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A B S T R A C T   

It has been demonstrated that adult born granule cells are generated after traumatic brain injury (TBI). There is 
evidence that these newly generated neurons are aberrant and are poised to contribute to poor cognitive function 
after TBI. Yet, there is also evidence that these newly generated neurons are important for cognitive recovery. 
Pattern separation is a cognitive task known to be dependent on the function of adult generated granule cells. 
Performance on this task and the relation to dentate gyrus dysfunction after TBI has not been previously studied. 
Here we subjected Sprague Dawley rats to lateral fluid percussion injury or sham and tested them on the dentate 
gyrus dependent task pattern separation. At 2 weeks after injury, we examined common markers of dentate gyrus 
function such as GSK3ß phosphorylation, Ki-67 immunohistochemistry, and generation of adult born granule 
cells. We found that injured animals have deficits in pattern separation. We additionally found a decrease in 
proliferative capacity at 2 weeks indicated by decreased phosphorylation of GSK3ß and Ki-67 immunopositivity 
as compared to sham animals. Lastly we found an increase in numbers of new neurons generated during the 
pattern separation task. These findings provide evidence that dentate gyrus dysfunction may be an important 
contributor to TBI pathology.   

1. Introduction 

Traumatic brain injury (TBI) effects over 2.8 million people in the US 
annually and over 69 million worldwide (Dewan et al., 2018; Taylor 
et al., 2017). Persons with TBI often suffer long-lasting cognitive defi-
cits. The hippocampal dentate gyrus is an important brain region to 
investigate cognitive deficits after TBI, as the hippocampus is particu-
larly vulnerable to injury, and increasing evidence suggests dentate 
gyrus dysfunction may be an important component of TBI pathology 
(Korgaonkar et al., 2020; Lowenstein et al., 1992; Toth et al., 1997). 
After experimental TBI there is an acute increase in production of new 
cells in the hippocampal dentate gyrus (Chirumamilla et al., 2002; Dash 
et al., 2001). Many of these new cells become adult generated neurons, 
however it is unclear how these new neurons contribute to cognitive 

recovery. It has been demonstrated that new neurons generated after TBI 
have abnormal features (Ibrahim et al., 2016; Ngwenya and Danzer, 
2019; Ngwenya et al., 2018; Shapiro, 2017; Villasana et al., 2015), but 
also that they can have a functional role (Blaiss et al., 2011). 

In uninjured brain, adult born neurons in the hippocampal dentate 
gyrus have been shown to be important for cognitive tasks. Specifically, 
pattern separation, the ability to distinguish two similar objects or 
spatial locations, has been shown to be dentate gyrus dependent and 
represent a functional role for adult neurogenesis (Bakker et al., 2008; 
Berron et al., 2016; Clelland et al., 2009). While there are well estab-
lished cognitive behavioral deficits after experimental TBI, it has not 
been demonstrated whether a cognitive task known to be dentate gyrus 
dependent, such as pattern separation, is impaired. In this study, we use 
the rat lateral fluid percussion injury (LFPI) model to examine whether 
there are deficits in pattern separation, and whether there may be 
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evidence of dentate gyrus dysfunction that contributes to TBI pathology. 
In addition to performance on the pattern separation task, we 

examined known influencers of adult neurogenesis and dentate gyrus 
function. We have previously shown that acutely after LFPI, there are 
changes in kinase activity with implications to proliferation and adult 
neurogenesis in the hippocampus (Dorsett et al., 2017). Specifically, 
GSK3ß is a key inhibitor of cell proliferation, modulates neuronal dif-
ferentiation, and inhibition of GSK3ß has been considered as a thera-
peutic intervention for TBI (Hur and Zhou, 2010; Pardo et al., 2016; 
Shim and Stutzmann, 2016). Therefore, we examined GSK3ß expression 
given its known role in modulating proliferation. GSK3ß is constitutively 
active, and active GSK3ß halts proliferation and promotes maturation. 
When GSK3ß is phosphorylated, it is inactive, and no longer provides 
inhibition of proliferative pathways. A kinase that plays an important 
role in both upstream and downstream regulation of GSK3ß is AKT. We 
therefore explored whether there are differences in GSK3ß and AKT 
phosphorylation at 2 weeks after LFPI. Proliferation in the dentate gyrus 
granule cell layer increases after experimental TBI, so we investigated 
cell proliferation marker Ki-67 immunohistochemistry at 2 weeks after 
LFPI. Lastly, as adult born neurons are important for successful perfor-
mance in pattern separation, we investigated whether new neurons were 
generated in LFPI animals in the same degree as in control animals by 
utilizing immunohistochemistry of the s-phase marker bromodeoxyur-
idine (BrdU) and immature neuronal marker doublecortin (DCX). 

Here we show that 2 weeks after LFPI there are deficits in the dentate 
gyrus specific pattern separation task and alterations in proliferative 
capacity despite increased new neuron generation. 

2. Material and methods 

2.1. Animals 

A total of 56 young adult male Sprague Dawley rats (8–9 weeks of 
age; weight 296.6 ± St. dev 18.2) obtained from Envigo (Indianapolis, 
IN) were used, with 39 included in this study. All animals were initially 
pair-housed in a 12 h light/dark cycle with access to food and water ad 
libitum. All animal care and experimental procedures were approved by 
the Institutional Animal Care and Use Committee and conformed to the 
National Institutes of Health Guide for the Care and Use of Laboratory 
Animals. After surgical procedures, animals were singly-housed in 
standard cages with enrichment. Animals were randomly assigned to 
sham or TBI groups and to tissue processing for immunoblotting (n =
8–10/group) or immunohistochemistry (n = 10–11/group). 

2.2. Lateral fluid percussion injury 

Anesthesia was induced via 4% isoflurane and maintained with 
2–3% isoflurane throughout surgical procedures. All procedures fol-
lowed sterile technique, including shaving the surgical site and sterili-
zation with 70% alcohol and betadine solution. LFPI is a well- 
established model of experimental TBI (Thompson et al., 2005) and 
we performed the craniectomy surgery and lateral fluid percussion 
injury as previously described (McGuire et al., 2019; Sun et al., 2015; 
Van and Lyeth, 2016). Briefly, rats were mounted in a stereotaxic frame 

and a 4 mm diameter craniectomy was drilled with a trephine 4 mm 
posterior to bregma and 2.5 mm lateral of the sagittal suture, centered 
over the right parietal cortex. A plastic luer-loc hub was affixed over the 
craniectomy site with cyanoacrylate glue. A screw was inserted into the 
skull over the left parietal lobe which provided structural support for the 
dental acrylic cement that was applied to maintain the hub until injury. 
Animals that had violation of the dura during surgery were not 
continued in the study (11 animals). The incision was sutured shut and 
the plastic hub was covered with a screw-on cap. Animals were given 
one dose of 0.03 mg/kg sustained release Buprenorphine (0/7–1 mg/kg, 
ZooPharm) subcutaneously for post-op analgesia. Animals recovered 
from the procedure and lateral fluid percussion injury proceeded on day 
3 after surgery. All animals received 5 min of anesthesia via inhalation of 
4% isoflurane, the cap covering the craniectomy hub was removed and 
the hub was filled with saline to remove air bubbles and create a water 
tight seal to the output valve of the LFPI device. Animals in the injured 
group received a fluid pulse to the dura at a pressure of 2 atm (mean 2.2 
± 0.03) to induce a moderate injury. Sham animals were subjected to the 
same anesthetic and surgery protocols, but a fluid pulse was not deliv-
ered. After sham or injury, animals were laid on their back to assess time 
to spontaneously right (righting reflex time, RRT) as an index of injury 
severity. Injured animals that did not receive a fluid pulse of ~2 atm 
and/or had an inappropriate injury (RRT < 180 s; 1 animal) were 
excluded from further analysis. Five animals that received an appro-
priate injury, died as a result of the LFPI and were excluded from the 
study. After assessing RRT, animals were briefly re-anaesthetized via 
inhalation of 4% isoflurane, the surgical cement and hub were removed, 
and the surgical site was sutured closed with absorbable suture. 

2.3. Bromodeoxyuridine administration 

All animals received a single injection of 5’bromo-2’deoxyuridine 
(BrdU) on day 7 after LFPI to label proliferating cells. BrdU (Sigma 
B5002) was prepared in sterile saline at 10 mg/ml. A single 200 mg/kg 
dose of BrdU was injected intraperitoneally. Animals were perfused with 
4% paraformaldehyde 8 days after administration (15 days after LFPI), 
as described below. 

2.4. Behavioral testing 

2.4.1. Habituation and baseline behavior 
One week prior to surgical procedures animals were allowed to 

acclimate to the housing facility and underwent a habituation period 
that included handling, travel to the behavioral testing suite, adminis-
tration of food treats (chocolate and fruit puffed cereal), and initiation of 
food restriction to encourage completion of behavioral tasks. For food 
restriction, animals were fed 5 g of food once-daily at completion of 
behavioral tasks, with daily weights to assure that animals did not lose 
≥ 15% of their body weight. Baseline behavior included assessment of 
locomotor and anxiety behavior via 5 min exploration of a 50 gallon (63 
cm diameter) open field arena (open field task). Animals were also 
habituated to the radial arm maze over a 3-day habituation period. On 
days one and two, animals were allowed free exploration of all eight 
food-baited arms for 15 min. On day three animals underwent a pre- 
injury working memory task, requiring visiting 7 of 8 un-baited arms 
in under 10 min with fewer than 4 arm revisits. All behavioral testing 
was video recorded and assessed using Ethovision XT 11.5 software 
(Noldus). Animals that could not complete this baseline task were 
excluded from the study. Animals that successfully completed the 
baseline behavior proceeded to surgical procedures. Two days post- 
injury, all animals were re-habituated to the radial arm maze in which 
they were allowed to explore the apparatus for 10 min without any 
treats present. Post-injury behavioral testing began 3 days post-injury 
(Fig. 1A). All animals underwent the full behavioral testing paradigm. 

Nomenclature 

IGCL Inner granule cell layer 
LFPI Lateral fluid percussion injury 
NOR Novel object recognition 
OGCL Outer granule cell layer 
RRT Righting reflex time 
TBI Traumatic brain injury  
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2.4.2. Pattern separation task 
The pattern separation paradigm was designed as a delayed non- 

match to place task in the radial arm maze, similar to that presented 
by others (Clelland et al., 2009; Morris et al., 2012). Each testing trial 
was comprised of two phases: a “sample” phase in which all maze arms 
were closed except for the starting arm and the baited “sample” arm 
positioned 90 degrees relative to the starting position, and a “condition” 
phase where the baited arm was a new arm either separate or adjacent to 
the sample arm. The separate condition consisted of all arms of the maze 
being closed except for the starting arm, the sample arm, and the arm 
located directly across from the sample arm, giving a 3-arm degree of 
separation. In the adjacent condition all arms were closed except for the 
starting arm, the sample arm, and an adjacent arm with 0-arm degree of 
separation (Fig. 2A). Rats were given 90 s between the sample and 
condition phase, and 90 s during each phase to retrieve the treat from 
the baited arm. 

A correct trial was scored when an animal entered the baited arm 
within 90 s. Animals that traveled to an incorrect arm were not allowed 
to self-correct and were removed from the maze immediately. A trial was 
coded as incomplete if the animal did not enter any arms in 90 s. All 
animals received a total of ten trials per day for ten consecutive days. 
Each trial condition was randomly predetermined to be a separate or 

adjacent condition and additionally the sample and condition arms were 
randomized. To minimize olfactory cues, the maze was cleaned with 
70% ethanol in between each phase of the trial, in between trials, and in 
between testing of each animal. Pattern separation data was not used 
from animals that did not complete ≥ 75% of trials (6 Sham and 7 LFPI 
animals). All trials were video recorded with Ethovision software. 

2.4.3. Open field activity task 
To assess locomotor, hyperactivity, and anxiety behavior after 

injury, rats were allowed to explore the open arena. Distance traveled 
(in cm), velocity (cm/s), and time spent exploring the center of the arena 
(in seconds) were video recorded over a 5 min period by the Ethovision 
Software and confirmed by manual review of the video. The center of the 
arena was defined as the inner half (32 cm diameter). Each animal’s 
performance in the open field as compared to their baseline was assessed 
for statistical differences between groups. 

2.4.4. Novel object recognition 
To test short term memory, rats were tested on a novel object 

recognition task within the open field arena. Animals were allowed to 
explore the arena for 10 min without any objects to re-familiarize them 
to the arena. The following day, the animals were placed in the arena for 

Fig. 1. (A) Experimental design. Animals received baseline behavior prior to LFPI on Day 0 (D0). Three days after LFPI (D3) pattern separation task was started and 
continued daily for 10 days through D12. On D7 animals received a single intraperitoneal injection of bromodeoxyuridine (BrdU) after completion of behavioral 
testing. On D13 animals were tested on open field arena (OF) and then on novel object recognition (NOR). Tissue was harvested at the completion of behavioral 
testing. (B) Animals that received LFPI had significantly longer righting reflex time (RRT) as compared to sham animals. Error bars are standard error of the mean; 
***p < 0.001. (C) In animals for immunoblotting, the hippocampus was isolated from fresh tissue and the dentate gyrus was dissected. Animals for immunohis-
tochemistry were perfused with 4% paraformaldehyde and were cryosectioned at 20 µm. (D) Representative stained sections are shown from Sham (top row) and 
LFPI (bottom row) animals processed 2 weeks after injury. Cresyl violet staining illustrates lack of gross cortical or hippocampal damage. However, injury is evi-
denced by increased glial activity seen with GFAP staining in cortex and hippocampal dentate gyrus. Scale bar for GFAP is 250 µm. 
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10 min with two identical objects affixed to opposite sides of the arena. 
After a 90 min interval, each rat was presented with one familiar object 
and one novel object and allowed to explore for 5 min. Preference Index 
was defined as a percentage representing time spent exploring the novel 
object ÷ total exploration time (x100). Preference Index > 50% was 
hence used to indicate novel object preference. Time exploring was 
calculated by manual review of the recorded videos. Exploration time 
was counted only when the animal was facing the object and interacting 
with the object (grooming near the object or backside towards the object 
were not counted as exploration). Data was not used from animals that 
had < 30 s of total exploration time or from trials where an object 
became dislodged from its position (2 LFPI animals). Objects and the 
side of novel object placement were alternated. Between novel and 
familiar trials and between each animal, all objects and the arena were 
cleaned with 70% ethanol to minimize olfactory cues. 

2.5. Tissue acquisition 

For immunohistochemical processing, rats were administered 1 ml/ 
kg of anesthetic (ketamine 100 mg/ml, xylazine 10 mg/ml) prior to 
perfusion fixation. Animals were transcardially perfused with phosphate 
buffer followed by 4% paraformaldehyde, brains were post-fixed in 4% 
paraformaldehyde overnight at 4 ◦C and then submerged in graded su-
crose solutions for cryoprotection. Brains were then flash frozen in cold 
isopentane and stored at − 80 ◦C until use. Brains were sectioned in the 
coronal plane on a cryostat at 20 μM thickness through the entirety of 
the hippocampus (Fig. 1B). Tissue was cut in six series and collected 
free-floating into vials of cryoprotectant and stored at − 20 ◦C until 
batch processed for immunohistochemistry. 

For immunoblotting, rats were sacrificed via rapid decapitation 
using a guillotine. Brains were quickly removed and dissected in cold 
phosphate buffer (Fig. 1B). The brains were hemisectioned along the 
sagittal suture, thalamus and brainstem were removed, and the ipsilat-
eral dentate gyrus was rapidly isolated with aid of a 27G needle tip and a 
dissecting microscope (Au - Hagihara et al., 2009). The tissue was 
immediately snap frozen on dry ice, and stored at − 80 ◦C until ho-
mogenized for protein analysis. 

2.6. Immunoblotting 

Dissected ipsilateral dentate gyrus samples were homogenized in 
300 μL of Mammalian Protein Extraction Reagent (#78501 Thermo 
Scientific, Rockford, IL, USA) and 3 μL of HALT (#78440 Thermo Sci-
entific). Samples were diluted to one half, one fourth, one tenth, and one 
twentieth and loaded in triplicates onto a 96 well plate. Two hundred 
microliters of working solution composed of 50-parts BCA reagent A 
(#23228 Thermo Scientific) to 1-part BCA reagent B (#23224 Thermo 
Scientific) was loaded into each well. The plate incubated at room 
temperature for 2 h. The final protein concentration for each sample was 
calculated from the absorbance measurements in μg/μL. 

10 µg of protein in 10 μL sodium dodecyl sulfate sample buffer 
(#J61337 Alfa Aesar, Ward Hill, MA, USA) were loaded into a 15-well 
4–15% Mini-PROTEAN TGX pre-cast gel (#4561086 Bio-Rad, Hercu-
les, CA, USA) and ran at 200 V for 30 min in 1X Tris/Glycine/SDS Buffer 
made from 10x stock(#161-0732 Bio-Rad). The gel was then transferred 

onto an Immobilon-FL polyvinylidene transfer membrane (#IPFL00010 
Merck Millipore Ltd., Burlington, MA, USA) at 20 V for 20 min via semi- 
dry transfer in 1X Tris/Glycine Buffer. Membranes were incubated in 
REVERT Total Protein Stain (#926-11010 Li-Cor Lincoln, NE, USA), 
washed and imaged using Li-Cor Odyssey imager for later signal 
normalization to total protein. After incubation in destaining solution 
(#926-11013 Li-Cor, Lincoln, NE, USA), membranes were blocked for 
1 h in Odyssey Blocking Buffer (#927-50000 Li-Cor, Lincoln, NE, USA) 
at room temperature. Membranes were then incubated overnight at 4 ◦C 
in primary antibodies against the following proteins: mouse anti-total 
AKT (1:1000; #2920 Cell Signaling Technology, Danvers, MA), mouse 
anti-GSK3β (1:1000; #9832 Cell Signaling Technology), rabbit anti- 
pAKT S473, (#4058T Cell Signaling Technology, Danvers, MA, USA, 
1:1000) or rabbit anti-pGSK-3β S9 (1:1000; #9336 Cell Signaling 
Technology). Total and phospho proteins were processed on the same 
blot. Membranes were washed is a tris-buffered saline with Tween-20 
(TBS-T) incubated for 1 h at room temperature in fluorescent second-
ary antibodies: IRDye 800CW Donkey anti-mouse (1:20,000; #926- 
32212 Li-Cor,) IRDye 800CW Donkey anti-rabbit (1:20,000; #926- 
32213 Li-Cor), or IRDye 680RD Donkey anti-mouse (1:20,000; #925- 
68072 Li-Cor). Membranes were imaged on a Li-Cor Odyssey Imager. 

Protein expression was normalized to total protein stain (Aldridge 
et al., 2008; Eaton et al., 2013; Kirshner and Gibbs, 2018). Results are 
presented as ratio of normalized phosphoprotein to normalized total 
protein for GSK3ß and AKT. 

2.7. Histology and immunohistochemistry 

2.7.1. Histological representation of injury 
Tissue sections were processed for histological assessment of LFPI. 

Sham and LFPI animals were processed for cresyl violet. Slide mounting 
sections were briefly washed then submerged in 0.1% Cresyl Echt Violet 
(ScyTek Lab #CEA999). Slides were then rinsed in distilled water, fol-
lowed by subsequent dehydration in graded ethanol solutions and 
cleared in xylene. Slides were coverslipped using permount. 

Select sham and LFPI animals were processed for glial fibrillary 
acidic protein (GFAP) immunohistochemistry to characterize gliosis. 
Free-floating sections were washed in phosphate buffer and blocked in 
normal goat serum (NGS) for 30 min at room temperature. Following 
blocking, sections were incubated overnight at 4 ◦C in rabbit anti-GFAP 
antibody (1:500; DAKO ZO334) solution containing NGS and 0.3% 
Triton-x. Following primary antibody incubation, sections were washed 
then incubated in goat anti-rabbit IgG Alexa Fluor 568 secondary anti-
body (1:250; Invitrogen #A-11011) in the dark for 2 h at room tem-
perature. Sections were then washed in buffer, mounted, and 
coverslipped with polyvinyl alcohol mounting medium with DABCO 
(Sigma). 

2.7.2. Immunohistochemistry and stereological analysis of Ki-67 
Tissue was batch processed to minimize procedural variance. Ki-67 

immunohistochemistry was performed on every 24th section, spaced 
at 480 μM, throughout the entirety of the hippocampus. After removing 
the sections from − 20 ◦C and washing in phosphate buffer, an antigen 
retrieval step of tri-sodium citrate (pH 6) at 60 ◦C for 30 min was per-
formed. After washing, sections were then blocked with 3% normal 

Fig. 2. (A) The pattern separation task consisted of a sample task where rats were placed in the start arm (s) and allowed to retrieve a treat from the open arm. After 
90 s animals were tested on either an adjacent trial, where the arm next to the sample arm was baited with a treat, or a separate condition where the arm 180 degrees 
from the sample arm was baited. (B) Sham (black, n = 12) and LFPI (red, n = 12) animals performed similarly on the separate task, however LFPI animals (n = 12) 
performed worse than sham (n = 13) on the adjacent condition of the pattern separation task. (C) As compared to their baseline performance, there was no group 
difference between sham (n = 19) and LFPI animals (n = 16) in distance traveled in the open arena, however the LFPI animals traveled at a faster velocity (D). There 
was no significant group difference in time spent exploring the inner portion of the arena (E). (F) The novel object recognition task involved animals being allowed to 
explore the open arena with two identical objects. After 90 min they were placed in the arena with a familiar object, and a novel object. Time exploring the novel 
object relative to total time exploring was calculated as the discrimination ratio. (G) A novel object preference index of 50% (horizontal line) represents equal 
exploration of both objects. Sham animals (n = 20) performed statistically better than 50%, however LFPI animals (n = 17) did not. All error bars represent standard 
error of the mean; *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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horse serum (NHS) and 0.1% triton-x for 30 min at room temperature. 
Tissue was then incubated overnight at 4 ◦C in primary antibody solu-
tion consisting of mouse anti-Ki-67 (NCL-L-Ki67-MM1 Leica; 1:250), 3% 
NHS, and 0.1% triton-x. The following day, sections were washed and 
placed in biotinylated secondary antibody for 1 h at room temperature 
(biotinylated horse anti-mouse, BA-2000 Vector Labs, Burlingame, CA; 
1:250; in 3% NHS with 0.1% triton-x). Tissue was quenched with cold 
10% H2O2 in methanol prior to incubation in avidin-biotin complex (PK- 
6100 Vector Labs) and development with diaminobenzidine (SK-4100 
Vector Labs). Sections were then mounted onto glass slides, counter-
stained with Cresyl Violet, and coverslipped. 

The estimated total number of Ki-67+ cells was obtained for the 
granule cell layer by an operator blind to subject group. Ki-67 labeled 
nuclei were identified using a 100x oil objective on a Zeiss Axio Imager 
M2 (Carl Zeiss Microscopy GmbH; Jena, Germany), equipped with a 
motorized stage, and controlled by StereoInvestigator software (Micro-
BrightField; Williston, VT, USA). As Ki-67 labeling is rare, an optical 
fractionator with an exhaustive counting scheme (grid size equal to 
counting frame size) and guard planes was used, and estimates of total 
number of Ki-67+ cells were calculated using N = Q x 1/asf x 1/ 
ssf x 1/tsf, as previously described (Ngwenya et al., 2005). 

2.7.3. Fluorescence immunohistochemistry and analysis of BrdU and DCX 
BrdU and DCX double fluorescence immunohistochemistry was 

performed on every 24th section, spaced at 480 μM, throughout the 
entirety of the hippocampus on a cohort of 12 animals. After removing 
the sections from − 20 ◦C and washing in phosphate buffer, sections 
were blocked for 30 min in 10% normal goat serum with 0.3% Triton-X 
then incubated in rabbit anti-DCX primary antibody (1:500; Cell 
Signaling 4604S) overnight at 4 ◦C. Sections were then washed and 
incubated in goat anti-rabbit Alexa Fluor 488 secondary antibody 
(1:250; #A-11034 Invitrogen) for 2 h at room temperature. Sections 
were then washed, fixed in 4% paraformaldehyde for 10 min at room 
temperature, incubated for 30 min in 2 N HCl at 37 ◦C, and blocked for 
30 min prior to incubation overnight at 4 ◦C in primary antibody for 
BrdU (mouse anti-BrdU Roche 11170376001; 1:200). Sections were 
washed, incubated in goat anti-mouse Alexa Fluor 568 (1:250; #A- 
11004 Invitrogen) for 2 h at room temperature, and finally washed, 
mounted and coverslipped. 

The estimated total number of BrdU+ cells in the granule cell layer 
was obtained by an operator blind to subject group. BrdU labeled nuclei 
were identified using a 100x oil objective on a Zeiss Axio Imager M2 
(Carl Zeiss Microscopy GmbH; Jena, Germany), equipped with a 
motorized stage, and controlled by StereoInvestigator software (Micro-
BrightField; Williston, VT, USA). As BrdU labeling is rare, an optical 
fractionator with an exhaustive counting scheme including guard planes 
was used, as above. Tissue throughout the rostral-caudal extent of the 
hippocampus was analyzed for BrdU+ cells that were also positive for 
immature neuronal marker DCX. Double immunopositivity was 
confirmed using a 60x oil objective and 1 µm slice photographs through 
the z-axis. The ratio of double labeled/total BrdU+ cells examined was 
multiplied by the total BrdU+ cell population to obtain the estimated 
total number of BrdU+DCX+ cells per animal. 

2.8. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 8.0 for 
Windows (GraphPad Software). Normality of data was tested using the 
Shapiro-Wilk test. Statistical outliers were identified and excluded using 
ROUT method with Q = 1%. Open field data for each animal was 
compared to their baseline, thus a repeated measures ANOVA was per-
formed. For all other data, differences between groups were analyzed 
via independent T-tests with Tukey post-hoc for analysis of multiple 
comparisons. NOR data was additionally calculated as a one-sample t- 
test against a chance value of 50%. For non-normally distributed data, 
group differences were determined with Mann–Whitney U. Significance 

was indicated by p < 0.05. 

3. Results 

3.1. Lateral fluid percussion produces reproducible consistent injuries 

Sham injury was performed in 20 animals and LFPI in 19 animals. 
Sham animals had a mean RRT of 35.25 s (± std error of mean 7.0), 
whereas injured animals received a 2.17 atm injury (± 0.03) with a 
mean RRT of 420.8 s (± 32.8). There was a significant difference in RRT 
between sham and injured groups (Mann–Whitney U, p < 0.0001; 
Fig. 1B). As is typical in the LFPI model, large cortical cavitation was not 
seen, however injured animals showed increased staining with GFAP in 
the cortex at the injury site and the underlying hippocampal dentate 
gyrus (Fig. 1D). 

3.2. Injured animals exhibit cognitive behavioral deficits 

Fourteen Sham and twelve LFPI animals successfully completed the 
pattern separation task. Three sham animals had data points that were 
statistical outliers and removed from further analysis. Sham and LFPI 
animals performed similarly on the separate condition of the pattern 
separation task (sham mean 76.41 ± 0.87, LFPI mean 68.7 ± 5.34; t 
(22) = 1.42, p = 0.168; Fig. 2B). On the adjacent condition LFPI animals 
performed worse (sham mean 87.87 ± 1.5, LFPI mean 76.14 ± 5.02), 
with a statistically significant difference between groups (t(23) = 2.31, 
p = 0.030; Fig. 2B). 

On the open field arena task, animals were tested on locomotor ac-
tivity and compared to their baseline performance. There was no sig-
nificant effect of time by injury group for distance traveled (F(1,33) =

0.004, p = 0.95; Fig. 2C). LFPI animals showed an increase in velocity 
after injury, with a significant effect of time by injury (F(1,33) = 4.70, 
p = 0.038; Fig. 2D). 

Animals were tested for anxiety behavior by analysis of the amount 
of time spent exploring the center of the open arena. Sham and LFPI 
animals spent a similar amount of time exploring the center of the arena 
and there was no statistically significant effect of time by group (F 
(1,33) = 0.078, p = 0.78; Fig. 2E). 

Short term memory was assessed by performance on the novel object 
recognition task. Equal time spent with the familiar and novel object 
after the 90 min interval (Fig. 2F) was defined as a novel object pref-
erence index of 50% (chance). Although Sham and LFPI animals did not 
have group means that were statistically different (t(35) = 1.65, 
p = 0.109), Sham animals performed statistically better than chance (t 
(19) = 3.79, p = 0.0012), whereas LFPI animals did not (t(16) = 0.78, 
p = 0.448; Fig. 2G). 

3.3. GSK3ß and AKT protein expression in dentate gyrus 2 weeks after 
LFPI 

At 2 weeks after injury, LFPI animals showed a statistically signifi-
cant decrease in phospho/total GSK3ß protein expression as compared 
to sham animals (t(13) = 2.31, p = 0.038; one statistical outlier per 
group; Fig. 3B). Yet, the ratio of phospho/total AKT protein expression 
was not statistically significant between groups (t(14) = 1.43, p = 0.18; 
one sham statistical outlier; Fig. 3D). 

3.4. Proliferative capacity decreased 2 weeks after LFPI 

Proliferative capacity in the dentate gyrus was examined by analysis 
of Ki-67+ nuclei in the granule cell layer of the dentate gyrus. The 
estimated total number of Ki-67 nuclei in the granule cell layer was 
decreased in the LFPI group 2 weeks after injury (2932 ± 244.7) as 
compared to sham animals (4366 ± 570.2), this was a statistically sig-
nificant difference between groups (t(19) = 2.39, p = 0.028; Fig. 4C). 
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3.5. Increased number of new neurons born during pattern separation 

BrdU was administered at Day 7 after LFPI (midway through the 10- 
day pattern separation task) and tissue examined at Day 15 after LFPI. 
LFPI animals had a significantly larger total number of BrdU+DCX+
cells in the dentate gyrus (1727 ± 329.4, versus Sham mean 
833.1 ± 73.2, p = 0.004; Fig. 4D). 

4. Discussion 

In summary, we have shown that LFPI animals have deficits in 
pattern separation, alterations in dentate gyrus GSK3ß protein 

expression, and increased numbers of adult born immature neurons 
despite decreased proliferative capacity at 2-weeks after injury. 

Our data are consistent with others that show cognitive behavioral 
deficits after LFPI. In our model, we saw an increase in velocity after TBI, 
but no change in distance traveled, nor a decrease in time spent in the 
center of the open arena (suggesting no change in anxiety). Studies 
demonstrating anxiety after experimental TBI have used a diffuse and/or 
a severe TBI model and have also observed an anxious phenotype at 
chronic time points (1–6 months) after TBI (Heldt et al., 2014; Jones 
et al., 2008). Our model is a lateral, moderate injury, and we tested 
behavior at 2 weeks; this may explain the absence of a clear anxiety 
phenotype in our animals. We demonstrated deficits in novel object 

Fig. 3. (A) Representative immunoblots of phospho-AKT (pAKT) and phospho-GSK3ß (pGSK3). (B) The ratio of phospho/total GSK3ß protein expression was 
significantly decreased in LFPI animals (n = 7) compared to sham (n = 8). (C) Representative immunoblots of total AKT and total GSK3ß. (D) The phospho/total AKT 
did not show significant group differences in protein expression (n = 8/group). Error bars represent standard error of the mean; *p < 0.05. 
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recognition in LFPI animals, as our LFPI animals did not perform 
consistently better than chance (50%). However, there was significant 
individual variability in our animals which prohibited showing concrete 
differences between our Sham and LFPI groups. Short-term memory 
deficits in tasks such as NOR have been presented by others using 
varying experimental TBI models (Aungst et al., 2014; Hylin et al., 2013; 
Osier et al., 2015). NOR is thought to rely on the hippocampus, however 
other cortical regions likely play a role (Antunes and Biala, 2012), and 
additionally NOR is not specifically dependent on the dentate gyrus. 

We are the first to demonstrate deficits in the dentate gyrus specific 
task, pattern separation, after experimental TBI. Pattern separation, the 
ability to discriminate highly similar context, has been attributed to the 
hippocampal dentate gyrus. Rodent dentate gyrus lesions (Gilbert et al., 
2001; Morris et al., 2012) and receptor knockout studies (McHugh et al., 
2007) as well as human functional MRI (Bakker et al., 2008; Berron 
et al., 2016) have localized pattern separation to the dentate gyrus and 
specifically to adult generated neurons (Clelland et al., 2009; Nakashiba 
et al., 2012; Sahay et al., 2011). Our LFPI model shows pattern sepa-
ration deficits similar to what others have demonstrated with bilateral 
dentate gyrus selective lesions, namely preserved performance on the 
dissimilar (separate) condition of the task and deficits on the similar 
(adjacent) conditions. This suggests that although LFPI creates a heter-
ogenous injury that likely involves multiple cortical, subcortical, and 
white matter pathways, the hippocampal dentate gyrus, and particularly 
the process of adult neurogenesis, may be especially vulnerable. 

At 2 weeks after LFPI we found decreased phosphorylation of GSK3ß 
compared to sham animals, which could represent decreased prolifera-
tive capacity as pGSK3ß promotes proliferation. Akt is an important 
kinase both in upstream and downstream pathways for GSK3ß, yet 
surprisingly we did not find significant differences in AKT expression. 
This suggests that modulation of GSK3ß after LFPI may happen in an 
AKT independent manner. Although it should be noted that there was 

individual variability in our immunoblotting results which could have 
obscured our ability to find a significant difference in pAKT expression. 
Many experimental TBI models have shown increases in pGSK3ß, which 
seems contrary to our findings of decreased pGSK3ß. Others have re-
ported acute changes in AKT and GSK3ß after experimental TBI. For 
example, Shapira et al. (2007) found increases in hippocampal pGSK3ß 
24 h after a mild weight drop injury. Dash et al. (2011) found transient 
increases in pGSK3ß in hippocampal tissue at 24 h after CCI. Zhao et al. 
(2012) had similar findings in CCI cortical tissue, with increases in 
pGSK3ß at 24 and 72 h after injury, but no changes at their longest 
examined timepoint of 7 days after injury. They also found post-TBI 
increases in pAkt at 4 h after injury, similar to acute pAKT increases 
seen by others (Noshita et al., 2002). Limited studies have examined 
changes in pAkt and pGSK3ß expression at longer timepoints after 
experimental TBI. In a blast model of TBI, Wang et al. (2017) demon-
strated increases in hippocampal pAkt and pGSK3ß sustained at 6 weeks 
after injury. In a CCI model, Wu et al. (2013) showed increases in 
cortical pGSK3ß expression that peaked at 3 days after injury, remained 
elevated at 14d, and returned to control levels at 28 days. Although 
these findings appear contradictory to our results, there are many study 
variables which could explain the different findings. We used a LFPI 
model and examined hippocampal dentate gyrus tissue specifically, not 
cortex or whole hippocampi. No other study to date has specifically 
examined dentate gyrus GSK3ß expression at 2 weeks after LFPI. In 
addition, all of our animals received cognitive testing, yet the direct 
impact of the testing and the implications of our decreased pGSK3ß 
findings relative to cognition is limited, as we harvested tissue for 
immunoblotting the day after completion of all cognitive testing. As this 
timepoint is not immediately after behavior testing, and kinase changes 
can be acute and short lasting, our findings may not accurately reflect 
kinase activity in relation to cognitive testing. The decreased pGSK3ß 
results may instead represent the “baseline” kinase activity in the sham 

Fig. 4. (A) Representative photomicrograph of 
Ki-67 immunohistochemistry showing dia-
minobenzidine positive Ki-67+ nuclei (arrows) 
in the granule cell layer (GCL) with cresyl violet 
counterstain. Inset shows details of labeled 
nuclei at the asterisk. (B) Representative 
photomicrograph of bromodeoxyuridine (BrdU) 
and doublecortin (DCX) immunofluorescence. 
BrdU (red) and DCX (green) labeled cells were 
identified at the inner portion of the granule 
cell layer (arrow). Inset shows larger magnifi-
cation of double labeled BrdU+DCX+ cells at 
the asterisk. Scale bars in A, B are 100 µm, inset 
scale bars 10 µm. (C) The total number of Ki- 
67+ cells in the dentate gyrus granule cell layer 
was decreased in the LFPI group (n = 11) 
compared to sham (n = 10) at 2 weeks. (D) 
Eight days after BrdU injection (15 days after 
LFPI), the total number of double labeled 
BrdU+DCX+ was increased in LFPI animals as 
compared to sham animals (n = 6/group). All 
error bars represent standard error of the mean; 
*p < 0.05, **p < 0.01.   
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and LFPI animals, and thus direct correlations to cognitive behavior are 
limited. However, in a mouse knockin model of GSK3ß (replicates 
decreased pGSK3ß as the knockin GSK3ß cannot be phosphorylated and 
thus GSK3ß is hyperactive), GSK3ß knockin animals had worse perfor-
mance on NOR and decreased hippocampal dentate gyrus proliferation 
(Pardo et al., 2016). Our results, although different than what some 
others have published in experimental TBI, are consistent in reflecting 
the purported role of GSK3ß in both cognition and proliferation. 

Decreased proliferative capacity after LFPI is further supported by 
our Ki-67 results. We see a statistically significant decrease in the esti-
mated total number of Ki-67+ cells in the dentate gyrus at 2 weeks after 
injury. These findings can have a number of interpretations: that well- 
documented early increases in proliferation after TBI (Chirumamilla 
et al., 2002; Dash et al., 2001) are diminished by 2 weeks, that the 
enrichment of behavioral testing enhances proliferation in sham animals 
to a different degree than injured animals, or perhaps that the popula-
tion of active stem cells becomes depleted (Encinas and Sierra, 2012; 
Neuberger et al., 2017). The proliferative capacity at extended time-
points after TBI has not been thoroughly studied. Some have found a 
return to baseline proliferation at 2 to 3 weeks after injury using 
different animal models or analysis techniques than presented here 
(Rola et al., 2006; Sun et al., 2005). For instance, Sun et al. (2005) 
showed acute increases in proliferation as measured by BrdU injection 
24 h before sacrifice. They found increases in proliferation at 2 and 7 
days, but a return to baseline (not a decrease) at 14 days after LFPI. BrdU 
labels cells in the S-phase of the cell cycle, whereas Ki-67 labels all 
non-resting cells, these differences in methodology may explain the 
differences in results. Interestingly, Gaulke et al. (2005) provided 
environmental enrichment to rats after LFPI and at 3 weeks after injury 
found no difference in Ki-67+ cells between sham, injured, and injured 
enriched groups, however they note a trend towards a decreased number 
of Ki-67+ cells in the injured enriched group despite better performance 
on the Morris Water Maze task. In rat LFPI, Neuberger et al. (2017) 
demonstrated large increases in proliferation at 3 to 7 days post injury 
with a statistically significant decline in neurogenic potential 3 months 
later. Similarly, in a rat CCI model, Acosta et al. (2013a, 2013b) have 
demonstrated significant decreases in Ki-67+ cells at 8 weeks after 
injury. The interplay between enrichment, behavioral testing para-
digms, and neurogenic potential after TBI deserves further research to 
determine the implications of our findings and the relevance to cognitive 
performance. 

We additionally showed an increase in numbers of adult born 
granule cells after LFPI. BrdU was administered 7 days after LFPI. Our 
increase in total BrdU+DCX+ cells suggests that many of the newly 
generated cells at 7 days after LFPI adopt a neuronal phenotype by 2 
weeks after injury. Despite an increase in immature neurons, LFPI ani-
mals showed deficits in the pattern separation task that is new neuron 
dependent. Although this suggests that the newly generated neurons are 
improperly integrated or dysfunctional, there are some considerations 
and limitations to the interpretation of our findings. The age and 
maturity of when new neurons best contribute to cognitive testing is 
unclear. Our experimental paradigm labeled cells being generated at day 
four of the 10-day pattern separation task. It is unclear if these early 
neurons would have opportunity to contribute to the cognitive tasks 
being performed. Additionally, these data represent a snapshot of the 
new neurons generated at day seven after LFPI, but we cannot assume 
from our data that this increase in new neuron generation is equivalent 
at day one or day 10 after injury. 

Although we show deficits in cognitive tasks in the setting of 
increased new neuron generation, others have shown that the integra-
tion of new neurons is crucial to cognitive recovery. Sun et al. (2015) 
have shown that abolishing new neuron generation after LFPI in rats 
does not affect performance on the Morris Water Maze task at 21–24 
days post-TBI, however TBI animals show innate recovery in this task 
when tested at 56–60 days after injury and early abolishment of adult 
born neurons impairs this recovery. Blaiss et al. (2011) have also shown, 

in a murine controlled cortical impact model of TBI, that elimination of 
injury-induced neurogenesis impairs performance and recovery on the 
Morris Water Maze task. Hence, performance on the pattern separation 
task at longer time points after experimental TBI and determination of 
the role of newly generated neurons in successful completion of this task 
after injury are indicated. 

4.1. Conclusion 

This is the first study to show deficits in the dentate gyrus specific 
task, pattern separation, after experimental TBI. Our combined findings 
of impaired performance in pattern separation, decreased proliferative 
capacity, and increased adult born neuron generation deserves further 
study to better understand how adult neurogenesis after injury in-
fluences cognitive performance. Our findings provide supporting evi-
dence that dentate gyrus dysfunction may be an important component of 
TBI pathology. 
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