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De novo hippocampal neurogenesis contributes to functional recovery following traumatic brain 
injury (TBI). Enriched environment (EEN) can improve the outcome of TBI by positively affecting 
neurogenesis. Blast induced traumatic brain injury (bTBI) characterized by memory impairment 
and increased anxiety levels, is a leading cause of chronic disability among soldiers. Using a rodent 
model of bTBI we asked: (a) whether long-term exposure to EEN after injury can ameliorate 
behavioral abnormalities and (b) what the effects of EEN are at the molecular and cellular 
levels and on de novo neurogenesis. We found that housing injured animals in EEN resulted in 
significantly improved spatial memory while animals in normal housing (NH) showed persistent 
memory impairment. VEGF and Tau protein but not Interleukin-6 (IL-6) levels were normalized 
in the dorsal hippocampus (DHC) of EEN rats while all three markers remained elevated in NH 
rats. Interestingly, after peaking at 6 weeks post-injury, anxiety returned to normal levels at 
2 months independent of housing conditions. Housing animals in EEN had no significant effect 
on VEGF and Tau protein levels in the ventral hippocampus (VHC) and the amygdala (AD). We 
also found that EEN reduced IL-6 and IFNγ levels in the VHC; these markers remained elevated 
following NH. We observed an increase in GFAP and DCX immunoreactivities in the VHC of 
NH animals at 2 months post-injury. Conversely, injured animals housed in EEN showed no 
increase in GFAP or DCX immunoreactivity in their VHC. In summary, long-term exposure of 
injured animals to EEN appears to play a positive role in the restoration of memory functions 
but not on anxiety, which returned to normal levels after a significant period of time. Cellular 
and molecular changes in response to EEN appear to be a part of neurogenesis-independent 
as well as dependent recovery processes triggered by bTBI.

Keywords: neurogenesis, enriched environment, traumatic brain injury, memory, anxiety, hippocampus, histology, 
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observed changes include impaired memory and increased anxi-
ety, implicating damage to the hippocampus (HC) and the pre-
frontal cortex (PFC).

Exposure to severe blast causes vascular, neuronal, and glial 
damage that results in cerebral edema, vasospasm, and the loss of 
fiber tracts (Kaur et al., 1997; Mayorga, 1997; Cernak et al., 2001; 
Taber et al., 2006). Moderate and mild blast result in gliosis and 
neuroinflammation characterized by elevated levels of proinflam-
matory molecules like Interleukin-6 (IL-6; Vallieres et al., 2002; 
Kwon et al., 2011). Inflammation can cause neuronal cell death as 
well as increase vulnerability to noxious factors like neurotoxins 
(Cacci et al., 2005; Agoston et al., 2009). IL-6 is also a potent inhibi-
tor of hippocampal de novo neurogenesis (Vallieres et al., 2002; 
Barkho et al., 2006).

Intact de novo hippocampal neurogenesis in the adult brain 
has been shown to play an important role in maintaining normal 
neurobehavioral functions (Kempermann, 2002b; Kempermann 
and Kronenberg, 2003; Kempermann et al., 2004; Sahay and Hen, 
2007; Aimone et al., 2010; Deng et al., 2010). Neurogenesis is 

INTRODUCTION
Traumatic brain injury (TBI) is one of the leading causes 
of chronic disability worldwide (Bruns and Hauser, 2003; 
Tagliaferri et al., 2006). The main neurobehavioral symptoms 
of survivable TBI include memory problems, increased anxi-
ety, and depression (Gentilini et al., 1985; Schoenhuber and 
Gentilini, 1988; Ponsford et al., 1995). Blast induced traumatic 
brain injury (bTBI) caused by explosive devices has become a 
signature injury of the recent conflicts in Iraq and in Afghanistan 
(Warden and French, 2005; Taber et al., 2006; Warden, 2006). 
Although bTBI shares some of the clinical features of the closed 
head and the penetrating TBI models, bTBI appears to be a 
different form of neurotrauma (Ling et al., 2009). The second-
ary injury process after either form of TBI includes metabolic 
changes, hypoxia, edema, neuroinflammation, and gliosis (Kaur 
et al., 1997; Mayorga, 1997; Cernak et al., 2001; Taber et al., 2006). 
As epidemiological and experimental data show, even moderate 
and mild forms of bTBI can cause long-term behavioral changes 
(Ryan and Warden, 2003; Okie, 2005; Cernak et al., 2010). The 
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MATERIALS AND METHODS
ANIMALS AND HOUSINg CONDITIONS
Sprague-Dawley male rats (245–265 g, n = 23; Charles River 
Laboratories, Wilmington, MA, USA) were housed in cages with 
free access to food and water in a reverse 12–12 h light-dark cycle. 
After 7 days of acclimation and handling, animals were exposed 
to a single blast (or sham) injury and then placed into the separate 
housing conditions until the end of the study. The experimental 
schedule is depicted in Figure 1. All animals were handled accord-
ing to protocol approved by the Institutional Animal Care and 
Use Committee (IACUC) at the Uniformed Services University of 
the Health Sciences (USUHS). All behavioral tests were performed 
during animals’ dark cycle.

INjURy
On the day of the injury all rats (injury weight: ∼300 g) were trans-
ferred to Walter Reed Army Institute of Research (Silver Spring, 
MD, USA) where blast was generated using a compression-driven 
shock tube (Long et al., 2009). Before the induction of injury, rats 
were anesthetized in a bell jar for 6 min with 4% isoflurane (Forane, 
Baxter Healthcare Corporation, Deerfield, IL, USA). Anesthetized 
rats in chest protection were then placed in a holder in a transverse 
prone position and exposed to whole body blast injury at 20.63 psi 
pressure. Immediately after injury rats were moved back to their 
home cages and transported back to the USUHS animal facility. 
Sham-injured animals underwent the same procedure without 
being exposed to blast overpressure.

HOUSINg CONDITIONS AfTER INjURy
Following bTBI (n = 15) or sham injury (n = 8), rats were assigned to 
the following groups: normal housed-injured (NH-I; n = 8), normal 
housed-sham (NH-S; n = 8), and enriched environment-injured 
(EEN-I; n = 7). Rats under NH conditions were housed on hardwood 
chip bedding without any toys, two rats/standard rat cage. Rats under 
EEN conditions were housed in a four level metal cage (dimensions: 
36′′L × 25′′W × 62 1/2′′H; MIDWEST Ferret Nation Double Unit 
Home with Stand, PetSmart) that contained different kinds of toys 
like activity wheels, tunnels, balls, and rodent igloos (Figure A1 in 
Appendix). Toys (PetSmart) were replaced with new ones weekly.

a part of the innate regenerative processes triggered by various 
insults to the brain including TBI (Dash et al., 2001; Hallbergson 
et al., 2003; Parent, 2003). Following TBI, the rate of de novo 
neurogenesis is substantially upregulated (Dash et al., 2001; 
Chirumamilla et al., 2002; Lee and Agoston, 2009), which con-
tributes to the amelioration of the neurobehavioral consequences 
of TBI (Sun et al., 2007). Neurogenesis is a complex process that 
is not restricted to the proliferation of neural stem (progenitor) 
cells; it includes neuronal fate determination, differentiation of 
immature neurons, migration, survival, and functional integra-
tion into neuronal circuits (Kempermann, 2002a; Kozorovitskiy 
and Gould, 2003; Abrous et al., 2005; Hagg, 2005; Ming and Song, 
2005; Zhao et al., 2008).

Previous studies indicated that socially and physically 
enriched environments (EEN) can significantly improve work-
ing memory, especially spatial learning along with other benefi-
cial neurobehavioral effects (Kempermann et al., 1997; Pham 
et al., 1999; Van Praag et al., 2000; Dhanushkodi et al., 2007). 
The positive effects of EEN have been described in young intact 
animals (Tees et al., 1990) after various forms of brain lesions 
(Einon et al., 1980; Whishaw et al., 1984) like TBI, spinal cord 
injury (Berrocal et al., 2007; Fischer and Peduzzi, 2007; Kline 
et al., 2007; Hoffman et al., 2008), and ischemia (Johansson 
and Ohlsson, 1996; Dahlqvist et al., 2004; Buchhold et al., 2007; 
Briones et al., 2009). Kempermann et al. (1997) found that mice 
housed in EEN had more new granule cells in the dentate gyrus 
than control mice. The combination of physical and social inter-
actions in EEN enhances hippocampal neurogenesis, synaptic 
efficacy, learning, and memory functions (Van Praag et al., 2000; 
Cao et al., 2004; Tashiro et al., 2007; Wright and Conrad, 2008). 
Therefore, the demonstrated benefits of EEN may offer an easily 
implementable “treatment” option to improve neurobehavior 
following brain insults.

In this study, we aimed to identify the effect of EEN on behav-
ioral outcome as well as cellular and molecular alterations ensuing 
bTBI. The observed cellular and molecular changes suggest that 
recovery after bTBI involves complex processes like de novo neu-
rogenesis and that EEN may modulate the temporal characteristics 
of these processes.

Figure 1 | Outline of the experimental schedule.
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proteomics and ELISA assays (NH-S: n = 5; NH-I: n = 5; and EEN-I: 
n = 4), rats were decapitated and brains were immediately removed 
and placed on ice. The amygdala (AD), PFC, dorsal (DHC), and 
ventral hippocampus (VHC) were dissected, frozen, and stored at 
−80°C. For histology (NH-S: n = 3; NH-I: n = 3; and EEN-I: n = 3), 
rats were placed under deep isoflurane anesthesia and transcardially 
perfused with cold phosphate-buffered saline (PBS) followed by 4% 
paraformaldehyde solution. Fixed brains were then immersed in 
cold 15 and 30% sucrose in 1 × PBS (consecutively) for cryoprotec-
tion. Frozen brains were sectioned coronally at a 40-μm thickness 
using a cryostat (Cryocut 1800; Leica Microsystems, Bannockburn, 
IL, USA) and sections containing the DHC and the VHC were kept 
at −80°C until use.

PROTEOMICS
Preparation of samples
Sample preparation, printing, scanning, and data analysis were per-
formed as described in detail (Gyorgy et al., 2010). Briefly, flash 
frozen brain samples were pulverized in liquid nitrogen; 200 mg of 
the powder was transferred into 1 ml of T-per lysis buffer (Thermo 
Fisher, Waltham, MA, USA) with protease and phosphatase inhibi-
tors (Thermo Fisher) and then sonicated. Samples were centrifuged 
for 15 min at 4°C and the supernatants were aliquoted and stored 
at −80°C. Tissue samples were diluted in print buffer (10% glycerol, 
0.05% SDS, 50 mM DTT in 1 × TBS) to a final protein concentration 
of 1 mg/ml. Samples were then subjected to an 11-point serial 1:2 
dilution and transferred into Genetix 384-well plates (X7022, Fisher 
Scientific, Pittsburg, PA, USA) using a JANUS Varispan Integrator 
and Expanded Platform Workstation (PerkinElmer, Waltham, MA, 
USA). Plates were transferred into an Aushon 2470 Arrayer (Aushon 
Biosytems, Billerica, MA, USA) to be printed on ONCYTE Avid 
(tissue samples) or ONCYTE Nova (serum samples) single-pad 
nitrocellulose coated glass slides (Grace Bio-Labs, Bend, OR, USA).

Printing parameters
The Aushon Arrayer was programmed to use 16 pins (4 × 4 pat-
tern). Each sample was printed in 12 dilutions (12 rows) and in 
triplicate (3 columns), resulting in a block of 3 × 12 dots per sample. 
The Spot Diameter was set to 250 nm with a spacing of 500 nm 
between dots on the x-axis and 375 nm on the y-axis. Wash time 
was set at 2 s without delays. The printer was programmed for a 
single deposition per dot for printing serum and tissue extracts.

Immunochemical detection
Primary antibodies were diluted to 10× the optimal Western analysis 
concentration in antibody incubation buffer [0.1% bovine serum 
albumin (BSA), protease inhibitors (EDTA-free Halt protease and 
phosphatase inhibitor cocktail, Thermo Fisher, Waltham, MA, USA), 
1 × TBS, 0.5%Tween 20]. Primary antibodies were used in the fol-
lowing dilutions for reverse phase protein microarray (RPPA): VEGF 
1:100 (Abcam ab-53465) and Tau protein 1:20 (Santa Cruz sc-1995). 
The primary antibody solution was incubated overnight at 4°C with 
a cover slip (Nunc* mSeries LifterSlips, Fisher Scientific, Pittsburg, 
PA, USA). The following day slides were washed and then incubated 
with an Alexa Fluor® 635 goat anti-mouse (Cat# A-31574), goat 
anti-rabbit (Cat# A-31576), or rabbit anti-goat IgG (H + L; Cat# 
A-21086) secondary antibodies from Invitrogen at 1:6000 dilution 

BEHAvIORAL TESTS
All rats underwent a series of behavioral evaluations; basic motor 
function and anxiety were measured by elevated plus maze (EPM), 
and spatial learning and memory by Barnes maze (BM). Behavioral 
assessments were performed on separate days starting at 15, 44, and 
66 days after injury (Figure 1).

Elevated plus maze
The EPM is a widely used, ethologically relevant test that assesses 
anxiety states in rodents (Carobrez and Bertoglio, 2005; Salzberg 
et al., 2007; Walf and Frye, 2007). The maze is an elevated struc-
ture (1 m above ground) consisting of four intersecting arms. The 
arms of the maze are 50 cm long and 10 cm wide; the closed arms 
have walls on three sides that are 40 cm high while the open arms 
have none. The lighting in the middle of the maze was set at 90 
lux. On testing days rats were placed one by one in the center of 
the maze facing one of the open arms; each animal was allowed 
to explore freely for 5 min while its movement was video-tracked. 
Total distance traveled (meters) was used to measure changes in 
basic motor function. Time spent in the closed and open arms 
(seconds) was used to measure anxiety levels. All data from the maze 
were recorded using ANY-maze 4.2 Software (Stoelting Company, 
Wood Dale, IL, USA). The maze was cleaned with a 30% ethanol 
solution between each rat.

Barnes maze
Barnes maze represents an approved and less stressful alternative 
to the commonly used water maze test (Barnes, 1979; Maegele 
et al., 2005; Doll et al., 2009; Harrison et al., 2009). The maze is a 
circular platform (1.2 m in diameter) with 18 evenly spaced holes 
around the periphery. One of the holes is the entrance to a darkened 
escape box that is not visible from the surface of the board. Each 
rat was tested twice per day for five consecutive days to find the 
escape box (only day 1 of the first BM session had three trials). In 
each trial latency to locate and enter the escape box was measured 
(ANY-maze 4.2 Software, Stoelting Company, Wood Dale, IL, USA). 
During the first (teaching) trial of the first BM session, animals 
were trained to locate the escape chamber. Each animal was placed 
in the escape box and covered for 30 s; the escape box was then 
removed with the animal inside and moved to the center of the 
maze. The rat was removed from the box and allowed to explore 
the maze for a few seconds, after which the rat was returned to its 
home cage. No latency times were recorded for the teaching trials. 
The escape box and the maze were cleaned with a 30% ethanol 
solution between each trial. In the second trial the same rat was 
placed under a start box in the center of the maze for 30 s; the start 
box was then removed and the rat was allowed to explore freely to 
find the escape chamber. Training sessions ended after the animal 
had entered the escape box or when a pre-determined time (240 s) 
had elapsed. If the animal had not found the escape box during 
the given time period, it was placed in the escape box for 1 min at 
the end of the trial.

TISSUE COLLECTION AND PROCESSINg
At the conclusion of the last behavioral testing session (day 71 
post-blast or sham injury), animals were placed inside an induction 
chamber saturated with isoflurane and deeply anesthetized. For 
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STATISTICAL ANALySIS
Statistical analysis was performed using Graph Pad Instat soft-
ware. Behavioral test results were analyzed with ANOVA and 
Tukey post hoc tests. Differences were considered significant with 
a p value of 0.05. Proteomics data results were followed up with 
a one-way ANOVA (Gyorgy et al., 2010; Kwon et al., 2011) a sig-
nificance level of 0.05 was used throughout. No adjustment was 
made for multiple comparisons, thus, significant findings should 
be considered exploratory and in need of confirmation by further 
studies. IL-6 and IFNγ ELISA results were analyzed with Student 
t-test. Data are reported as the average ± SE of the mean. For each 
of our numerical measurements, we determined statistical signifi-
cance among experimental groups by (p < 0.05 depicted by one 
star; and p < 0.01 by two).

RESULTS
BEHAvIORAL CHANgES
Anxiety
We found that general locomotion decreased over the period of 
2 months in all experimental groups. Animals traveled less distances 
on day 66 post-injury (or sham) than day 15 at the beginning of the 
behavioral tests (Figure 2A). Among all experimental groups, NH-I 
animals traveled the least at all time points measured, however the 
values were only statistically significant at day 44 post-injury. EEN-I 
rats traveled greater distances than NH-I animals but the difference 
was not statistically significant.

At 15 days post-injury, injured animals (regardless of housing) 
spent less time in the open arms and more time in the closed arms 
of the EPM compared to NH-S animals; the differences were statis-
tically insignificant (Figures 2B,C). The difference in anxiety levels 
of NH-S and injured animals was the greatest at 44 days post-injury; 
animals in both EEN-I and NH-I groups spent substantially more 
time in the open arms and less time in the closed arms compared 
to the non-injured controls (Figures 2B,C).

At 66 days post-injury there were no significant differences 
among the experimental groups. All animals spent roughly the 
same amount of time in the closed arms as well as in the open 
arms of the maze independent of housing conditions or injury 
(Figures 2A–C).

Spatial learning and memory
The first testing session was performed between days 16 and 20 
post-injury or sham. We found that NH-I animals had significant 
difficulty in learning the task on the first day of BM compared to 
animals in the NH-S or EEN-I groups (Figure 3A). Rats in the 
EEN-I and NH-S groups performed similarly and significantly 
better than NH-I rats.

The second BM session was performed between days 45 and 
49 post-injury (or sham). Again, EEN-I rats performed similar 
to NH-S rats on every day of the testing period (Figure 3B). In 
contrast, rats in the NH-I group required more time to find the 
escape box every day of the testing session, however the difference 
was statistically insignificant.

The last BM testing session was performed between days 67 and 
71 post-injury. The performance of EEN-I animals was practically 
identical to NH-S animals (Figure 3C). NH-I animals required 
significantly longer times to locate the escape box on days 67, 68, 

in antibody incubation buffer for 1 h at room temperature (RT). 
After washing and drying, the fluorescent signals were measured by a 
Scan Array Express HT microarray scanner (Perkin Elmer, Waltham, 
MA, USA) using a 633-nm wavelength laser and a 647-nm filter; 
data were imported into a bioinformatics program.

Data analysis and bioinformatics
Data from the scanned images were imported into a Microsoft 
Excel-based bioinformatics program developed in house for analy-
sis (Gyorgy et al., 2010). The tool calculates total net intensity after 
local background subtraction for each spot. The intensity data from 
the dilution series of each sample were then plotted against dilution 
on a log–log graph. The linear regression of the log–log data was 
calculated after the removal of flagged data, which include signal to 
noise ratios of less than 2, spot intensities in the saturation range or 
noise range, or high variability between duplicate spots (>10−15%). 
The total amount of antigen is determined by the Y-axis intercept 
(Gyorgy et al., 2010).

INTERLEUkIN-6 AND INTERfERON gAMMA ELISA
Interferon gamma (IFNγ) and IL-6 levels were measured from brain 
tissues using the Rat IFNγ ELISA and the Rat IL-6 ELISA kits (both 
are from Thermo Fisher, Waltham, MA, USA). The IL-6 ELISA kit 
required a 1:5 dilution using the supplied dilution buffer in order to 
avoid saturation in the wells. After the dilution of brain samples, the 
assay was performed according to the manufacturer’s instructions.

HISTOLOgy
Immunohistochemistry
Sections from the PFC, DHC, and VHC were identified based on 
z-axis and morphology as described in the Chemoerchitectonic 
Atlas of The Rat Forebrain (Paxinos et al., 1999). The 1st and 10th 
sections were mounted on positively charged glass slides two sec-
tions per slide. Three slides per animal were selected per brain region 
for each immunostaining. Sections were equilibrated at RT and 
hydrated with 1 × PBS for 30 min. Antigen retrieval was performed 
by incubating in 10 mM citrate buffer (pH 6.0) at 80°C for 30 min 
followed by cooling down to RT. After rehydration with 1 × PBS, 
sections were permeabilized with 0.5% Triton X-100 in PBS for 1 h 
and blocked in 1 × PBS containing 5% normal goat serum (NGS), 
5% BSA, 0.1% Sodium Azide, and 0.5% Triton X-100 for 1 h. The 
same solution used for blocking, with the exception of NGS, was 
used to dilute the primary antibodies. Primary antibodies include 
mouse anti-GFAP (Millipore, Temecula, CA, USA) and rabbit anti-
Doublecortin (DCX; Cell Signaling Technology, Beverly, MA, USA). 
Sections were incubated with the primary antibodies overnight at 
4°C. After washing with 1 × PBS, secondary antibody (Alexa Fluor 
555 goat anti-mouse IgG or 488 goat anti-rabbit IgG was applied 
for 1 h at RT; 1 μg/ml of Hoechst 33342 (Molecular Probes, Eugene, 
OR, USA) was applied for 2 min for nuclear counterstaining and 
sections were coverslipped with anti-fading media (Vectashield, 
Vector Laboratories, Burlingame, CA, USA). Histological sections 
were visualized in an Olympus IX-71 microscope and images were 
collected using a SPOT digital camera (Diagnostic Instruments 
Inc., Sterling Heights, MI, USA). Immunofluorescent staining was 
acquired using the appropriate filters. The collected images were 
colored using TIFFany3rr Software.
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PROTEIN CHANgES
At the end of the last behavioral session, we analyzed changes in 
the expression of selected proteins in the AD, PFC, DHC, and VHC 
of animals in the various experimental groups using RPPA. NH-I 

69, and 71 post-injury. Interestingly, the behavior of NH-I animals 
in the last BM session was similar to the one measured during the 
first testing session. On the first day of BM, NH-I animals required 
the longest period of time to find the escape box.

A

B C

Figure 2 | Anxiety and basic motor function of animals in the various 
experimental groups. Elevated plus maze was used to measure changes in basic 
motor function and anxiety levels. Total distance traveled (meter) (A), duration of 
time spent (seconds) in open arms (B) and duration of time spent (second) in closed 

arms (C) were measured at 15, 44, and 66 days after mbTBI. Housing rats in EEN 
after mbTBI mildly improved motor function and reduced anxiety. *p < 0.05 and 
**p < 0.01 for NH-I versus NH-S. Data are presented as mean ± SEM. (NH-I, normal 
housed-injured; NH-S, normal housed-sham; EEN-I, enriched environment-injured).

A

B C

Figure 3 | Spatial learning and memory of animals in the various 
experimental groups. Barnes maze was used to determine spatial learning and 
memory performance. Latency times (second) to find the escape box were 
measured on days 16–20 (A), days 45–49 (B), and days 67–71 (C) after mbTBI. 

Housing rats in EEN after mbTBI significantly improved spatial memory. 
*p < 0.05 and **p < 0.01 for NH-I versus NH-S. Data are presented as 
mean ± SEM. (NH-I, normal housed-injured; NH-S, normal housed-sham; EEN-I, 
enriched environment-injured).
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CELLULAR CHANgES
Astrogliosis
We analyzed the DHC and the VHC at 71 days post-injury for GFAP 
expression to identify some of the cellular responses to injury and the 
effects of EEN. We found increased GFAP immunoreactivity in the VHC 
of NH-I animals compared to NH-S (Figures 5A–F). GFAP immu-
noreactive cells were located in the hilus of the VHC but many GFAP 
positive cells were also present in the dentate gyrus; these cells resembled 
reactive astrocytes with a stellar appearance and elaborate processes. 
Importantly, housing animals in EEN resulted in GFAP immunore-
activity similar to that of the DHC of NH-S animals, suggesting that 
EEN may mitigate the effect of injury on GFAP immunoreactivity.

Neurogenesis
To identify the potential effects of injury and EEN on de novo neu-
rogenesis, we analyzed the DHC and the VHC for DCX immunore-
activity. We found similar DCX immunoreactivity in the DHC and 
the VHC of NH-S animals (Figures 6A,D). We also found an appar-
ent increase in DCX immunoreactivity in the VHC of NH-I animals 
(Figure 6F). Many of these DCX immunoreactive cells displayed 
elaborate, branching processes (Figure 6C, insert). Interestingly, we 
observed the lowest DCX immunoreactivity in the DHC and the VHC 
of EEN-I animals. Conversely, the highest DCX immunoreactivity was 
in the DHC and the VHC of NH-I animals (compare Figures 6A–F).

DISCUSSION
Our study shows that the normalization of anxiety in a rodent 
model of bTBI can take more than 2 months after the insult, the 
process is independent of housing conditions and most likely 

animals had significantly elevated levels of Tau protein, a marker of 
axonal degeneration, in all brain regions compared to levels detected 
in the NH-S group (Figure 4). Importantly, housing injured animals 
in EEN resulted in a significant decrease in Tau levels in the DHC 
compared to those measured in the DHC of NH-S animals; no 
such decrease was detected in the DHC of NH-I animals. A similar 
decrease in Tau levels was observed in the PFC of EEN-I animals; 
no such effect of EEN was seen in the VHC or the AD.

Housing animals in EEN after injury had a similar effect on 
VEGF levels. EEN-I animals had decreased VEGF levels in the DHC 
but not in the VHC. In NH-I animals, VEGF levels increased in both 
the DHC and the VHC, but not in the AD or the PFC (Figure 4). 
Importantly, neither injury nor housing conditions had any sig-
nificant effect on VEGF levels in the AD or the PFC (Figure 4).

To assess the potential inflammatory response to injury and 
housing conditions, we measured IL-6 and IFNγ, molecules asso-
ciated with neuroinflammation in the same brain regions. Injury 
increased IL-6 concentrations in all brain regions except in the PFC 
of NH-I animals (Figure 4). Interestingly, housing injured animals 
in EEN restored IL-6 levels to NH-S levels in the VHC but not in 
the DHC. A similar trend was seen in the AD but the differences 
between EEN-I and NH-S animals were not statistically significant. 
Importantly, housing conditions had no effect on IL-6 values in 
the DHC; IL-6 remained elevated regardless of post-injury housing 
conditions compared to values measured in NH-S animals.

Injury had a similar effect on IFNγ levels; we measured elevated 
values in all brain regions except in the PFC (Figure 4). Interestingly, 
housing animals in EEN after injury restored IFNγ to control levels 
not only in the VHC and the AD, but also in the DHC.

Figure 4 | Protein markers in the AD, PFC, DHC, and the VHC of animals 
in the various experimental groups. Tissue extracts were prepared from 
dissected brain regions of NH-S, NH-I, and EEN-I rats. Tissue levels of 
selected protein markers were assayed using either RPPM or ELISA. The 

Y-axis intercept (Y-cept) and pg/ml (IL-6 and IFNγ) indicate measured protein 
levels. *p < 0.05 and **p < 0.01; data are presented as mean ± SEM. (NH-I, 
normal housed-injured; NH-S, normal housed-sham; EEN-I, enriched 
environment-injured).
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(Kwon et al., 2011). This illustrates that the pathophysiology as 
well as the recovery process after bTBI changes significantly over 
a longer period of time than previously thought.

Our findings indicate that increased anxiety resulting from 
bTBI should dissipate over time. However, epidemiological stud-
ies demonstrate that some individuals develop a chronic condition 
(Woon et al., 2010) with symptoms similar to post-traumatic stress 
disorder (PTSD; Gross and Hen, 2004; Yehuda and Ledoux, 2007). 
Previous studies have shown that hippocampal abnormalities can 
play a role in individuals’ vulnerability to the long-term effects 
of stress. According to human imaging studies, reduced hippoc-
ampal volume increases pathologic vulnerability to psychological 
trauma and the development of PTSD (Tischler et al., 2006). An 
in vivo imaging study indicates that CA3/DG volume is signifi-
cantly reduced in veterans with combat-related PTSD (Wang et al., 
2010). The abovementioned long-term animal study also showed 
significant morphological changes in the HC 6 months after injury 
(Liu et al., 2010a). Neuroanatomical substrates mediating anxiety 
include the HC in addition to the medial PFC and the AD (Bremner, 
2007; Liberzon and Sripada, 2008); anxiety possesses neurogenesis 
dependent and independent components (Sahay and Hen, 2007).

While the VHC is predominantly involved in mediating anx-
iety-related functions, the DHC mediates learning and memory 
(Henke, 1990; Moser et al., 1995). As opposed to the housing-
independent normalization of anxiety levels, the recovery of 

involves de novo neurogenesis. We found that anxiety was high at 
15 days and further increased at 44 days post-injury. Importantly, 
at 66 days the anxiety of animals was rather similar irrespective of 
housing conditions or injury. To our knowledge, our study is one of 
the very few that conducted behavioral assessments at various time 
points after injury over a 2-month period of time. Two months in 
rodent life roughly translates into a multi-year period of time for 
humans (Quinn, 2005). Thus, our findings may have implications 
for conducting longitudinal human clinical studies.

Our work also implicates studies that only measure the short-
term effects of TBI in that they may not be able to provide insight 
into the full effect of the insult and/or the various treatments tested. 
Therefore, our findings underline the importance of monitoring 
behavior at several time points post-injury in the same sets of 
animals. There are very few studies that examine neurobehavior 
following TBI for longer than 2 weeks and even less that assess 
behavior at several time points post-injury. A recent study (Liu 
et al., 2010b) using the lateral fluid percussion injury model in 
rats monitored behavior and performed in vivo imaging at 1, 3, 
and 6 months after injury. The study showed that a single insult 
is capable of triggering behavioral and morphological changes 
that evolve over several months. Using the same blast overpres-
sure TBI model in an independent study, we found that anxiety 
increased within the first 2 days after injury, reached a maximum 
at 1 month, and returned to normal levels at 2 months after bTBI 

Figure 5 | gFAP immunoreactivity in selected brain regions of animals 
in the various experimental groups. Frozen coronal sections containing the 
DHC and the VHC were cut and processed for immunohistochemistry using a 
GFAP antibody. DHC of NH-S (A), NH-I (B), and EEN-I (C) rats; VHC of NH-S 
(D), NH-I (e), and EEN-I (F) rats. Inlays magnify GFAP morphology. Scale bar 
(A–F) = 100 μm.

Figure 6 | The DCX immunoreactivity in selected brain regions of 
animals in the various experimental groups. Frozen coronal sections 
containing the DHC and the VHC were cut and processed for 
immunohistochemistry using a DCX antibody. DHC of (A) NH-S, (B) NH-I, and 
(C) EEN-I rats; VHC of (D) NH-S, (e) NH-I, and (F) EEN-I rats. Inlays magnify 
DCX cell body and process. Scale bar (A–F) = 200 μm.
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Enriched environment specifically normalized VEGF levels in 
the DHC but not in the VHC. VEGF is a signaling protein that 
promotes the development of new blood vessels (Neufeld et al., 
1999), regulates vascular permeability (Kaur and Ling, 2008), is 
associated with areas of growth or healing (Krum and Khaibullina, 
2003), and acts as a positive regulator of adult de novo hippocampal 
neurogenesis (Rosenstein and Krum, 2004; Yasuhara et al., 2004). 
VEGF is significantly upregulated by TBI (Jin et al., 2002; Lee and 
Agoston, 2009, 2010). We previously found that VEGF promotes 
survival in the injured brain by blocking apoptotic cell death of 
de novo hippocampal neurons rather than a proliferative factor (Lee 
and Agoston, 2009). Due to its complex role in de novo neurogenesis 
and in other aspects of the post-injury process, changes in VEGF 
levels in the DHC compared to the VHC are difficult to interpret 
without additional studies.

Independent of housing conditions, IL-6 levels remained ele-
vated after injury in the DHC, but were significantly lowered in 
the VHC of EEN animals. We found that IFNγ was elevated in the 
NH-I group, but decreased to control levels in the EEN-I group. 
These inflammatory molecules can have direct or indirect effects 
like increased neurotoxicity (Minagar et al., 2002). IL-6 is also a 
potent inhibitor of hippocampal de novo neurogenesis (Vallieres 
et al., 2002). The role of inflammation, including the role of micro-
glia in the post-injury recovery process is rather complex (Barron, 
1995; Kempermann and Neumann, 2003). Thus, whether elevated 
IL-6 levels contribute to the suppression of de novo neurogenesis 
in the DHC after bTBI remains to be established.

Our histological data showed brain region specific changes in 
GFAP immunoreactivity. Interestingly, housing conditions had no 
effect on GFAP immunoreactivity in the DHC, the VHC, or the 
AD at 71 days post-injury. However, housing injured animals in 
EEN resulted in an apparent decrease of GFAP positive cells in 
the VHC. Increased numbers of reactive astrocytes and elevated 
GFAP expression are hallmarks of CNS neurotrauma (Ridet et al., 
1997; Dihne et al., 2001; Kernie et al., 2001). The role of elevated 
GFAP immunoreactivity and the presence of stellar astroglia in 
CNS injury is rather complex. Astrocytic response can either reflect 
reparative or pathological processes depending on the time elapsed 
after injury (Eng and Ghirnikar, 1994; Mueller et al., 2005). There is 
evidence indicating a protective role of astrogliosis in reducing the 
toxic effects of extracellular glutamate and enabling barrier recon-
struction (Buffo et al., 2010). Elevated GFAP immunoreactivity in 
the VHC of injured animals may reflect reparative mechanisms 
that may involve de novo neurogenesis for the restoration of anxiety 
levels (Alvarez-Buylla and Garcia-Verdugo, 2002).

The full maturation and functional integration of de novo 
granule cells requires ∼6–8 weeks in the adult rodent brain 
(Kempermann et al., 2004). Newborn neurons, marked by DCX 
expression, migrate from the subgranular layer (SGL) to the granu-
lar cell layer (GCL) where many of the surviving neurons differ-
entiate into granule cells (Altman and Das, 1965; Cameron et al., 
1993). Some of the differentiated granule cells are then integrated 
into the existing hippocampal circuitry where they contribute to 
hippocampal function in the normal adult brain (Shors et al., 2001; 
Saxe et al., 2006). The rate of de novo hippocampal neurogenesis 
can be significantly upregulated by environmental conditions like 
EEN (Kempermann et al., 1997).

spatial memory after bTBI was clearly EEN dependent. The 
conception of EEN comes from Hebb’s (1947, 1949) research 
; EEN is an experimental model that provides multiple pos-
sibilities for physical and social interactions (Rosenzweig and 
Bennett, 1996; Van Praag et al., 2000; Puurunen and Sivenius, 
2002; Mora et al., 2007). In EEN, rats are usually housed in big 
multi-level cages containing a variety of toys, which are changed 
daily to provide opportunities for sensory and physical interac-
tion (Van Praag et al., 2000). The average rat number in EEN is 
8–12 rats per cage for social interaction purposes. EENs impart 
various learning experiences to animals such as motor learning 
through the exploration of new toys or objects in the cage, and 
spatial learning as they learn the place of water bottles, food, 
and toys. In addition to other social learning mechanisms as the 
rats interact with each other. EEN improved motor perform-
ance on a beam-walk task in adult rats after sensorimotor cortex 
lesions (Held et al., 1985; Gentile et al., 1987; Rose et al., 1987). 
Rats housed in larger EEN cages demonstrated better recovery 
of motor function than standard housed rats (Johansson, 1996), 
largely due to the space available for exploration and other activi-
ties. EEN improved spatial learning in a water maze task after 
moderate (Hamm et al., 1996) and severe fluid percussion brain 
injury (Passineau et al., 2001). EEN housing also enhanced cell 
genesis and microglia proliferation in adult murine neocortices 
(Ehninger and Kempermann, 2003).

Interestingly, the learning ability of EEN-I rats was significantly 
better than NH-I rats after 2 weeks only; day 16 was the first day 
of BM and rats had no pre-training before bTBI. Moreover, the 
performance of EEN-I rats was slightly better than that of control 
rats (NH-S). The positive effect of EEN was observed throughout 
the entire length of the study. This early improvement in spatial 
memory performance suggests that the positive effect of EEN did 
not involve de novo neurogenesis but rather the mitigation of the 
pathological processes induced by bTBI. Housing animals in EEN 
results in other complex molecular, morphological, and functional 
changes in the brain; these include increased synaptic plasticity 
and neuronal survival (Will et al., 2004). EEN can also induce the 
expression of various trophic factors and mitigate neuroinflamma-
tion (Shum et al., 2007) in addition to increasing the number of 
synapses per neuron and dendritic branching in the HC (Juraska 
et al., 1985; Juraska and Kopcik, 1988).

Some of our proteomics and immunohistochemical findings 
are consistent with the conclusion that EEN can exert its positive 
effects in a neurogenesis-independent manner. In our experiment, 
EEN normalized tau protein levels in the DHC but not in the VHC. 
Tau protein is a microtubule-associated protein that is involved 
in microtubule assembly and stabilization and is predominantly 
present in neurons and axons (Wilhelmsen, 1999); damaged axons 
may be an important source of amyloid-beta (Aβ) and Tau proteins 
following TBI (Marklund et al., 2009). Tau can become toxic and in 
turn lead to neuronal cell death. Therefore, increased Tau is a patho-
logical hallmark of many neurodegenerative disorders (Lasagna-
Reeves et al., 2010). The normalization of Tau levels by EEN suggests 
that EEN has a positive effect on axonal damage, a hallmark of bTBI 
(Buki and Povlishock, 2006; Farkas and Povlishock, 2007). Axonal 
damage can then result in neuronal malfunction and increased 
neuronal cell death.
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The DCX has been shown to be a specific, reliable marker that 
reflects adult neurogenesis levels and its modulation (Couillard-
Despres et al., 2005). Importantly, the analysis of neurogenesis 
through the detection of DCX does not require in vivo labeling 
of proliferating cells. Even though it has been accepted that an 
increase in DCX+ cells indicate increased de novo hippocampal 
neurogenesis, DCX is only transiently expressed by de novo neurons 
(Kempermann and Gage, 2000; Kempermann, 2002a). Our find-
ing that DCX immunoreactivity was elevated in the VHC of NH-I 
animals can be interpreted as increased de novo neurogenesis in 
NH-I animals compared to EEN-I animals. However, an alternative 
interpretation can be that in EEN animals the neurogenetic process 
already passed the DCX positive phase. Thus, a more detailed BrdU/
Prox1 double immunohistochemical and stereological quantifica-
tion of the histology results is required to determine changes in 
de novo neurogenesis after EEN and blast.
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APPENDIx

Figure A1 | Photograph of enriched environment housing condition.
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