=0.020; Fig. 3). Post
hoc analyses revealed a significant increase in neuropathology at
7 DPI compared to 1 DPI (p=0.036) and 28 DPI (p=0.044), but no
other significant time point comparisons. No main effects were
identified for neuropathology in CA3 (F(2,8)=2.258, p=0.186; Fig.
3) or CA1 (F(2,8)=0.599, p=0.579; Fig. 3) sub-regions of the dorsal
hippocampus.

Independent t-tests for the DG revealed a significant increase
in neuropathology in the brain-injured rats compared to sham
rats at 7 DPI (t(4)= 5.689, p=0.005) and 28 DPI (t(2.144)=4.233,
p=0.046), but not at 1 DPI (t(4)=2.504, p=0.066; Fig. 3). Indepen-
dent t-tests for the CA3 revealed a significant increase in neuro-
pathology for the brain-injured rats compared to sham rats at all
three time points; 1 DPI (t(4)=3.262, p=0.031), 7 DPI (t(4)=3.060,
p=0.038) and 28 DPI (t(4)=3.114, p=0.036; Fig. 3). Independent
t-tests for the CA1 did not reveal significant increases in neuro-
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pathology for the brain-injured rats compared with sham rats at 1
DPI (t(2.252)=2.083, p=0.158), 7 DPI (t(4)=1.761, p=0.153) or 28
DPI (t(4)=1.476, p=0.214; Fig, 3).

Cerebellar neuropathology was increased at 7 days post-
injury

Neuropathology was observed almost exclusively in cerebellar
white matter tracts and in the molecular layer of the cerebellar cor-
tex in brain-injured rats (Fig. 2). Thin stripes of neuropathology
were present throughout the molecular layer of inferior cerebellar
lobules (Fig. 2). The superior lobules were generally devoid of neu-
ropathology.

A one-way ANOVA was conducted between the brain-injured
animals and revealed no significant effect of time post-injury in
the cerebellum (F(2,8)=0.112, p=0.896; Fig. 3). Independent t-tests
were conducted to compare sham to brain-injured neuropathol-
ogy at each time point. The results revealed no significant differ-
ences compared to sham rats at 1 DPI (t(4)=1.597, p=0.185) or 2
DPI (t(4)=2.649, p=0.057; Fig. 3). Brain-injured rats had signifi-
cantly more neuropathology in the cerebellum at 7 DPI compared
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to sham rats (t(4)=2.859, p=0.046; Fig. 3).
DISCUSSION

The current study used archived silver stained tissue to extend
the quantification of neuropathology following experimental dif-
tuse traumatic brain injury (TBI) into the dorsal hippocampus
and cerebellum. Neuropathology in the dorsal hippocampus was
sub-region dependent, indicating that the 3 major sub-regions
may be exposed to damage and recovery in different ways. Silver
staining across the cerebellar cortex and white matter tracts at 7
days post-injury (DPI) confirmed that neuropathology spreads
across lobules. Neuropathological findings in this study support
the conclusion that all brain regions hold an inherent risk for neu-
ropathology after diffuse TBI. Future studies could include behav-
ioral tasks to associate regional neuropathology and neurological
dysfunction after TBL

The hippocampus is critical for the encoding and retrieval of
memories, such that damage to this region may contribute to
memory and cognitive deficits [39-46]. Therefore, it is critical
to understand the presence and progression of neuropathology
in the hippocampus. The hippocampus proper is composed of
distinct sub-regions: the dentate gyrus (DG) and the Cornu Am-
monis fields 1~3 (CA1~3). These sub-regions form a distinct
feed-forward loop that progresses through the DG, CA3, and
CAL, sequentially. The current results identify the DG as the most
vulnerable to mFPI as evidenced by the largest increase in neuro-
pathology compared to CA1 and CA3. In this study, peak neuro-
pathology occurred between 1 and 7 DPI, with evidence towards
resolution by 28 DPI. Substantial cellular turnover occurs in the
DG through recruitment of new neurons and elimination of older
neurons [47-52], which may be represented among the silver stain
observed in this study. The DG is the primary input sub-region
for information flowing into the hippocampus from the entorhi-
nal cortex, subiculum and multiple other structures, which may
increase DG susceptibility to deafferentation from interconnected
regions following a TBI [53-63].

Silver stain techniques detect neuropathology, with limited
specificity after TBI. Using alternate markers and techniques, hip-
pocampal sub-regions, specifically the DG, are uniquely vulner-
able to neuropathology after TBI. After lateral FPI (mixed focal/
diffuse TBI), neuronal cell loss has been reported in sub-regions
CA1,CA3,and DG at 7~30 DPI [16, 17,64, 65] and ipsilateral hip-
pocampal atrophy has been reported out to 12 weeks post-injury
[18, 19]. In one study, neuronal cell loss at 7 and 30 DPI was pre-
ceded by acute (1 hour to 1 DPI) calcium accumulation and pres-
ence of acidophilic neurons in the pyramidal layer of the CA1~3
110
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and the cellular layer of the DG, which indicates specific pathol-
ogy patterns in sub-regions [64]. Degenerating neurons (Fluoro-
Jade positive) in the contralateral DG were observed in higher
numbers compared to the contralateral CA1 and CA3; no Fluoro-
Jade positive neurons were observed in the hippocampus in either
hemisphere at 30 DPI [17], either from recovery or cell loss. An
injury severity-dependent decrease in NeuN stained hippocampal
neurons has been observed following controlled cortical impact
(CCI) [66]. Additionally after CCI, neuropathology (evident by
silver stain and Fluoro-Jade) was increased 2 DPI in the contralat-
eral hemisphere with DG neuropathology that resembled the pat-
tern of our results at 7 DPI [36]. Results from these studies, along
with our study, showed the primary location of neuropathology
in the dorsal hippocampus occurred in the DG. The localization
of neuropathology around the cellular layer of the DG indicates
that damage may be due to afferent connections from other brain
regions that synapse with DG neurons. Future studies are needed
to determine the underlying relationship between hippocampal
neuropathology and cognitive deficits post-TBI and to investigate
neuropathology in sub-regions at more chronic time points.

TBI affects the brain in ways beyond neuropathology. Other
pathological processes affect the hippocampus after experimental
TBI and extend the sub-region dependent pathology. For example,
no changes in the number of astrocytes or oligodendrocytes were
reported 14 days after midline or lateral FPI in any hippocampal
sub-regions [16]. However, the number of microglia in CA1 was
increased after lateral FPI and the number of microglia in CA3 was
increased after both lateral and midline FPI which suggests sub-
region dependent inflammatory processes at this time point [16].
After mFPI, increased astrocyte reactivity was reported at 30 DPI
in the DG and CAL1 region compared to sham, but not the CA3
region of the hippocampus [67]. While this same study found no
changes in microglia reactivity between sham and mFPI 30 DPI in
any hippocampal regions (DG, CA1, CA3),a different study found
increased microglia reactivity 30 DPI in DG compared to sham
[68]. Inflammation and gliosis may exacerbate neuropathology, or
be included within, in hippocampal sub-regions. Pathological pro-
cesses in the hippocampus can also lead to post-traumatic epilepsy
following a TBI [69]. However, epilepsy has been reported after
more severe TBI that causes tissue deformation, cell loss, and di-
rectly impacts the hippocampus; the prevalence of injury-induced
epilepsy after experimental TBI remains low. Overall, diffuse TBI
by mFPI results in neuropathology and pathological processes that
may disrupt hippocampal function, rather than tissue loss.

The cerebellum is traditionally associated with motor coordi-
nation, motor learning, and fine motor control through circuits

that include motor cortex and basal ganglia. However, evidence
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suggests additional cerebellar functional roles in the regulation of
cognitive and emotional processing [70-72]. The impact of TBI on
non-motor cerebellar function has yet to be studied in detail. In a
limited number of studies investigating cerebellar pathology after
TBI, the molecular layer, containing the Purkinje neuron den-
drites, and cerebellar white matter show vulnerability to cerebral
cortical TBI, resulting in neuropathology as evidenced with amino
cupric silver stain as early as 24 hours and up to 2 weeks post-inju-
ry [73]. Neuropathology in the cerebellum has been documented
following single and double blast injury and CCI in the rodent
where robust silver staining was observed throughout the cerebel-
lar white matter tracts and as distinct thin stripes of silver stain in
the molecular layer that line up perpendicular to the dural surface,
but no quantitative analyses were reported [73-75]. After mFPI, we
quantified similar patterns of silver neuropathology in cerebellar
white matter tracts and the molecular layer of the cerebellum and
found increased neuropathology at 7 DPI compared to sham. The
neuropathology stripes warrant further investigation. While we
divided our analyses of the dorsal hippocampus into sub-regions,
we analyzed neuropathology in whole coronal sections of the cer-
ebellum. Our cerebellar analyses may have lacked the sensitivity to
detect changes in anatomical sub-regions of the cerebellum such
as the stripes in the molecular layer or temporal changes in neuro-
pathology in cerebellar white matter tracts. Previous studies from
our lab found changes in neuropathology between cerebral corti-
cal layers after mFPI [11]. Future studies should investigate patho-
logical changes in the cerebellum over time by analyzing cerebellar
cortical layers independently and should consider quantifying
neuropathology beyond 7 DPL

We quantified silver stained neuropathology to demonstrate
cerebellar vulnerability to TBI. Additional studies have observed
other pathological markers of post-traumatic injury in the mo-
lecular layer of the cerebellar cortex after TBI, which provide
turther evidence of cerebellar vulnerability. We have previously
described the fencing response as a postural reflex after TBI in
which the limbs are extended and flexors inhibited upon impact
[25]. Axonal pathology and blood brain barrier disruption in the
midbrain lateral vestibular nucleus (LVN), adjacent to cerebellar
peduncles, suggests that stretching of the cerebellar peduncles
upon impact may activate the LVN and result in the observable
fencing response [25]. Initial stretching of cerebellar peduncles
may cause mechanical damage and changes in neurochemical
signaling that explains the delayed (7 DPI) increase of neuropa-
thology that we observed in the cerebellum in this study. Fukuda
et al. [76] described stripes of heme oxygenase-1 (HO-1) induc-
tion in the vermis of the cerebellum following lateral FPI in rats,

suggesting that oxidative stress may play a role in post-traumatic
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injury of the cerebellum following this injury model [77]. In addi-
tion to stripes of silver neuropathology and HO-1 in the cerebellar
molecular layer, microglial activation in stripes along the cerebel-
lar cortex has been observed after FPI [78]. Significant Purkinje
cell loss occurred following midline FPI at 7 DPI and activated
stripes of microglia corresponded to areas of Purkinje cell death
in the molecular layer of the cerebellar cortex [78]. The proximity
of Purkinje cell death to activated microglial stripes was shown to
associate microglia activation prior to the loss of Purkinje cells in
the cerebellum following lateral FPI [79]. While the exact function
of these activated microglial stripes is still unknown, Igarashi et al.
additionally showed activated microglia in stripes along regions of
Purkinje cell loss following focal TBI (CCI) [66]. Altogether, these
data demonstrate the presence of pathology in the cerebellum
after TBI and future studies can extend behavioral analysis of non-
motor deficits to cerebellar pathology.

For the present publication, archived tissue was analyzed for
post-injury neuropathology in new brain regions, which gives rise
to internal study limitations. Only male rats were included when
the original tissue was collected [11, 33]. However, the vulner-
ability of different brain regions and the progression of neuro-
pathology may differ in the male and female brain after diffuse
TBI. After a moderate impact-acceleration TBI, male mice had a
higher percentage of silver-stained neuropathology throughout
the brain compared to female mice [80]. Additionally, neuropa-
thology peaked at 3 DPI in male mice and 14 DPI in female mice,
indicating sex-specific neuropathology time courses perhaps dues
to endogenous estrogen levels [80]. After CCI, male mice had sig-
nificantly larger lesions compared to female mice [81], interpreted
as the female brain with greater resilience to pathology after TBL
Altogether, including sex as a biological variable in a replication
of this study may uncover differential timing and magnitude
of neuropathology in the dorsal hippocampus and cerebellum
after mFPI. Additionally, archived tissue included different time
courses among the brain regions, where the dorsal hippocampus
was evaluated out to 28 DPI and the cerebellum was evaluated
to 7 DPL. While the time courses do match motor and cognitive
deficits observed after mFPI, additional studies are warranted to
investigate chronic changes in neuropathology in the cerebellum.
Additionally, the role of the cerebellum in cognitive deficits after
TBI warrants investigation [7, 82].

Diffuse experimental TBI produces pathology in different brain
regions. Our results indicate that different regions are susceptible
to different patterns and time courses of neuropathology and
may differ within distinct sub-regions of a structure (e.g., dorsal
hippocampus, molecular layer of the cerebellum). While the hip-
pocampus is not the only region involved in learning and memory,
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a damaged hippocampus can significantly impair memory pro-
cesses and impede learning while the rest of the brain remains
intact [40, 42, 45, 46, 62, 83]. Similarly, the cerebellum is vulner-
able to indirect injury processes that could further impair motor,
cognitive, or other neurological functions after TBI [84]. These
results complement our previous reports of neuropathology after
mFPI in the cortex, thalamus, and brain stem which also exhibited
a time course for neuropathology that increases over the first 1 to
7 DPI and then starts to normalize at 28 DPI [11, 29, 32-34]. The
substantia nigra was the only structure that exhibited sustained
neuropathology through 28 DPT after mFPI [33]. Though, this
report and our previous reports investigating diffuse neuropathol-
ogy over time have been primarily conducted in male rats. It is im-
perative to include female rats in future studies. Understanding the
timeline of neuropathology throughout regions of brain following
TBI could be critical for therapeutic intervention.
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