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ABSTRACT 1 

Adult hippocampal neurogenesis has been shown to be required for certain types of 2 

cognitive function.  For example, studies have shown that these neurons are critical for 3 

pattern separation, the ability to store similar experiences as distinct memories.  4 

Although traumatic brain injury (TBI) has been shown to cause the loss of newborn 5 

hippocampal neurons, the signaling pathway(s) that triggers their death is unknown.  6 

Endoplasmic reticulum (ER) stress activates the PERK-eIF2α pathway that acts to 7 

restore ER function and improve cell survival. However, unresolved/intense ER stress 8 

activates C/EBP homologous protein (CHOP), leading to cell death.  We show that TBI 9 

causes the death of hippocampal newborn neurons via CHOP.  Using CHOP KO mice, 10 

we show that loss of CHOP markedly reduces newborn neuron loss after TBI.  Injured 11 

CHOP mice performed significantly better in a context fear discrimination task as 12 

compared to injured wild-type mice. In contrast, the PERK inhibitor GSK2606414 13 

exacerbated doublecortin cell loss and worsened contextual discrimination.  14 

Administration of guanabenz (which reduces ER stress) to injured male rats reduced the 15 

loss of newborn neurons and improved one-trial contextual fear memory.  Interestingly, 16 

we also found that the surviving newborn neurons in brain injured animals had dendritic 17 

loss, which was not observed in injured CHOP KO mice or in animals treated with 18 

guanabenz. These results indicate that ER stress plays a key role in the death of 19 

newborn neurons after TBI.  Further, these findings indicate that ER stress can alter 20 

dendritic arbors, suggesting a role for ER stress in neuroplasticity and dendritic 21 

pathologies.   22 

 23 
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Significance Statement  24 

The hippocampus, a structure in the temporal lobe, is critical for learning and memory.  25 

The hippocampus is one of only two areas in which neurons are generated in the adult 26 

brain.  These newborn neurons are required for certain types of memory, and are 27 

particularly vulnerable to traumatic brain injury (TBI).  However, the mechanism(s) that 28 

causes the loss of these cells after TBI is poorly understood.   We show that 29 

endoplasmic reticulum (ER) stress pathways are activated in newborn neurons after 30 

TBI, and that manipulation of the CHOP cascade improves newborn neuron survival 31 

and cognitive outcome.  These results suggest that treatments that prevent/resolve ER 32 

stress may be beneficial in treating TBI-triggered memory dysfunction.    33 
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INTRODUCTION 34 

Adult hippocampal neurogenesis has been shown to mediate certain types of cognitive 35 

function and affective behavior (Jessberger et al., 2009; Sahay et al., 2011; Opendak 36 

and Gould, 2015).  Genetic lineage tracing experiments have shown that approximately 37 

30% of granule neurons in the rodent hippocampus are generated postnatally (Spalding 38 

et al., 2013).  In humans, 0.004% (approximately 700) new neurons are added to the 39 

hippocampus per day, which translates to a 1.75% turnover of cells each year (Spalding 40 

et al., 2013). Newborn neurons in the adult hippocampus are derived from a population 41 

of precursor cells located in the subgranular zone of the dentate gyrus. These newborn 42 

neurons express doublecortin, which has been used as a surrogate marker for 43 

monitoring adult neurogenesis.  Over a period of 4-6 weeks, these newly generated 44 

neurons integrate into the hippocampal circuit and begin to function as adult granule 45 

neurons (van et al., 2002; Ambrogini et al., 2004). Computational and experimental 46 

studies have shown that new granule neurons are critical for pattern separation, the 47 

ability to distinguish and store similar experiences as distinct memories (Treves and 48 

Rolls, 1992; McClelland and Goddard, 1996).  Consistent with this, ablation (via genetic 49 

knockout or irradiation) of hippocampal neurogenesis in adult rodents impairs 50 

performance in the contextual fear discrimination task (Saxe et al., 2006).  A failure to 51 

perform pattern separation may give rise to fear generalization as seen in people 52 

suffering from stress-related disorders (Kheirbek et al., 2012a). 53 

 54 

Experimental studies have shown that doublecortin-positive newborn cells are highly 55 

vulnerable to traumatic brain injury (TBI) (Gao et al., 2008; Gao and Chen, 2009; Sun et 56 
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al., 2013; Gibb et al., 2015; Zhao et al., 2016). Flouro-Jade staining of hippocampal 57 

sections from brain injured animals indicated that newborn neurons die acutely after TBI 58 

and displayed fragmented nuclei, a feature of apoptosis (Gao et al., 2008).  However, 59 

the signaling pathway(s) that triggers TBI-mediated apoptosis of newborn cells has not 60 

been identified.  Unresolved or exaggerated endoplasmic reticular (ER) stress can 61 

trigger apoptotic cell death via activation of CHOP.  In order to resolve ER stress, cells 62 

possess three sensors (referred to as ER stress sensors): inositol requiring enzyme 1 63 

(IRE-1), activating transcription factor 6 (ATF6) and PKR-like ER kinase (PERK) (Walter 64 

and Ron, 2011; Hotamisligil and Davis, 2016).  In healthy cells, the chaperone protein 65 

Grp78 binds the ER membrane protein PERK and prevents its activation.  As unfolded 66 

proteins accumulate in the ER in response to stress, Grp78 is dissociated from PERK, 67 

which then oligomerizes, leading to its activation.  Active PERK phosphorylates 68 

eukaryotic initiation factor 2α (eIF2α), which inhibits general protein synthesis thereby 69 

allowing the cell time to resolve ER stress.  However, translation of some mRNAs such 70 

as activating transcription factor 4 (ATF4) is not suppressed due to the presence of 71 

internal ribosome entry site on its mRNA.  ATF4 protein increases expression of genes 72 

involved in protein folding and redox control (He et al., 2001; Wek and Cavener, 2007).  73 

If the ER stress is intense and cannot be resolved, ATF4 acts to increase the 74 

expression of CHOP, which initiates apoptotic cell death (Harding et al., 2000b).    75 

 76 

In the present study, we used CHOP knockout mice to examine the involvement of this 77 

protein in the TBI-triggered death of doublecortin-positive newborn cells in the 78 

hippocampus.  Our findings indicate that loss of CHOP markedly reduces TBI-triggered 79 
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death of these cells and improves performance in a context discrimination task.  We 80 

also demonstrate that pharmacological inhibition of PERK compromises the survival of 81 

these cells and dependent cognitive functions.  Taken together, our results indicate that 82 

ER stress signaling pathways contribute to loss of newborn neurons following TBI. 83 

 84 

MATERIALS AND METHODS 85 

Materials:  One-hundred and five male C57BL/6 mice (25-30 g; 10-12 weeks of age) 86 

were purchased from Envigo Labs (Houston, TX). Twenty-seven 10-12 week old male 87 

CHOP homozygous null mice (B6.129S-Ddit3tm1Dron/J; RRID: IMSR_JAX:005530) were 88 

purchased from Jackson Laboratories. Fifty-three male Sprague Dawley rats (275-300 89 

g; 10-12 weeks of age; RRID:RGD_5508397) were purchased from Envigo (Houston, 90 

TX).  Guanabenz was purchased from Tocris Bioscience (Minneapolis, MN), while 91 

GSK2606414 was purchased from Selleck Chemical (Houston, TX).  Antibodies against 92 

doublecortin (RRID:AB_2276960), phospho-eIF2α (RRID: AB_390740), pan-eIF2α 93 

(RRID: AB_2230924), phosphorylated PERK (RRID: AB_2095850), and cleaved 94 

caspase-3 (RRID: AB_2341188) were purchased from Cell Signaling (Danvers, MA).  95 

Antibodies to NeuN (RRID:AB_2314891) and guinea pig anti-doublecortin (RRID: 96 

AB_1586992) were obtained from Millipore (Billerica, MA) while antibodies to CHOP 97 

(RRID: AB_2245733), Ki67 (RRID: AB_302459) and BrdU (RRID: AB_298940) were 98 

purchased from AbCam (Cambridge, MA).  5-Bromo-2´-Deoxyuridine (BrdU) was 99 

purchased from Sigma-Aldrich (Burlington, MA).   100 

Genotyping:  The CHOP knockout mice (B6.129S(Cg)-Ddit3tm2.1Dron/J) used in the 101 

current study were originally generated by Dr. David Ron, NYU School of Medicine and 102 
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were deposited for commercial use (Jackson Laboratories).  The sequences of the 103 

CHOP genotyping primers are as follows: forward- 5′-ATGCCCTTACCTATCGTG-3′, 104 

reverse 1- 5′- AACGCCAGGGTTTTCCCAGTCA-3′, reverse 2- 5′- 105 

GCAGGGTCAAGAGTAGTG-3′.   Crude genomic DNA was isolated from mouse tissues 106 

using REDExtract-N-Amp™ Tissue PCR kit (Sigma, St. Louis, MO) following the 107 

manufacturer’s protocol.  The isolated genomic DNA (1-2 μl) was amplified in a 20 μl 108 

reaction containing 1 μM each primer using the following protocol: 1 cycle- 10 min, 109 

95°C; 35 cycles- 30 sec, 95°C/ 1 min, 61°C/ 1 min, 72°C; 1 cycle- 2 min, 72°C.  The 110 

amplified fragments (expected sizes: 320 bp for CHOP KO allele, 544 bp for WT allele) 111 

were separated on a 1.2% agarose gel in buffer containing 40 mM Tris-acetate and 1 112 

mM EDTA at pH 8.3, stained with ethidium bromide and photographed using the 113 

Syngene G:Box gel documentation system (Frederick, MD).       114 

Production of cortical impact injury (CCI):  Surgical procedures were approved by the 115 

Institutional Animal Care and Use Committee and were conducted in accordance with 116 

the recommendations provided in the Guide for the Care and Use of Laboratory 117 

Animals.  Protocols were designed to minimize pain and discomfort during the injury 118 

procedure and recovery period.  An electromagnet-driven CCI device was used to 119 

cause brain injury as previously described (Osier and Dixon, 2016; Fischer et al., 2016).  120 

Briefly, animals were anesthetized using 5% isoflurane with a 1:1 O2/N2O mixture, 121 

maintained under anesthesia using 2.5% isoflurane with 1:1 O2/air, mounted on a 122 

stereotaxic frame, and a midline incision was made.  For mice, a 5-mm craniectomy 123 

was produced midway between the bregma and lambda with the medial edge of the 124 

craniectomy 0.5-mm lateral to the midline.  Mice received a single impact (0.5 mm 125 
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deformation) on the right parietal lobe with an impact velocity of 3 m/sec using a 3 mm 126 

impactor tip.   For rats, the surgical procedures were identical except that the 127 

craniectomy was 7 mm in diameter, and the injury produced using a 5 mm tip traveling 128 

at 5 m/sec and a deformation of 2.5 mm. Core body temperature was maintained at 129 

37°C using a heating pad coupled with a rectal thermometer.  Sham animals received 130 

all the surgical procedures except craniectomy and injury.  After surgery, animals were 131 

given time to recuperate in a warming chamber before being returned to their home 132 

cages. Animals were weighed daily after the injury for the first 3 days, then weekly 133 

thereafter.  134 

Drug administration:  A double blinding procedure for coding study drugs was used to 135 

avoid potential bias.  Drugs were prepared and coded to obscure their identity.  The 136 

coded samples were given to a second experimenter who performed the injections.  A 137 

third experimenter carried out the cell counts or behavior.  After the completion of the 138 

study, codes were broken for data analysis.  GSK2606414 was dissolved in sterile 139 

saline containing 10% DMSO and 8% captisol.  Vehicle control animals received the 140 

same excipient cocktail (10% DMSO and 8% captisol).  Injured (or sham-operated) mice 141 

were randomly assigned to receive either vehicle or 1.7 mg/kg GSK2606414 via 142 

intravenous injection initiated 30 min post-injury (or surgery).  All animals received 143 

additional daily intra-peritoneal (i.p.) injections for two more days.  For biochemical 144 

evaluation of the effect of GSK2606414, mice were injected into the lateral ventricle (-145 

0.10 mm from bregma, 1.0 mm lateral to midline, 2.2 mm depth from the surface of the 146 

skull) with 10 μg GSK2606414 (in 5 μl) or an equal amount of vehicle.   147 
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For experiments using guanabenz, rats were used as mice did not tolerate the drug.  148 

Guanabenz was dissolved in sterile saline to a concentration of 2.5 mg/ml.  Injured (or 149 

sham-operated) rats were randomly assigned to receive either vehicle or 5.0 mg/kg 150 

guanabenz via i.p. injection initiated 30 min post-injury. All animals received daily 151 

injections  for a total of three days.    152 

Immunohistochemistry:  Animals were euthanized by sodium pentobarbital overdose 153 

followed by exsanguination with saline and 4% paraformaldehyde.  Brains were 154 

removed, post-fixed in 4% paraformaldehyde overnight, and then cryo-protected in 30% 155 

sucrose (in PBS).  Free-floating slices (40 μm thick) were prepared on a cryostat.  For 156 

NeuN and doublecortin cell counts, selected sections (approximately -1.9 mm from 157 

bregma for mice; -3.3 mm from bregma for rats) were treated with 0.6% H2O2, then 158 

permeabilized in PBS containing 0.25% Triton-X100.  After washing in PBS, sections 159 

were blocked in PBS containing 2% BSA and 2.5% normal goat serum for 2 hr, then 160 

incubated overnight in primary antibody (0.5-1.0 μg/ml) in blocking buffer.  After 161 

extensive washing, sections were incubated in biotinylated secondary antibodies for 1 162 

hr, washed, then incubated in streptavidin-HRP for 45 min. Immunoreactivity was 163 

visualized using diaminobenzadine.  After development, sections were mounted on 164 

gelatin-subbed slides, dehydrated using an alcohol series, clarified using xylene and 165 

coverslipped with Permount (Thermo Fisher, Waltham, MA).   166 

 For double-label immunohistochemistry, sections were permeabilized in PBS 167 

containing 0.25% Triton-X100, and blocked in PBS containing 2% BSA and 2.5% 168 

normal goat serum for 2 hr.  Primary antibodies (in blocking buffer) were added and 169 

allowed to incubate overnight.  After extensive washing, sections were incubated in 170 
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species-specific secondary antibodies conjugated to Alexa-fluors (Alexa-488 or Alexa-171 

568) for 1 hr.  After washing, sections were mounted and coverslipped with Flouromount 172 

G (Southern Biotech, Birmingham, AL).   173 

 174 

BrdU injection and detection:  In order to label representative proliferating cells 175 

generated prior to injury, mice were injected with 50 mg/kg BrdU (i.p.) for 3 weeks (3 176 

injections/week).  Five days after the last injection, mice were injured or sham operated.  177 

Three days after injury, mice were euthanized by sodium pentobarbital overdose 178 

followed by exsanguination with saline and 4% paraformaldehyde.  Brains were 179 

removed, post-fixed in 4% paraformaldehyde overnight, and then cryo-protected in 30% 180 

sucrose (in PBS).  Free-floating slices (40 μm thick) were prepared on a cryostat.  181 

Sections corresponding to approximately -1.9 mm from bregma were selected, and then 182 

incubated in 2N HCl for 1 hr followed by two washes (20 min each) of 0.1 M sodium 183 

borohydride.  After extensive washing in PBS, immunohistochemistry for BrdU was 184 

carried out as described above. 185 

 186 

Cell and dendrite counting:  Coded slides were counted by two independent observers 187 

who were blind to the treatment groups.  Positive cells (doublecortin, BrdU, or Ki67) 188 

located in the granule layer of the dentate gyrus were counted and the lengths of the 189 

dentate gyrus measured.  Doublecortin-positive dendrites that exited the granule cell 190 

layer and entered the molecular layer of the dentate gyrus were also counted.  191 

Immature neurons with dendrites reaching the molecular layer have been shown to be 192 

predominately post-mitotic and are likely to be > 3 days old (Plumpe et al., 2006).   The 193 
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number of cells/mm was calculated from three sections (separated by ~500 μm) for 194 

each animal.   195 

 NeuN positive cells within the dentate gyrus subfield were counted using the 196 

optical dissector technique using Stereo Investigator (MicroBrightField Bioscience, 197 

Williston, VT).  The dentate gyrus was carefully outlined and subdivided using a 110 X 198 

100 μm grid.   The number of NeuN-labeled cells in approximately twenty, computer 199 

chosen areas within the dentate gyrus was scored for each section. The size of the 200 

counting frame, and the number of grid sections was determined based on preliminary 201 

cell counts.  Cells in the outermost planes of focus (5 μm) were omitted to avoid 202 

counting cell caps.  The number of NeuN labeled cells/mm3 for each section was 203 

obtained from the estimated cells divided by the contour volume. The number of 204 

cells/mm3 for each animal was calculated as the average of the number of cells/mm3 205 

from each section examined. 206 

 207 

Wes analysis: Protein concentrations were determined using a Bicinchoninic Acid (BCA) 208 

protein assay (Thermo ScientificTM Protein Biology). Equal amounts of protein for each 209 

sample were denatured in sample buffer (heated to 65°C), and placed in the Wes 210 

Automated Western system (Protein Simple, San Jose, CA), along with the primary and 211 

HRP-conjugated secondary antibodies. Sample separation, incubation, 212 

chemiluminescence and quantification were performed automatically using pre-set 213 

parameters.   214 

Assessment of cognitive function:  Cognitive function was tested using tasks previously 215 

found to be dependent on adult hippocampal neurogenesis, namely the context 216 
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discrimination and one-trial contextual fear tasks (Saxe et al., 2006; Kheirbek et al., 217 

2012b).  Mice were tested for their cognitive performance using the context 218 

discrimination task.  Context discrimination was carried out by pre-exposing animals for 219 

10 min to two contexts. These contexts shared certain features (background noise, 220 

horizontal grid floor, animal handling to and from the room) but differed in others (cues, 221 

floor color and scent).  Animals were given 2 trials a day for 3 days, one trial in each of 222 

the two chambers, as was done for the pre-exposure.  One context was designated as 223 

the “shock” cage in which a 2 s, 1.0 mA shock was given at the end of the trial.  No 224 

shock was administered in the “safe” cage.  The cage chosen to be “safe” and the 225 

exposure order (e.g. safe then shock, or shock then safe) was randomized initially 226 

across animals, and the exposure order was maintained thereafter for each animal.  227 

The following day discrimination between the two contexts was assessed by monitoring 228 

freezing behavior, at 2 sec intervals in each of the two chambers.  A reminder footshock 229 

was delivered in the shock cage and discrimination tested again 24 hr later.  The 230 

difference in freezing time in the “shock” versus “safe” cage was used as a measure of 231 

context fear discrimination.  The consequence of guanabenz treatment in rats was 232 

assessed using a one-trial context-specific fear task.  In this task, rats were placed in a 233 

training chamber for 2 min, then given a 2 sec, 0.70 mA footshock.  Thirty seconds after 234 

the shock, the rat was removed from the training chamber and returned to its home 235 

cage.  Twenty-four hours later, memory was tested by placing the animal back into the 236 

training chamber and recording freezing behavior, in 2 sec intervals, over a 3 min 237 

period. 238 

 239 
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Experimental Design and Statistical Analysis.  The number of animals used in each 240 

experiment is listed in the Results section.  The numbers of animals used for 241 

biochemical analysis and cognitive testing was based on our previous experience with 242 

the techniques, and on the basis of a sample size calculation using preliminary data.  243 

For biochemistry, it was estimated that a 40% change in the mean could be detected in 244 

a 2 group comparison using 3-4 animals/group (assuming a standard deviation of 10%).  245 

Cell/dendrite counts and western blot data between two groups was analyzed using a 246 

two-tailed Students t-test for unpaired variables.  For evaluation of doublecortin cell 247 

counts across genotypes and injury, two-way ANOVAs were performed using a Holm-248 

Sidak method for multiple comparisons post-hoc test to determine data points with 249 

significant differences.  For evaluation of context discrimination, two-way repeated 250 

measures analyses of variance were utilized to determine statistical differences.  Either 251 

group main effects or interactions of group and trial were used to determine statistical 252 

differences. For data that did not pass a Shapiro-Wilk normality test, appropriate non-253 

parametric analysis was performed.  Data were considered significant at p ≤ 0.05 and 254 

presented as mean ± standard error of the mean (SEM).  Statistical analysis was 255 

performed using SigmaPlot 11.0 (RRID:SCR_003210). 256 

RESULTS  257 

Newborn hippocampal neurons die as a result of TBI.  The neurons in the hippocampus, 258 

a structure critical for learning and memory, have been shown to be vulnerable to 259 

various insults (Kirino, 1982; Fischer et al., 1987; Colicos et al., 1996; Baldwin et al., 260 

1997; Conti et al., 1998; Floyd et al., 2002; Gao et al., 2008).  In particular, previous 261 

studies have shown that doublecortin-positive newborn neurons in the hippocampus die 262 



 

14 
 

within 24-72 hr after TBI (Gao et al., 2008; Zhao et al., 2016).  To confirm this 263 

observation, mice were injured (or sham-operated) using the CCI device, then 264 

euthanized 72 hr after injury.  Figure 1A shows representative images of doublecortin 265 

immunoreactivity in the dentate gyrus of sham and 72 hr post-injury mice.  Consistent 266 

with previous reports, an apparent reduction in the number of doublecortin-positive cells 267 

can be seen ipsilateral to the injury.  Quantification of the number of doublecortin-268 

positive cells revealed significant decreases in both the ipsilateral (t = 4.067, p=0.007) 269 

and contralateral (t = 3.227, p = 0.018) hippocampi as a result of TBI (Figure 1B).   270 

 As newborn neurons mature, their dendrites extend into the molecular layer of 271 

the dentate gyrus (MoDG) where they form synaptic connections in order to integrate 272 

into the hippocampal circuit (Figure 1C).  Compared to that seen in the sham controls, 273 

the dendrites of the surviving doublecortin-positive cells in the ipsilateral hippocampus 274 

were found to be short, and typically did not extend into the molecular cell layer after 275 

injury (t = 2.453, p = 0.050; Figure 1D).  A modest reduction in dendrite length was also 276 

observed in the contralateral hippocampus, although this did not reach statistical 277 

significance (t = 1.223, p=0.261). 278 

 It is plausible that the reduction in number of doublecortin-positive cells we 279 

observed after injury could have resulted from a decrease in doublecortin expression 280 

levels or a change in fate determination.  To address this possibility, mice were injected 281 

with 50 mg/kg BrdU for 3 weeks (3 injections per week, each separated by 48 hr) to 282 

label representative newborn cells.  BrdU has a half-life of ~2 hr and only labels cells in 283 

the S-phase during this brief “window”. Mice were injured (or sham-operated; 284 

n=4/group) five days after the final injection. The representative photomicrographs 285 
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(Figure 1E) and summary data (n=4/group; Figure 1F) show that the number of BrdU-286 

positive cells is significantly reduced in the ipsilateral (t = 4.411, p=0.005) hippocampus 287 

as a result of injury.   Although slightly reduced, no significant difference was seen in the 288 

number of contralateral BrdU-positive cells after injury compared to sham controls (t = 289 

1.128, p = 0.302). 290 

 291 

Markers of ER stress can be observed in newborn neurons after injury:  Although it has 292 

been observed that dying hippocampal newborn neurons after TBI have fragmented 293 

nuclei, a feature of apoptosis (Gao et al., 2008), the signaling pathway(s) that triggers 294 

the death of these cells has not been identified.  As unresolved ER stress can lead to 295 

CHOP-mediated apoptosis (Figure 2A), we questioned if markers of ER stress 296 

(phosphorylated PERK, phosphorylated eIF2α, CHOP or activated caspase-3) could be 297 

observed in newborn neurons acutely after TBI.  Mice were injured (or sham-operated) 298 

and euthanized 6 hr later.  The representative photomicrographs shown in Figure 2B 299 

indicate that although low levels of phospho-PERK immunoreactivity could be observed 300 

in adult granule neurons of the hippocampus in both sham and TBI animals, 301 

doublecortin-positive cells were negative of phospho-PERK in sham-operated controls.  302 

After TBI, however, a few phospho-PERK positive newborn neurons could be observed. 303 

Similarly, a limited number of newborn neurons (~2-3/section) were observed 304 

expressing phospho-eIF2α, CHOP, or activated caspase-3 in TBI animals.  No double-305 

labeled cells were detected in sham-operated controls. 306 

 307 
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Loss of CHOP protects newborn neurons after TBI.   As our double-label 308 

immunohistochemistry indicated that ER stress occurs in hippocampal newborn 309 

neurons after injury, we questioned if CHOP-mediated apoptosis might contribute to the 310 

loss of these cells.  To address this possibility, we utilized CHOP knockout mice.  Prior 311 

to initiating these studies, we first verified the genotype of the CHOP mice.  As 312 

described by the originator of the CHOP KO mice, most of the coding region of Ddit3 313 

resides in exon 3-4 of the normal gene, and this region was deleted in CHOP KO mice 314 

(Zinszner et al., 1998).  The genotyping screen employed by Jackson Laboratories uses 315 

a 3 primer design (one common forward, and two reverse).  One of the reverse primers 316 

amplifies the native gene, while the second primer amplifies the mutant gene. Thus, for 317 

the WT sequence a 544 basepair (bp) product is generated, whereas in knockout mice 318 

a 320 bp product is observed.  Tissue from CHOP KO and WT mice were used for DNA 319 

isolation and PCR amplification.  Figure 3A shows a representative image of an 320 

ethidium bromide-stained gel showing the amplicons from CHOP KO and WT mice.  As 321 

expected, DNA from WT mice gave rise to a 544 bp band, whereas amplification from 322 

DNA isolated from CHOP KO mice yielded a 320 bp fragment.   323 

 To assess if loss of CHOP improves newborn neuron survival after TBI, groups 324 

of WT and CHOP KO mice (n=4/group) were subjected to CCI injury.  Three days after 325 

the injury, animals were euthanized and brain tissue sections prepared for doublecortin 326 

immunohistochemistry.  Sham operated WT and CHOP KO mice were used as controls.  327 

Representative photomicrographs of doublecortin immunoreactivity within the dorsal 328 

ipsilateral hippocampus from sham and CCI CHOP KO mice are shown in Figure 3B.  329 

When analyzed using a two-way ANOVA, a significant interaction of genotype and injury 330 
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condition was detected (F = 11.339, p=0.005).  Post-hoc analysis revealed there was no 331 

significant difference in doublecortin-positive cell numbers between sham operated WT 332 

and CHOP KO mice (t = 0.467, p=0.647), suggesting that, under normal conditions, loss 333 

of CHOP does not affect neurogenesis or newborn neuron survival in the hippocampus.  334 

However, after CCI, the number of ipsilateral doublecortin-positive cells in injured CHOP 335 

mice was found to be significantly higher (t=4.295, p<0.001; Figure 3C) than that 336 

observed in injured WT mice.  A similar protection was observed in the contralateral 337 

hippocampus (F = 6.830, p= 0.020), with the CHOP KO injured mice having significantly 338 

more doublecortin-positive cells than WT injured mice (t = 2.913, p = 0.011).   339 

 When the number of doublecortin-positive dendrites that extend into the 340 

molecular layer were counted in sham and injured CHOP KO mice (Figure 3D) and 341 

compared to those counted in WT sham and injured mice, a significant interaction of 342 

genotype and injury was again observed (F = 11.339, p=0.005).  The reduction in 343 

dendrite numbers seen after injury in the ipsilateral hippocampus of WT mice (WT sham 344 

versus WT injured: t = 4.883, p<0.001) was not observed in CHOP KO mice (CHOP KO 345 

sham versus CHOP KO injured: t = 0.150, p=0.883).  No difference between groups 346 

was observed in the number of dendrites in the molecular layer of the contralateral 347 

hippocampus (F = 0.157, p=0.699) 348 

 Previous studies have indicated that less than 15% of 3-day old newborn 349 

neurons will have dendrites that extend into the molecular layer (Plumpe et al., 2006). 350 

Our observation that approximately 80% of doublecortin-positive cells in injured CHOP 351 

KO mice (measured 3 days after injury) had long dendrites suggests that these cells 352 

were generated prior to injury, rather than the result of an increase in post-injury 353 
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proliferation.  To specifically address this possibility, tissue sections from sham and 72 354 

hr post-injury WT and CHOP KO mice were immunostained for Ki67, a marker for 355 

proliferating cells (Figure 4A).  Ki67-positive cells can be seen implanted along the 356 

dentate gyrus, the location where newborn neurons reside.  Only cells in contact with 357 

the granule cell layer were counted.  The summary results (n=4/group) shown in Figure 358 

4B show that loss of CHOP did not significantly alter the number of Ki67-positive cells in 359 

either the ipsilateral (F = 0.591, p = 0.455) or contralateral (F = 0.003, p = 0.952) 360 

dentate gyrus after injury.  As Ki67 is not neuron-specific, we performed double-label 361 

immunohistochemistry for Ki67 and doublecortin.  The representative photomicrographs 362 

presented in Figure 4C show that some Ki67+DCX+ cells could be found in the granule 363 

cell layer, although most were Ki67+DCX-.  Quantification of these cells revealed that in 364 

sham animals, approximately 25% of Ki67-positive cells were double-labeled for 365 

doublecortin.  This percentage was not altered as a result of injury, nor in CHOP KO 366 

mice (F = 0.256, p = 0.621).   367 

 368 

Loss of CHOP improves performance of injured animals in a context discrimination task.  369 

As indicated in the Introduction, hippocampal newborn neurons are required for 370 

acquisition of context fear discrimination (Saxe et al., 2006).  Specifically, studies have 371 

demonstrated that stimulation of neurogenesis enhances, while chemical inhibitors of 372 

neurogenesis impair, contextual discrimination (Sahay et al., 2011; Niibori et al., 2012).  373 

This influence of neurogenesis on behavior can be observed 4-6 weeks after treatment, 374 

a  time gap thought to be due to the time required for newborn neurons to begin 375 

expressing NR2B-containing NMDA receptors (Denny et al., 2012) (Kheirbek et al., 376 
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2012b).   As we observed that loss of CHOP improves the survival of newborn neurons 377 

after injury, we tested if injured CHOP knockout mice (n=9) performed better in a 378 

context discrimination task (tested starting on day 28 post-injury) compared to injured 379 

wild-type (n=10) mice.  Training and testing was carried out as described in the Methods 380 

section and summarized in Figure 5A.  A group of sham-operated WT mice was used 381 

as a baseline controls (n = 7).  Figure 5B shows that sham-operated wild-type mice 382 

quickly learn to differentiate between the context in which the footshock was delivered 383 

(“shock”) and the similar context in which no footshock occurred (“safe”), resulting in a 384 

significant interaction of freezing behavior over time between the two contexts (F = 385 

16.756, p <0.001).  By comparison, the results presented in Figure 5C shows that 386 

injured wild-type mice were unable to distinguish between the “shock and safe” 387 

contexts, as indicated by comparable percent freezing in both contexts (F = 0.033, 388 

p=0.859).  In contrast, injured CHOP KO mice learned to discriminate between the 389 

“safe” and “shock” contexts (F = 47.88, p<0.001), displaying a significant interaction 390 

between the context and training day (Figure 5D).  Although injured CHOP KO mice 391 

displayed higher overall freezing behaviors, the difference in freezing behavior between 392 

the “shock” and “safe” (calculated as “shock” % freezing – “safe” % freezing) contexts 393 

was found to be comparable to that seen in uninjured WT controls (F = 0.444, p=0.515).   394 

 In addition to newborn neurons, mature hippocampal granule neurons also 395 

participate in the acquisition of context discrimination (McHugh et al., 2007; Yassa and 396 

Stark, 2011).  It is therefore possible that the improvement in contextual discrimination 397 

we observed in injured CHOP KO mice was due to differences in the number of mature 398 

dentate gyrus neurons present at the time of behavioral testing. To address this 399 
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possibility, mice were euthanized after the completion of behavioral testing, brain tissue 400 

sections prepared, and immunohistochemistry using antibodies to NeuN (a marker of 401 

mature neurons) was carried out.  Figure 5E shows representative images of NeuN-402 

immunostained ipsilateral hippocampi and dentate gyri from injured WT and CHOP KO 403 

mice.  No areas of overt cell loss were observed in either injured group.  Stereological 404 

cell counts (Figure 4F) of NeuN-positive granule neurons revealed no significant 405 

differences between the two groups in the number of mature dentate gyrus neurons in 406 

either the ipsilateral (t = -1.227, p = 0.287) or contralateral (t = 0.527, p = 0.617) 407 

hippocampus. 408 

 409 

Inhibition of PERK activity worsens TBI-triggered loss of newborn neurons and impairs 410 

contextual discrimination.   PERK is one of the key signaling pathways activated by ER 411 

stress.  When activated by ER stress, PERK inhibits protein synthesis via 412 

phosphorylation of eIF2α, which helps cells to resolve ER stress and return to 413 

homeostasis.  GSK2606414 has been demonstrated to be a specific inhibitor of PERK, 414 

having 100-fold more potency for inhibiting PERK than even closely related eIF2α-415 

kinase (EIF2AK) family members (Axten et al., 2012).  Consistent with its ability to 416 

inhibit PERK, the phosphorylation of its downstream target eIF2α is significantly 417 

reduced (phospho-eIF2α, p=0.004; phospho:total ratio, p=0.018) in animals receiving 10 418 

μg GSK2606414 (i.c.v) compared to vehicle-treated controls (Figure 6A).  The levels of 419 

total eIF2α were not significantly changed as a result of treatment (p=0.339).   420 

 To assess if inhibition of PERK influences newborn neuron loss after TBI, mice 421 

(n=3/group) were injured, then randomly assigned to receive i.p. injections of either 1.7 422 
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mg/kg GSK2606414 or an equal volume of vehicle.  Uninjured sham animals treated 423 

with either GSK2606414 or vehicle (n=4/group) were used as controls.  Figure 6B 424 

shows that 3 days after the injury (or sham operation), there was a significant difference 425 

in the number of doublecortin-positive cells in the ipsilateral hippocampus as a result of 426 

injury (F = 131.558, p < 0.001), which was exacerbated by GSK2606414 treatment (t = 427 

2.243, p = 0.049). No effect of the drug was observed on ipsilateral immature neuron 428 

numbers in sham mice (t = 0.520, p = 0.614). In addition, GSK2606414 caused a 429 

significant loss (F = 16.593, p = 0.002) of newborn neurons in the contralateral 430 

hippocampus of injured (t = 4.474, p = 0.001) but not sham (t = 1.056, p = 0.316) mice 431 

(Figure 6C).  432 

 As inhibition of PERK exacerbated immature neuron loss, we anticipated that this 433 

would be associated with a worsening of behavior.  As moderate-severely injured mice 434 

were incapable of performing the context discrimination task, a lower magnitude of 435 

injury was used in order to allow us to detect worsening of behavior.  When tested in the 436 

contextual discrimination task 28 days post-injury, mildly injured mice treated with 437 

vehicle (n=9) were found to be able to distinguish between the two contexts (F = 38.848, 438 

p<0.001; Figure 6D).  In contrast, injured mice treated with 1.7 mg/kg GSK2606414 439 

(n=9) showed only minimal enhanced freezing to the “shock” context by the end of 440 

training (F = 11.761, p<0.001; Figure 6E).  When compared to vehicle-treated injured 441 

controls, there was a significant difference in the degree of discrimination (calculated as 442 

% freezing in “shock” minus % freezing in “safe” for each animal at each time point) 443 

between the two groups (F = 17.199, p<0.001), indicating that injured mice treated with 444 
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GSK2606414 were impaired in their ability to discriminate between the “shock” and 445 

“safe” contexts,    446 

 447 

Guanabenz reduces TBI-triggered loss of newborn neurons and improves one-trial fear 448 

memory.  We have previously reported that guanabenz, a drug recently shown to 449 

reduce ER stress (Tsaytler et al., 2011), causes dose-dependent increases in eIF2α 450 

phosphorylation (Dash et al., 2015).  We therefore examined if guanabenz also offers 451 

protection to doublecortin-positive immature neurons.  Rats were injured, then 452 

administered 5.0 mg/kg guanabenz (i.p.) or vehicle 30 min after injury (n=6/group). Rats 453 

were used for these studies as we have observed that guanabenz is not well tolerated 454 

by mice (unpublished observation). Groups of sham rats were treated with either vehicle 455 

or guanabenz and used as controls (n = 4/group).  Additional drug doses were 456 

administered 24 hr and 48 hr later.  The representative images presented in Figure 7A 457 

show that CCI causes an apparent loss of doublecortin-positive cells in the ipsilateral 458 

hippocampus that is blunted in injured rats treated with guanabenz.  Quantification of 459 

doublecortin-positive cells revealed a significant difference across groups (F = 39.229, p 460 

< 0.001), with post-injury treatment with guanabenz significantly increasing the number 461 

of doublecortin-positive neurons in the ipsilateral (t = 2.256, p = 0.037) hippocampus 462 

(Figure 7B).  No significant difference in doublecortin cell numbers as a result of 463 

treatment was seen in sham animals (t = 0.648, p =0.525).  Contralateral to the injury, 464 

the difference in doublecortin-positive immature neuron numbers between sham and 465 

CCI animals treated with vehicle (t = 2.699, p = 0.015) was not seen in sham and CCI 466 

animals treated with guanabenz (t = 1.138, p = 0.270). Consistent with the apparent 467 
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neuroprotection seen ipsilateral to the injury, dendritic arborization was also preserved 468 

in animals treated with guanabenz (F = 5.399, p =0.039) with the number of 469 

doublecortin-positive dendrites exiting the granule cell layer found to be significantly 470 

different between TBI animals treated with guanabenz and those treated with vehicle (t 471 

= 3.375, p = 0.006) (Figure 7C).  There was no effect of guanabenz on dendrite number 472 

in uninjured controls (t = 0.089, p = 0.931), or contralateral to the injury (F = 0.295, p = 473 

0.597).  Although an injury-related increase in the number of Ki67-positive cells was 474 

observed in the ipsilateral dentate gyrus (F = 48.250, p <0.001), no difference was 475 

detected as a result of guanabenz treatment in either the injured ipsilateral (t = 0.183, p 476 

= 0.858) or contralateral (F = 0.0519, p = 0.824) hippocampi (Figure 6D), suggesting 477 

preservation of pre-injury newborn neurons rather than increased post-injury 478 

neurogenesis.  Consistent with this, when Ki67+DCX+ cells were counted, no significant 479 

difference was observed as a result of treatment in either sham (t = 0.538, p = 0.601) or 480 

injured (t = 0.261, p = 0.799) mice, although a group main effect of injury was observed 481 

(F = 24.903, p <0.001) due to the presence of a large number of Ki67+DCX- cells.  482 

 483 

  We next tested if the protection of newborn neurons was associated with 484 

enhanced context fear.  We utilized a one-trial contextual fear task (in the absence of a 485 

tone cue), as performance in this task has also been shown to be dependent on 486 

hippocampal neurogenesis (Drew et al., 2010).  Figure 8A shows that all groups 487 

displayed minimal fear to the training chamber prior to the footshock.  When tested 24 488 

hr after training, sham animals (n = 7) displayed enhanced freezing behavior indicating 489 

that they remembered the training context (Figure 8B).  In contrast, CCI animals treated 490 
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with vehicle (n = 6) showed significantly reduced freezing behavior compared to sham 491 

controls (post-hoc unadjusted p=0.001), indicating impaired memory.  Injured animals 492 

treated with guanabenz (n = 6) showed improved contextual memory compared to 493 

animals treated with vehicle (post-hoc unadjusted p=0.016).  After the completion of 494 

behavioral testing, animals were euthanized and hippocampal sections prepared and 495 

immunostained using anti-NeuN antibodies.  Figure 8C shows representative images of 496 

NeuN-stained ipsilateral hippocampi, and dentate gyri, from vehicle- and guanabenz-497 

treated injured rats.  Visual inspection did not reveal any overt loss of mature neurons.  498 

When the number of NeuN-positive cells in the dentate gyri were counted using 499 

unbiased stereology (Figure 8D), no differences in neuronal numbers were detected 500 

across the treatment groups (ipsilateral: t = -0.614, p = 0.561; contralateral: t = 0.791, p 501 

= 0.459).   502 

 503 

DISCUSSION  504 

Previous studies have shown that newborn neurons in the adult hippocampus are 505 

vulnerable to TBI (Gao et al., 2008; Gibb et al., 2015).  However, the signaling 506 

pathway(s) that leads to the apoptotic death of these cells following TBI is poorly 507 

understood.  In the present study, we examined if ER stress is involved in the death of 508 

these cells.  The results presented herein revealed three key findings: 1) TBI causes 509 

loss of doublecortin cells, in addition to the loss of dendrites in newborn neurons that 510 

survive the injury, 2) The PERK inhibitor GSK2606414 exacerbates, while the reducer 511 

of ER stress guanabenz mitigates newborn neuron and dendritic loss after TBI, and 3) 512 

Loss of the pro-apoptotic transcription factor CHOP protects against TBI-triggered loss 513 
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of hippocampal newborn neurons and improves performance in a context fear 514 

discrimination task. 515 

  516 

Oxidative stress, energy/glucose depletion and calcium changes are known triggers for 517 

ER stress, and all of these have been shown to occur as a result of TBI (Hall and 518 

Braughler, 1993; Lee et al., 1999; Harris et al., 2001; Van, V et al., 2003; Sullivan et al., 519 

2004; Larner et al., 2006; Clark et al., 2007; Ji et al., 2012; Pandya et al., 2013).  520 

Consistent with this, it has been previously demonstrated that TBI increases the levels 521 

of ER stress markers (e.g. phosphorylation of eIF2α, IRE, GRP78, ATF4, CHOP) for up 522 

to 21 days after the injury (Truettner et al., 2007; Begum et al., 2014).  Using a small 523 

molecule inhibitor that blocks the effects of eIF2α, Chou et al., found that persistent ER 524 

stress contributes to hippocampal dysfunction in two different models of TBI (Chou et 525 

al., 2017).  However, whether ER stress occurs in newborn neurons after TBI had not 526 

been examined.  Using double-label immunohistochemistry, we found that markers of 527 

ER stress could be observed in doublecortin-positive immature neurons after TBI.  528 

Specifically, we observed phosphorylated PERK, phosphorylated eIF2α, and CHOP 529 

immunostaining in doublecortin-positive cells after injury, immunoreactivities that were 530 

not observed in sham-operated controls (Figure 2).   531 

  532 

The pro-apoptotic transcription factor CHOP sits at the convergence of three key ER 533 

stress signaling cascades: the PERK, IRE-1 and ATF6 pathways.  Upon activation, 534 

CHOP down-regulates survival factors such as Bcl-2 while promoting the transcription 535 

of pro-apoptotic proteins such as BIM (Bcl2-interacting mediator of cell death).  In 536 
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addition, transcriptional profiling experiments have revealed that CHOP increases the 537 

expression of GADD34 (thereby reversing the PERK-eIF2α-mediated translational 538 

block) and Endoplasmic Reticulum Oxidoreductase 1α (ERO1α, which promotes 539 

oxidizing conditions in the ER) (Marciniak et al., 2004).   Our immunohistochemical 540 

analysis showed that CHOP is expressed in newborn neurons after TBI.   Further, we 541 

found that TBI-triggered loss of newborn neurons is blunted in CHOP KO mice (Figure 542 

3).   543 

 544 

In addition to loss of doublecortin-positive cells, we and others have previously shown 545 

that TBI causes a significant shortening of the dendritic arbors of immature neurons 546 

(Zhao et al., 2016).  Comparison of the number of doublecortin-positive cells, and the 547 

number of dendrites which entered the molecular layer of the dentate gyrus, revealed 548 

that approximately 80% of all doublecortin-positive cells seen in sham animals had long 549 

dendrites.  Conversely, only 30% of the surviving newborn neurons in the ipsilateral 550 

hippocampus had dendrites that projected out of the granule cell layer.  Interestingly, we 551 

observed that CHOP knock-out animals did not suffer from the TBI-induced reduction of 552 

dendritic arbors that was seen in wild-type animals.  This suggests that dendrites may 553 

be susceptible to ER stress, and that dendritic loss as a result of ER stress can occur in 554 

the absence of cell death.  Previously, we and others have observed that local caspase 555 

activation can result in dendritic loss (Mattson et al., 1998a; Mattson et al., 1998b; Dash 556 

et al., 2000).  As caspase activation is a downstream consequence of prolonged ER 557 

stress, these findings suggest that ER stress may lead to the “apoptosis” of dendrites in 558 

the absence of death of the soma.   As neurodegenerative diseases and normal aging 559 
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cause loss of dendrites, it is interesting to speculate that ER stress may play a causal 560 

role in disease- and age-related reductions of neuronal arbors.    561 

 562 

Although ATF6 and IRE-1 participate in alleviating ER stress, PERK is thought to play a 563 

unique role in deciding cell fate after ER stress (Harding et al., 2000a).  Upon activation, 564 

PERK phosphorylates eIF2α, which results in the translational inhibition of mRNAs 565 

containing a 7-methylguanosine 5′-cap (Figure 2A).  mRNAs that contain an internal 566 

ribosome entry site, which include several that code for chaperone proteins that 567 

participate in protein folding, and the transcription factor ATF4, which leads to CHOP 568 

induction, are unaffected by this translational block.  Although excessive PERK 569 

activation can lead to CHOP induction and cell death, several studies have shown that 570 

prolonging eIF2α phosphorylation can reduce ER stress-mediated cell loss (Harding et 571 

al., 2000b; Boyce et al., 2005; Liu et al., 2012).  Consistent with this, when guanabenz, 572 

a recently identified inhibitor of the eIF2α phosphatase GADD34 (Tsaytler et al., 2011), 573 

was administered after injury, a significant preservation of the number of doublecortin-574 

positive cells after injury was observed.  In contrast, when the PERK inhibitor 575 

GSK2606414 was administered, a significant worsening of cell loss was observed.   576 

While these results support a role for PERK in regulating ER stress after TBI, a recent 577 

study has reported that guanabenz can reduce ER stress in cells lacking GADD34 578 

(Crespillo-Casado et al., 2017), and that guanabenz acts via inhibition of IRE-1.  579 

Regardless of the mechanism by which guanabenz mitigates ER stress, our data shows 580 

that post-TBI administration of guanabenz reduces newborn neuron loss after TBI and 581 

improves a behavior dependent on ongoing neurogenesis.   582 
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 583 

As the rate of neurogenesis has been previously shown to be increased after TBI (Dash 584 

et al., 2001; Kernie and Parent, 2010), it is plausible that some of the newborn neurons 585 

seen in response to treatment may have been generated post-injury.  Ki67 is a nuclear 586 

protein that has been widely used as an early marker of cell proliferation, and indicates 587 

cells in the G2, M, and latter half of the S phase of the cell cycle (Yu et al., 1992).  588 

Previously, it has been shown that the number of proliferating cells is increased in the 589 

cortex (predominately astrocytic) and hippocampus (astrocytic and neurogenic) after 590 

brain injury (Dash et al., 2001; Kernie et al., 2001).  Consistent with these previous 591 

studies, we saw a significant increase in the number of Ki67-positive cells in the dentate 592 

gyrus ipsilateral to the injury by day 3 after injury in rats.  As TBI is known to cause 593 

proliferation of immune/inflammatory cells, it is possible that the proliferation of these 594 

cells contributed to the increase we observed (Chirumamilla et al., 2002).  Consistent 595 

with this, only 25% of Ki67 immunopositive cells were found to be doublecortin positive, 596 

suggesting that the remaining Ki67-positive cells are either non-neuronal or have yet to 597 

begin expressing doublecortin.  In contrast to this finding in injured rats, an increase in 598 

KI67-positive cells within the granule neuron layer of the hippocampus was not seen in 599 

injured mice.  At this time, we are uncertain as to the cause of this differential response 600 

in cell proliferation.    601 

 602 

One weakness of the present study is that we cannot directly attribute the improved 603 

cognitive function to the preservation of doublecortin-positive cells.   As other cells also 604 

likely experience ER stress, mitigation of ER stress in these cells could have also 605 
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contributed to the behavioral improvements we observed.  Although we did not observe 606 

any significant effect of treatment on granule cell numbers, we cannot rule out effects on 607 

the function of surviving neurons.  For example, Rossi and colleagues have 608 

demonstrated that reducing ER stress can improve spatial learning and memory in brain 609 

injured rodents, even when animals are treated 4 weeks after injury, a time point likely 610 

beyond the period of ongoing cell death (Chou et al., 2017).  The authors also 611 

acknowledge that pharmacological agents (such as GSK2606414 and guanabenz) 612 

could be having effects beyond their influence on the PERK-CHOP cascade.  However, 613 

our results from experiments using CHOP knock-out animals strongly implicate ER 614 

stress and CHOP activation in the death of immature neurons after TBI.  With the above 615 

caveats in mind, our findings support a key role for ER stress in the pathophysiology of 616 

TBI.   617 

 618 
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Figure Legends 805 

Figure 1.  Controlled Cortical Impact (CCI) results in the loss of hippocampal 806 

newborn neurons and shortening of their dendrites.  A) Representative colorimetric 807 

immunohistochemistry of ipsilateral and contralateral hippocampi from sham and 72 hr 808 

post-CCI injured mice immunostained with an antibody for doublecortin. Scale bar = 250 809 

μm.  B) Quantification of doublecortin-positive cells (n=4/group) revealed that CCI 810 

causes a decrease of these cells in both the ipsilateral and contralateral hippocampus 811 

compared to sham.  C) High magnification, double-label fluorescent image showing 812 

dendritic arborization of newborn neurons stained with doublecortin (green).  Mature 813 

granule neurons were visualized with an antibody against NeuN (red) gcl: granule cell 814 

layer; MoDG: molecular layer of the dentate gyrus.  Scale bar = 50 μm. D)  Summary 815 

results of doublecortin-positive dendrites (n=4/group) extending beyond the granule cell 816 

layer (i.e. entering the MoDG) revealed that CCI decreased the number of long 817 

doublecortin-positive dendrites.  E)  Representative photomicrographs of BrdU 818 

immunoreactivity in the ipsilateral and contralateral hippocampus from sham and 72 hr 819 

post-CCI mice.  Mice had been injected for 3 weeks with BrdU (3 injections per week) 820 

prior to injury (or sham operation). Scale bar = 250 μm.  F) Summary results for the 821 

number of BrdU-positive cells in the ipsilateral dentate gyrus  at 72 hours post-injury, as 822 

compared to sham-operated controls (n=4/group). Data are mean ± SEM. *, p<0.05.     823 
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 824 

Figure 2.  Activation of markers of ER stress in newborn neurons after CCI.  A)  825 

Drawing showing the PERK-CHOP signaling pathway in response to ER stress.  ER 826 

stress leads to PERK autophosphorylation which, in turn, results in the phosphorylation 827 

of eIF2α.  Activated eIF2α blocks the translation of 5’-capped mRNAs.  Of exception, 828 

messages with internal ribosome entry sites such as the carrier protein BiP (also known 829 

as GRP78), ATF4 and CHOP are translated.  CHOP increases the expression of genes 830 

such as the pro-apoptotic protease caspase-3 (subsequently activated by proteolytic 831 

cleavage) which carry out apoptosis. B) Representative high-magnification 832 

photomicrographs of neurons double-immunostained for doublecortin (green), and 833 

either phospho-PERK (red), phospho-eIF2 (red), CHOP (red), or active caspase-3 (red) 834 

in the ipsilateral dentate gyri from sham and 6 hr post-injury mice.  Doublecortin-positive 835 

cells expressing a marker of ER stress (white arrows) were seen after TBI, but not in 836 

sham controls.  Scale bar = 25 μm. 837 

Figure 3.  Genetic deletion of CHOP reduces doublecortin cell loss after TBI.  A) 838 

Representative image of an ethidium bromide-stained gel showing the amplicons from 839 

CHOP-/- and WT mice.  Consistent with the homozygous deletion of CHOP, 840 

amplification of DNA from CHOP-/- mice yielded a 320 bp fragment, whereas 841 

amplification from DNA isolated from WT mice gave rise to a 544 bp band. B)  842 

Representative photomicrographs of doublecortin immunostained ipsilateral hippocampi 843 

from WT sham, CHOP-/- sham, 72 hr post-injury WT and 72 hr post-injury CHOP-/- mice, 844 

showing that the visible loss of doublecortin positive cells in WT injured mice is not seen 845 
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in injured CHOP-/- CCI mice. Scale bar = 250 μm. C)  Summary results showing the 846 

quantification of doublecortin-positive cells (n=4/group) in WT sham, CHOP-/- sham, 72 847 

hr post-injury WT, and 72 hr post-injury CHOP-/- mice.  By comparison to WT injured 848 

mice, CHOP-/- mice have significantly more immature hippocampal neurons after TBI.  849 

D) Summary results for the number of doublecortin-positive dendrites (n=4/group) 850 

entering the molecular layer revealed that by comparison to injured WT mice, injured 851 

CHOP-/- mice had significantly more longer dendrites.  ǂ, p<0.05 by two-way ANOVA.  *, 852 

p< 0.05 between WT and CHOP-/-. 853 

 854 

Figure 4.  Loss of CHOP does not affect proliferation of neural progenitor cells in 855 

the dentate gyrus.  A) Representative photomicrographs of the ipsilateral dentate 856 

gyrus from uninjured and 72 hr post-injury WT and CHOP -/- mice immunostained for the 857 

cell proliferation marker Ki67.  Ki67-positive cells can be seen implanted along the 858 

border of the granule cell layer.  Scale bar = 250 μm.  B) Summary results for the 859 

number of Ki67 positive cells within the granule cell layers show no significant difference 860 

between uninjured WT and uninjured CHOP-/- mice.  In addition, no significant 861 

difference in Ki67-positive cell numbers was found between CCI-WT and CCI-CHOP-/- 862 

animals, in either the ipsilateral or contralateral dentate gyrus. C) Representative 863 

pictures for Ki67 and doublecortin (DCX) double-label immunohistochemistry. While a 864 

few cells were found to be positive for both Ki67 and doublecortin (Ki67+DCX+; arrow), 865 

most Ki67+ cells were found to be DCX-.  Scale bar = 50μm.   D)  Summary results 866 

showing the percent of Ki67-positive cells that were double-positive for Ki67 and 867 
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doublecortin in WT sham, CHOP-/- sham, 72 hr CCI WT, and 72 hr CCI CHOP-/- 868 

animals.  No significant differences were detected in either the ipsilateral or contralateral 869 

dentate gyrus across groups.  Data is mean ± SEM.  870 

 871 

Figure 5.  TBI impairs performance in contextual discrimination, which is not 872 

observed in injured CHOP knockout mice.  A) Schematic showing the timeline of 873 

injury and the behavioral testing paradigm in the context discrimination task.  Testing 874 

was carried out beginning 28 days post-injury.  Each animal was exposed to chamber A 875 

(shock chamber) and chamber B (safe chamber) once daily for 3 days.  Freezing 876 

behavior was monitored and used as an index of fear.  Performance (indicated as 877 

percent freezing) in the context discrimination task in B) wild-type shams, C) wild-type 878 

injured (WT CCI), and D) injured CHOP-/- mice (CHOP-/- CCI).  Sham animals show 879 

enhanced freezing in the shock versus the safe chamber, indicating intact contextual 880 

discrimination.  WT CCI mice displayed similar percent freezing in the shock and safe 881 

contexts, indicating impaired contextual discrimination.  CHOP-/- CCI mice retained the 882 

ability to discriminate between the two contexts.  Data are mean ± SEM. ǂ, p<0.05 by 883 

two-way ANOVA. *, difference in freezing behavior between “shock” and “safe” 884 

contexts. E) Representative photomicrographs of WT and CHOP-/- hippocampi (Ipsi hip, 885 

scale bar = 500 μm) and dentate gyri (Ipsi DG, scale bar = 100 μm) immunostained for 886 

NeuN.  Mice were euthanized after the completion of the behavioral testing.  F)  887 

Summary results from stereological cell counts of NeuN-positive granule neurons 888 
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revealed that injured CHOP-/- mice had no significant difference in the total number of 889 

dentate gyrus neurons when compared to injured WT animals.   890 

 891 

Figure 6.  Post-injury administration of the PERK inhibitor GSK2606414 worsens 892 

doublecortin cell loss and context fear discrimination.  A) Representative westerns 893 

and summary results showing decreased eIf2α phospho-immunoreactivity (Phos) 894 

following i.c.v. administration of GSK2606414 (or vehicle) to uninjured mice (n=4/group). 895 

The total levels of eIF2α did not change as a result of treatment.  When calculated as a 896 

phospho:total ratio (P/T), a significant decrease in phosphorylation was observed in 897 

mice treated with GSK2606414.  *, p<0.05 between vehicle and drug-treated animals.  898 

B) Post-TBI administration of GSK2606414 (1.7 mg/kg i.p.) worsens the loss of 899 

hippocampal doublecortin-positive cells.  Thirty minutes after CCI, mice were injected 900 

with GSK2606414 and tissue collected 72 hr post-injury for doublecortin 901 

immunohistochemistry.  GSK2606414 significantly exacerbated immature neuron loss in 902 

the ipsilateral and C) contralateral hippocampus after TBI as compared to CCI animals 903 

receiving vehicle.  No effect of treatment was observed in sham operated controls.  904 

Data are mean ± SEM. ǂ, p<0.05 by two-way ANOVA. *, significant difference between 905 

vehicle and GSK2606414 treatment.  D)  Mildly injured, vehicle-treated mice were able 906 

to differentiate between the safe and shock contexts (as indicated by significantly 907 

increased freezing in the “shock” context compared to the “safe” context) when tested 908 

beginning 28 days after injury.  E)  By comparison, mildly injured, GSK2606414-treated 909 

(30 min post-injury) mice performed poorly in the context discrimination task as 910 
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compared to vehicle-treated animals.  Data are mean ± SEM. ǂ, p<0.05 by two-way 911 

ANOVA. *, difference in freezing behavior between “shock” and “safe” contexts. 912 

 913 

Figure 7.  Post-TBI guanabenz administration protects doublecortin-positive cells.  914 

A) Representative photomicrographs of doublecortin-positive hippocampal newborn 915 

neurons in sham (treated with vehicle or 5 mg/kg guanabenz), and CCI rats treated with 916 

either vehicle or 5 mg/kg guanabenz.  Animals were treated 30 min after injury (or sham 917 

operation) then euthanized 72 hr later.  Scale bar = 100 μm.  B) Summary data 918 

(n=6/group) of doublecortin positive cell numbers in sham-vehicle, sham-guanabenz, 919 

CCI-vehicle, and CCI-guanabenz groups.  Injured rats treated with guanabenz had 920 

significantly more newborn neurons in both the ipsilateral and contralateral hippocampi 921 

than injured rats treated with vehicle.  Guanabenz had no effect on doublecortin-positive 922 

cell numbers in sham animals. ǂ, p<0.05 by two-way ANOVA. *, difference between 923 

vehicle and guanabenz treatment. C) Summary data for the number of doublecortin 924 

positive dendrites entering the molecular layer in sham and CCI animals treated with 925 

either vehicle of guanabenz.  Guanabenz-treated injured animals had significantly more 926 

doublecortin-positive dendrites in the molecular layer of the ipsilateral hippocampus 927 

than did injured vehicle-treated rats. ǂ, p<0.05 by two-way ANOVA. *, difference 928 

between vehicle and guanabenz treatment. No significant differences were seen in the 929 

contralateral hippocampus or as a result of treatment to sham-operated controls.  D)  930 

Summary data for the number of Ki67 positive cells in vehicle-treated sham, 931 

guanabenz-treated sham, vehicle-treated injured, and guanabenz-treated injured rats.  932 

Although a significant increase in the number of Ki67 positive cells was observed in the 933 
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ipsilateral dentate gyrus cell layer as a result of injury, no significant differences were 934 

found as a result of treatment or in the contralateral hippocampus.  E) Summary results 935 

showing the percent of Ki67-positive cells that were double-positive for Ki67 and 936 

doublecortin in sham and injured animals treated with either vehicle or guanabenz 937 

(n=6/group). ǂ, p<0.05 by two-way ANOVA.   938 

 939 

Figure 8.  Post-injury administration of guanabenz enhances contextual memory 940 

in a one trial contextual fear paradigm.  Rats were injured, then 30 min later received 941 

a single injection of either vehicle or 5 mg/kg guanabenz (i.p.).  One-trial contextual fear 942 

conditioning was carried out on day 28 post-injury.  A) Prior to training, all groups 943 

showed minimal freezing behavior to the training chamber.  B) Following conditioning, 944 

contextual fear memory was tested 24 hr later.  Compared to shams (n=7), injured rats 945 

treated with vehicle (n=6) displayed significantly decreased freezing when placed back 946 

into the training chamber.  Guanabenz-treated CCI animals (n=6) had significantly 947 

improved contextual memory as indicated by increased freezing in the training chamber. 948 

*, p<0.05 by one-way ANOVA. C)  Animals were euthanized after the completion of 949 

behavioral testing.  Representative photomicrographs of NeuN immunostained 950 

ipsilateral hippocampi (Ipsi hip, scale bar = 500 μm) and dentate gyri (Ipsi DG, scale bar 951 

= 100 μm) from vehicle- and guanabenz-treated injured rats.    D)  Stereological 952 

counting of NeuN positive granule neurons revealed that guanabenz treatment did not 953 

significantly alter the total number of dentate gyrus neurons in either the ipsilateral or 954 

contralateral hippocampus compared to vehicle treated injured controls.    955 


















