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ORIGINAL ARTICLE

Inflammation and vascular remodeling in the ventral
hippocampus contributes to vulnerability to stress

J Pearson-Leary', D Eacret', R Chen', H Takano? B Nicholas' and S Bhatnagar'*

During exposure to chronic stress, some individuals engage in active coping behaviors that promote resiliency to stress. Other
individuals engage in passive coping that is associated with vulnerability to stress and with anxiety and depression. In an effort to
identify novel molecular mechanisms that underlie vulnerability or resilience to stress, we used nonbiased analyses of microRNAs in
the ventral hippocampus (vHPC) to identify those miRNAs differentially expressed in active (long-latency (LL)/resilient) or passive
(short-latency (SL)/vulnerable) rats following chronic social defeat. In the VHPC of active coping rats, miR-455-3p level was
increased, while miR-30e-3p level was increased in the VHPC of passive coping rats. Pathway analyses identified inflammatory and
vascular remodeling pathways as enriched by genes targeted by these microRNAs. Utilizing several independent markers for blood
vessels, inflammatory processes and neural activity in the VHPC, we found that SL/vulnerable rats exhibit increased neural activity,
vascular remodeling and inflammatory processes that include both increased blood—brain barrier permeability and increased
number of microglia in the VHPC relative to control and resilient rats. To test the relevance of these changes for the development of
the vulnerable phenotype, we used pharmacological approaches to determine the contribution of inflammatory processes in
mediating vulnerability and resiliency. Administration of the pro-inflammatory cytokine vascular endothelial growth factor-164
increased vulnerability to stress, while the non-steroidal anti-inflammatory drug meloxicam attenuated vulnerability. Collectively,
these results show that vulnerability to stress is determined by a re-designed neurovascular unit characterized by increased neural
activity, vascular remodeling and pro-inflammatory mechanisms in the vHPC. These results suggest that dampening inflammatory
processes by administering anti-inflammatory agents reduces vulnerability to stress. These results have translational relevance as
they suggest that administration of anti-inflammatory agents may reduce the impact of stress or trauma in vulnerable individuals.
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INTRODUCTION

Chronic stress can have a profound influence on mood, and can
promote an increased risk for depression and anxiety.'” Engaging
in passive coping strategies following exposure to stress may
increase susceptibility to the adverse effects of stress,*”” whereas
active coping and perceived controllability of stressful situations
can mitigate the adverse effects of stress.*”” Chronic social defeat
stress in rodents is an effective model to assess the impact of
different coping strategies during stress on the subsequent effects
of stress on behavior and endocrine function.®° In our previous
work, we showed that following several days of social defeat, male
Sprague Dawley rats show a bimodal distribution in their latencies
to be defeated. Short-latency (SL/vulnerable) rats are character-
ized by passive coping and increased anxiety-like and depressive-
like behaviors, while long-latency (LL/resilient) rats appear to be
protected against the adverse effects of defeat stress by engaging
in ‘active coping’ including increased upright posturing and
resistance to defeat.®'®

The neural substrates underlying resilience or vulnerability to
stress are the subject of much interest. Recently, we demonstrated
that epigenetic modifications occur in the ventral hippocampus
(vHPC) of SL/vulnerable rats.!’ Lesions to the VHPC can decrease
anxiety-like behavior in rats,'>* and the VHPC has been
suggested as a key mediator of anxiety.”>'® Increased VHPC

activity may underlie anxiety-like states such as those observed in
rats vulnerable to social defeat.’® However, there have been no
detailed investigations on the specific role of the VvHPC in
mediating resilience or vulnerability to stress or the processes in
the VHPC that might mediate these individual differences. The
goal of the studies described here was to determine the
mechanisms in the vHPC that underlie the anxiety-like profile of
rats vulnerable to social defeat.

In a previous study from our lab, we identified several miRNAs
in the brain and blood that were differentially expressed in the
brains of resilient and vulnerable rats.'® Here, we sought to
examine miRNAs in the vHPC and subsequent pathways analyses
to identify novel pathways involved in stress vulnerability and
resiliency.

In the brain, evidence of inflammation in the brain has been
observed in stress-related disorders, such as depression and
anxiety. Brain inflammation can be detected via inflammatory
processes such as increased microglia proliferation and recruit-
ment to site of inflammation,'® increased expression of pro-
inflammatory cytokines (such as 1116, vascular endothelial growth
factor (VEGF) and HMBGT), increased blood-brain barrier (BBB)
permeability, and vascular remodeling. Inflammation is thought to
be the only established cause of vascular remodeling in the adult
brain.'”'® Vascular remodeling is characterized by an increase in
BBB permeability, endothelial sprouting and angiogenesis,'”'®
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and VEGF appears to be a primary mediator of these events
following inflammation in the adult brain.'”'*%° Intriguingly,
vascular remodeling occurs following sustained neural
activity,”’* and while the mechanism of neuronal activity-
induced vascular remodeling is unclear it is likely to involve
release of cytokines, such as VEGF, which has been shown to
induce vascular remodeling following neural activity,'”1920.2425.26
Thus, if the vHPC shows sustained increases in neural activity as
we hypothesized in stress vulnerable rats, increased vascular
remodeling is also likely to occur, as well as an increase in
inflammation, as assessed by expression of microglia, pro-
inflammatory cytokines, angiogenic molecules and increased
BBB permeability. Here, we hypothesized that vulnerability to
stress would be characterized by vascular remodeling accompa-
nying increased neural activation in the vHPC. We further tested
this hypothesis by determining whether pharmacologically indu-
cing inflammation in the vHPC produced vulnerability to stress
and whether blocking inflammation promoted resiliency.

MATERIALS AND METHODS

Subjects

Male Sprague Dawley rats (275-300 g on experimental day 1) were used as
control or intruder rats. Male Long-Evans retired breeders (600-800 g)
were used as residents. The rats were purchased from Charles River
(Wilmington, MA, USA) and were singly housed immediately upon entering
the facility, and remained singly housed throughout all the experiments.
The rats were placed on 12:12 h light:dark schedule (lights on at 0700 h)
with food and water available ad libitum. The rats were randomly assigned
to experimental conditions before starting the experiments. All the
experiments were conducted between 0900 h and 1300 h. The rats were
given at least 1 week to acclimate before any testing, during which time
they were handled extensively. All the procedures were approved by the
Children’s Hospital of Philadelphia’s Institutional Animal Care and Use
Committee and conformed to the National Institutes of Health Guide for
the Use of Laboratory Animals. The samples sizes were selected based on
our previously published work.®%2

Social defeat paradigm and identification of SL/vulnerable and
LL/resilient rats

The social defeat paradigm used was adapted from the model designed by
Klaus Mizcek,?® and the specific paradigm used in these studies that allows
the identification of SL/vulnerable and LL/resilient rats has been previously
published.®%2?°3% Briefly, the male Sprague Dawley rats are used as
intruders, and are placed into the home cage of a resident rat that has
been pre-screened for aggression. On the display of a defeat posture,
assessed by the intruder rat being in a submissive supine position for >2s,
the rats were separated by a wire mesh divider for the remainder of the
time (30 min total). If attacks were made, and no defeat occurred, the rats
were separated at 15 min, and remained in the resident’s cage from the
time of separation until 30 min. Control (nonstressed) rats were placed in
novel cages for 30 min during the time social defeat was occurring. To
identify SL/vulnerable and LL/resilient rats (represented as only SL or LL in
figures/figure legends, but SL/vulnerable and LL/resilient in text), the
average latency of each rat over the course of 7 days was entered into an R
script used to perform cluster analyses on averages of defeat latencies
(code available at www.github.com/cookpa/socialdefeat). The analysis
provides probabilities for resiliency, with 1 indicating resilience and 0
indicating vulnerability. During the screening, rats whose value was
between 0.10 and 0.9 were removed from the experiments.

Social interaction

Social interaction testing was conducted using our previously published
protocol.'® Briefly, the experimental rats were placed in a novel chamber
and allowed 10 min to explore and interact with a well-socialized stimulus
rat (male Sprague Dawley of similar age). The interactions were measured
by the amount of time the experimental rat spent interacting with the
stimulus rat. Percent time for social interactions was coded by an
experimenter blind to group conditions.
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Experiment 1: miRNA array to determine novel substrates of stress
vulnerability and resiliency. The rats were exposed to social defeat for
7 days to reveal SL/LL phenotypes. The rats were killed 24 h after the last
defeat by rapid decapitation, the vHPC was immediately dissected and
flash frozen in 2-methyl-butane (Supplementary Table 1). The FlashTag
Biotin HSR RNA labeling kit (Affymetrix, Santa Clara, CA, USA) was used to
biotin label total RNA from blood and tissue samples. 250 ng of tissue-
derived RNA was analyzed on Affymetrix GeneChip microRNA 3.0 arrays.
Further analyses of miRNA data were described in detail in a previous
publication from our group.'® RNA quality was assessed using standard
260/280 and 260/230 ranges for purity. We analyzed a total of 347
microRNAs after removal of probe sets whose hybridization intensities
were too low to be reliable, based on deviation from linearity (mean log2
intensity value of less than 2). A Benjamini-Hochberg correction was
applied to the results to control for the false discovery rate, and we
considered any resulting microRNA with an adjusted P-value < 0.1 to be
significant. Ingenuity Pathway Analysis (IPA) software was used to assess
biologically significant pathways predicted to be affected by the identified
miRNAs.

Experiment 2: Expression of genes mediating vascular remodeling in the
vHPC. To simultaneously profile a large number of genes involved in
vascular remodeling, we used Qiagen’s RT? Profiler PCR Array for
Angiogenesis per the manufacturer’s instructions. This array targets 84
established inflammatory and angiogenic genes (a full list of results is
included in Supplementary Table 2). Qiagen’s PCR Array Data Analysis Web
Portal was used to quantify the PCR results using the AAC; method and to
perform statistical analyses. Data were quality controlled and normalized
to the internal controls and housekeeping genes included in the arrays.

Experiment 3: Assessment of blood vessel density markers in the vHPC of rats
following social defeat. To assess blood vessels in the brain, we examined
three blood vessel markers including von Willebrand Factor (VWF), glucose
transporter-1 (GluT1) and fluorescein isothiocyanate (FITC)-labeled blood
vessels. For VWF and GIuT1 assessment, the rats were exposed to social
defeat for 7 days to reveal SL/LL conditions and killed 24 h after the final
social defeat. The brains were sliced in 20 um sections for immunohis-
tochemistry (IHC) or punched and used for western blot analysis. The
images from IHC were taken on a Leica DM4500 microscope. Two images
were taken for each animal containing a whole slice each containing dHPC
or VHPC (see Supplementary Figure 1 showing coordinates examined). An
experimenter blind to conditions then counted the number of Iba1-, FosB-
or VWF-immunopositive cells in the left and right side of each section. The
average of these values for each region was statistically analyzed. GIuT1
(Abcam, Cambridge, UK, Cat. No. ab652) expression was assessed by
western blotting,”'31 and each of the bands (45 kDa astrocytic isoform,
and 55 kDa endothelial isoform) were normalized to B-actin density
(Sigma, St. Louis, MO, USA, Cat. No. A2228). Secondary antibodies were
goat anti-rabbit IRDYE 800CW and goat anti-mouse IRDYE 680RD. The
membranes were analyzed on a Licor Odyssey Infrared Imager. The band
intensity was measured by densitometry in ImageJ, and after normalization
to B-actin bands were further normalized by percent of control values on
each membrane to allow for intergel comparisons. The blood vessels were
assessed by IHC for VWF?®2° (Sigma, Cat. No. F3520) and the average
number of VWF-immunostained blood vessels was counted by experi-
menters blind to the treatment groups. FITC labeling of blood vessels was
conducted in a separate group of rats after the 7th d of social defeat
according to a previously published protocol.>>7 Intracardiac perfusion of
FITC reliably stains blood vessels in the brain (via staining endothelial cell
nuclei*®), and can be used to assess BBB permeability through measure-
ment of extracellular FITC intensity following perfusion.37* After chronic
social defeat, the rats were intracardiacally perfused with 50 ml of FITC
(1 mg FITC per 10 ml phosphate-buffered saline) for 5 min and then brains
were rapidly frozen in 2-methylbutane. Paraformaldehyde perfusion was
not used following FITC perfusion as post-FITC perfusion with paraformal-
dehyde can cause diffusion of FITC and lead to false negative results.>* The
brains were sectioned into 50 um slices and immediately imaged on an
Olympus Fluoview FV1000 Confocal Microscope using a FITC filter, and
identical settings were used for each image to allow comparison of
fluorescent intensity across images. Z-stack images were created in ImageJ.

Experiment 4: Measuring inflammatory markers and BBB permeability
markers following social defeat. We examined BBB permeability with
two different markers (FITC extravasation in vVHPC and plasma levels of
S100B) and assessed the quantity of microglia (number of Ibal-


www.github.com/cookpa/socialdefeat

immunopositive microglia) as a more typical marker of inflammation.>>*'

FITC extravasation, previously used to assess BBB permeability in several
other studies®*>* was analyzed from images collected above in
Experiment 3. To assess FITC extravasation, the Z-stack images were
opened in ImageJ and a mask was created for the outline of each blood
vessel to remove fluorescence located within blood vessels from the
analysis. The amount of FITC outside of each vessel was analyzed using a
MATLAB program (code available upon request). The program provided
identification and quantification of fluorescent intensity within and outside
of blood vessels in 1 um intervals. Importantly, the fine spatial resolution of
this program allowed us to look at FITC diffusion near each vessel, thus
removing any potential bias caused by having differences in total blood
vessel expression between subjects. Background was subtracted in each
condition to place group plateaus at Y=0 for normalization. For a
complementary analysis of BBB permeability, we examined plasma S1003
by ELISA (Abnova, Taipei, Taiwan, Cat. No. KA0037). S100PB is a soluble
astrocytic protein that has been reliably shown to reflect increased BBB
permeability.>**5?~*8 |ba1 IHC (Wako, Richmond, VA, USA, Cat. No. 019-
19741) was performed on sections from FITC-injected rats in this
experiment, and the number of Ibal-expressing cells were counted in
ImageJ by an experimenter blind to conditions.

Experiment 5: Assessing neural activity in brain regions involved in anxiety-like
behavior and responses to stress. To assess long-term changes in neural
activity, we performed IHC staining (as described in Experiment 3) neural
activity marker FosB/AFosB (Santa Cruz Biotechnology Cat. No. sc-48),
which is known to increase following chronic neural activity.** We
examined neural activity in the vHPC (both CA1 and CA3), basolateral
amygdala and prefrontal cortex, because these regions are involved in
responses to stress and in anxiety-like behaviors.'*'>*%*" CA1 and CA3
subregions were assessed separately because there could be functional
differences following different patterns of neural activity in CA1 and CA3
regions.>>>*

Experiment 6: Testing the effects of delivering pro-inflammatory cytokines.
VEGF164 was used to test whether increasing vascular remodeling and
inflammation was sufficient to induce vulnerability in naive rats under-
going the resident intruder task. VEGF164 stimulates inflammation,
increases BBB permeability and increases vascular density in the rat
brain.'”*>>¢ Detailed surgical procedures for implantation of microinjec-
tion cannula have been published elsewhere.*’?' Two hundred nano-
grams of rat recombinant VEGF164 (Cell Signaling, Danvers, MA, USA) or
vehicle control (phosphate-buffered saline) was administered into the left
lateral ventricle (from bregma: posterior 1.1 mm, lateral 1.5 mm, ventral
3.2 mm) in a volume of 1 pl at 1 h pre-defeat during 5 days of social defeat.
On day 6, we tested the rats for social interaction (described above). The
rats were killed 24 h after social interaction. IHC was performed for VWF,
Iba1 and FosB/AFosB as described above.

Experiment 7: Testing the effects of anti-inflammatory drug treatment to
promote resiliency. Naive rats were socially defeated for 4 days to identify
SL/vulnerable rats. On days 5-7 SL/vulnerable rats and control rats were
treated with 1 mg kg~ ' meloxicam, a non-steroidal anti-inflammatory drug
that may inhibit Cox-2 at some doses, or saline vehicle intraperitoneally 1 h
before daily social defeat. On day 8, the rats were tested for social
interaction, then immediately killed by rapid decapitation. We examined
VWF and Iba1 to validate inhibition of inflammatory processes and vascular
remodeling following treatment with meloxicam, The purpose of this
experiment was to determine whether animals identified already as stress
vulnerable could be treated with a peripherally administered anti-
inflammatory drug to reduce central inflammation and behavioral
vulnerable, as this finding would have great translational relevance.
Preliminary experiments assessed other possible pharmacological
approaches such as a VEGF antibody or VEGF receptor. These were
difficult to solubilize and did not produce the expected anti-inflammatory
effects and so were not considered further. Peripherally administered
meloxicam inhibits inflammation in the hippocampus,®’ and we hypothe-
sized that meloxicam would decrease stress vulnerability.

Statistical analyses

For statistical comparisons of two groups, we used the Student’s t-test; and
for comparisons of more than two groups, we used an analysis of variance
followed by Bonferroni post hoc tests. An a level of 0.05 (two-tailed) was set
for significance. More detail is provided in the figure legends. All statistical
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analyses were made in SPSS version 17, R (IBM, Armonk, NY, USA) or
Graphpad Prism 5.

RESULTS

Experiment 1: Identification of miRNAs associated with
inflammation and vascular remodeling in the vHPC of SL/
vulnerable rats

Two microRNAs were significantly different between SL/vulner-
able and LL/resilient rats. The miR-455-3p levels were significantly
higher in LL compared with SL rats and significantly positively
correlated with defeat latency (Figures 1a and b). miR-30e-3p was
significantly lower in LL/resilient rats compared with SL/vulnerable
rats and significantly negatively correlated with defeat latency
(Figures 1c and d). IPA revealed significant associations with
inflammatory and immune processes implying that both miR-30e-
3p and miR-455-3p may have a role in immunological responses.
The SL/vulnerable condition was simulated in IPA by increasing
miR-30e-3p within the network, which resulted in a predicted
activation of the immune response (Supplementary Figure 2).
When we examined the result of increased miR-30e-3p and
decreased miR-455-3p, we identified vascular remodeling as being
significantly ~ upregulated in the SL-modeled condition
(Supplementary Figure 3). The LL condition was simulated in IPA
by increasing miR-455-3p and decreasing miR-30e-3p within the
network, resulting in predicted inhibition of the immune response
and inhibition of vascular remodeling (Supplementary Figure 4).
Based on these findings, we predicted that vulnerability would be
associated with increased vascular remodeling and inflammatory
processes in the vHPC.

Experiment 2: Changes in expression of vascular remodeling
markers in VHPC of SL/vulnerable rats

To broadly assess markers of vascular remodeling, we examined
vHPC tissue from SL/vulnerable and LL/resilient rats using an array
designed to examine a variety of targets associated with vascular
remodeling (Figure 1e). In SL/vulnerable rats, eight unique targets
were different from controls, with six of these targets being
upregulated (Cxcl1, Mapk14, Nrp2, Pdgfa, Pecam1, Hgf). The two
downregulated targets were Ifng and Plau. Only three of the
targets in LL rats were significantly different from controls. Figf
and the repressors of angiogenesis Timp2 and Timp3 were
increased in the LL rats relative to controls.*®™%° Two targets were
significantly different between SL/vulnerable and LL/resilient rats
including Figf, which was increased in the LL/resilient rats, and the
VEGF co-receptor Nrp2, which was increased in the SL/vulnerable
rats.%’ Taken together with results from our miRNA analysis and
subsequent IPA modeling, these data strongly suggest that
vulnerability is characterized by increased vascular remodeling
in the vHPC.

Experiment 3: SL/vulnerable rats exhibit increased blood vessel
density in the vHPC

To directly assess vascular remodeling, we examined three
independent measures of blood vessel density and two indepen-
dent measures of vascular permeability.

First, we assessed the density of VWF, which is a well-validated
marker for blood vessels and vascular remodeling.>®* The
number of VWF-labeled vessels in the vHPC of SL rats was
increased relative to the LL/resilient rats (Figures 2a and b) and
VWEF staining was similar between control and LL rats. There were
no significant differences in VWF staining in the cingulate or
prelimbic or infralimbic prefrontal cortex (Supplementary
Figure 5). Second, we examined protein expression of glucose
transporter-1 (GIuT1; Figures 2c and d). There was an increase in
expression of endothelial but not astrocytic GIuT1 in the vHPC of
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miRNAs and RNAs associated with vascular remodeling increased in VHPC of SL/vulnerable rats. (a) LL/resilient rats exhibited

increased levels of miR-455-3p compared with SL/vulnerable rats (n=5-7 per group; F,15=11.49, P=0.0009). (b) There was a significant
positive correlation between levels of miR-455-3p with average latency to be defeated (r=0.79, P < 0.001). (c) LL/resilient rats exhibited
reduced levels of miR-30e-3p in the VHPC compared with SL/vulnerable rats (n=5-7 per group; F,5=11.12, P=0.01). (d) There was a
significant negative correlation between levels of miR-30e-3p with average latency to be defeated (r=-0.86, P < 0.001). For a and ¢, data
represent mean + s.e.m. (e) Angiogenesis array data in SL/vulnerable and LL/resilient rats showing fold change from control indicated by the
dashed line (error bars represent s.e.m.). *P < 0.05. The letter 'a' denotes statistical significance relative to control and 'b' denotes statistical
significance relative to SL. LL, long latency; miRNA, microRNA; SL, short latency; vHPC, ventral hippocampus.

SL/vulnerable rats, further suggesting a specific increase in brain
blood vessel expression in SL/vulnerable rats. Third, in a separate
cohort of rats perfused with FITC, there was a strong negative
correlation (r=-0.54) between the number of FITC-labeled vessels
in the vHPC and defeat latencies (Figures 2e and f). There was not
a significant correlation between FITC-labeled vessels and defeat
latencies in the dHPC (Figure 2g). Collectively, these data show
that SL/vulnerable rats have increased blood vessel density in
the vHPC.

Experiment 4: Markers for inflammation increased in the vHPC of
vulnerable rats

It is likely that the increased blood vessel density in the vHPC of
vulnerable rats is a result of inflammation as inflammation is
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critical for inducing vascular remodeling in the adult brain.®®
We assessed microglial activity in the vHPC and dHPC, BBB
permeability, which are processes upregulated during
inflammation.3%4%*” We found increased number of Ibal-
immunopositive microglia in the vHPC of SL/vulnerable rats
(Figures 3a and b), but not in the dHPC (Figure 3c). There was no
difference in Iba1 expression between control and LL rats in either
region of the hippocampus.

To assess BBB permeability specifically in the hippocampus, we
measured FITC extravasation in the vHPC and dHPC after
intracardiac perfusion with FITC (same cohort of rats as in
Experiment 3). The SL/vulnerable rats had increased FITC
extravasation 1-7 um away from vessels in the vHPC relative to
control and LL rats, suggesting increased BBB permeability
(Figure 3d). There was no difference between groups in dHPC
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Figure 2. Increases in blood vessel density in rats vulnerable to stress. (a) Representative images of VWF immunohistochemistry. (b) VWF
labeling was increased in the vHPC of SL/vulnerable rats relative to LL/resilient rats (n=6-7 per group; F,3=6.02, P=0.006). There was no
difference in the SL/vulnerable nor LL/resilient rats relative to the controls. (c) Representative western blot images of endothelial GluT1, which
was (d) increased in the vHPC of SL/vulnerable rats relative to LL/resilient rats (n=6-7 per group; F»,7=5.65 P=0.013); there was no
difference in GIuT1 expression between SL/vulnerable nor LL/resilient rats relative to control rats. The astrocytic GIuT1 was not altered. (e) Fifty
micrometers confocal z-stacks of FITC-labeled blood vessels. (f) There was a negative correlation between latency to social defeat and average
number of FITC-labeled vessels in the vHPC (n=15, r=-0.54, P=0.03). (g) There was not a significant correlation between latency to social
defeat and the average number of FITC-labeled vessels in the dHPC (n=15). Data represent mean+s.e.m. *P < 0.05. FITC, fluorescein
isothiocyanate; LL, long latency; SL, short latency; vHPC, ventral hippocampus; VWF, von Willebrand Factor.

FITC extravasation (Figure 3e). There was a strong negative
(r=-10.75) between defeat latencies and plasma S1003 concen-
tration (Figure 3f), which further suggests that SL/vulnerable rats
have increased BBB permeability. Taken together, the increased

number of microglia and increased BBB permeability observed
in the SL/vulnerable rats suggests that vulnerability to chronic
stress is characterized by increased inflammatory processes in
the vHPC.
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activation in the vHPC following social defeat

Because blood vessel density increases in response to
long-term alterations in neural activity (potentially via inflamma-
tory mediators released by neurons or astrocytes) and
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we predicted that SL/vulnerable rats
have increased expression of the long-term neural activity marker
FosB/AFosB in the VHPC*®7° The SL/vulnerable rats had sig-
nificantly increased FosB/AFosB expression in the CA1 region (that
is, a key output region) of the vHPC relative to control or LL rats
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Figure 3. Increases in inflammatory and neural activity in the vHPC of vulnerable rats. (@) Representative immunohistochemistry images for
Iba1 showing regions analyzed in bar graphs. (b) Ibal expression was increased in the vHPC of SL/vulnerable rats relative to control and LL/
resilient rats (n=7; F5,10=20.78, P < 0.0001). (c) There was no difference in expression of Iba1 in the dorsal hippocampus between any of the
groups (n =8 per group). (d) Measurement of FITC extravasation showed FITC was significantly increased up to 7 pm away from blood vessels
in SL/vulnerable rats relative to control and LL/resilient rats (main effect of group, F;112=25.83, P=0.0001; and main effect of distance,
Fe,112=4.35, P=0.001). (e) There were no significant main effect of group between any groups in the dHPC but there was a significant main
effect of distance (Fg119=10.76, P=0.0001). (f) Plasma S100p was negatively correlated with defeat latencies (n=11, r=-0.75, P=0.0009). (g
and h) The long-term neuronal activity marker FosB/AFosB was increased in the vHPC CA1 region of SL/vulnerable rats (n=5) relative to
control (n=38) and resilient LL rats (n=5; F5,5=18.16, P < 0.0001). (i) There was no difference in FosB/AFosB expression in the vHPC CA3
region. (j and k) There was no difference in FosB/AFosB expression between groups in the CA1 (n=8 per group) or CA3 region (control n=7,
SL n=8, LL n=8) of the dHPC (P> 0.05). The letter 'a' denotes significant effect of distance and 'b' denotes significant group effect with SL/
vulnerable higher than other groups. Data represent mean+s.e.m. *P < 0.05. dHPC, dorsal hippocampus; FITC, fluorescein isothiocyanate; LL,
long latency; SL, short latency; vHPC, ventral hippocampus.
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Figure 4. Induction of inflammation in the vHPC promotes stress vulnerability. (@) Experimental design layout. (b) Rats treated with VEGF164
had decreased defeat latencies on day 4 (control n=12; VEGF164 n = 14; t,, = 2.66, P=0.01). (c) There was a significant main effect of VEGF on
reducing social interaction behavior (n=7-8 per group). Subsets of brains were examined for the following measures. (d) There was a main
effect of drug treatment (F; 13 =9.4, P=0.009) and social defeat (F; ;3 =21.49, P=0.005) on increasing blood vessel density in the CA1 region
of the vHPC (n=4-5 per group) with VEGF164 significantly increasing density as assessed by VWF and defeated animals having higher VWF
expression than non-defeated rats. (e) There was a main effect of drug treatment on VWF expression in the CA3 region of the vHPC (n=4-5
per group; F113=17.2, P=0.001) with VEGF164-treated rats exhibiting increased densities. (f) There was a main effect of VEGF164 treatment
(F1,10=15.01, P=0.003) and social defeat (F; ;0=6.14, P=0.03) on Iba1 expression in the ventral hippocampus with increased Iba1 density in
both VEGF-treated rats and in defeated rats. (g) There was a main effect of VEGF164 treatment on neural activity (as assessed by counting
FosB/AFosB immunopositive cells) in the CA1 region of the vHPC (b: n=3-4 per group, F; 11 =8.72, P=0.01). There was also a main effect of
defeat on neural activity in the CA1 region with defeated rats exhibiting higher neural activity than non-defeated rats (F; 1, =19.52, P=0.001).
Data represent mean =+ s.e.m. and letters denote statistical significance in two-way analysis of variance (ANOVA; P < 0.05). The letter 'a' denotes
a main effect of defeat, and the letter 'b' denotes a main effect of drug treatment. *P < 0.05. vHPC, ventral hippocampus; VWF, von Willebrand
Factor.

(Figures 3g and i). There was no difference in FosB/AFosB
expression in the CA3 of the vHPC (Figure 3i) or either the CA1
or CA3 region of the dHPC (Figures 3j and k, respectively). To

Experiment 6: Delivery of the pro-inflammatory cytokine VEGF164
promotes stress vulnerability

The results above suggest that inflammatory processes, neural

assess whether the effects of social defeat were present in other
brain regions associated with stress, we assessed FosB/AFosB in
the basolateral amygdala and ventromedial prefrontal cortex
(Supplementary Figure 6), and found no difference between
groups in FosB/AFosB expression.

activity and vascular remodeling are increased specifically in the
vHPC in vulnerable relative to resilient rats. We next asked whether
these increases directly produce vulnerability by pharmacologically
inducing them using administration of the pro-inflammatory
cytokine VEGF164 (experimental design in Figure 4a).

Translational Psychiatry (2017), 1-12
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Inhibition of inflammation in the vHPC reduced indices of vulnerability in SL rats. (a) Experimental design layout. (b) Meloxicam

decreased time spent in social interaction compared with vehicle (n=5 per group, tg=2.5, P=0.04), (c) reduced VWF staining (control n=4,
meloxicam n=5, t;=2.39, P=0.05) (d) and reduced Iba1 staining (n =4 per group, ts=2.79, P=0.03) compared with vehicle treatment of SL
rats. () Model demonstrating potential mechanism of neural activity and inflammation promoting vascular remodeling in the vHPC during
stress and the interaction of these processes leads to vulnerability during stress (passive coping as indicated by shorter latencies to be
defeated) and increased anxiety-related behaviors after stress. Data represent mean +s.e.m. *P < 0.05. SL, short latency; vHPC, ventral

hippocampus; VWF, von Willebrand Factor.

Daily pre-defeat VEGF164 treatment decreased defeat latencies on
day 4 (Figure 4b) and increased anxiety-like behavior in social
interaction test relative to vehicle-treated controls (Figure 4c).
Furthermore, VEGF164-treated rats had an increased number of
VWF-positive vessels in the vHPC (Figures 4d and e), increased
number of microglia (Figure 4f) and increased FosB/AFosB
expression in the vHPC (Figure 4g), compared with rats treated
with vehicle. These effects of VEGF164 were significant drug
effects, indicating a significant effect of VEGF164 in both defeated
and non-defeated rats; however, the effects were larger in
defeated rats. These data suggest that inducing inflammation in
the vHPC accompanied by increased vascular remodeling and
neuronal activity was sufficient to produce vulnerable SL-like
behaviors during and following social defeat. We next asked
whether delivering an anti-inflammatory drug through a transla-
tionally relevant peripheral route of administration would reduce
inflammatory processes in the vHPC and reduce vulnerability to
stress.

Experiment 7: Peripheral administration of an anti-inflammatory
drug decreases inflammatory processes in the vHPC and reduces
stress vulnerability

In this experiment, we focused on SL/vulnerable rats to directly
test the hypothesis that reducing inflammation in these rats
would reduce their vulnerability. Following 4 days of social defeat,
the SL/vulnerable rats were identified by a cluster analysis as
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described in the 'Materials and methods' section. Once identified,
the SL/vulnerable rats underwent three more days of social defeat
with pretreatment with meloxicam or vehicle on each of these
3 days (Experimental design depicted in Figure 5a). This design
was chosen because without social defeat first, there is unlikely to
be inflammatory processes in which an anti-inflammatory drug
could act to reverse vulnerability. Meloxicam was chosen because
it has previously been shown to decrease hippocampal inflam-
matory markers.”” Meloxicam-treated rats exhibited increased
social interaction time (Figure 5b) and these anxiolytic-type effects
were accompanied by reductions in blood vessel density
(Figure 5¢) and number of microglia (Figure 5d) relative to
defeated rats treated with vehicle. These data suggest that
blocking inflammation during stress promoted a more resilient
phenotype associated with reduced anxiety-like behaviors and
reduced stress-induced vascular remodeling and microglia density
in the vHPC.

DISCUSSION

Array analyses revealed vascular remodeling as a potential
mediator of stress vulnerability

An unbiased approach assessing microRNAs in the vHPC was used
to identify novel target genes and functional pathways underlying
vulnerability to social defeat. Expression of miR-30e-3p in the
VHPC was reduced in resilient animals and miR-455-3p was



reduced in vulnerable animals compared with resilient animals.
The major goal of using a broad miRNA-based analysis in the
current study was to identify novel pathways that could be
involved in differential responses to stress. It was these miRNA
findings, and subsequent pathway analyses that indicated genes
targeted by these microRNAs were associated with vascular
remodeling and inflammation in the SL/vulnerable rats. Further
analysis indicated that several genes associated with vascular
remodeling (that is, Cxcl1, Mapk14, Nrp2, Pdgfa, Pecam1, Hgf) were
increased in VHPC of vulnerable rats, and in LL rats two RNAs
(Timp2 and Timp3) are known repressors of angiogenesis.”®®°
Several of the targets identified in the angiogenesis array
expectedly are also involved in inflammation, which is unsurpris-
ing as vascular remodeling in the adult brain depends on
inflammatory mediators.'”'® For instance, Cxcll, PDGF-A and
HGF encode potent pro-inflammatory molecules.”"™"® Mapki4
encodes p38a mitogen-activated protein kinase, which is respon-
sible for induction of pro-inflammatory cytokine release, such as
tumor necrosis factor-a.”*” Future studies examining the specific
role of these targets in SL/vulnerable rats may reveal valuable
insights into the role of inflammation and vascular remodeling in
stress vulnerability.

Collectively, these data suggested that inflammatory processes
and vascular remodeling in the vHPC, which in the adult brain is
dependent on inflammation,*®%® underlie vulnerability to stress.
Based on these data, we hypothesized that stress vulnerability
would be characterized by vascular remodeling and by the
activation of inflammatory processes in the vHPC.

Identification of increased vascular remodeling and inflammatory
processes in the VHPC of stress vulnerable rats

We assessed vascular remodeling in the vHPC through three
measures, all of which indicated increased density of blood vessels
in SL/vulnerable compared with LL/resilient rats. Specifically, the
density of blood vessels after intracardiac perfusion of FITC, and
the densities of blood vessels stained with the endothelial marker
VWF were increased in SL/vulnerable compared with LL/resilient
rats. We observed increased expression of endothelial GIuT1,
another marker of blood vessels that targets glucose uptake sites.
The increased expression of glucose transporter was specific to
blood vessels as the expression of the astrocyte-specific glucose
transporter was not changed by stress. It is important to note that
we did not directly assess angiogenesis, the formation of new
blood vessels in this study, however, increased vascular density
and BBB barrier permeability were assessed, which strongly
suggest the vascular remodeling did indeed occur in SL/
vulnerable rats, as discussed in depth below.5>’®""Together,
these results demonstrate that vulnerability to stress is character-
ized by vascular remodeling in the vHPC such that blood vessel
density is increased. One consequence of this is potentially
increased glucose availability to the vHPC through increased
GIuT1 expression in SL/vulnerable rats, which could provide
metabolic support following increased neural activity (see
below).”®

Previous research has demonstrated that morphometric and
volumetric changes occur in the brain in response to stress-related
disorders, such as increased size of the basolateral amygdala’®
and decreased hippocampal volume®®®' as assessed by changes
in neuronal and glial density.®> However, there has been little to
no investigation as to whether morphometric changes in blood
vessels occur as well.

During vascular remodeling, BBB permeability is increased due
to inflammatory molecules that are critical for vascular
remodeling.'’#®%® In this study, we observed increased FITC
extravasation in the vHPC of vulnerable rats, as indicated by the
presence of FITC diffusion at greater distances from blood vessels,
suggesting increased permeability of the BBB in SL/vulnerable
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rats. This was confirmed by the finding of increased plasma
concentrations of S100pB, a soluble astrocytic protein increased in
plasma following BBB permeability, and is a well-validated marker
of BBB permeability.**** Increased plasma S100B is a clinically
relevant finding as it may suggest this measure could be novel
biomarker to assess vulnerability in response to traumatic events.
Finally, increased number of microglia in the vHPC was observed
in vulnerable rats. This suggests increased inflammation in these
rats as lbal expression is increased in microglia following
inflammation and the number of Ibal-immunopositive cells
increases following inflammation.3>~*° Upregulation in microglia
activity and expression can lead to increased production and
release of pro-inflammatory cytokines*®®%* from microglia, which
promotes endothelial cell proliferation.®*%> Iba1 is constitutively
expressed in the microglia,86 however increased number of Ibal-
positive microglial has been observed in brain regions following
trauma, likely as both a response to inflammation, but also as a
triggering event in inflammation via the release of cytokines from
active Iba1-positive microglia.>>~*° This increase in microglia has
been associated with an increase in microglial proliferation and
recruitment towards areas of inflammation.>” In some studies, an
increase in lbal-positive expression did not change following
inflammation, while a change in microglia morphology from
resting to active states has been observed,?” thus there is some
controversy as to whether Ibal expression accurately reflects
microglial activation. The LL/resilient rats were protected against
the vascular remodeling and inflammatory events observed in
vulnerable rats because the vascular markers examined in
LL/resilient rats were not different from control rats. This is an
important distinction: we propose that resiliency is a robust
protection against the effects of stress and hence resilient rats are
likely similar to controls. Together, the results suggest that
inflammatory processes and vascular remodeling in the vHPC
characterize vulnerability to chronic stress.

Vascular remodeling in the vHPC likely has a functional
relationship with neural activity and together, neurons, microglia
and blood vessels constitute the basic functional unit in the brain
known as the 'neurovascular unit'®® We observed increases in
neural activity as assessed by an increase in the number of FosB/
AFosB cells in the vHPC in vulnerable rats. The vascular,
inflammatory and neural components can influence each other’s
activity. For example, many inflammatory cytokines, released
during stress can affect neural activity, as well as trigger vascular
remodeling.'2%3%4689-91 Conversely, neural activity can promote
alterations in the vascular system by releasing pro-inflammatory
cytokines, which may effectively remodel the vasculature to
support neural activity.?*?®°2 Thus, greater neural activity may be
triggering microglial activity and vascular remodeling with daily
stress in SL/vulnerable rats, which could produce increased
anxiety-like behavior in SL/vulnerable rats, consistent with the
known role of the VHPC in mediating anxiety-like behaviors'®*3
(See Figure 5e).

Increased inflammatory processes and vascular remodeling in the
vHPC of rats vulnerable to chronic stress is critical for stress
vulnerability

To test the hypothesis that vascular remodeling and inflammatory
processes in the VHPC are critical in promoting stress vulnerability,
we used pharmacological approaches to reduce or elevate
inflammatory processes and examine resultant effects on beha-
vior. The pro-inflammatory cytokine VEGF164 was sufficient to
induce many of the inflammatory effects found in the vHPC of
SL/vulnerable rats, including increased Ibal expression, increased
blood vessel densities and increased neural activation in the vHPC.
Importantly, VEGF was also sufficient to induce decreases in
latency to be defeated and increases in anxiety-like behaviors in
the social interaction test, characteristic of SL/vulnerable rats.'

Translational Psychiatry (2017), 1-12
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These data mirror previous observations that VEGF effects have
been linked to mood disorders in several other studies.3>°*%>

Previous research has shown that VEGF can induce neuroin-
flammation, and VEGF is considered to be one of the major
initiators of inflammation, BBB permeability and vascular remodel-
ing in the adult brain.'” %% Typically, the pro-inflammatory
effects of VEGF precede its effects on vascular remodeling.'” Thus,
we propose that increasing VEGF in the vHPC during repeated
defeat promoted inflammatory processes and subsequently
restructured the cerebral vasculature to allow increased neural
activity by increasing delivery of nutrients necessary to sustain
neural activity in response to stress. These effects of VEGF also
occurred in non-defeated rats suggesting that VEGF treatment
was sufficient to produce a vulnerable state even in the absence of
stress. Our data might also explain the positive effects of VEGF in
the dorsal hippocampus in other studies?®®® in that increasing
vascular remodeling in the dorsal hippocampus, a region with
functions distinct from those of the vHPC, could promote neural
activity and thus attenuate depression-like behaviors in rodents.
The finding that vascular remodeling was necessary for VEGFs
effects also fits the timeline in which effects of VEGF were
observed, whereby it took 4 days for a significant effect of VEGF
treatment to emerge. Thus, VEGFs effects were unlikely to be via
an immediate effect such as direct modulation of neural activity or
acute induction of inflammation.

To test whether the converse, a decrease in inflammatory
processes, could reduce vulnerability, we treated rats already
identified as vulnerable with meloxicam. Meloxicam treatment
both promoted behavioral resiliency in SL/vulnerable rats by
increasing social interactions, and prevented the increase in
microglia observed in vehicle-treated rats (suggesting decreased
inflammation) and vascular remodeling in SL/vulnerable rats. The
effects of meloxicam were modest, likely because meloxicam was
peripherally administered, so its anti-inflammatory effects at the
VvHPC may have been reduced. Future studies aimed at directly
reducing inflammatory roles in the vHPC may offer greater insight
into the direct role of the vHPC in mediating individual differences
in response to stress. Nonetheless, it is intriguing that adminis-
trating an anti-inflammatory drug peripherally can have significant
effects on reducing stress vulnerability. It is unclear whether the
inflammatory effects observed in SL/vulnerable rats are generated
in the central nervous system or periphery, and it is possible that
many of the inflammatory actions observed in the brain from SL/
vulnerable rats originates from peripheral cues, such as periph-
erally released cytokines or immune cells. In summary, the results
with VEGF and meloxicam together suggest that inflammatory
processes and blood vessel remodeling in the vHPC are critical
substrates underlying the emergence of vulnerability in stressed
animals. In particular, the results with meloxicam suggest that
anti-inflammatory drugs or treatments that block vascular
remodeling during stress may prevent or reverse the adverse
impact of stress in vulnerable individuals.

Conclusions and future directions

In this study, we identify the vHPC as a novel brain region
important in regulating vulnerability to chronic social defeat. The
effects observed here were specific to the vHPC, rather than the
dHPC or medial prefrontal cortex. Although the vHPC is known to
have a role in mediating anxiety-like behavior,'*?* this, to the best
of our knowledge, is the first demonstration that the vHPC is
important for mediating individual differences in response to
chronic stress that lead to a vulnerable phenotype. We suggest
the anxiety-like behaviors in vulnerable rats derive from increased
neural activity in the vHPC and vascular remodeling likely induced
by inflammatory mediators that sustain the neural activity.
Further studies are required to definitively determine the temporal
sequence of these events. These data demonstrate the
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importance of inflammatory processes and blood vessel remodel-
ing in the vHPC for the development of vulnerability to stress.
Further, these results suggest that dampening inflammatory
processes by administering anti-inflammatory agents reduces
vulnerability to stress. These results have translational relevance as
they suggest that administration of anti-inflammatory agents may
reduce the impact of stress or trauma in vulnerable individuals.
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