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Endoplasmic Reticulum Stress and Disrupted Neurogenesis
in the Brain Are Associated with Cognitive Impairment
and Depressive-Like Behavior after Spinal Cord Injury

Junfang Wu,” Zaorui Zhao,” Alok Kumar, Marta M. Lipinski,
David J. Loane, Bogdan A. Stoica, and Alan |. Faden

Abstract

Clinical and experimental studies show that spinal cord injury (SCI) can cause cognitive impairment and depression that
can significantly impact outcomes. Thus, identifying mechanisms responsible for these less well-examined, important SCI
consequences may provide targets for more effective therapeutic intervention. To determine whether cognitive and
depressive-like changes correlate with injury severity, we exposed mice to sham, mild, moderate, or severe SCI using the
Infinite Horizon Spinal Cord Impactor and evaluated performance on a variety of neurobehavioral tests that are less
dependent on locomotion. Cognitive impairment in Y-maze, novel objective recognition, and step-down fear conditioning
tasks were increased in moderate- and severe-injury mice that also displayed depressive-like behavior as quantified in the
sucrose preference, tail suspension, and forced swim tests. Bromo-deoxyuridine incorporation with immunohistochemistry
revealed that SCI led to a long-term reduction in the number of newly-generated immature neurons in the hippocampal
dentate gyrus, accompanied by evidence of greater neuronal endoplasmic reticulum (ER) stress. Stereological analysis
demonstrated that moderate/severe SCI reduced neuronal survival and increased the number of activated microglia
chronically in the cerebral cortex and hippocampus. The potent microglial activator cysteine-cysteine chemokine ligand
21 (CCL21) was elevated in the brain sites after SCI in association with increased microglial activation. These findings
indicate that SCI causes chronic neuroinflammation that contributes to neuronal loss, impaired hippocampal neurogenesis
and increased neuronal ER stress in important brain regions associated with cognitive decline and physiological de-
pression. Accumulation of CCL21 in brain may subserve a pathophysiological role in cognitive changes and depression
after SCI.
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Introduction

LINICAL STUDIES SHOW that 40-60% of spinal cord injury

(SCI) patients develop long-term cognitive impairments, such
as memory span, executive functioning, attention, processing
speed, and learning ability.' The cause of the cognitive deficits in
these patients is controversial because of potentially confounding
factors, such as concurrent traumatic brain injury (TBI). However,
cognitive changes after SCI in patients have been reported without a
history or signs of TBL>>® After SCI, the incidence rate of depres-
sion ranges from 25% and 47%, more than twice that of the general
population.®'%'* Cognitive/emotional impairments may be detri-
mental to SCI patients not only in their own right, but because they
can compromise rehabilitation and impair recovery.'>'® Recent

experimental studies have reported that SCI in rodent models causes
impairment of spatial and retention memory and depressive-like
behavior.'”?!

The endoplasmic reticulum (ER), an important subcellular or-
ganelle, serves multiple functions, being important particularly in
the synthesis, folding, modification, and transport of proteins.”>>
Perturbations in ER function, a process named “‘ER stress,” trigger
the unfolded protein response designed to restore protein homeo-
stasis. Persistent ER stress or excessive activation eventually ini-
tiates cell death. Because of its function in protein folding and
transportation, the ER includes a large number of Ca**-dependent
molecular chaperones, such as the 78-kDa glucose regulation
protein (GRP78), that has been shown to be related to the survival
of neurons.* ER dysfunction could be the final common pathway
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FIG. 1. A timeline of the in vivo experimental design. A battery of behavioral tests were evaluated according to the schedule outlined

and compared following sham, mild-level (30 kDyne), moderate-level (60 kDyne), or severe-level (100 kDyne) spinal cord injury (SCI).
Assessment includes motor function (Basso Mouse Scale [BMS], open field spontaneous activity), cognition (Y-maze, novel object
recognition, step-down passive avoidance), and depression (sucrose preference, tail suspension and forced swim tests). ip, intraperi-

toneal.

for many neurological diseases. Chronic ER stress has been im-
plicated in neuronal disorders causing neurodegeneration and
cognitive dysfunction.”>~2® SCI causes increased levels of markers
of ER stress, which is a known component of secondary injury.?*="
However, no studies have examined whether or how SCI can in-
duce ER stress responses in cortex or hippocampus or whether such
changes may contribute to neurobehavioral consequences.

Adult hippocampal neurogenesis appears to influence not only
memory formation, but also development of depression.*>* Re-
mote impaired neurogenesis has been shown after peripheral neu-
ropathy and spinal cord lesions.'®*37 However, the relationship
between injury severity and the development of hippocampal neu-
rogenesis following SCI is less clear. Brain inflammation can affect
neurogenesis and depression. Adult-born hippocampal neurons are
sensitive to microglial activation, which can compromise survival
and differentiation of newly-formed neurons.*®* Increased inflam-
mation in the brain after SCI has been reported not only in pain
regulatory areas, such as the brainstem and thalamus, but also in the
hippocampus and cerebral cortex. 31221364041 Moreover, SCI sig-
nificantly increases M1-like microglial activation genes in the hip-
pocampus, along with changes in M2a-like and M2c-like markers.

In the current study, we evaluated a variety of cognitive and
depressive-like behaviors in mice as a function of injury severity
after SCI. Neurogenesis, ER stress, and microglial activation in the
key regions of the brain were assessed in the same animals.

Methods

Mouse spinal cord contusion
and bromo-deoxyuridine injections

C57BL/6J adult male mice (Taconic, Hudson, NY) weighing
20-25 g were anesthetized with isoflurane and received T9 spinal
contusions with 30 (mild injury), 60 (moderate injury), or 100
(severe injury) kDyne force using the Infinite Horizon Elnal Cord
Impactor (Precision Systems and Instrumentation).'®** Bladders
were manually expressed twice a day until spontaneous voiding
returned. Sham mice received a laminectomy but did not receive
spinal cord injuries. Surgical procedures performed on all SCI
animals were conducted by the same surgeon and at the same period
of time. All surgical procedures and experiments were performed in
accordance with the University of Maryland School of Medicine
Animal Care and Use Committee.

To determine the impact of SCI on adult neurogenesis and glio-
genesis in the brain, as well as to maximize the detection of prolif-
erating cells that would have undergone neuronal/glial differentiation,
cumulative in vivo labeling of cell proliferation was performed by
daily intraperitoneal injections of bromo-deoxyuridine (BrdU; final
concentration, 50 mg/kg dissolved in sterile saline; Sigma) for 4 weeks
starting 13 weeks post-injury and 4 days per week.

A battery of behavioral tests was conducted by two independent
experimenters blinded to injury severity group. The timeline of the
experimental design is shown in Figure 1. There were two cohorts
of animals that underwent SCI and behavioral testing. Randomi-
zation was performed in each study cohort and equal numbers of
sham, mild-level, moderate-level, and severe-level injuries were
performed on each day of surgery. All conditions were kept con-
sistent throughout the two cohort experiments. The C57BL/6 mice
were obtained from the same vendor and were the same age at time
of injury. All of the procedures were performed by the same in-
vestigators using the same SCI device. In addition, all behavioral
tests were performed by the same investigators using the same
equipment and room. The number of mice in each group or sub-
group is indicated in Table 1.

TABLE 1. DEFINITION OF THE GROUPS

Outcome measures in

subgroups/mice # (subgroups, Mild Moderate Severe

randomly selected) Sham  SCI SCI SCI
BMS 15 15 15 14
OP/NOR/Y-maze 15 15 15 13
TS/FS 15 15 15 12
SP/SDPA 15 15 13 11
IHC for BrdU/DCX/NeuN 8 9 9 9
THC for BrdU/Iba-1/GFAP 6 5 5 5
THC for GRP78/DCX 6 7 6 6
THC for CCL21/NeuN 5 6 5 6
NeuN stereology 5 5 6 5
Iba-1 stereology 5 6 6 6

SCI, spinal cord injury; BMS, Basso Mouse Scale; OP, open field; NOR,
novel object recognition; TS, tail suspension; FS, forced swim; SP, sucrose
preference; SDPA, step-down passive avoidance; BrdU, bromodeoxyur-
idine; DCX, doublecortin; NeuN, neuronal nuclei; IHC, immunohisto-
chemistry; Iba-1, ionized calcium binding adaptor molecule 1; GFAP, glial
fibrillary acidic protein; GRP78, glucose-regulated protein 78; CCL21,
chemokine (C-C motif) ligand 21.
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Motor function evaluation

Hindlimb locomotor function was assessed on Day 1 post-injury
and weekly thereafter for up to 8 weeks using the Basso Mouse
Scale (BMS).**The spontaneous locomotor activity was evaluated
in the open field** and the traveled distance/speed, as well as % of
inside zone distance, were recorded by computer-based Any-Maze
automated video tracking system (Stoelting Co., Wood Dale, IL).

Cognitive function

Spatial working memory was assessed by Y-maze spontaneous
alternation test as previously described.'® The percentage of al-
ternation is calculated using the following equation: total alterna-
tions x100/(total arm entries - 2). If a mouse scored significantly
above 50% alternations (the chance level for choosing the unfa-
miliar arm), this was indicative of functional working memory.
Retention memory was evaluated by novel object recognition
(NOR) test as previously reported.'®** Time spent with two iden-
tical objects was recorded; because mice inherently prefer to ex-
plore novel objects, a preference for the novel object (more time
than chance [10 sec] spent with the novel object) indicates intact
memory for the familiar object. The Step-Down Passive Avoidance
(SDPA), conducted as previously reported,'® evaluated a fear-
motivated learning task. Twenty-four hours after conditioning, the
latency to step down from the platform was recorded (or when
5 min have elapsed).

Depressive-like behaviors

The sucrose preference (SP) test was used to evaluate interest in
seeking a sweet rewarding drink relative to plain water. A dimin-
ished preference for the sweetened drink is a sign of anhedonia,
indicating depression-like behavior.* The SP test was conducted in
the home cage as previously described'® with some modifications.
Two inserts were placed in each cage—one with plain water in the
normal (back) position and the sweetened water (0.5% saccharine)
positioned at the front. After 24 h or 48 h, the water pouches, food,
and mice were weighed and recorded. The sucrose preference was
calculated by dividing consumption of sweetened water by total
consumption of water (sweetened water plus plain water). The food
preference also was calculated as a control to demonstrate that mice
did not show a place preference.

The tail-suspension (TS) test assesses depression-like behavior
in mice and is based on the observation that mice develop an im-
mobile posture when placed in an inescapable hemodynamic stress
of being hung by their tail. The duration of immobility was re-
corded as described.'®**

The forced swim (FS) test was performed as previously de-
scribed.***” Briefly, mice were placed in a transparent plastic
cylinder (25 cm high X20 cm diameter) filled with water (22-23°C;
22cm in depth). The duration of immobility was recorded
throughout the 6 min test period. Immobility was characterized as a
lack of any movement.

Immunohistochemistry, image acquisition,
and quantification

At 16 weeks after injury, mice were deeply anesthetized and
perfused transcardially with 50 mL cold saline, followed by 200 mL
of 4% paraformaldehyde (PFA). The brains were removed, post-
fixed overnight in PFA, and cryoprotected by immersion in 30%
sucrose for 72 h. Serial 30-um thick coronal sections were cut using
a cryostat and stored at —20°C in cryoprotectant solution (25%
glycerol, 25% ethylene glycol, and 0.1 M phosphate buffer; pH,
7.4) until use. For BrdU immunohistochemistry, free-floating brain
sections were treated with 0.6% H,O, for 30 min to quench en-
dogenous peroxidases. After rinsing in phosphate-buffered saline,
sections were incubated in HCI at 37°C for 30 min, followed by
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washing twice with 0.1 M borate (pH 8.5). Standard fluorescent
immunocytochemistry was performed as described previously.'®

Primary antibodies used in this study include rat anti-BrdU
(1:200; AbD Serotec), goat anti-doublecortin (DCX, 1:500; Santa
Cruz Biotechnology), mouse anti-NeuN (1:500; Millipore), rabbit
anti-ionized calcium binding adaptor molecule 1 (Iba-1, 1:1000;
Wako), mouse anti-glial fibrillary acidic protein (GFAP, 1:1000;
Dako), rabbit anti-glucose-regulated protein 78 kDa (GRP7S,
1:500; Abcam), rabbit anti-chemokine (C-C motif) ligand 21
(CCL21, 1:500; Chemicon). Secondary antibodies used are from
Invitrogen: Cy5-conjugated anti-rat, Alexa Fluor 488 goat anti-
rabbit, Alexa Fluor 546 goat anti-mouse, Alexa Fluor 633 goat anti-
mouse and Alexa Fluor 546 donkey anti-goat. Counterstaining was
performed with 4, 6-diamidino-2-phenylindole (DAPI; 1 ug/mL;
Sigma). All immunohistological staining experiments were carried
out with appropriate positive control tissue, as well as primary/
secondary-only negative controls. Immunofluorescently labeled
sections were imaged either using a LEICA (TCS SP5 1I, Leica
Microsystems Inc., Bannockburn, IL) confocal microscope system
(for BrdU/DCX/NeuN, BrdU/Iba-1, and BrdU/GFAP), or using a
fluorescence Nikon Ti-E inverted microscope (for GRP78/DCX
and CCL21/NeuN). The images were processed using Adobe
Photoshop 7.0 software (Adobe Systems, San Jose, CA).

For quantitative image analysis of GRP78/DCX and CCL21/
NeuN, images were acquired using a fluorescent Nikon Ti-E in-
verted microscope, at 20x (CFI Plan APO VC 20x NA 0.75 WD
1 mm) magnification. Exposure times were kept constant for all
sections in each experiment. Background for all images was sub-
tracted using Elements. All images were quantified using Elements:
nuclei were identified using Spot Detection algorithm based on
DAPI staining; cells positive for any of the immunofluorescence
markers were identified using Detect Regional Maxima or Detect
Peaks algorithms, followed by global thresholding. The number of
positive cells was normalized to the total number of cells based on
DAPI or NeuN staining. CCL21 intensity was normalized to the
total area imaged. All quantifications were performed in the cortex,
hippocampus, and thalamus, with n=2-4 images per location from
three sections per mouse. The brain sections were chosen between
bregma —1.46 mm and bregma —3.16 where hippocampal dentate
gyrus (DG) occurs. For each experiment, data from all images from
one region in each mouse were summed up and used for final
statistical analysis.*"*® At least 1000-2000 cells were quantified
per mouse per area per experiment.

For quantitative image analysis of BrdU/DCX/NeuN, BrdU/Iba-
1, and BrdU/GFAP, digital images at 20x magnification were
captured from both sides of the DG sub-regions (granular layer
[GL] + subgranular zone [SGZ] + hilus), hippocampus or cortex,
based on atlas boundaries (from the Franklin and Paxinos mouse
atlas, third edition, 2007) and using a confocal laser-scanning mi-
croscope (n=2-4 images per location from three sections per
mouse for 5—-6 mice per group). The brain sections were chosen
between bregma —1.46 mm and bregma —3.16 where hippocampal
DG occurs. For each experiment, data from all images from one
region in each mouse were summed up and used for final statistical
analysis.**>°

Unbiased stereological quantification of microglial
phenotypes and neuronal survival

Brain coronal sections were stained with cresyl-violet and Stereo
Investigator software (MBF Biosciences, VT) was used to count
the total number of surviving neurons in the cortex, thalamus, as
well as Cornu Ammonis (CA) 1, CA2/3, and DG sub-regions of the
hippocampus using the optical fractionator method of unbiased
stereology as described previously.'® Every fourth 60-um section
was analyzed beginning from a random start point. The estimated
number of surviving neurons in each field was divided by the
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volume of the region of interest to obtain the cellular density ex-
pressed in cells/mm>.

Every fourth 60-um section beginning from a random start
point were stained for Iba-1 (1:1000) antibody and 3,3'-
diaminobenzidine. The number of the three microglial morpho-
logical phenotypes (namely surveillant microglia [ramified],
activated microglia [hypertrophic and bushy]) in the cortex and
hippocampus was quantified using the optical fractionator method
of unbiased stereology with Stereo Investigator software as de-
scribed previously.'® Microglial phenotypic classification was
based on the length and thickness of the projections, the number of
branches and the size of the cell body, as previously described.”">>
The estimated number of microglia in each phenotypic class was
divided by the volume of the region of interest to obtain the cellular
density expressed in cells/mm’. Neurolucida software (MBF
Biosciences) was used to create reconstructions of microglia at
different stages of activation after injury by tracing the cell bodies
and dendrites.*’

Statistical analysis

Data are presented as means * standard error of the mean. All
statistical analyses were conducted by using the GraphPad Prism
Program, Version 3.02 for Windows (GraphPad Software, La Jolla,
CA) or SigmaPlot, version 12 (Systat Software, San Jose, CA).
BMS was analyzed by two-way analysis of variance (ANOVA)
with repeated measures. For multiple comparisons, one-way
ANOVA was performed followed by Student’s Newman-Keuls
post hoc test for parametric (normality and equal variance passed)
data. Kruskal-Wallis ANOVA based on ranks followed by Dunn’s
post hoc test was used for nonparametric (normality and/or equal
variance failed) data. For experiments with only two groups, two-
tailed Mann-Whitney rank sum test (nonparametric) or two-tailed
unpaired Student’s r-test was performed. Statistical significance
was set at p<0.05.

Results

SCI causes severity-dependent impairment
of motor/cognitive functions and depressive-like
behavior

All mice underwent assessment for hindlimb function in open
field locomotion on Day 1 post-injury and weekly thereafter for up to
8 weeks using the BMS. SCI reduced BMS scores in an injury se-
verity—dependent manner (Fig. 2A). Repeated measures two-way
ANOVA showed a significant effect of injury severity (p <0.001)
and Student-Newman-Keuls post hoc analysis demonstrated signif-
icant differences between the injured and sham groups (p <0.001,
n=14-15/group). There was separation among the mildly-, moder-
ately-, and severely-injured groups from Day 14 through to Day 56.
Determination of spontaneous locomotor activity at 12 weeks post-
injury using the open-field test showed that moderate (n=15,
p<0.01) or severe (n=13, p<0.001) SCI resulted in a significantly
reduced distance traveled and walking speed, compared with sham
mice (n=15; Fig. 2B). In addition, significant differences were ob-
served between the mildly- and moderately-injured groups (p <0.01)
and between the moderately- and severely-injured groups (p <0.01).
Moderate/severe injury mice displayed decreased percentages of in-
side zone distance indicating severity-dependent increased anxiety-
like behavior (Fig. 2B).

To investigate the effect of injury severity on learning and
memory impairments after SCI, we performed a variety of neuro-
behavioral tests that are less dependent on locomotion. Non-spatial
retention memory was evaluated by a NOR test at 12 weeks post-
injury. During training (sample phase), all mice spent equal time
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with the two identical objects (Fig. 3A, left panel). Sham or mild
SCI mice spent more time than chance (10sec) with the novel
object 24 h after training, indicating intact memory (Fig. 3A, right
panel), whereas moderate/severe injury mice spent less time than
chance. One-way ANOVA analysis revealed that the moderate/
severe SCI mice spent significantly reduced time with the novel
object, compared with the sham-injured group (p<0.001). No
significant differences were observed between the sham and mild
SCI groups.

Next, spatial working memory was assessed by the Y-maze
spontaneous alternation test at 11 weeks after SCI. Sham or mild
SCI mice showed approximately 70% spontaneous alteration, in-
dicative of functional working memory (Fig. 3B). Moderate or
severe SCI caused a significant reduction of spontaneous alteration,
compared with sham animals. To determine the long-term effect of
injury severity on what is believed to be spatial and emotional
motivations, the step-down fear avoidance test was conducted at 15
weeks post-injury. This is a fear-motivated learning task that is not
dependent on motor function. During step-down fear conditioning
trials, all mice displayed similar short retention times before step-
ping down onto the platform and receiving a shock. During testing
for memory of the aversive experiences 24 h later, SCI resulted in
reduced latency to step down from the platform in an injury-
severity dependent manner (Fig. 3C). Severely injured mice
showed significantly reduced latency to step-down, compared with
sham mice (p <0.05).

A battery of established tests was used to assess depressive-like
behavior in a mouse contusion model of SCI. To reduce the po-
tential confounding effects of motor deficits, water/food motiva-
tions were evaluated using the sucrose preference test at 14 weeks
after SCI. SCI mice showed significantly reduced sweet water
consumption without a change in food consumption, indicating
depression-like behavior (Fig. 4A). Immobility in tail-suspension
and forced swim tests is interpreted as a symptom of learned
helplessness and characteristic of depression in rodent subjects. As
shown in Figure 4B and 4C, the sham-injured mice revealed an
immobility time of approximately 100sec. No differences were
observed between the sham and mild SCI groups. However, mod-
erate or severe SCI at 13 weeks post-injury resulted in significant
increases in immobility times, compared with the sham group
(p<0.05, p<0.01, p<0.001, respectively; n=13-15/group).

Collectively, these data show that SCI mice displayed deficits in
motor function in an injury severity—dependent manner. Moderately/
severely injured mice performed poorly in the Y-maze, NOR, SDPA,
SP, TS, and FS tests, indicating impaired cognitive functions and
depression-like behavior. In particular, no significant differences
were observed between the moderate- and severely-injured groups in
these tests.

SClI disrupts neurogenesis in dentate gyrus
of the hippocampus

To investigate whether a spinal cord distant lesion impacts
hippocampal neurogenesis that is believed to contribute to memory
formation and depression,*>* mice received BrdU injections be-
tween Weeks 13 and 16 post-injury, and brain sections were
double-labeled with antibodies specific for BrdU and newly-
generated immature neurons (DCX) or mature neurons (NeuN).
BrdU positive cells, as well as cells co-labeled with DCX and
NeuN, were quantified in the hippocampal DG sub-regions (in-
cluding GL, SGZ, and hilus) at 16 weeks after SCI (Fig. 5SA). The
total number of BrdU" cells was reduced by 16% (n=8), 29%
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FIG. 2. Spinal cord injury (SCI) causes impairments of motor function in an injury-severity dependent manner. (A) Hindlimb
locomotor function was evaluated using the Basso Mouse Scale (BMS) score. SCI reduced BMS scores in an injury-severity dependent
manner. (B) Determination of spontaneous locomotor activity. SCI resulted in a significant reduced distance traveled (left panel),
walking speed (middle panel), and percent of inside zone distance (right panel), compared with sham mice.

(n=9), and 31% (n=9), respectively, in the mild, moderate, and
severe SCI groups, compared with the sham-operated group (n=8;
Fig. 5B). Moderate/severe SCI resulted in significant reduction in
the number of newly-generated BrdU" cells (p <0.05). Immature
neurons stained by DCX were significantly decreased by 33%
(p<0.01,n=9),52% (p<0.001,n=9),and 42% (p <0.001; n=9),
respectively, in the mild, moderate and severe SCI groups, com-
pared with sham mice (n=38; Fig. 5C). Figure 5D and SE show
representative immunohistochemical images for BrdU and DCX in
the DG in sham, mild, moderate, and severe SCI. The number of
co-localized BrdU"/DCX" and BrdU"/NeuN" cells showed a sig-
nificant decrease in newly-generated immature (Fig. 5F) and ma-
ture neurons (Fig. SH) after mild, moderate, and severe SCI. The
percentage of newly-generated immature neurons (BrdU*/DCX")

in total number of BrdU™ nuclei was reduced but did not reach the
significance (Fig. 5G), while the proportion of newly-generated
mature neurons (BrdU*/NeuN") among the total number of BrdU*
nuclei was significantly decreased in the moderate and severe SCI
groups, compared with sham mice (Fig. 5I). Thus, SCI causes long-
term reduction in the number of newly-generated neurons and also
alters the ability to differentiate from immature neurons to the
neuronal lineage in the hippocampal DG region.

SCI results in neuronal ER stress and
neurodegeneration in key-regions of the brain

To directly evaluate the possibility that SCI increases neuronal
ER stress in the brain, which is implicated as a significant
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FIG. 3. Spinal cord injury (SCI) causes learning and memory impairments. (A) Novel object recognition test. Mice from sham or mild
groups spent more time than chance (10sec) with the novel object 24 h after training (sample phase), indicating intact memory. SCI
mice with moderate or severe injury spent significantly less time with the novel object. (B) Y-maze spontaneous alteration test. Sham
mice showed approximately 70% spontaneous alteration, indicative of functional working memory. Moderate or severe SCI caused a
significant reduction of spontaneous alteration, compared with sham animals. (C) Step-down passive avoidance (SDPA) test. During
SDPA conditioning trials, all groups exhibited similar short retention times before stepping down onto the platform and receiving a
shock. During testing for memory of the aversive experiences 24 h later, SCI mice showed significantly reduced latency to step-down
from the platform, compared with sham mice. n=11-15/group. *p <0.05, **p <0.01, ***p <0.001 vs. sham group.

contributor to neurodegeneration and cognitive dysfunction,?’?®

we examined the expression of ER stress marker, the 78 kDa
glucose-regulated protein (GRP78), in the brain at 16 weeks after
SCI. Quantitative image analysis revealed that GRP78" cells were
significantly increased in the cortex, hippocampus, and thalamus in
an injury severity—dependent manner (Fig. 6A—C; p <0.01 mild vs.
moderate in cortex; p <0.05 mild vs. moderate in hippo; p<0.01
mild vs. moderate, and moderate vs. severe in cortex). Re-
presentative immunofluorescent images for GRP78 were shown in
the key brain regions from sham, mild, moderate, and severe SCI
mice (Fig. 6D). The majority of positive cells had neuronal mor-
phology. Further, double-labeled GRP78 with DCX were counted
in the hippocampal DG. Moderate/severe SCI significantly in-
creased the number of GRP78"/DCX™" cells (Fig. 6E), suggesting
that proliferating immature neurons underwent ER stress. Figure 4F
showed a representative image for GRP78*/DCX" cells from

moderate SCI mice. High-magnification image of GRP78 (red) co-
labeling with DCX (green; Fig. 6G) is shown in the insert in
Figure 6F.

Unbiased stereological assessment of neuronal density was
performed on a cresyl-violet—stained section in the cortex, thala-
mus, and CA1, CA2/3, and DG sub-regions of hippocampus. The
survival neurons were significantly reduced in both the moderate
and severe SCI groups (Fig. 7A-E). The survival neurons in the DG
a trend toward decrease, though no statistically significant differ-
ence was found (Fig. 7F).

SCI alters microglial morphology in the brain

To determine whether disrupted neurogenesis and neurodegen-
eration associated with impaired cognition/depression were the re-
sult of increased inflammation, we performed unbiased stereological
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preference also is calculated as a control to demonstrate that mice do not show a place preference. SCI mice showed significantly
reduced sweet water consumption without a change in food consumption. (B) Tail-suspension test: SCI resulted in significantly
increases in immobility times, compared with Sham group. (C) Forced swim test: Rodent develops depression-like status demonstrated
by immobility in unescapable water cylinder. Depression-like effect is increased with the severity. n=11-15/group. *p<0.05,

**p<0.01, ***p<0.001 vs. sham group.

assessment to examine microglial cell numbers and activated forms
in the cortex and hippocampus after SCI. Representative images and
reconstructions (Neurolucida) of the surveillant (ramified, small cell
body with elongated and thin projections) and activated (hypertro-
phic, large cell body with shorter and thicker projections) microglia
were presented (Fig. 8A, 8B). Among activated microglia, hyper-
trophic phenotypes predominated, whereas bushy microglia (en-
larged cell body with multiple short processes that form thick
bundles) were rarely seen. No significant differences were observed
in the number of total microglia across the groups (Fig. 8C, 8D).

However, 16 weeks after moderate/severe SCI, there were signifi-
cantly increased numbers of microglia displaying the activated
phenotype and reduced ramified phenotypes in both the hippocam-
pus and cerebral cortex of SCI mice, compared with sham mice
(Fig. 8C, 8D).

To gain further insights into glial proliferation, BrdU labeling
Iba-1* microglia or GFAP" astrocytes also were analyzed using the
same animal groups for neurogenesis. Figure 9A-B illustrated the
hippocampal and cerebral cortical anatomical regions used for
image analysis. Neither number of co-localized BrdU*/Iba-1" nor
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BrdU*/GFAP" cells in the hippocampus (Fig. 9C, 9D) and cortex
(Fig. 9E. 9F) were changed among the SCI groups.

Together, these data suggest that moderate/severe thoracic SCI
triggers microglia activation in the brain without affecting glio-
genesis.

CCL21 accumulation in the brain following SCI

The neuroimmune modulator CCL21 was reported to be up-
regulated in the ventro-posteriolateral nucleus and posterior nu-
cleus of the thalamus after SCI which triggers thalamic microglial
activation in association with hyperesthesia.**>* More recently,
CCL21 signaling was found increased in neuronal cell bodies and
parenchyma within both the hippocampus and cortex at 7 days after
SCL." Here, we examined CCL21 immunoreactivity in key brain
regions from sham, mild, moderate, and severe SCI mice at 16
weeks post-injury. Quantification of pixel intensity for CCL21 re-
vealed significant increases in the cortex, hippocampus, and thal-
amus in all injured groups (Fig. 10A—C). However, no significant
differences were observed in the CCL21 expression across the in-
jured groups. Representative immunofluorescent images for
CCL21 were shown in the brain regions from sham, mild, moder-
ate, and severe SCI mice (Fig. 10D). Some of positive cells had
neuronal morphology. Further, double-labeled CCL21 with NeuN
were counted in these regions. SCI significantly increased the
number of CCL21*/NeuN" cells (Fig. 10E-G), suggesting that SCI
triggers CCL21 accumulation in the neurons in the brains.

Discussion

Using a battery of neurobehavioral tests that are less dependent
on locomotion, this study shows that cognitive impairment and
depressive-like behavior increase in moderate and severe SCI an-
imals. SCI caused a chronic reduction of BrdU incorporation, as
well as immature neurons in the hippocampal DG region. Increased
neuronal ER stress response and CCL21 accumulation occurred in
selected brain regions associated with elevated numbers of reactive
microglia and increased gene expression levels for markers of
M1-type microglia. Stereological analysis demonstrated reduced
neuronal counts in the cortex, hippocampus, and thalamus in
moderate and severe SCI animals.

Cognitive impairment and depression have been reported in
humans, as well as in rodents, following SCL'72° However, a
direct relationship between injury severity and associated cognitive
deficits or depression has not been established. Importantly, for an
SCI model, the characterization of behaviors for cognition and
depression should not depend on motor function. The Y-maze,
NOR, and SDPA tests used in the present study are less dependent
on locomotion, reflecting both frontal cortical and hippocampal
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function, as well as a fear-motivated learning task. These tests
showed increased deficits as a function of severity of injury.

The SP, TS, and FS tests are commonly used to measure depression-
like symptoms in rodents. In SCI model, Leudtke and colleagues
determined that approximately 35-39% of rats with a moderate
contusion display characteristics of depression, including decreased
anhedonia and social exploration, as well as increased immobility.?°
The latter symptom on the FS test can be reversed by an antide-
pressant fluoxetine with a dose that has been shown to be sub-
threshold for increasing motor activity. In the present study,
moderately- or severely-injured mice displayed depressive-like be-
havior, with no significant differences observed between these
groups. Despite significant differences in locomotor function between
the moderate- and severe-injury groups, injury severity did not affect
performance on the tests of cognition and depression, suggesting
that these ‘‘non-motor” tasks are to a significant degree independent
of locomotor impairments. This is in agreement with prior reports in
rat SCL2%?! Whereas the SDPA was independent of motor activity,
pain sensation changes in injured mice may affect this test. SCI-
mediated chronic pain could potentially contribute to depression.

We and others have reported*>**~% that mice with a mild or
moderate contusion SCI developed significant tactile allodynia,
compared with naive animals; however, only severe injury mice
showed impairment in the SDPA test. Thus, the behaviors observed
in the present study appear to be valid measures of cognition and
depression in the rodent model of SCI. Although we acknowledge
that in certain cases the interpretation of cognitive tests may be
confounded by motor deficits, our data indicate that these factors do
not play a major role in our model. Maldonado-Bouchard and
colleagues ' have reported in a rat SCI model that mild injury also
causes depression- and/or anxiety-like signs. However, mild SCI
mice in the present study did not show significant impairment of
cognition or depression.

Adult hippocampal neurogenesis, a form of neuronal plasticity,
is known to be important in memory formation and maintenance.
Numerous groups have reported suppressed hippocampal neuro-
genesis in depressed subjects and increased adult-born hippocam-
pal neurons with antidepressive drug actions.**>’%° Remote
hippocampal neurogenesis also is inhibited in some chronic pain
models evoked by peripheral nerve injury that is associated with
depression.>>?7 Assessments of neurogenesis in the brain after SCI
have been controversial. Significant long-term reduction of neu-
rogenesis in the hippocampal SGZ has been reported at 90 days
after a cervical spinal cord hemisection injury in adult rats,*
whereas Franz and colleagues reported no alteration of neurogen-
esis in the brain at 42 days after rats thoracic moderate contusion.®’
We reported reduced numbers of DCX-labeled immature neurons
in the hippocampal SGZ area at 12 weeks after mouse thoracic

>

FIG. 5. The hippocampal neurogenesis is impaired following spinal cord injury (SCI). (A) Approximate positions of the hippocampal
anatomical structures are shown in an atlas overlay. The insert shows the dentate gyrus (DG) area for digital images captured at 20x
magnification, which included granular layer (GL), subgranular zone (SGZ), and hilus. (B) Proliferating cells stained by bromo-
deoxyuridine (BrdU) were significantly decreased in the moderate and severe SCI groups, compared with sham mice. *p <0.05 vs. sham
group. n=_8-9. (C) Immature neurons stained by doublecortin (DCX) were significantly decreased in the mild, moderate, and severe SCI
groups, compared with sham-operated group. **p<0.01, ***p<0.001 vs. sham group. n=8-9. (D and E) Representative images
showed BrdU+ and DCX+ cells along with nuclear staining (4’,6-diamidino-2-phenylindole, blue) in the hippocampal DG sub-region in
sham, mild, moderate, and severe SCI mice. Scale bar =250 um. (F-I) Number of co-localized BrdU+/DCX+ and BrdU+/NeuN+ cells
showed a significant decrease in proliferating immature (F) and mature (H) neurons in mice with mild, moderate, and severe SCI. The
percentage of BrdU+/DCX+ in total proliferating cells (BrdU+) did not reach the significance while the percentage of proliferating
mature neurons (BrdU+/NeuN+) was significantly decreased in the moderate and severe SCI groups, compared with the sham-operated
group. *p<0.05, **p<0.01, ***p<0.001 vs. sham group. n=8-9. Color image is available online at www.liebertpub.com/neu
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SCI.'8 In the present study, using BrdU labeling, we detected robust
down-regulation of neurogenesis at 16 weeks post-injury, including
decreased cell proliferation and newly-generated immature neu-
rons, as well as neuronal differentiation. The divergent findings
may be explained by the different lesion paradigms or time win-
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dows after injury. These alterations are correlated with progressive
inflammation in the brain after SCL.'® Therefore, our data suggest
that the SGZ is sensitive to the deleterious effect of SCI, and
suppressed hippocampal neurogenesis after SCI may contribute to
memory impairment and depression.
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FIG. 6. Spinal cord injury (SCI) increases neuronal endoplasmic reticulum (ER) stress in the brain. (A—-C) Quantification of ER stress
marker 78-kDa glucose regulation protein (GRP78)+ cells showed significantly increased in the cortex, hippocampus, and thalamus in
an injury severity—dependent manner. (D) Representative images of immunohistochemistry staining for GRP78 in the key brain regions
from sham, mild, moderate, and severe SCI animals. (E) Quantification of GRP78+/ doublecortin (DCX)+ double-labeling cells in
hippocampal DG. (F) A representative image for GRP784+/DCX+ cells from moderate SCI mice. (G) High-magnification image of
GRP78 co-labeling with DCX from the insert in F. All scale bars are 50 um. *p <0.05, **p <0.01, ***¥p <(0.001 vs. sham group. n=6-7.
Color image is available online at www.liebertpub.com/neu
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FIG. 7. Spinal cord injury (SCI) mediated chronic neurodegeneration in the brain. Unbiased stereological assessment of neuronal
density was performed on cresyl-violet—stained section in the cortex, thalamus, and CA1l, CA2/3, and dentate gyrus sub-regions of
hippocampus. Surviving neurons were significantly reduced in cortex (A), thalamus (B), hippocampus (C), and CA1 (D), CA2/3 (E)
sub-regions of hippocampus in both the moderate and severe SCI groups. The survival neurons in the DG (F) were not significantly
different. *p<0.05, **p<0.01, ***p<0.001 vs. sham group. n=5-6.

The ER is necessary for the folding of all secreted and membrane
proteins, and insults that impair its function induce a pathological
state known as ER stress.”> ER stress responses have long been
implicated in neurodegeneration and cognitive dysfunction.>®
ER stress has been implicated in the secondary injury response
in spinal cord tissue after traumam®"*%? but its induction at re-
mote regions has not been reported. Our data show that an in-
creased ER stress response in certain brain regions correlates
with injury severity after thoracic SCI. There is substantial ev-
idence to indicate that ER stress is linked to inflammation
through several intersecting cellular pathways, particularly pro-
inflammatory cytokines and reactive oxygen species.?’%%64
Protein folding is an energy-demanding process that occurs in
oxidizing conditions.”> Many neurodegenerative diseases in-
clude inflammation and ER stress impacts inflammation.®® Pre-
vious in vitro studies indicate that oligodendrocytes exposed to
inflammatory proteins IFN-y exhibit features of ER stress,*®
representing yet another link between ER stress and neuroin-
flammation. Previously, we and others'®'*2'*! have shown
significant elevation of pro-inflammatory cytokines in the hip-
pocampi after SCI, including tumor necrosis factor (TNF)-a,
interleukin (IL) 1-o, inducible nitric oxide synthase, CCL2/3.
Thus, SCI-mediated chronic neuroinflammatory response in the
brain may contribute to ER stress. Co-localization between
GRP78, a marker of ER stress, and an immature neuronal marker
also is greater after moderate or severe injury. Therefore,
chronic activation of ER stress in the brain, as well as in newly-
generated immature neurons in the hippocampal SGZ, may
contribute to reduced neuronal survival and neurogenesis asso-
ciated with impaired cognition and depression after SCI.

It is well known that chronic inflammation occurs in pain reg-
ulatory areas, such as brainstem and thalamus, after SCI, with

posttraumatic hyperesthesia associated with plasticity or electro-
physiological alterations.”>%” Felix and colleagues reported an
acute inflammatory response in the dorsal vagal complex, the
subventricular zone, and subgranular zone of the hippocampal DG
after rat cervical SCI>® Chemokines CCL2/CCL3 are chronically
expressed not only in thalamus, but also in hippocampus (CA3 and
DG sub-regions), and periaqueductal gray matter after severe
SCL*! Our recent autoradiography studies'? in rats after SCI, using
a new TSPO ligand ['**I] TodoDPA-713, found that all brain re-
gions examined (including cortex, thalamus, hippocampus, cere-
bellum, caudate/putamen) showed significantly elevated ['*°I]
IodoDPA-713 binding, indicating increased brain inflammation.
These data complemented microscopy findings showing chronic
microglial activation in the brain after SCL'®'® Stereological
analysis in the present study detected no changes in total numbers
of Iba-1" microglia in either cerebral cortex or hippocampus across
injury groups. BrdU-labeled microglia and astrocytes also showed
no changes. Consistent with our previous finding,'®'? reactive
microglial phenotypes predominate chronically in the brain after
moderate/severe SCI in mice.

It has been reported that inflammation influences several steps of
adult neurogenesis, including the initial stages (i.e., proliferation,
survival and neuronal fate determination) and later stages (i.e.,
synaptic assembly, stability, and transmission) of neurogenesis.®®
Adult new-born neurons are susceptible to brain inflammation.**
Anti-inflammatory treatments prevent chronic brain inflammation—
mediated decreased neurogenesis.®®*" Alterations of the number
and/or morphology of microglial cells, as well as the up-regulation
of inflammatory cytokines, such as IL-1«, IL-6, TNFo, have been
implicated in cognitive and behavioral changes observed in de-
pressed subjects.”’ Consistent with these studies, we observe
chronic inflammatory reactions in distant brain areas after SCI that
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FIG. 8. Chronic spinal cord injury (SCI) increased activated microglial phenotypes in the brain at 16 weeks post-lesion. (A and B)
Representative Iba-1 immunohistochemistry images displaying surveillant (ramified morphology) or activated (hypertrophic mor-
phology) microglial phenotypes and the corresponding Neurolucida reconstructions. (C and D) Unbiased stereological quantitative
assessment in the cortex (C) and hippocampus (D) revealed significant increased numbers of activated microglia displaying a hyper-
trophic cellular morphology and reduced numbers of surveillant microglia displaying the ramified cellular morphology in moderate/
severe SCI mice, compared with sham mice. No significant differences were observed in the number of total microglia across the

groups. *p<0.05, **p<0.01, ***p<0.001, SCI vs. sham groups, n=5-6.

are associated with cognitive dysfunction and depressive-like
behavior. However, the mechanisms underlying SCI-mediated
microglial activation in the brain remain unknown. Neuronal
cysteine-cysteine chemokine ligand 21 (CCL21) is synthesized by
damaged neurons; following packaging in vesicles and transport, it
reaches presynaptic sites, where it is released to activate microglia
at sites distant from the primary lesion.”~"> Spinal cord contusion
injury at T9 increases CCL21 signal in excitatory neurons of the
dorsal horn and in spinal parenchyma at both the T9 and L4 spinal
segments.>* Distal release of CCL21 produced following SCI by
injured neurons at the trauma site has been proposed as a molecular
mechanism that triggers microglial activation at spinal segments far
from the site of injury, and in the thalamus in association with pain
phenomena.**>* However, CCL21 changes appear to extend be-
yond these centers and impact other regions. We have shown that

increased CCL21 signal in various brain regions are associated with
microglial activation in these areas related to chronic neuronal cell
loss after SCI.'® Therefore, SCI-induced accumulation of CCL21 in
key regions of the brain after SCI may contribute to microglial
activation and related neuropsychiatric changes.

In the present study, mild SCI also induces significant increases
in total number of GRP78" cells and CCL21 immunoreactivity in
several important brain sub-regions, suggesting ER stress or neu-
roinflammatory response in the brain. The levels of ER stress will
influence the outcome of the cellular response.’® When ER stress is
mild, the cell can recover and/or adapt. However, when ER stress is
prolonged or too severe, these mechanisms fail to restore proteos-
tasis leading to cell death.””~”® This may explain that mild injury
did not affect neuronal survival, as well as total number of activated
microglia in the brain. ER stress significantly increases in an injury
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n=>5-6.

severity—dependent manner in the hippocampus and thalamus.
However, in the same samples, no significant differences were
observed in the CCL21 expression across the injured groups. These
findings suggest that these pathways demonstrate differential sen-
sitivity to injury severity.

Assessments of neuronal cell death in the brain after SCI have
been focused acutely on the motor cortex and are controversial,
with conclusions ranging from no cell death to extensive retrograde
degeneration. More recently, Felix and colleagues® assessed cells
expressing active caspase-3, alone or in association with neuronal
markers, in the forebrain after cervical SCI in rats. They were
scarce under all conditions tested (control, 7, 15, 90 days post-
injury), and no significant difference was observed between control
and injured animals. In agreement with prior research,*® we de-
tected a few caspase-3" cells in brain sub-regions at 4 months after
SCI (data not shown). The relatively rapid progress of cell death
stages in any single neuron may explain the difficulty of directly
detecting individual phases of this phenomenon. Moreover, there
are no universally valid methods of detecting ongoing neuronal cell
death, which reflects a heterogeneous process that includes various
mechanisms. These issues are particularly relevant in models such
as ours where the cell death is not acute but rather progressive over

many weeks. Thus, we chose to focus on neuronal loss as a re-
flection of accumulated cell death over the duration of the study and
to use a quantitative method based on unbiased stereology. This
overall neuronal cell loss is arguably a better determinant of neu-
rological deficits than any snapshot of precursor mechanisms. A
limitation of the present approach is the difficulty in differentiating
between the role of cell death in adult neurons versus neural pro-
genitors/newly-formed cells. Thus, the diminished neuronal den-
sities could be explained not only as cell death of mature neurons
but also by an increased cell death of newly-formed cells. Future
studies will need to examine these issues.

In summary, using a battery of established behavioral tests that
are less dependent on motor function, we show that moderate/
severe SCI leads to chronic impairments in cognitive functions
and depression, and which are associated with impaired hippo-
campal neurogenesis. Moreover, we provide the first evidence
that chronic activation of an ER stress response in the brain, as
well as in newly-generated immature neurons in the hippocampal
SGZ, may contribute to suppressed neuronal survival and neu-
rogenesis. Finally, we show that the potent microglial activator
CCL21 is elevated in the brain sites after SCI in association with
increased microglial activation and suggest that this chemokine
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FIG. 10. Spinal cord injury (SCI) triggers CCL21 accumulation in the brain regions at 16 weeks post-injury. (A—C) Quantification of
CCL21 immunointensity showed significantly increased in the cortex, hippocampus, and thalamus in all SCI groups. (D) Representative
images of immunohistochemistry staining for CCL21 in the key brain regions from sham, mild, moderate, and severe SCI animals. (E-
G) The proportion of CCL21+/NeuN+ double-labeling cells in total number of neurons was significantly increased in SCI groups. Scale
bar is 50 um. *p <0.05, **p <0.01, ***p <0.001 vs. sham group. n=>5-6. Color image is available online at www.liebertpub.com/neu
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may subserve a pathophysiological role in cognitive changes and
depression after SCI.
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