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Abstract 

 Traumatic brain injury (TBI) impairs cognitive function of learning and memory, 

which can be worsened by post-TBI stressors. Many stressors cause sleep disturbances 

in the TBI population which leads us to use mechanical sleep fragmentation (SF) as a 

physiologically relevant approach to study the effects of stress after injury. We previously 

showed that post-TBI SF impairs cognitive function 30 days post injury (DPI). Therefore, 

we hypothesize that after a 30-day recovery period we will still see stress effects in 

learning and memory. To test this, we gave male and female mice a moderate lateral fluid 

percussion TBI or sham injury and left them undisturbed or exposed to SF daily for 30 

DPI. Afterwards all mice were left undisturbed for an additional 30 DPI and Barnes maze 

testing was done during this recovery period. We found that there is an uncoupling of 

within and between day performance within the Barnes maze task for the sleep 

fragmentation recovery (SF-R) TBI group but no discrepancies otherwise for acquisition 

of this spatial task. SF-R, regardless of TBI, increased percent time in goal quadrant 

during the probe trial. We also found there to be higher activity of ∆FosB in the CA1 of 

Sham SF-R animals, indicating increased neuronal activity with sham SF-R but not TBI 

SF-R. Therefore, our data shows that while there is some evidence of persistent 

hippocampal deficits, overall, there are no robust lasting effects of chronic post-TBI SF 

following 30 days of recovery. 
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Introduction 

Traumatic brain injury (TBI) affects more than 1.7 million people in the United 

States each year1. Mounting evidence suggests that post-injury stressors may 

significantly contribute to these chronic deficits after TBI due to dysfunctional 

hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis is important for allowing the 

body to respond to the environment to maintain homeostasis, a process termed allostasis. 

Thus, impaired allostasis could contribute to and worsen learning and memory after injury. 

TBI, especially in the chronic phase, is shown to disrupt sleep compared to the general 

population. These sleep disturbances further exacerbate the cognitive deficits by 

impeding neurocognition recovery2. Since TBI causes sleep disturbances and leaves this 

population more vulnerable to stress-induced sleep disturbances, they are at a greater 

risk for loss of cognitive function. These sleep disturbances then further increase stress 

levels which compromise cognitive and behavioral functions. We thus leverage the 

common sleep disturbance of sleep fragmentation (SF) to act as a transient, daily post-

TBI stressor. We recently showed that 30 days of post-TBI SF causes dorsal hippocampal 

dysfunction in the CA1, resulting in decreased neuronal function and cognitive deficits in 

fear conditioning3. We thus wanted to know if these deficits last chronically after post-TBI 

SF exposure with a period of no SF, or recovery. 

TBI alone can cause chronic deficits in brain function such as cognitive dysfunction 

and problems with learning and memory4,5. Clinical studies have showed patients with 

TBI have slowed information processing speed, difficulties with sustained attention, and 

deficits with learning and memory compared to age matched controls that can exacerbate 

executive functions and social skills6. These effects are also shown in rodent populations. 
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In rodents, spatial learning and memory can be interrogated by behavioral tests such as 

Morris Water Maze (MWM) or Barnes Maze. These tests consist of training days when 

mice learn to find an escape platform or hole and a probe trial when the escape is 

removed to test if mice remember how to escape. Studies show that spatial reference 

learning and memory are impaired in rodents7. These spatial learning and memory tasks 

are hippocampal-dependent and are thus commonly used to determine hippocampal 

dysfunction with TBI. TBI-induced hippocampal dysfunction is long-lasting, as we’ve 

previously shown that TBI delays acquisition in Barnes Maze and increases latency to the 

escape hole, indicating learning and memory deficits8. How these cognitive deficits may 

be influenced by chronic stress after TBI, particularly through SF, remains unknown.  

Chronic stress effects of sleep disruption can cause cognitive and behavioral 

deficits even by itself, especially in the hippocampus. The magnitude of the cognitive 

deficits depends on magnitude of the stressor and its duration. While acute stress tends 

to help cognitive functions, chronic stress disrupts it. Different cognitive operations, 

whether it be memory or learning, get affected by stress differently 9.. The body responds 

to stress in many ways that create this cognitive dysfunction including activation of the 

HPA axis, secretion of glucocorticoids, and neuroinflammation. The added stress effects 

further exacerbate the TBI induced effects. These all effect one part of the brain that is of 

particular interest to us, the hippocampus.  

 We hypothesized that 30 days of post-TBI SF would have lasting learning and 

memory deficits, even with a period of recovery. We further hypothesized that this would 

correlate with hippocampal dysfunction. To determine this, we examined the chronic 

effects of SF stress after TBI and whether there is an ability to recover after the stressor 
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is taken away. The mice received a sham control surgery or moderate TBI and then were 

exposed to 30 days of SF after injury followed by 30 days of recovery. We first determined 

the chronic, delayed cognitive effects of post-TBI SF. We determined hippocampal-

dependent learning and memory from 45-49 days post-injury (DPI). We also used a 

program called Barnes maze Unbiased Strategy (BUNS) classification to determine 

search strategies and associated cognitive scores. We then determined the lasting 

neuronal activity in different regions of the cortex and hippocampus as well as neuronal 

count in cortical areas involved with spatial learning and memory. Finally, we analyzed 

different proteins found in the hippocampus that contribute to learning and memory to 

correspond with the behavioral testing. Together, these studies aim to highlight the lasting 

influence of post-TBI stress on long-term hippocampal-dependent consequences of 

injury. 
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Materials and Methods  

Experimental Design 

 The primary objective of this study was to characterize the behavioral and 

molecular response to post-TBI sleep fragmentation stress following a period of recovery 

(SF-R) 60 DPI. This resulted in a 2 (sham, TBI) x 2 (control; CON, SF-R) factorial design. 

To determine the chronic effect of SF-R, equal numbers of adult male and female mice 

received SF or remained undisturbed until 30 DPI then all remained undisturbed until 60 

DPI. At 60 DPI, all animals were exposed to an acute tail suspension stressor for 10 

minutes and then immediately sacrificed. Spatial learning and memory were determined 

with Barnes Maze behavioral testing from 45-49 DPI and 52 DPI (n = 13/group Sham 

CON and TBI CON; n = 12 Sham SF-R; n = 14 TBI SF-R). Lesion area, neuronal activity, 

and neuronal count was determined with immunohistochemistry (n = 6/group Sham CON, 

Sham SF-R, TBI CON, TBI SF-R). Differences in protein expression of the hippocampus 

was determined with western blot analysis (n = 7/group Sham CON, TBI CON; n = 6 

Sham SF-R; n = 8 TBI SF-R). Technical issues resulted in decreased n for 

immunohistochemistry and western blot analysis. For IHC ipsilateral retro-splenial cortex 

Sham CON and Sham TBI had all 6 animals, where Sham SF-R is missing two animals 

and TBI SF-R is missing four animals. For IHC ipsilateral hippocampus CA1 Sham CON 

and Sham TBI had all 6 animals, where Sham SF-R is missing three animals and TBI SF-

R is missing four animals. For IHC ipsilateral hippocampus CA3 Sham TBI had all 6 

animals, where Sham CON is missing one animal, Sham SF-R is missing two animals 

and TBI SF-R is missing four animals. For western blots calmodulin is missing four 
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animals for each group. A blinded investigator completed behavioral testing, tissue 

processing, and all subsequent data analysis. 

Animals 

 Equal numbers of 8 to 10-week-old male and female C57BL/6 mice were 

purchased from Charles River Laboratories (Wilmington, MA). Mice were group-housed 

by sex in The Ohio State University’s Wiseman Hall vivarium and maintained at 22°C 

under a 12h:12h light/dark cycle (lights on 7AM-7 PM) with ad libitum access to food and 

water. Each cohort received either sham surgery or lateral fluid percussion injury. This 

study consisted of one chronic time point in which mice were either left undisturbed or 

received SF daily for 30 DPI and then allowed to recover, undisturbed for 30 additional 

days until 60 DPI. In all experiments, mice were euthanized by CO2 asphyxiation. All 

conditions were in accordance with the principles set forth by the National Institutes of 

Health Guidelines for the Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committee of The Ohio State University. 

Surgery and Lateral Fluid Percussion Injury (lFPI) Induction 

 Sham surgery and lFPI were performed as previously described10,11. Briefly, a 3.0-

mm craniectomy was given in the center of the right parietal bone, leaving the intact dura 

mater exposed. A modified portion of a Leur-Loc syringe (3.0-mm inside diameter) was 

then secured over the craniectomy site. After 24 hours of recovery, mice were 

anesthetized with 4% isoflurane for 4 minutes and connected to the FPI device (Custom 

Design & Fabrication, Richmond, VA) using the modified Leur-Lock syringe. For mice 

receiving a TBI, a pendulum delivered a fluid pulse onto the exposed dura mater to give 
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a moderate TBI. Sham mice were attached to the FPI device, but the pendulum was not 

released. The modified Leur-Lock was then removed following sham or TBI and the 

incision was stapled closed. All animals were placed on a heating pad and injury severity 

was assessed via the self-righting reflex after which they were returned to their cage. 

Animal weight was monitored daily to 7 DPI. 

Sleep Fragmentation (SF) 

 SF was performed with Sleep Fragmentation Chambers (Lafeyette Instruments 

Inc) to disrupt normal sleep/wake transitions12. SF occurred by a sweeper bar moving 

across the bottom of the cage every 2 minutes. Mice have multiple bouts of sleep of 2-4 

minutes throughout the sleep cycle13. Thus, this is a mild, transient sleep disruption. SF 

occurred daily from 7 AM-11 AM. This period was chosen as similar to the onset of the 

sleep cycle when sleep need is high and mirrors the same sleep disruption period 

established in previous work14. Mice had ad libitum access to food and water throughout 

the SF procedures. SF was stopped after 11 AM 30 DPI and all mice were left undisturbed 

until sacrifice at 60 DPI. 

Barnes Maze 

 Barnes maze is a memory task that requires mice to use spatial cues around an 

elevated platform to locate a hidden goal box. Barnes maze was performed at 45 DPI, 15 

days after SF concluded, as previously described8. Cages were brought into the behavior 

suite 20–30 min prior to testing to acclimate. Mice were exposed to bright light (75W) and 

white noise (66 dB) while on the maze to encourage exploration and escape. To help 

increase the motivation to enter the escape box, bedding from each cage was placed 
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inside. Each mouse was placed in the middle of the maze at the start of each trial and 

allowed to explore for 120 seconds. Each trial ended when the mouse entered the escape 

box for at least 3 seconds or after 120 seconds of exploration. The mouse was either left 

in the escape box for 30 seconds after trial completion or guided to the escape box and 

left for 30 seconds. Maze and escape box were cleaned with 70% ethanol between mice. 

Each trial was repeated 3 times for each animal each day for 5 acquisition days. During 

these training days latency to escape was analyzed with Ethovision (Noldus). The probe 

trial was conducted 72 hours after conclusion of acquisition day 5. The escape box was 

removed, and the mouse was placed in the middle of the maze and allowed to explore 

for 30 seconds. Distance moved and duration in correct quadrant were determined by 

Ethovision tracking software.  

Within day learning was quantified with the acquisition index. Acquisition index was 

determined by subtracting trial 3 from trial 1 within each day and then averaging the 

resulting values. A positive acquisition index means animals decreased latency to escape 

from trial 1 to trial 3, meaning they learned to find the escape box better. Between day 

learning was quantified with the savings index. Savings index was determined by 

subtracting trial 1 from trial 3 of the previous day and them averaging the resulting values. 

A positive savings index means animals decreased latency to escape from trial 3 of one 

day to trial 1 of the next, meaning they retained how to find the escape box from day to 

day. Both learning indices have been described in a previous publication8. A search 

strategy tool called Barnes Maze Unbiased Strategy (BUNS) was used to analyze the 

search strategies and classify them into six different classes: direct, corrected, long 
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corrected, focused search, serial and random. Each search strategy has an associated 

cognitive score to indicate better or worse spatial learning and memory15.  

Immunohistochemistry 

Following euthanasia at 60 DPI, mice were perfused with ice-cold phosphate-

buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Perfused brains were 

post-fixed in 4% PFA for 24 hours and cryoprotected in 30% sucrose for 72 hours at 4°C. 

Brains were sectioned at 30 μm using a LeicaCM1800 cryostat (Leica Biosystems) and 

stored in cryoprotectant at -20°C until labeling. Sections were rinsed with 0.1% Triton X-

100 in PBS (PBST) and blocked with 5% normal donkey serum at room temperature, then 

incubated overnight at 4°C in primary antibody with constant rotation. The following 

primary antibodies and dilutions were used: mouse anti-mouse NeuN (1:1000, Abcam, 

catalog 104224), rabbit anti-mouse ΔFosB (1:1000, Abcam, catalog ab184938). NeuN is 

a pan-neuronal marker to allow for quantification of number of cells in a region of interest. 

ΔFosB is a marker of overall neuronal activation 16. Tissue was rinsed in PBST and 

incubated in fluorochrome-conjugated secondary antibody for 1 hour at room temperature 

with rotation. The following secondary antibodies and dilutions were used: donkey anti-

rabbit Alexa Fluor® 647 (1:500, Abcam, catalog ab150075), donkey anti-mouse Alexa 

Fluor® 488 (1:500, Abcam, Abcam, catalog ab150105). Sections were then mounted and 

cover-slipped using Fluoromount-G (Invitrogen). ΔFosB and NeuN were imaged and 

quantified as previously described3. Briefly, 20X images were taken on a SP8 Leica 

Upright Confocal (Leica Biosystems) with 8-10 consecutive z-stacks every 2 µm. For 

quantification, z-stacks were processed for maximum intensity z-projections. Positive 

labelling was analyzed by particle size and each cell’s fluorescent intensity was averaged 
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per image per animal. Each value represents the average of two images per region per 

animal. 

Lesion Analysis 

 For lesion analysis, 30-μm sections were selected at 10 evenly spaced coordinates 

covering the entire area under the craniectomy (+0.02 mm through −3.16 mm relative to 

bregma). Sections were stained with DAPI to visualize the tissue and 20 × tile-scan 

images were taken of each section on an EVOS FL Auto2 Imaging System 

(ThermoFisher). Lesion area was measured for each section using ImageJ. Lesion 

volume was extrapolated by averaging adjacent sections and multiplying by the distance 

between sections. Investigators were blinded throughout analysis. Brain regions were 

identified using the Allen Mouse Brain Atlas.  

Western Blots 

 Tissue samples are sonicated using TPER Tissue Protein Extraction buffer 

(ThermoScientific cat# 78510) with 1% protease inhibitor and 1% phosphatase inhibitor 

at 30% pulse energy for 30s on ice. Samples were then centrifuged at 14000rpm at 4° for 

10 min. A Bradford assay (ThermoScientific cat# 23236) was run on the supernatant to 

normalize protein concentration across samples for Western blot analysis. 20ug/ml of 

sample was reduced with 2-mercaptoethanol at 70° for 10 min. 20µL of sample was 

loaded in each well of pre-cast Mini-Protean TGX Strain-Free polyacrylamide gel along 

with Bio-Rad Precision Protein Plus Blue standard. Gel electrophoresis was run at 80mV 

for 8 min and then at 180mV for 32 min both at 3.0 amps. Protein from the gel was then 

transferred to a nitrocellulose membrane using Bio-Rad Nitrocellulose Transfer kit (cat# 
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1704271) and Bio-Rad Turbo Transfer machine. To minimize non-specific binding, 

membrane were incubated in 1xTris Buffered Saline (pH 7.6) plus 5% Non-Fat milk for 

1.5h on orbital shaker at room temperature.  Membrane was then incubated in 1° antibody 

overnight at 4° on an orbital shaker: Rabbit Synaptophysin 1:20,000, Rabbit Calmodulin 

1:500 and Mouse Actin 1:5000. Membranes were washed in 1xTBS plus 0.2% Tween 20 

and then incubated in 2° antibody (Li-Cor IRDye Anti-rabbit 800CW cat# 827-08365 and 

Anti-mouse 680RD cat# 926-68120) for 1h at room temperature on an orbital shaker. 

Membranes were then read on the Li-Cor Odyssey Imaging System and analyzed and 

quantified using Image Studio.  

 

Statistical Analysis 

 All statistical analysis was done through Prism 9.0.0 (GraphPad). For righting time, 

probe trial data, immunohistochemistry, and western blot analysis a two-way ANOVA was 

performed with injury (sham, TBI) and condition (CON, SF-R) as independent variables. 

Main effects and interaction effects of injury and condition were considered. Interaction 

effects were followed with Tukey correction for multiple comparisons. For weight change 

and Barnes Maze acquisition a three-way ANOVA was performed with injury (sham, TBI), 

condition (CON, SF-R), and day as dependent variables and for Barnes Maze acquisition 

and savings indices a three-way ANOVA was performed with injury (sham, TBI), condition 

(CON, SF-R), and index (acquisition, savings) as independent variables. Main effects and 

interaction effects of all variables were considered. Interaction effects were followed with 

Bonferroni correction for multiple comparisons. Statistical significance was defined as p 
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< 0.05 for all data and trends were defined as p < 0.10. All data is mean ± standard error 

of the mean. 
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Results 

SF does not exacerbate cognitive deficits in Barnes Maze after a period of recovery but 

alters acquisition and savings indices following TBI 

To determine the chronic effects of post-TBI SF following a recovery period, mice 

received a sham control surgery or a moderate lateral fluid percussion and then received 

30 days of SF after injury followed by 30 days of recovery or were left undisturbed for the 

full 60 days (Fig. 1A). This resulted in four groups: two control groups Sham CON and 

TBI CON and two groups given SF and a recovery period (SF-R), Sham SF-R and TBI 

SF-R. Immediately after injury and before SF righting times were taken as a measure of 

injury severity (Fig. 1B). TBI increased righting time with no difference between groups 

that were later designated CON or SF-R (main effect TBI; F(1, 52) = 25.82, p < 0.01). 

Daily weight was taken to 7 DPI as a measure of well-being (Fig. 1C). All groups lost 

weight the day of sham or TBI but quickly regained weight with no differences between 

groups (main effect day; F(3.517, 123.1) = 14.16, p < 0.01).  

To determine hippocampal-dependent learning and memory effects of TBI and SF-

R, animals were tested on Barnes Maze behavior where acquisition occurred 45-49 DPI 

and probe trial to test memory retention of the Barnes Maze was given 72 hours later at 

52 DPI. Average latency to escape between the three trials each of the five acquisition 

days showed all groups learned to escape the maze (Fig. 1E) with no differences between 

groups (main effect day; F(2.766, 132.7) = 71.62, p < 0.01). TBI CON animals on 

averaged seemed to take longer to escape the maze, but this was not a significant 

difference or trend. The acquisition and savings indices for the Barnes maze were 

calculated for each group. The acquisition index shows learning within each day between 
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the three trials of the Barnes maze. The savings index shows the memory between days 

of the Barnes maze (Fig. 1F). Analysis showed significant differences between injury, 

condition, and the indices (interaction effect injury by SF-R by index; F(1, 98) = 4.738, p 

< 0.05). This reflects a greater acquisition index relative to the savings index in TBI CON 

mice while TBI SF-R had a decreased acquisition index relative to the savings index. To 

test memory retention after five acquisition days we conducted a probe trial for the Barnes 

Maze. We determined that SF-R increases duration in the correct quadrant during the 30 

sec probe trial, regardless of TBI (main effect SF-R; F(1, 48) = 6.669, p < 0.05). Overall, 

this shows SF does not exacerbate memory deficits in the Barnes maze probe trial and 

there is an uncoupling of the savings and acquisition indices in Barnes maze following 

TBI. This indicates that although there are no robust differences in average cognitive 

function for TBI SF-R there are some nuanced changes in leaning versus memory.  

Recovery from post-TBI SF did not influence search strategies in Barnes Maze behavioral 

task 

 In the Barnes maze the animals used different search strategies in order to find 

the hole and escape. These strategies are used to analyze how well the animals 

learned/remembered where the escape hole is. There are six search strategies with 

associated cognitive scores (Fig. 2A). Direct, where the animals directly go to the escape 

hole, with a cognitive score of 1.00. Corrected, where the animals veer off in the wrong 

direction but quickly correct themselves and head to the right hole, with a cognitive score 

of 0.75. Focused search, where they focused their search around the correct quadrant, 

with a cognitive score of 0.50. Long corrected, where they veer off in the wrong direction 

and take a long time to correct themselves, with a cognitive score of 0.50. Serial, where 
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they search around the border of the table to find the correct hole, with a cognitive score 

of 0.25. Finally, random, where they have no set strategy and randomly try to in the hole, 

with a cognitive score of 0.00. We saw no effect of injury or SF-R on search strategies 

(Fig. 2B). BUNS cognitive score increased each day (Fig. 2C), indicating more direct and 

less random search strategies were used throughout acquisition (main effect day; 

F(3.237, 155.4) = 106.1, p < 0.01). There was no overall difference in sum cognitive score 

(Fig. 2D), mirroring the no significant difference between groups in latency to escape the 

Barnes Maze during acquisition.   

Sham SF-R increases ipsilateral CA1 neuronal activity compared to CON 

 Because of the unpaired learning indices with TBI SF-R in Barnes Maze acquisition 

and savings indices and increased probe trial performance with SF-R, we next looked at 

areas important for spatial learning and memory. We first looked at if SF-R would affect 

the lesion volume after TBI (Fig. 3A) as the retro-splenial cortex (RSC) is important for 

spatial memory and is medial to our lesion17. TBI increased the lesion volume compared 

to sham (Fig. 3B), as expected, but this was not influence by SF-R (main effect injury; 

F(1, 19) = 7.320, p < 0.05). We next quantified number of NeuN+ and ΔFosB+ cells in the 

ipsilateral RSC (Fig. 3C) as an indicator of number of neurons in case TBI or SF-R 

decreased the number of neurons or neuronal activity in this region. There were no 

differences in NeuN+ cells (Fig. 3D) but there was a trend of TBI decreased ΔFosB+ cells 

(Fig. 3E) (main effect injury; F(1, 15) = 2.966, p = 0.1056) showing possible decreased 

neuronal activity in this area. This could indicate differences in spatial learning and 

memory processing with TBI.  
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We next quantified ΔFosB+ cells in the ipsilateral CA1 and CA3 of the hippocampus 

as we previously showed dysfunction in these regions with 30 days of post-TBI SF3. The 

hippocampus is a brain region important in the formation of memory and has three main 

regions, the CA1, CA3 and dentate gyrus. Changes in the structure, function and 

molecular compensation of the hippocampus has been historically studied to understand 

changes in cognitive processes. It has been shown that chronic stress can lead to a 

reduced volume of the hippocampus with accompanying cognitive deficits18. Spatial 

memory is a subtype of memory because it stores information within the spatial-temporal 

frame which is dependent on the hippocampus19. It has also been shown that 

interconnectivity between the hippocampus and RSC has been implicated in spatial 

memory and learning20. Sham SF-R mice had the highest neuronal activity in the 

ipsilateral CA1 (Fig. 3G) (interaction injury by SF-R; F(1, 13) = 5.242, p < 0.05), Tukey 

multiple comparisons Sham SF-R to Sham CON p = 0.0638) with no differences in the 

CA3 (Fig. 3H). Overall, these findings show that even after 30 days of recovery post TBI-

SF may cause lasting deficits in the CA1.  

SF-R does not influence synaptophysin or calmodulin levels in the ipsilateral 

hippocampus 

Western blots were done for different proteins relating to memory and learning. 

One such protein is synaptophysin (SYP) (Fig. 4A) which has been shown to be 

decreased after TBI. The reduced protein levels of SYP are also associated with deficits 

in long term potentiation (LTP)21. We saw no effect of synaptophysin (Fig. 4B), showing 

that this is not the mechanism of action. This was expected since synaptophysin is usually 

associated with acute stress and our model has a 30-day recovery period22.  
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Calmodulin is also another protein known to be important in the formation of 

hippocampal dependent memories. TBI can inactivate the calmodulin signaling which in 

turn may disrupt memory formation resulting in memory loss post- TBI23. We did western 

blot analysis using calmodulin (Fig. 4C) and found that Sham SF-R does not significantly 

decrease calmodulin compared to Sham CON. (Fig. 4D) (interaction injury by SF-R; F(1, 

10) = 1.988, p = 0.188).  
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Discussion 

We sought to determine the chronic effects of post-TBI SF to understand whether 

there is long lasting learning and memory dysfunction even after a period of recovery. 

This is important because TBI survivors have long lasting life stressors after the injury 

that can further exacerbate post-TBI cognitive deficits. Our hypothesis was that even with 

a period of recovery we would still see cognitive deficits in learning and memory 

associated with hippocampal dysfunction. We tested this hypothesis by having mice 

either receive a sham control surgery or a moderate lateral fluid percussion. Then they 

received 30 days of SF after injury followed by 30 days of recovery or were left 

undisturbed for the full 60 days. We determined the chronic delayed cognitive effect of 

spatial learning of memory of SF, referred to as SF recovery (SF-R), using Barnes maze 

and BUNS analysis. We also determined the lasting neuronal activity in different regions 

of the cortex and hippocampus as well as neuronal count in cortical areas involved with 

spatial learning and memory. Finally, we analyzed different proteins found in the 

hippocampus that contribute to learning and memory to correspond with the behavioral 

testing. Together, these studies aim to highlight the lasting influence of post-TBI stress 

on long-term hippocampal-dependent consequences of injury. 

We first show that SF-R increased duration in the target quadrant of the probe trial 

regardless of injury, indicating that SF-R did not exaggerate TBI-induced deficits within 

spatial memory retention. We hypothesize that this could be due to more efficient sleep 

during the recovery period following SF. It has been shown that efficient sleep can 

improve memory retention in humans. One study showed that neurocognitive deficits in 

sleep deprived individuals can be reversible with improvement of sleep24. This has also 
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been further studied in rodents where it has been shown sleep is necessary for memory 

formation25. Since we found this interesting increased probe performance with SF-R, we 

decided to look further into group performance during acquisition by calculating the 

acquisition and savings indices. The acquisition index shows how well the mice learned 

throughout the day between trials of the Barnes maze. The savings index shows how well 

the mice remember between days of the Barnes maze. The TBI control group had a high 

acquisition index relative to a low savings index. This shows that they are learning within 

the day but have poor memory retention between days. The opposite effect is shown with 

the TBI SF group, where they do poorly learning within the day but have good memory 

retention between days. This could reflect dysfunctional circuitry associated with 

acquisition of spatial tasks, but appropriate circuitry for savings of spatial tasks. For 

example, hippocampal CA3-CA1 circuitry is necessary for spatial task learning and 

acquisition26. These findings are associated with previous data that showed deficits in this 

region associated with delayed fear conditioning learning at 30 DPI with TBI SF3. These 

deficits were specific to acquisition of the fear memory as further testing did not show 

significant differences in memory retention of the fear memory. This shows that while 

post-TBI SF does not have lasting effects on memory formation and retrieval, it may have 

lasting effects on acquisition or learning of those memories. 

We also observed a trending difference in neuronal activity of the ipsilateral RSC 

with TBI decreasing neuronal activity and Sham SF-R mice having the highest average 

neuronal activity of this region. This was observed a week after the conclusion of Barnes 

maze, but it could indicate the differences we see in probe trial performance since this 

region is important in spatial learning and memory20. The retro-splenial cortex (RSC) and 
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hippocampus network has been shown to have a neurophysiological relationship during 

REM sleep which plays a key role in spatial memory27. The hippocampus along with 

neocortical regions like the RSC have been shown to be integral in the encoding and 

consolidation of spatial memory. The exact mechanism for this interaction is unclear but 

studies suggest hippocampal oscillations during sleep can help increase synaptic 

plasticity in the areas of the hippocampus to help facilitate memory27. Therefore, we 

looked at ∆FosB neuronal activity in the CA1 and CA3 hippocampal regions. We found 

∆FosB count highest in the Sham SF-R compared to TBI SF-R, which is consistent with 

our labs previous findings that that the CA1 is vulnerable to post-TBI SF3. This shows that 

even after 30 days of recovery post TBI-SF may cause lasting deficits in the CA1.  

We expected calmodulin to be lower with TBI and SF-R because chronic stress 

has previously been shown to decrease hippocampal calmodulin levels28. However, one 

study found that repeated stressed animals had increased calmodulin which was 

associated with decreased memory and learning in the Y-maze task while a decrease in 

calmodulin was associated with enhanced performance in this task29. We did not see 

significant differences, though an increase in animal number may so changes in 

calmodulin levels between groups.  

Altogether, our data shows that while there is some evidence of persistent 

hippocampal deficits, overall, there are no robust lasting effects of chronic post-TBI SF 

following 30 days of recovery. This is promising for the clinical neurotrauma work because 

it shows TBI survivors can recover from sleep disturbances or other post TBI stressors 

through rehabilitation even long term after injury. Our hope is to further this work on how 
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long-term stressors influence TBI recovery can better inform post-injury rehabilitation and 

recovery. 

 

  



23 
 

References 

1. CDC. Traumatic Brain Injury in the United States. 

www.cdc.gov/TraumaticBrainInjury (2002). 

2. Markovic, S. J. et al. The impact of exercise, sleep, and diet on neurocognitive 

recovery from mild traumatic brain injury in older adults: A narrative review. 

Ageing Research Reviews 68, 101322 (2021). 

3. Tapp, Z. M. et al. Sleep fragmentation engages stress-responsive circuitry, 

enhances inflammation and compromises hippocampal function following 

traumatic brain injury. Experimental Neurology 353, 114058 (2022). 

4. Grandhi, R., Tavakoli, S., Ortega, C. & Simmonds, M. A Review of Chronic Pain 

and Cognitive, Mood, and Motor Dysfunction Following Mild Traumatic Brain 

Injury: Complex, Comorbid, and/or Overlapping Conditions? Brain Sciences 7, 

160 (2017). 

5. Gorgoraptis, N. et al. Cognitive impairment and health-related quality of life 

following traumatic brain injury. 

6. Barman, A., Chatterjee, A. & Bhide, R. Cognitive Impairment and Rehabilitation 

Strategies After Traumatic Brain Injury. Indian Journal of Psychological Medicine 

38, 172 (2016). 

7. Spain, A. et al. Mild fluid percussion injury in mice produces evolving selective 

axonal pathology and cognitive deficits relevant to human brain injury. Journal of 

Neurotrauma 27, 1429–1438 (2010). 



24 
 

8. Fitzgerald, J. et al. Lateral Fluid Percussion Injury Causes Sex-Specific Deficits in 

Anterograde but Not Retrograde Memory. Frontiers in Behavioral Neuroscience 

16, (2022). 

9. Sandi, C. Stress and cognition. Wiley Interdisciplinary Reviews: Cognitive Science 

4, 245–261 (2013). 

10. Kokiko-Cochran, O. N. et al. Traumatic Brain Injury in hTau Model Mice: 

Enhanced Acute Macrophage Response and Altered Long-Term Recovery. J 

Neurotrauma 35, 73–84 (2018). 

11. Kokiko-Cochran, O. et al. Altered Neuroinflammation and Behavior after 

Traumatic Brain Injury in a Mouse Model of Alzheimer’s Disease. Journal of 

Neurotrauma 33, 625–640 (2016). 

12. Yonglin, G., Brandon, A., Michael B, R. & Rif S, E.-M. Corticosterone Response in 

Sleep Deprivation and Sleep Fragmentation. Journal of Sleep Disorders and 

Management 3, (2017). 

13. Toth, L. A. & Bhargava, P. Animal models of sleep disorders. Comp Med 63, 91–

104 (2013). 

14. Tapp, Z. M. et al. Sleep disruption exacerbates and prolongs the inflammatory 

response to traumatic brain injury. Journal of Neurotrauma (2020) 

doi:10.1089/neu.2020.7010. 

15. Illouz, T. et al. Unbiased classification of spatial strategies in the Barnes maze. 

Bioinformatics 32, 3314–3320 (2016). 



25 
 

16. McKim, D. B. et al. Microglial recruitment of IL-1β-producing monocytes to brain 

endothelium causes stress-induced anxiety. Molecular Psychiatry 23, 1421–1431 

(2018). 

17. Nelson, A. J., Hindley, E. L., Pearce, J. M., Vann, S. D. & Aggleton, J. P. The 

effect of retrosplenial cortex lesions in rats on incidental and active spatial 

learning. Frontiers in Behavioral Neuroscience 9, 11 (2015). 

18. Ortiz, J. B. & Conrad, C. D. The impact from the aftermath of chronic stress on 

hippocampal structure and function: Is there a recovery? Frontiers in 

Neuroendocrinology 49, 114–123 (2018). 

19. Sharma, S., Rakoczy, S. & Brown-Borg, H. Assessment of spatial memory in 

mice. doi:10.1016/j.lfs.2010.09.004. 

20. Nelson, A. J., Hindley, E. L., Pearce, J. M., Vann, S. D. & Aggleton, J. P. The 

effect of retrosplenial cortex lesions in rats on incidental and active spatial 

learning. Frontiers in Behavioral Neuroscience 9, 11 (2015). 

21. Rachmany, L. et al. Exendin-4 attenuates blast traumatic brain injury induced 

cognitive impairments, losses of synaptophysin and in vitro TBI-induced 

hippocampal cellular degeneration. Scientific Reports 7, (2017). 

22. Thome, J. et al. BRIEF REPORTS Stress Differentially Regulates Synaptophysin 

and Synaptotagmin Expression in Hippocampus. (2001). 



26 
 

23. Atkins, C. M., Chen, S., Alonso, O. F., Dietrich, W. D. & Hu, B. R. Activation of 

calcium/calmodulin-dependent protein kinases after traumatic brain injury. Journal 

of Cerebral Blood Flow and Metabolism 26, 1507–1518 (2006). 

24. Lucassen, E. A. et al. Sleep Extension Improves Neurocognitive Functions in 

Chronically Sleep-Deprived Obese Individuals. PLoS ONE 9, (2014). 

25. Latchoumane, C. F. v., Ngo, H. V. v., Born, J. & Shin, H. S. Thalamic Spindles 

Promote Memory Formation during Sleep through Triple Phase-Locking of 

Cortical, Thalamic, and Hippocampal Rhythms. Neuron 95, 424-435.e6 (2017). 

26. Lin, X. et al. Noncanonical projections to the hippocampal CA3 regulate spatial 

learning and memory by modulating the feedforward hippocampal trisynaptic 

pathway. PLOS Biology 19, e3001127 (2021). 

27. de Almeida-Filho, D. G. et al. Hippocampus-retrosplenial cortex interaction is 

increased during phasic REM and contributes to memory consolidation. Scientific 

Reports 2021 11:1 11, 1–14 (2021). 

28. Gerges, N. Z., Aleisa, A. M., Schwarz, L. A. & Alkadhi, K. A. Reduced basal 

CaMKII levels in hippocampal CA1 region: possible cause of stress-induced 

impairment of LTP in chronically stressed rats. Hippocampus 14, 402–410 (2004). 

29. Amin, S. N., El-Aidi, A. A., Ali, M. M., Attia, Y. M. & Rashed, L. A. Modification of 

Hippocampal Markers of Synaptic Plasticity by Memantine in Animal Models of 

Acute and Repeated Restraint Stress: Implications for Memory and Behavior. 

NeuroMolecular Medicine 17, 121–136 (2015). 



27 
 

  

 

  



28 
 

Figure Legends 

Figure 1. SF does not exacerbate cognitive deficits in Barnes Maze after a period 

of recovery but alters acquisition and savings indices following TBI. (A) 8-10 week 

old male and female C57BL/6 mice received a sham or TBI injury and were randomly 

assigned to remain undisturbed or receive SF for 30 days then left undisturbed for an 

additional 30 days. Barnes Maze spatial learning and memory task acquisition was 

performed from 45-49 DPI and the probe trial was performed 72 hours later 52 DPI. (B) 

Righting times increased with TBI compared to sham. (C) All animals lost weight after TBI 

or sham injury but then returned to baseline with no differences between groups. (D) 

Barnes maze diagram showing acquisition days 1-5, probe trial, and Barnes Maze 

Unbiased Search (BUNS) analysis. Escape box, shown in purple, was present throughout 

acquisition but was removed for probe trial. (E) There was a main effect of day, showing 

that all animals learned to escape the Barnes Maze during acquisition but there was no 

difference between groups across the days, however TBI CON seemed to take longer to 

escape over all 5 acquisition days in Barnes Maze compared to other groups. (F) TBI SF-

R have decreased acquisition index and increased savings index compared to TBI CON. 

(G) Trial 1 & 3 within each day of Barnes maze acquisition reflect unpairing of acquisition 

and savings indices for TBI SF-R. (H) SF-R groups spend more time in correct quadrant 

in probe trial for Barnes Maze. (I) This difference in duration spent in correct quadrant 

was not due to differences in distance moved during the 30 sec probe trial. 

Figure 2. Recovery from post-TBI SF did not influence search strategies in Barnes 

Maze behavioral task (A) Representative search strategies and corresponding cognitive 

scores of Barnes Maze using BUNS analysis (B) Contingency graphs showing changes 
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in search strategies for each group for each day. (C) No change in average cognitive 

scores between groups for each day of Barnes maze.  (D) No change in sum of cognitive 

score for each group for all acquisition days.  

Figure 3. Sham SF-R increases ipsilateral CA1 neuronal activity compared to CON 

(A) Lesion analysis representative images. (B) TBI increased lesion area volume with no 

influence of SF-R. (C) Representative images for ipsilateral retrosplenial cortex (RSC) 

NeuN and ∆FosB count. (D) TBI and SF-R did not influence NeuN neuronal count. (E ) 

There is a trending decrease in ipsilateral RSC ∆FosB with Sham SF-R mice having the 

highest average ∆FosB, indicating TBI decreased RSC neuronal activity and SF-R 

increased it. (F) Representative images for ipsilateral hippocampal CA1 and CA3 ∆FosB 

count. (G) Sham SF-R has increased ∆FosB count in the CA1 of the hippocampus 

compared to TBI SF-R. (H) There were no significant effects in ∆FosB count in the CA3 

of the Hippocampus.  

Figure 4 SF-R does not influence synaptophysin or calmodulin levels in the 

ipsilateral hippocampus. (A) Representative image of Western Blot for synaptophysin 

(Syp). Actin normalization protein appears at 45 kDa and Syp appears at 39 kDa. (B) 

There were no differences in ipsilateral hippocampus Syp protein between groups. (C) 

Representative image of Western Blot for calmodulin (CAMKII). Actin normalization 

protein appears at 45 kDa and CAMKII appears at 16 kDa. (D) No significant differences 

between groups but there is a trend showing decreased CAMKII in Sham SF-R compared 

to Sham CON.  
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