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Endoplasmic Reticulum Stress Contributes to the Loss of
Newborn Hippocampal Neurons after Traumatic Brain
Injury
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Adult hippocampal neurogenesis has been shown to be required for certain types of cognitive function. For example, studies have shown
that these neurons are critical for pattern separation, the ability to store similar experiences as distinct memories. Although traumatic
brain injury (TBI) has been shown to cause the loss of newborn hippocampal neurons, the signaling pathway(s) that triggers their death
is unknown. Endoplasmic reticulum (ER) stress activates the PERK-eIF2� pathway that acts to restore ER function and improve cell
survival. However, unresolved/intense ER stress activates C/EBP homologous protein (CHOP), leading to cell death. We show that TBI
causes the death of hippocampal newborn neurons via CHOP. Using CHOP KO mice, we show that loss of CHOP markedly reduces
newborn neuron loss after TBI. Injured CHOP mice performed significantly better in a context fear discrimination task compared with
injured wild-type mice. In contrast, the PERK inhibitor GSK2606414 exacerbated doublecortin cell loss and worsened contextual dis-
crimination. Administration of guanabenz (which reduces ER stress) to injured male rats reduced the loss of newborn neurons and
improved one-trial contextual fear memory. Interestingly, we also found that the surviving newborn neurons in brain-injured animals
had dendritic loss, which was not observed in injured CHOP KO mice or in animals treated with guanabenz. These results indicate that ER
stress plays a key role in the death of newborn neurons after TBI. Further, these findings indicate that ER stress can alter dendritic arbors,
suggesting a role for ER stress in neuroplasticity and dendritic pathologies.

Key words: context fear discrimination; dendritic shortening; loss of hippocampal newborn neurons; memory impairment; traumatic
brain injury

Introduction
Adult hippocampal neurogenesis has been shown to mediate cer-
tain types of cognitive function and affective behavior (Jessberger

et al., 2009; Sahay et al., 2011; Opendak and Gould, 2015). Ge-
netic lineage tracing experiments have shown that �30% of gran-
ule neurons in the rodent hippocampus are generated postnatally
(Spalding et al., 2013). In humans, 0.004% (�700) new neurons
are added to the hippocampus per day, which translates to a
1.75% turnover of cells each year (Spalding et al., 2013). New-
born neurons in the adult hippocampus are derived from a pop-
ulation of precursor cells located in the subgranular zone of the
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Significance Statement

The hippocampus, a structure in the temporal lobe, is critical for learning and memory. The hippocampus is one of only two areas
in which neurons are generated in the adult brain. These newborn neurons are required for certain types of memory, and are
particularly vulnerable to traumatic brain injury (TBI). However, the mechanism(s) that causes the loss of these cells after TBI is
poorly understood. We show that endoplasmic reticulum (ER) stress pathways are activated in newborn neurons after TBI, and
that manipulation of the CHOP cascade improves newborn neuron survival and cognitive outcome. These results suggest that
treatments that prevent/resolve ER stress may be beneficial in treating TBI-triggered memory dysfunction.
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dentate gyrus. These newborn neurons express doublecortin,
which has been used as a surrogate marker for monitoring adult
neurogenesis. Over a period of 4 – 6 weeks, these newly generated
neurons integrate into the hippocampal circuit and begin to func-
tion as adult granule neurons (van Praag et al., 2002; Ambrogini et
al., 2004). Computational and experimental studies have shown
that new granule neurons are critical for pattern separation, the
ability to distinguish and store similar experiences as distinct
memories (Treves and Rolls, 1992; McClelland and Goddard,
1996). Consistent with this, ablation (via genetic knock-out or
irradiation) of hippocampal neurogenesis in adult rodents im-
pairs performance in the context fear discrimination task (Saxe et
al., 2006). A failure to perform pattern separation may give rise to
fear generalization as seen in people suffering from stress-related
disorders (Kheirbek et al., 2012a).

Experimental studies have shown that doublecortin-positive
newborn cells are highly vulnerable to traumatic brain injury
(TBI; Gao et al., 2008; Gao and Chen, 2009; Sun et al., 2013; Gibb
et al., 2015; Zhao et al., 2016). Fluoro-Jade staining of hippocam-
pal sections from brain-injured animals indicated that newborn
neurons die acutely after TBI and displayed fragmented nuclei,
a feature of apoptosis (Gao et al., 2008). However, the signaling
pathway(s) that triggers TBI-mediated apoptosis of newborn
cells has not been identified. Unresolved or exaggerated endo-
plasmic reticular (ER) stress can trigger apoptotic cell death via
activation of C/EBP homologous protein (CHOP). To resolve ER
stress, cells possess three sensors (referred to as ER stress sensors):
inositol requiring enzyme 1 (IRE-1), activating transcription fac-
tor 6 (ATF6), and PKR-like ER kinase (PERK; Walter and Ron,
2011; Hotamisligil and Davis, 2016). In healthy cells, the chaper-
one protein Grp78 binds the ER membrane protein PERK and
prevents its activation. As unfolded proteins accumulate in the
ER in response to stress, Grp78 is dissociated from PERK, which
then oligomerizes, leading to its activation. Active PERK phos-
phorylates eukaryotic initiation factor 2� (eIF2�), which inhibits
general protein synthesis thereby allowing the cell time to resolve
ER stress. However, translation of some mRNAs such as activat-
ing transcription factor 4 (ATF4) is not suppressed due to the
presence of internal ribosome entry site on its mRNA. ATF4 pro-
tein increases expression of genes involved in protein folding and
redox control (He et al., 2001; Wek and Cavener, 2007). If the ER
stress is intense and cannot be resolved, ATF4 acts to increase the
expression of CHOP, which initiates apoptotic cell death (Hard-
ing et al., 2000b).

In the present study, we used CHOP knock-out mice to ex-
amine the involvement of this protein in the TBI-triggered death
of doublecortin-positive newborn cells in the hippocampus. Our
findings indicate that loss of CHOP markedly reduces TBI-
triggered death of these cells and improves performance in a
context discrimination task. We also demonstrate that pharma-
cological inhibition of PERK compromises the survival of these
cells and dependent cognitive functions. Together, our results
indicate that ER stress signaling pathways contribute to loss of
newborn neurons following TBI.

Materials and Methods
Materials. One-hundred and five male C57BL/6 mice (25–30 g; 10 –12
weeks of age) were purchased from ENVIGO Labs. Twenty-seven 10- to
12-week-old male CHOP homozygous-null mice (B6.129S-Ddit3tm1Dron/J;
RRID:IMSR_JAX:005530) were purchased from Jackson Laboratories.
Fifty-three male Sprague Dawley rats (275–300 g; 10 –12 weeks of age;
RRID:RGD_5508397) were purchased from ENVIGO. Guanabenz was
purchased from Tocris Bioscience), whereas GSK2606414 was pur-

chased from Selleck Chemical. Antibodies against doublecortin (DCX;
RRID:AB_2276960), phospho-eIF2� (RRID:AB_390740), pan-eIF2�
(RRID:AB_2230924), phosphorylated PERK (RRID:AB_2095850), and
cleaved caspase-3 (RRID:AB_2341188) were purchased from Cell Signal-
ing Technology. Antibodies to NeuN (RRID:AB_2314891) and guinea
pig anti-doublecortin (RRID:AB_1586992) were obtained from Milli-
pore, whereas antibodies to CHOP (RRID:AB_2245733), Ki67 (RRID:
AB_302459), and BrdU (RRID:AB_298940) were purchased from AbCam.
5-Bromo-2�-deoxyuridine (BrdU) was purchased from Sigma-Aldrich.

Genotyping. The CHOP knock-out mice (B6.129S(Cg)-Ddit3tm2.1Dron/J)
used in the current study were originally generated by Dr. David Ron,
NYU School of Medicine and were deposited for commercial use (Jack-
son Laboratories). The sequences of the CHOP genotyping primers are as
follows: forward- 5�-ATGCCCTTACCTATCGTG-3�, reverse 1- 5�-AAC
GCCAGGGTTTTCCCAGTCA-3�, reverse 2- 5�-GCAGGGTCAAGAG
TAGTG-3�. Crude genomic DNA was isolated from mouse tissues using
REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich) following the man-
ufacturer’s protocol. The isolated genomic DNA (1–2 �l) was amplified
in a 20 �l reaction containing 1 �M each primer using the following
protocol: 1 cycle: 10 min, 95°C; 35 cycles: 30 s, 95°C/ 1 min, 61°C/ 1 min,
72°C; 1 cycle: 2 min, 72°C. The amplified fragments (expected sizes: 320
bp for CHOP KO allele, 544 bp for WT allele) were separated on a 1.2%
agarose gel in buffer containing 40 mM Tris-acetate and 1 mM EDTA, pH
8.3, stained with ethidium bromide and photographed using the Syngene
G:Box gel documentation system.

Production of cortical impact injury. Surgical procedures were ap-
proved by the Institutional Animal Care and Use Committee and were
conducted in accordance with the recommendations provided in the
Guide for the Care and Use of Laboratory Animals. Protocols were de-
signed to minimize pain and discomfort during the injury procedure and
recovery period. An electromagnet-driven controlled cortical impact
(CCI) injury device was used to cause brain injury as previously de-
scribed (Fischer et al., 2016; Osier and Dixon, 2016). Briefly, animals
were anesthetized using 5% isoflurane with a 1:1 O2/N2O mixture, main-
tained under anesthesia using 2.5% isoflurane with 1:1 O2/air, mounted
on a stereotaxic frame, and a midline incision was made. For mice, a 5
mm craniectomy was produced midway between the bregma and lambda
with the medial edge of the craniectomy 0.5 mm lateral to the midline.
Mice received a single impact (0.5 mm deformation) on the right parietal
lobe with an impact velocity of 3 m/s using a 3 mm impactor tip. For rats,
the surgical procedures were identical except that the craniectomy was 7
mm in diameter, and the injury produced using a 5 mm tip traveling at 5
m/s and a deformation of 2.5 mm. Core body temperature was main-
tained at 37°C using a heating pad coupled with a rectal thermometer.
Sham animals received all the surgical procedures except craniectomy
and injury. After surgery, animals were given time to recuperate in a
warming chamber before being returned to their home cages. Animals
were weighed daily after the injury for the first 3 d, then weekly thereafter.

Drug administration. A double-blinding procedure for coding study
drugs was used to avoid potential bias. Drugs were prepared and coded to
obscure their identity. The coded samples were given to a second exper-
imenter who performed the injections. A third experimenter performed
the cell counts or behavior. After the completion of the study, codes were
broken for data analysis. GSK2606414 was dissolved in sterile saline con-
taining 10% DMSO and 8% Captisol. Vehicle control animals received
the same excipient mixture (10% DMSO and 8% Captisol). Injured (or
sham-operated) mice were randomly assigned to receive either vehicle
or 1.7 mg/kg GSK2606414 via intravenous injection initiated 30 min
postinjury (or surgery). All animals received additional daily intraperi-
toneal injections for 2 more d. For biochemical evaluation of the effect of
GSK2606414, mice were injected into the lateral ventricle (�0.10 mm
from bregma, 1.0 mm lateral to midline, 2.2 mm depth from the surface
of the skull) with 10 �g GSK2606414 (in 5 �l) or an equal amount of
vehicle.

For experiments using guanabenz, rats were used as mice did not
tolerate the drug. Guanabenz was dissolved in sterile saline to a concen-
tration of 2.5 mg/ml. Injured (or sham-operated) rats were randomly
assigned to receive either vehicle or 5.0 mg/kg guanabenz via intraperi-
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toneal injection initiated 30 min postinjury. All animals received daily
injections for a total of 3 d.

Immunohistochemistry. Animals were killed by sodium pentobarbital
overdose followed by exsanguination with saline and 4% paraformalde-
hyde. Brains were removed, postfixed in 4% paraformaldehyde over-
night, and then cryoprotected in 30% sucrose (in PBS). Forty-micron
thick sections were prepared on a cryostat. For NeuN and doublecortin
cell counts, selected sections (��1.9 mm from bregma for mice; �3.3
mm from bregma for rats) were treated with 0.6% H2O2, then perme-
abilized in PBS containing 0.25% Triton X-100. After washing in PBS,
sections were blocked in PBS containing 2% BSA and 2.5% normal goat
serum for 2 h, then incubated overnight in primary antibody (0.5–1.0
�g/ml) in blocking buffer. After extensive washing, sections were incu-
bated in biotinylated secondary antibodies for 1 h, washed, and then
incubated in streptavidin-HRP for 45 min. Immunoreactivity was visu-
alized using diaminobenzidine. After color development, sections were
mounted on gelatin-subbed slides, dehydrated using an alcohol series,
clarified using xylene, and coverslipped with Permount (ThermoFisher).

For double-label immunohistochemistry, sections were permeabilized
in PBS containing 0.25% Triton X-100, and blocked in PBS containing
2% BSA and 2.5% normal goat serum for 2 h. Primary antibodies (in
blocking buffer) were added and allowed to incubate overnight. After
extensive washing, sections were incubated in species-specific secondary
antibodies conjugated to AlexaFluors (Alexa-488 or Alexa-568) for 1 h.
After washing, sections were mounted and coverslipped with Fluoro-
mount G (Southern Biotech).

BrdU injection and detection. To label proliferating cells generated be-
fore injury, mice were injected with 50 mg/kg BrdU (i.p.) for 3 weeks (3
injections/week). Five days after the last injection, mice were injured or
sham operated. Three days after injury, mice were killed by sodium pen-
tobarbital overdose followed by exsanguination with saline and 4% para-
formaldehyde. Brains were removed, postfixed in 4% paraformaldehyde
overnight, and then cryoprotected in 30% sucrose (in PBS). Free-
floating slices (40 �m thick) were prepared on a cryostat. Sections cor-
responding to ��1.9 mm from bregma were selected, and then
incubated in 2N HCl for 1 h followed by two washes (20 min each) of 0.1
M sodium borohydride. After extensive washing in PBS, immunohisto-
chemistry for BrdU was performed as described above.

Cell and dendrite counting. Coded slides were counted by two indepen-
dent observers who were blind to the treatment groups. Positive cells
(doublecortin, BrdU, or Ki67) located in the granule layer of the dentate
gyrus were counted and the lengths of the dentate gyrus measured.
Doublecortin-positive dendrites that exited the granule cell layer and
entered the molecular layer of the dentate gyrus were also counted. Im-
mature neurons with dendrites reaching the molecular layer have been
shown to be predominately postmitotic and are likely to be �3 d old
(Plümpe et al., 2006). The number of cells/mm was calculated from three
sections (separated by �500 �m) for each animal.

NeuN-positive cells within the dentate gyrus subfield were counted
using the optical dissector technique using Stereo Investigator (Micro-
BrightField Bioscience). The dentate gyrus was carefully outlined and
subdivided using a 110 � 100 �m grid. The number of NeuN-labeled
cells in �20, computer-chosen areas within the dentate gyrus was scored
for each section. The size of the counting frame, and the number of grid
sections was determined based on preliminary cell counts. Cells in the
outermost planes of focus (5 �m) were omitted to avoid counting cell
caps. The number of NeuN labeled cells/mm 3 for each section was ob-
tained from the estimated cells divided by the contour volume. The
number of cells/mm 3 for each animal was calculated as the average of the
number of cells/mm 3 from each section examined.

Wes analysis. Protein concentrations were determined using a bicin-
choninic acid protein assay (ThermoFisher Scientific Protein Biology).
Equal amounts of protein for each sample were denatured in sample
buffer (heated to 65°C), and placed in the Wes Automated Western
system (ProteinSimple), along with the primary and HRP-conjugated
secondary antibodies. Sample separation, incubation, chemilumines-
cence, and quantification were performed automatically using preset
parameters.

Assessment of cognitive function. Cognitive function was tested using
tasks previously found to be dependent on adult hippocampal neurogen-
esis, namely the context discrimination and one-trial contextual fear
tasks (Saxe et al., 2006; Kheirbek et al., 2012b). Mice were tested for their
cognitive performance using the context discrimination task. Context
discrimination was performed by pre-exposing animals for 10 min to two
contexts. These contexts shared certain features (background noise, hor-
izontal grid floor, animal handling to and from the room) but differed in
others (cues, floor color, and scent). Animals were given two trials per
day for 3 d, one trial in each of the two chambers, as was done for the
pre-exposure. One context was designated as the “shock” cage in which a
2 s, 1.0 mA shock was given at the end of the trial. No shock was admin-
istered in the “safe” cage. The cage chosen to be safe and the exposure
order (e.g., safe then shock, or shock then safe) was randomized initially
across animals, and the exposure order was maintained thereafter for
each animal. The following day, discrimination between the two contexts
was assessed by monitoring freezing behavior, at 2 s intervals in each of
the two chambers. A reminder footshock was delivered in the shock cage
and discrimination tested again 24 h later. The difference in freezing time
in the shock versus safe cage was used as a measure of context fear dis-
crimination. The consequence of guanabenz treatment in rats was as-
sessed using a one-trial context-specific fear task. In this task, rats were
placed in a training chamber for 2 min, and then given a 2 s, 0.70 mA
footshock. Thirty seconds after the shock, the rat was removed from the
training chamber and returned to its home cage. Twenty-four hours
later, memory was tested by placing the animal back into the training
chamber and recording freezing behavior, in 2 s intervals, over a 3 min
period.

Experimental design and statistical analysis. The number of animals
used in each experiment is listed in the Results section. The numbers of
animals used for biochemical analysis and cognitive testing were based
on our previous experience with the techniques, and on the basis of a
sample size calculation using preliminary data. For biochemistry, it was
estimated that a 40% change in the mean could be detected in a two
group comparison using 3– 4 animals/group (assuming a SD of 10%).
Cell/dendrite counts and Western blot data between two groups was
analyzed using a two-tailed Student’s t test for unpaired variables. For
evaluation of doublecortin cell counts across genotypes and injury, two-
way ANOVAs were performed using a Holm–Sidak method for
multiple-comparisons post hoc test to determine data points with
significant differences. For evaluation of context discrimination, two-
way repeated-measures ANOVAs were used to determine statistical dif-
ferences. Either group main effects or interactions of group and trial were
used to determine statistical differences. For data that did not pass a
Shapiro–Wilk normality test, appropriate nonparametric analysis was
performed. Data were considered significant at p � 0.05 and presented as
mean � SEM. Statistical analysis was performed using SigmaPlot 11.0 (RRID:
SCR_003210).

Results
Newborn hippocampal neurons die as a result of TBI
The neurons in the hippocampus, a structure critical for learning
and memory, have been shown to be vulnerable to various insults
(Kirino, 1982; Fischer et al., 1987; Colicos et al., 1996; Baldwin et
al., 1997; Conti et al., 1998; Floyd et al., 2002; Gao et al., 2008). In
particular, previous studies have shown that doublecortin-positive
newborn neurons in the hippocampus die within 24–72 h after TBI
(Gao et al., 2008; Zhao et al., 2016). To confirm this observation,
mice were injured (or sham-operated) using the CCI device, and
then killed 72 h after injury. Figure 1A shows representative images
of doublecortin immunoreactivity in the dentate gyrus of sham and
72 h postinjury mice. Consistent with previous reports, an apparent
reduction in the number of doublecortin-positive cells can be seen
ipsilateral to the injury. Quantification of the number of double-
cortin-positive cells revealed significant decreases in both the ipsilat-
eral (t � 4.067, p � 0.007) and contralateral (t � 3.227, p � 0.018)
hippocampi as a result of TBI (Fig. 1B).
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As newborn neurons mature, their dendrites extend into the
molecular layer of the dentate gyrus (MoDG) where they form
synaptic connections to integrate into the hippocampal circuit
(Fig. 1C). Compared with those seen in the sham controls, the
dendrites of the surviving doublecortin-positive cells in the ipsi-
lateral hippocampus were found to be short, and typically did not
extend into the molecular cell layer after injury (t � 2.453, p �
0.050; Fig. 1D). A modest reduction in dendrite length was also
observed in the contralateral hippocampus, although this did not
reach statistical significance (t � 1.223, p � 0.261).

It is plausible that the reduction in number of doublecortin-
positive cells we observed after injury could have resulted from a
decrease in doublecortin expression levels or a change in fate

determination. To address this possibility,
mice were injected with 50 mg/kg BrdU
for 3 weeks (3 injections per week, each
separated by 48 h) to label representative
newborn cells. BrdU has a half-life of �2 h
and only labels cells in the S-phase during
this brief “window”. Mice were injured
(or sham-operated; n � 4/group) 5 d after
the final injection. The representative
photomicrographs (Fig. 1E) and sum-
mary data (n � 4/group; Fig. 1F) show
that the number of BrdU-positive cells is
significantly reduced in the ipsilateral (t �
4.411, p � 0.005) hippocampus as a result
of injury. Although slightly reduced, no
significant difference was seen in the
number of contralateral BrdU-positive
cells after injury compared with sham
controls (t � 1.128, p � 0.302).

Markers of ER stress can be observed in
newborn neurons after injury
Although it has been observed that dying
hippocampal newborn neurons after TBI
have fragmented nuclei, a feature of apo-
ptosis (Gao et al., 2008), the signaling
pathway(s) that triggers the death of these
cells has not been identified. As unresolved ER
stress can lead to CHOP-mediated apoptosis
(Fig. 2A), we questioned whether markers
of ER stress (phosphorylated PERK, phos-
phorylated eIF2�, CHOP, or activated
caspase-3) could be observed in newborn
neurons acutely after TBI. Mice were in-
jured (or sham-operated) and killed 6 h
later. The representative photomicro-
graphs shown in Figure 2B indicate that
although low levels of phospho-PERK
immunoreactivity could be observed in
adult granule neurons of the hippocam-
pus in both sham and TBI animals,
doublecortin-positive cells were negative
of phospho-PERK in sham-operated con-
trols. After TBI, however, a few phospho-
PERK-positive newborn neurons could
be observed. Similarly, a limited number
of newborn neurons (�2–3/section)
were observed expressing phospho-
eIF2�, CHOP, or activated caspase-3 in
TBI animals. No double-labeled cells were
detected in sham-operated controls.

Loss of CHOP protects newborn neurons after TBI
As our double-label immunohistochemistry indicated that ER
stress occurs in hippocampal newborn neurons after injury, we
questioned whether CHOP-mediated apoptosis might contrib-
ute to the loss of these cells. To address this possibility, we used
CHOP knock-out mice. Before initiating these studies, we first
verified the genotype of the CHOP mice. As described by the
originator of the CHOP KO mice, most of the coding region of
Ddit3 resides in exons 3– 4 of the normal gene, and this region
was deleted in CHOP KO mice (Zinszner et al., 1998). The geno-
typing screen used by Jackson Laboratories uses a 3-primer de-
sign (1 common forward, and 2 reverse). One of the reverse

Figure 1. CCI injury results in the loss of hippocampal newborn neurons and shortening of their dendrites. A, Representative
colorimetric immunohistochemistry of ipsilateral and contralateral hippocampi from sham and 72 h post-CCI injured mice immu-
nostained with an antibody for doublecortin. Scale bar, 250 �m. B, Quantification of doublecortin-positive cells (n � 4/group)
revealed that CCI causes a decrease of these cells in both the ipsilateral and contralateral hippocampus compared with sham.
C, High-magnification, double-label fluorescent image showing dendritic arborization of newborn neurons stained with dou-
blecortin (green). Mature granule neurons were visualized with an antibody against NeuN (red) gcl, Granule cell layer. Scale bar, 50
�m. D, Summary results of doublecortin-positive dendrites (n � 4/group) extending beyond the granule cell layer (i.e., entering
the MoDG) revealed that CCI decreased the number of long doublecortin-positive dendrites. E, Representative photomicrographs
of BrdU immunoreactivity in the ipsilateral and contralateral hippocampus from sham and 72 h post-CCI injured mice. Mice had
been injected for 3 weeks with BrdU (3 injections per week) before injury (or sham operation). Scale bar, 250 �m. F, Summary
results for the number of BrdU-positive cells in the ipsilateral and contralateral dentate gyrus at 72 h postinjury compared with
sham-operated controls (n � 4/group). Data are mean � SEM. *p � 0.05. Data are presented as mean � SEM.
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primers amplifies the native gene, whereas the second primer
amplifies the mutant gene. Thus, for the WT sequence a 544 bp
product is generated, whereas in knock-out mice a 320 bp prod-
uct is observed. Tissue from CHOP KO and WT mice were used
for DNA isolation and PCR amplification. Figure 3A shows a
representative image of an ethidium bromide-stained gel show-
ing the amplicons from CHOP KO and WT mice. As expected,
DNA from WT mice gave rise to a 544 bp band, whereas ampli-
fication from DNA isolated from CHOP KO mice yielded a 320
bp fragment.

To assess whether loss of CHOP improves newborn neuron
survival after TBI, groups of WT and CHOP KO mice (n �
4/group) were subjected to CCI injury. Three days after the in-
jury, animals were killed and brain tissue sections prepared for
doublecortin immunohistochemistry. Sham-operated WT and
CHOP KO mice were used as controls. Representative photomi-
crographs of doublecortin immunoreactivity within the dorsal
ipsilateral hippocampus from sham and CCI CHOP KO mice are
shown in Figure 3B. When analyzed using a two-way ANOVA, a
significant interaction of genotype and injury condition was de-
tected (F � 11.339, p � 0.005). Post hoc analysis revealed there
was no significant difference in doublecortin-positive cell num-
bers between sham-operated WT and CHOP KO mice (t � 0.467,
p � 0.647), suggesting that, under normal conditions, loss of
CHOP does not affect neurogenesis or newborn neuron survival
in the hippocampus. However, after CCI, the number of ipsilat-
eral doublecortin-positive cells in injured CHOP mice was found
to be significantly higher (t � 4.295, p 	 0.001; Fig. 3C) than that
observed in injured WT mice. A similar protection was observed

in the contralateral hippocampus (F � 6.830, p � 0.020), with the
CHOP KO injured mice having significantly more doublecortin-
positive cells than WT injured mice (t � 2.913, p � 0.011).

When the number of doublecortin-positive dendrites that ex-
tend into the molecular layer were counted in sham and injured
CHOP KO mice (Fig. 3D) and compared with those counted in
WT sham and injured mice, a significant interaction of genotype
and injury was again observed (F � 11.339, p � 0.005). The
reduction in dendrite numbers seen after injury in the ipsilateral
hippocampus of WT mice (WT sham vs WT injured: t � 4.883,
p 	 0.001) was not observed in CHOP KO mice (CHOP KO
sham vs CHOP KO injured: t � 0.150, p � 0.883). No difference
between groups was observed in the number of dendrites in the
molecular layer of the contralateral hippocampus (F � 0.157, p �
0.699).

Previous studies have indicated that 	15% of 3-d-old new-
born neurons will have dendrites that extend into the molecular
layer (Plümpe et al., 2006). Our observation that �80% of
doublecortin-positive cells in injured CHOP KO mice (measured
3 d after injury) had long dendrites suggests that these cells were
generated before injury, rather than the result of an increase in
postinjury proliferation. To specifically address this possibility,
tissue sections from sham and 72 h postinjury WT and CHOP KO
mice were immunostained for Ki67, a marker for proliferating
cells (Fig. 4A). Ki67-positive cells can be seen implanted along the
dentate gyrus, the location where newborn neurons reside. Only
cells in contact with the granule cell layer were counted. The
summary results (n � 4/group) shown in Figure 4B indicate that
loss of CHOP did not significantly alter the number of Ki67-

Figure 2. Activation of markers of ER stress in newborn neurons after CCI. A, Drawing showing the PERK-CHOP signaling pathway in response to ER stress. ER stress leads to PERK autophosphor-
ylation which, in turn, results in the phosphorylation of eIF2�. Activated eIF2� blocks the translation of 5�-capped mRNAs. Of exception, messages with internal ribosome entry sites such as the
carrier protein BiP (also known as GRP78), ATF4, and CHOP are translated. CHOP increases the expression of genes such as the proapoptotic protease caspase-3 (subsequently activated by proteolytic
cleavage), which carry out apoptosis. B, Representative high-magnification photomicrographs of neurons double-immunostained for doublecortin (green), and either phospho-PERK (red),
phospho-eIF2 (red), CHOP (red), or active caspase-3 (red) in the ipsilateral dentate gyri from sham and 6 h postinjury mice. Doublecortin-positive cells expressing a marker of ER stress (white arrows)
were seen after TBI, but not in sham controls. Scale bar, 25 �m. Data are presented as mean � SEM.
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Figure 3. Genetic deletion of CHOP reduces doublecortin cell loss after TBI. A, Representative image of an ethidium bromide-stained gel showing the amplicons from CHOP �/� and WT mice.
Consistent with the homozygous deletion of CHOP, amplification of DNA from CHOP �/� mice yielded a 320 bp fragment, whereas amplification from DNA isolated from WT mice gave rise to a 544
bp band. B, Representative photomicrographs of doublecortin immunostained ipsilateral hippocampi from WT sham, CHOP �/� sham, 72 h postinjury WT, and 72 h postinjury CHOP �/� mice,
showing that the visible loss of doublecortin-positive cells in WT injured mice is not seen in injured CHOP �/� CCI mice. Scale bar, 250 �m. C, Summary results showing the quantification of
doublecortin-positive cells (n �4/group) in WT sham, CHOP �/� sham, 72 h postinjury WT, and 72 h postinjury CHOP �/� mice. Compared with WT injured mice, CHOP �/� mice have significantly
more immature hippocampal neurons after TBI. D, Summary results for the number of doublecortin-positive dendrites (n � 4/group) entering the molecular layer revealed that by comparison to
injured WT mice, injured CHOP �/� mice had significantly more longer dendrites. ‡p 	 0.05 by two-way ANOVA, *p 	 0.05 between WT and CHOP �/�. Data are presented as mean � SEM.

Figure 4. Loss of CHOP does not affect proliferation of neural progenitor cells in the dentate gyrus. A, Representative photomicrographs of the ipsilateral dentate gyrus from uninjured and 72 h
postinjury WT and CHOP �/� mice immunostained for the cell proliferation marker Ki67. Ki67-positive cells can be seen implanted along the border of the granule cell layer. Scale bar, 250 �m.
B, Summary results for the number of Ki67-positive cells within the granule cell layers show no significant difference between uninjured WT and uninjured CHOP �/� mice. In addition, no significant
difference in Ki67-positive cell numbers was found between CCI-WT and CCI-CHOP �/� animals, in either the ipsilateral or contralateral dentate gyrus. C, Representative pictures for Ki67 and
doublecortin (DCX) double-label immunohistochemistry. Although a few cells were found to be positive for both Ki67 and doublecortin (Ki67
DCX
; arrow), most Ki67
 cells were found to be
DCX�. Scale bar, 50 �m. D, Summary results showing the percentage of Ki67-positive cells that were double-positive for Ki67 and doublecortin in WT sham, CHOP �/� sham, 72 h CCI WT, and 72 h
CCI CHOP �/� animals. No significant differences were detected in either the ipsilateral or contralateral dentate gyrus across groups. Data are mean � SEM. Data are presented as mean � SEM.
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positive cells in either the ipsilateral (F � 0.591, p � 0.455) or
contralateral (F � 0.003, p � 0.952) dentate gyrus after injury. As
Ki67 is not neuron-specific, we performed double-label immuno-
histochemistry for Ki67 and doublecortin. The representative
photomicrographs presented in Figure 4C show that some
Ki67
DCX
 cells could be found in the granule cell layer, although
most were Ki67
DCX�. Quantification of these cells revealed that
in sham animals, �25% of Ki67-positive cells were double-labeled
for doublecortin. This percentage was not altered as a result of injury,
nor in CHOP KO mice (F � 0.256, p � 0.621).

Loss of CHOP improves performance of injured animals in a
context discrimination task
As indicated in the Introduction, hippocampal newborn neurons
are required for acquisition of context fear discrimination (Saxe
et al., 2006). Specifically, studies have demonstrated that stimu-
lation of neurogenesis enhances, while chemical inhibitors of
neurogenesis impair, context discrimination (Sahay et al., 2011; Nii-
bori et al., 2012). This influence of neurogenesis on behavior can

be observed 4 – 6 weeks after treatment, a time gap thought to be
due to the time required for newborn neurons to begin express-
ing NR2B-containing NMDA receptors (Denny et al., 2012;
Kheirbek et al., 2012b). As we observed that loss of CHOP im-
proves the survival of newborn neurons after injury, we tested
whether injured CHOP knock-out mice (n � 9) performed better
in a context discrimination task (tested starting on day 28 postin-
jury) compared with injured wild-type (n � 10) mice. Training
and testing were performed as described in the Materials and
Methods section and summarized in Figure 5A. A group of sham-
operated WT mice was used as a baseline controls (n � 7). Figure
5B shows that sham-operated wild-type mice quickly learn to
differentiate between the context in which the footshock was de-
livered (shock) and the similar context in which no footshock
occurred (safe), resulting in a significant interaction of freezing
behavior over time between the two contexts (F � 16.756, p 	
0.001). By comparison, the results presented in Figure 5C shows
that injured wild-type mice were unable to distinguish between

Figure 5. TBI impairs performance in contextual discrimination, which is not observed in injured CHOP knock-out mice. A, Schematic showing the timeline of injury and the behavioral testing
paradigm in the context fear discrimination task. Testing was performed beginning 28 d postinjury. Each animal was exposed to Chamber A (shock chamber) and Chamber B (safe chamber) once daily
for 3 d. Freezing behavior was monitored and used as an index of fear. Performance (indicated as percentage freezing) in the context discrimination task in (B) wild-type shams, (C) wild-type injured
(WT CCI), and (D) injured CHOP �/� mice (CHOP �/� CCI). Sham animals show enhanced freezing in the shock versus the safe chamber, indicating intact contextual discrimination. WT CCI mice
displayed similar percentage freezing in the shock and safe contexts, indicating impaired contextual discrimination. CHOP �/� CCI mice retained the ability to discriminate between the two
contexts. Data are mean � SEM. ‡p 	 0.05 by two-way ANOVA. *Difference in freezing behavior between shock and safe contexts. E, Representative photomicrographs of WT and CHOP �/�

hippocampi (Ipsi hip; Scale bar, 500 �m) and dentate gyri (Ipsi DG; Scale bar, 100 �m) immunostained for NeuN. Mice were killed after the completion of the behavioral testing. F, Summary results
from stereological cell counts of NeuN-positive granule neurons revealed that injured CHOP �/� mice had no significant difference in the total number of dentate gyrus neurons compared with
injured WT animals. Data are presented as mean � SEM.
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the “shock and safe” contexts, as indicated by comparable per-
centage freezing in both contexts (F � 0.033, p � 0.859). In
contrast, injured CHOP KO mice learned to discriminate be-
tween the safe and shock contexts (F � 47.88, p 	 0.001), dis-
playing a significant interaction between the context and training
day (Fig. 5D). Although injured CHOP KO mice displayed higher
overall freezing behaviors, the difference in freezing behavior be-
tween the shock and safe (calculated as shock % freezing � safe %
freezing) contexts was found to be comparable with that seen in
uninjured WT controls (F � 0.444, p � 0.515).

In addition to newborn neurons, mature hippocampal
granule neurons also participate in the acquisition of context
discrimination (McHugh et al., 2007; Yassa and Stark, 2011). It is
therefore possible that the improvement in context fear discrim-
ination we observed in injured CHOP KO mice was due to dif-
ferences in the number of mature dentate gyrus neurons present
at the time of behavioral testing. To address this possibility, mice
were killed after the completion of behavioral testing, brain tissue
sections prepared, and immunohistochemistry using antibodies
to NeuN (a marker of mature neurons) was performed. Figure 5E
shows representative images of NeuN-immunostained ipsilateral
hippocampi and dentate gyri from injured WT and CHOP KO
mice. No areas of overt cell loss were observed in either injured
group. Stereological cell counts (Fig. 4F) of NeuN-positive gran-
ule neurons revealed no significant differences between the two
groups in the number of mature dentate gyrus neurons in either
the ipsilateral (t � �1.227, p � 0.287) or contralateral (t � 0.527,
p � 0.617) hippocampus.

Inhibition of PERK activity worsens TBI-triggered loss of
newborn neurons and impairs contextual discrimination
PERK is one of the key signaling pathways activated by ER stress.
When activated by ER stress, PERK inhibits protein synthesis via
phosphorylation of eIF2�, which helps cells to resolve ER stress
and return to homeostasis. GSK2606414 has been demonstrated
to be a specific inhibitor of PERK, having 100-fold more potency
for inhibiting PERK than even closely related eIF2�-kinase
(EIF2AK) family members (Axten et al., 2012). Consistent with
its ability to inhibit PERK, the phosphorylation of its downstream
target eIF2� is significantly reduced (phospho-eIF2�, p � 0.004;
phospho–total ratio, p � 0.018) in animals receiving 10 �g
GSK2606414 (i.c.v.) compared with vehicle-treated controls (Fig.
6A). The levels of total eIF2� were not significantly changed as a
result of treatment (p � 0.339).

To assess whether inhibition of PERK influences newborn
neuron loss after TBI, mice (n � 3/group) were injured, then
randomly assigned to receive intraperitoneal injections of either
1.7 mg/kg GSK2606414 or an equal volume of vehicle. Uninjured
sham animals treated with either GSK2606414 or vehicle (n �
4/group) were used as controls. Figure 6B shows that 3 d after the
injury (or sham operation), there was a significant difference in
the number of doublecortin-positive cells in the ipsilateral hip-
pocampus as a result of injury (F � 131.558, p 	 0.001), which
was exacerbated by GSK2606414 treatment (t � 2.243, p �
0.049). No effect of the drug was observed on ipsilateral imma-
ture neuron numbers in sham mice (t � 0.520, p � 0.614). In
addition, GSK2606414 caused a significant loss (F � 16.593, p �
0.002) of newborn neurons in the contralateral hippocampus of
injured (t � 4.474, p � 0.001) but not sham (t � 1.056, p � 0.316)
mice (Fig. 6C).

As inhibition of PERK exacerbated immature neuron loss, we
anticipated that this would be associated with a worsening of
behavior. As moderate-severely injured mice were incapable of

performing the context discrimination task, a lower magnitude
of injury was used to allow us to detect worsening of behavior.
When tested in the context fear discrimination task 28 d postin-
jury, mildly injured mice treated with vehicle (n � 9) were found
to be able to distinguish between the two contexts (F � 38.848,
p 	 0.001; Fig. 6D). In contrast, injured mice treated with 1.7
mg/kg GSK2606414 (n � 9) showed only minimal enhanced
freezing to the shock context by the end of training (F � 11.761,
p 	 0.001; Fig. 6E). When compared with vehicle-treated injured
controls, there was a significant difference in the degree of dis-
crimination (calculated as % freezing in shock � % freezing in
safe for each animal at each time point) between the two groups

Figure 6. Postinjury administration of the PERK inhibitor GSK2606414 worsens doublecortin
cell loss and context fear discrimination. A, Representative westerns and summary results
showing decreased eIf2� phospho-immunoreactivity (Phos) following intracerebroventricular
administration of GSK2606414 (or vehicle) to uninjured mice (n � 4/group). The total levels of
eIF2� did not change as a result of treatment. When calculated as a phospho–total ratio (P/T),
a significant decrease in phosphorylation was observed in mice treated with GSK2606414. *p	
0.05 between vehicle and drug-treated animals. B, Post-TBI administration of GSK2606414 (1.7
mg/kg, i.p.) worsens the loss of hippocampal doublecortin-positive cells. Thirty minutes after
CCI, mice were injected with GSK2606414 and tissue collected 72 h postinjury for doublecortin
immunohistochemistry. GSK2606414 significantly exacerbated immature neuron loss in
the ipsilateral and (C) contralateral hippocampus after TBI compared with CCI animals
receiving vehicle. No effect of treatment was observed in sham-operated controls. Data
are mean � SEM. ‡p 	 0.05 by two-way ANOVA. *Significant difference between vehicle
and GSK2606414 treatment. D, Mildly injured, vehicle-treated mice were able to differ-
entiate between the safe and shock contexts (as indicated by significantly increased freez-
ing in the shock context compared with the safe context) when tested beginning 28 d after
injury. E, By comparison, mildly injured, GSK2606414-treated (30 min postinjury) mice
performed poorly in the context discrimination task compared with vehicle-treated ani-
mals. Data are mean � SEM. ‡p 	 0.05 by two-way ANOVA. *Difference in freezing
behavior between shock and safe contexts. Data are presented as mean � SEM.
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(F � 17.199, p 	 0.001), indicating that
injured mice treated with GSK2606414
were impaired in their ability to discrimi-
nate between the shock and safe contexts.

Guanabenz reduces TBI-triggered loss of
newborn neurons and improves one-trial
fear memory
We have previously reported that guana-
benz, a drug recently shown to reduce ER
stress (Tsaytler et al., 2011), causes dose-
dependent increases in eIF2� phosphory-
lation (Dash et al., 2015). We therefore
examined whether guanabenz also offers
protection to doublecortin-positive im-
mature neurons. Rats were injured, then
administered 5.0 mg/kg guanabenz (i.p.)
or vehicle 30 min after injury (n � 6/group).
Rats were used for these studies as we have
observed that guanabenz is not well toler-
ated by mice (unpublished observation).
Groups of sham rats were treated with ei-
ther vehicle or guanabenz and used as
controls (n � 4/group). Additional drug
doses were administered 24 and 48 h later.
The representative images presented in
Figure 7A show that CCI causes an appar-
ent loss of doublecortin-positive cells
in the ipsilateral hippocampus that is
blunted in injured rats treated with
guanabenz. Quantification of dou-
blecortin-positive cells revealed a signifi-
cant difference across groups (F � 39.229,
p 	 0.001), with postinjury treatment
with guanabenz significantly increasing
the number of doublecortin-positive
neurons in the ipsilateral (t � 2.256, p �
0.037) hippocampus (Fig. 7B). No signif-
icant difference in doublecortin cell num-
bers as a result of treatment was seen in
sham animals (t � 0.648, p � 0.525).
Contralateral to the injury, the difference
in doublecortin-positive immature neu-
ron numbers between sham and CCI
animals treated with vehicle (t � 2.699,
p � 0.015) was not seen in sham and CCI
animals treated with guanabenz (t �
1.138, p � 0.270). Consistent with the ap-
parent neuroprotection seen ipsilateral to the injury, dendritic
arborization was also preserved in animals treated with guana-
benz (F � 5.399, p � 0.039) with the number of doublecortin-
positive dendrites exiting the granule cell layer found to be
significantly different between TBI animals treated with guana-
benz and those treated with vehicle (t � 3.375, p � 0.006; Fig.
7C). There was no effect of guanabenz on dendrite number in
uninjured controls (t � 0.089, p � 0.931), or contralateral to the
injury (F � 0.295, p � 0.597). Although an injury-related in-
crease in the number of Ki67-positive cells was observed in the
ipsilateral dentate gyrus (F � 48.250, p 	 0.001), no difference
was detected as a result of guanabenz treatment in either the
injured ipsilateral (t � 0.183, p � 0.858) or contralateral (F �
0.0519, p � 0.824) hippocampi (Fig. 6D), suggesting preservation
of pre-injury newborn neurons rather than increased postinjury

neurogenesis. Consistent with this, when Ki67
DCX
 cells were
counted, no significant difference was observed as a result of treat-
ment in either sham (t � 0.538, p � 0.601) or injured (t � 0.261, p �
0.799) mice, although a group main effect of injury was observed
(F � 24.903, p 	 0.001) due to the presence of a large number of
Ki67
DCX� cells.

We next tested whether the protection of newborn neurons
was associated with enhanced context fear. We used a one-trial
contextual fear task (in the absence of a tone cue), as performance
in this task has also been shown to be dependent on hippocampal
neurogenesis (Drew et al., 2010). Figure 8A shows that all groups
displayed minimal fear to the training chamber before the foot-
shock. When tested 24 h after training, sham animals (n � 7)
displayed enhanced freezing behavior indicating that they re-
membered the training context (Fig. 8B). In contrast, CCI ani-

Figure 7. Post-TBI guanabenz administration protects doublecortin-positive cells. A, Representative photomicrographs of
doublecortin-positive hippocampal newborn neurons in sham (treated with vehicle or 5 mg/kg guanabenz), and CCI rats treated
with either vehicle or 5 mg/kg guanabenz. Animals were treated 30 min after injury (or sham operation) then killed 72 h later. Scale
bar, 100 �m. B, Summary data (n � 6/group) of doublecortin-positive cell numbers in sham-vehicle, sham-guanabenz, CCI-
vehicle, and CCI-guanabenz groups. Injured rats treated with guanabenz had significantly more newborn neurons in both the
ipsilateral and contralateral hippocampi than injured rats treated with vehicle. Guanabenz had no effect on doublecortin-positive
cell numbers in sham animals. ‡p	0.05 by two-way ANOVA. *Difference between vehicle and guanabenz treatment. C, Summary
data for the number of doublecortin-positive dendrites entering the molecular layer in sham and CCI animals treated with either
vehicle of guanabenz. Guanabenz-treated injured animals had significantly more doublecortin-positive dendrites in the molecular
layer of the ipsilateral hippocampus than did injured vehicle-treated rats. ‡p 	 0.05 by two-way ANOVA. *Difference between
vehicle and guanabenz treatment. No significant differences were seen in the contralateral hippocampus or as a result of treatment
to sham-operated controls. D, Summary data for the number of Ki67-positive cells in vehicle-treated sham, guanabenz-treated
sham, vehicle-treated injured, and guanabenz-treated injured rats. Although a significant increase in the number of Ki67-positive
cells was observed in the ipsilateral dentate gyrus cell layer as a result of injury, no significant differences were found as a result of
treatment or in the contralateral hippocampus. E, Summary results showing the percentage of Ki67-positive cells that were
double-positive for Ki67 and doublecortin in sham and injured animals treated with either vehicle or guanabenz (n � 6/group).
‡p 	 0.05 by two-way ANOVA. Data are presented as mean � SEM.
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mals treated with vehicle (n � 6) showed significantly reduced
freezing behavior compared with sham controls (post hoc unad-
justed p � 0.001), indicating impaired memory. Injured animals
treated with guanabenz (n � 6) showed improved contextual
memory compared with animals treated with vehicle (post hoc
unadjusted p � 0.016). After the completion of behavioral test-
ing, animals were killed and hippocampal sections prepared and
immunostained using anti-NeuN antibodies. Figure 8C shows
representative images of NeuN-stained ipsilateral hippocampi,
and dentate gyri, from vehicle- and guanabenz-treated injured
rats. Visual inspection did not reveal any overt loss of mature
neurons. When the number of NeuN-positive cells in the dentate
gyri were counted using unbiased stereology (Fig. 8D), no differ-
ences in neuronal numbers were detected across the treatment
groups (ipsilateral: t � �0.614, p � 0.561; contralateral: t �
0.791, p � 0.459).

Discussion
Previous studies have shown that newborn neurons in the adult
hippocampus are vulnerable to TBI (Gao et al., 2008; Gibb et al.,
2015). However, the signaling pathway(s) that leads to the apo-
ptotic death of these cells following TBI is poorly understood. In
the present study, we examined whether ER stress is involved
in the death of these cells. The results presented herein revealed
three key findings: (1) TBI causes loss of doublecortin cells, in
addition to the loss of dendrites in newborn neurons that survive
the injury; (2) the PERK inhibitor GSK2606414 exacerbates,
whereas the reducer of ER stress guanabenz mitigates, newborn
neuron and dendritic loss after TBI; and (3) loss of the proapop-
totic transcription factor CHOP protects against TBI-triggered
loss of hippocampal newborn neurons and improves performance
in a context fear discrimination task.

Oxidative stress, energy/glucose depletion, and calcium changes
are known triggers for ER stress, and all of these have been shown
to occur as a result of TBI (Hall and Braughler, 1993; Lee et al.,
1999; Harris et al., 2001; van der Vlies et al., 2003; Sullivan et al.,
2004; Larner et al., 2006; Clark et al., 2007; Ji et al., 2012; Pandya
et al., 2013). Consistent with this, it has been previously demon-
strated that TBI increases the levels of ER stress markers (e.g.,
phosphorylation of eIF2�, IRE, GRP78, ATF4, CHOP) for up to

21 d after the injury (Truettner et al., 2007; Begum et al., 2014).
We have shown that post-injury administration of an eIF2à phos-
phatase inhibitor improves cognitive outcome, even when the
administration was delayed by 24 hr after injury (Dash et al.,
2015). Recently, Chou et al. (2017) found that persistent ER stress
contributes to hippocampal dysfunction in two different models
of TBI. However, whether ER stress occurs in newborn neurons
after TBI had not been examined. Using double-label immuno-
histochemistry, we found that markers of ER stress could be
observed in doublecortin-positive immature neurons after TBI.
Specifically, we observed phosphorylated PERK, phosphorylated
eIF2�, and CHOP immunostaining in doublecortin-positive
cells after injury, immunoreactivities that were not observed in
sham-operated controls (Fig. 2).

The proapoptotic transcription factor CHOP sits at the conver-
gence of three key ER stress signaling cascades: the PERK, IRE-1, and
ATF6 pathways. Upon activation, CHOP downregulates survival
factors such as Bcl-2 while promoting the transcription of proapop-
totic proteins such as BIM (Bcl2-interacting mediator of cell death).
In addition, transcriptional profiling experiments have revealed
that CHOP increases the expression of GADD34 (thereby revers-
ing the PERK-eIF2�-mediated translational block) and ER oxi-
doreductase 1� (which promotes oxidizing conditions in the
ER; Marciniak et al., 2004). Our immunohistochemical analysis
showed that CHOP is expressed in newborn neurons after TBI.
Further, we found that TBI-triggered loss of newborn neurons is
blunted in CHOP KO mice (Fig. 3).

In addition to loss of doublecortin-positive cells, we and oth-
ers have previously shown that TBI causes a significant shorten-
ing of the dendritic arbors of immature neurons (Zhao et al.,
2016). Comparison of the number of doublecortin-positive cells,
and the number of dendrites which entered the molecular layer of
the dentate gyrus, revealed that �80% of all doublecortin-positive
cells seen in sham animals had long dendrites. Conversely, only
30% of the surviving newborn neurons in the ipsilateral hip-
pocampus had dendrites that projected out of the granule cell
layer. Interestingly, we observed that CHOP knock-out animals
did not suffer from the TBI-induced reduction of dendritic ar-
bors that was seen in wild-type animals. This suggests that den-

Figure 8. Postinjury administration of guanabenz enhances contextual memory in a one trial contextual fear paradigm. Rats were injured, and then 30 min later received a single injection of
either vehicle or 5 mg/kg guanabenz (i.p.). One-trial contextual fear conditioning was performed on day 28 postinjury. A, Before training, all groups showed minimal freezing behavior to the training
chamber. B, After conditioning, contextual fear memory was tested 24 h later. Compared with shams (n � 7), injured rats treated with vehicle (n � 6) displayed significantly decreased
freezing when placed back into the training chamber. Guanabenz-treated CCI animals (n � 6) had significantly improved contextual memory as indicated by increased freezing in the
training chamber. *p 	 0.05 by one-way ANOVA. C, Animals were killed after the completion of behavioral testing. Representative photomicrographs of NeuN immunostained ipsilateral
hippocampi (Ipsi hip; Scale bar, 500 �m) and dentate gyri (Ipsi DG; Scale bar, 100 �m) from vehicle- and guanabenz-treated injured rats. D, Stereological counting of NeuN-positive
granule neurons revealed that guanabenz treatment did not significantly alter the total number of dentate gyrus neurons in either the ipsilateral or contralateral hippocampus compared
with vehicle-treated injured controls. Data are presented as mean � SEM.
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drites may be susceptible to ER stress, and that dendritic loss as a
result of ER stress can occur in the absence of cell death. Previ-
ously, we and others have observed that local caspase activation
can result in dendritic loss (Mattson et al., 1998a,b; Dash et al.,
2000). As caspase activation is a downstream consequence of
prolonged ER stress, these findings suggest that ER stress may
lead to the “apoptosis” of dendrites in the absence of death of the
soma. As neurodegenerative diseases and normal aging cause loss
of dendrites, it is interesting to speculate that ER stress may play a
causal role in disease- and age-related reductions of neuronal
arbors.

Although ATF6 and IRE-1 participate in alleviating ER stress,
PERK is thought to play a unique role in deciding cell fate after ER
stress (Harding et al., 2000a). Upon activation, PERK phosphor-
ylates eIF2�, which results in the translational inhibition of
mRNAs containing a 7-methylguanosine 5�-cap (Fig. 2A).
mRNAs that contain an internal ribosome entry site, which in-
clude several that code for chaperone proteins that participate in
protein folding, and the transcription factor ATF4, which leads to
CHOP induction, are unaffected by this translational block. Al-
though excessive PERK activation can lead to CHOP induction
and cell death, several studies have shown that prolonging eIF2�
phosphorylation can reduce ER stress-mediated cell loss (Hard-
ing et al., 2000b; Boyce et al., 2005; Liu et al., 2012). Consistent
with this, when guanabenz, a recently identified inhibitor of the
eIF2� phosphatase GADD34 (Tsaytler et al., 2011), was admin-
isteredafterinjury,asignificantpreservationofthenumberofdouble-
cortin-positive cells after injury was observed. In contrast, when
the PERK inhibitor GSK2606414 was administered, a significant
worsening of cell loss was observed. Although these results sup-
port a role for PERK in regulating ER stress after TBI, a recent
study has reported that guanabenz can reduce ER stress in cells
lacking GADD34 (Crespillo-Casado et al., 2017), and that guana-
benz acts via inhibition of IRE-1. Regardless of the mechanism
by which guanabenz mitigates ER stress, our data show that
post-TBI administration of guanabenz reduces newborn neu-
ron loss after TBI and improves a behavior dependent on
ongoing neurogenesis.

As the rate of neurogenesis has been previously shown to be
increased after TBI (Dash et al., 2001; Kernie and Parent, 2010), it
is plausible that some of the newborn neurons seen in response to
treatment may have been generated postinjury. Ki67 is a nuclear
protein that has been widely used as an early marker of cell pro-
liferation, and indicates cells in the G2, M, and latter half of the S
phase of the cell cycle (Yu et al., 1992). Previously, it has been
shown that the number of proliferating cells is increased in the
cortex (predominately astrocytic) and hippocampus (astrocytic
and neurogenic) after brain injury (Dash et al., 2001; Kernie et al.,
2001). Consistent with these previous studies, we saw a signifi-
cant increase in the number of Ki67-positive cells in the dentate
gyrus ipsilateral to the injury by day 3 after injury in rats. As TBI
is known to cause proliferation of immune/inflammatory cells, it
is possible that the proliferation of these cells contributed to the
increase we observed (Chirumamilla et al., 2002). Consistent
with this, only 25% of Ki67-immunopositive cells were found to
be doublecortin-positive, suggesting that the remaining Ki67-
positive cells are either non-neuronal or have yet to begin ex-
pressing doublecortin. In contrast to this finding in injured rats,
an increase in KI67-positive cells within the granule neuron layer
of the hippocampus was not seen in injured mice. At this time, we
are uncertain as to the cause of this differential response in cell
proliferation.

One weakness of the present study is that we cannot directly
attribute the improved cognitive function to the preservation of
doublecortin-positive cells. As other cells also likely experience
ER stress, mitigation of ER stress in these cells could have also
contributed to the behavioral improvements we observed. Al-
though we did not observe any significant effect of treatment on
granule cell numbers, we cannot rule out effects on the function
of surviving neurons. For example, Chou and colleagues (2017)
have demonstrated that reducing ER stress can improve spatial
learning and memory in brain-injured rodents, even when
animals are treated 4 weeks after injury, a time point likely
beyond the period of ongoing cell death (Chou et al., 2017). The
authors also acknowledge that pharmacological agents (such as
GSK2606414 and guanabenz) could be having effects beyond
their influence on the PERK-CHOP cascade. However, our re-
sults from experiments using CHOP knock-out animals strongly
implicate ER stress and CHOP activation in the death of imma-
ture neurons after TBI. With the above caveats in mind, our
findings support a key role for ER stress in the pathophysiology of
TBI.
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