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SHORT COMMUNICATION

Hippocampal NG21 pericytes in chronically stressed rats and depressed
patients: a quantitative study

Giulia Treccania,b,c,d, Anna-Lena Schlegelmilchb, Nina Schultzd, David P. Herzogb, Joao M. Bessae,f, Ioannis
Sotiropoulose,f, Marianne B. M€ullerb,c and Malin Wennstr€omd

aTranslational Neuropsychiatry Unit, Department of Clinical Medicine, Aarhus University, Aarhus, Denmark; bDepartment of Psychiatry and
Psychotherapy, University Medical Center of the Johannes Gutenberg-University Mainz, Mainz, Germany; cInstitute for Microscopic Anatomy
and Neurobiology, University Medical Center of the Johannes Gutenberg-University Mainz, Mainz, Germany; dDepartment of Clinical Sciences
Malm€o, Clinical Memory Research Unit, Lund University, Malm€o, Sweden; eLife and Health Sciences Research Institute (ICVS), Medical School,
University of Minho, Braga, Portugal; fICVS/3B’s – PT Government Associate Laboratory, Braga, Guimar~aes, Portugal

ABSTRACT
Objective: The suggested link between major depression disorder (MDD) and blood–brain barrier
(BBB) alterations supports an impact on the neurovascular unit in this disease condition. Here we inves-
tigate how pericytes, a major component in the neurovascular unit, respond to stress, stress hormones,
proinflammatory cytokine and depression.
Method: Hippocampal sections of chronic unpredictable stressed (CMS) rats, MDD patients and
respective controls were immuno-stained against NG2, where the number of NG2þ pericytes in the
molecular layer was counted. Proliferation of cultured pericytes after treatment with cortisol and IL-1b
was analyzed using radioactive-labeled thymidine.
Findings: The number of NG2þ pericytes was significantly higher in CMS animals than controls. Higher
number of NG2þ pericytes was also detected in MDD patients, but the increase did not reach signifi-
cance. IL-1b, but not cortisol, induced a significant increase in proliferation of cultured pericytes.
Conclusion: Our results indicate that exposure to stressful conditions affects the hippocampal pericyte
population. These findings add to our knowledge about the impact of stress on the neurovascular unit,
which might be relevant for understanding the alterations in BBB found in MDD patients.
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Introduction

An increasing number of studies have shown an association
between hyperpermeability of the blood–brain barrier (BBB)
and depression in humans (for review, see Najjar et al., 2013).
This association has been supported by animal studies using
stress-based models mimicking core symptoms of depression
(Lee et al., 2018; Menard et al., 2017), but the link between
functional alterations and morphological changes at the neu-
rovascular unit level is still overlooked. One of the main com-
ponents of the BBB is the pericytes. This cell-type lines the
abluminal side of capillaries and is embedded within the vas-
cular basement membrane where it forms tight junctions
with endothelial cells. As a component of the BBB, the main
function of pericytes are to regulate influx and outflux of
substances and under inflammatory conditions they migrate,
secrete cytokines and metalloproteases to aid extravasation
of leukocytes (Rustenhoven et al., 2017). But pericytes also
have other functions besides regulating the BBB permeability,
such as stabilizing vessels and regulating angiogenesis
(Bergers & Song, 2005). Their role in the BBB maintenance, as

well as their ability to clear neurotoxic substances from the
interstitial fluids (Bergers & Song, 2005), has led to an increas-
ing interest in pericytes within the research field of neurode-
generative diseases where also BBB is affected. For example,
loss of hippocampal pericytes has been seen in patients of
Alzheimer’s disease (AD) (Schultz et al., 2018) and this loss
coincides with AD pathological alterations and increased BBB
permeability (Sengillo et al., 2013). Whether brain pericytes
are similarly affected in depressed patients remains to be
clarified. Interestingly, a recent post mortem study revealed a
greater number of total neurovascular cells in the basolateral
amygdala of depressed patients (Rubinow et al., 2016). The
identity of the affected cells was however not investigated.
Studies on pericytes in stress-based animal models of depres-
sion, mimicking core behavioral symptoms of depression
(Willner, 2017), are also very limited, but increased pericyte
coverage along with decreased angiogenesis have been
found in prenatal stressed rabbit pups exposed to glucocorti-
coids, (Vinukonda et al., 2010). This finding suggests that glu-
cocorticoids such as stress hormones could have an impact
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on the pericyte population. Indeed, in vitro studies have con-
firmed the presence of both glucocorticoid receptors (GR)
(Katychev et al., 2003) and mineralocorticoid receptors on the
pericyte surface. However, neuroinflammatory processes,
such as activation of microglial and enhanced secretion of
proinflammatory cytokines, have been seen in both MDD
patients (Enache et al., 2019) and animal model of stress
(Finnell & Wood, 2018). Thus, it may well be that stress or
depression-induced inflammatory processes also have an
impact on the pericyte population in the brain. To further
explore the potential impact of chronic stress and human
depressive pathology on pericytes, we specifically analyzed
the number of NG2þ pericytes in the molecular layer of
hippocampus in rats exposed to chronic unpredictable stress
(CMS) as well as in postmortem brain sections from
depressed patients. To also investigate the direct impact of
stress hormones and cytokines on pericytes, we moreover
investigated potential alterations in proliferation of cultured
human pericytes after exposure to the main stress hormone
cortisol and the potent proinflammatory cytokine IL-1b.

Materials and methods

Animals and stress protocol

Three months old Male Wistar rats (Charles River, France)
were used in this study. All experiments were conducted in
accordance with the Portuguese national authority for animal
experimentation, Direcç~ao Geral de Veterin�aria (ID: DGV9457).
Animals were kept and handled in accordance with the
guidelines for the care and handling of laboratory animals in
the Directive 2010/63/EU of the European Parliament and
Council. Animals were housed in groups of 2 per cage under
standard environmental conditions (lights on from 8 a.m.
[ZT0] to 8 p.m. [ZT12]; room temperature 22 �C; relative
humidity of 55%, ad libitum access to food and water). The
rats were divided into two groups: control (n¼ 4) and ani-
mals subjected to 6weeks of chronic unpredictable stress
(CMS; n¼ 4). CMS protocol lasted 6weeks and was consisted
of chronic exposure to unpredictable mild stressors such as
confinement to a restricted space (1 hour), placement in a
tilted cage (3 hours), housing on damp bedding (8 hours),
overnight illumination, 18 hours food deprivation followed by
exposure to inaccessible food (1 hour), water deprivation
(18 hours) followed by exposure to an empty bottle (1 hour),
and reversed light/dark cycle for 48 hours, every 7 days].
Bodyweight reduction and increased levels of serum cortico-
sterone was used for monitoring stress protocol efficacy as
previously described (Bessa et al., 2009).

Immunofluorescent staining

After sacrifice, the brain was fixed in 4% paraformaldehyde
before coronal cryostat sections (10um) were obtained. The
number of NG2þ pericytes in the inner molecular layer of
hippocampus was analyzed by staining four cryosections of
mid hippocampus (between 3.1 and 4.52mm relative
bregma) from the CMS treated rats and control rats. In short,

the sections were immersed in 4% PFA for 15min and incu-
bated in a blocking solution (KPBS with 0.25% Triton and 5%
goat serum) for 1 hour at room temperature (RT). The sec-
tions were thereafter, incubated in rabbit-anti-NG2 (Millipore,
ab5320 which identifies both the intact proteoglycan and the
core protein by Western blot and ELISA) overnight at 4 �C.
The next day, the sections were washed and incubated with
DyLight goat anti-rabbit-594 (DI-1594) for 2 h in RT and then
mounted with Vectashield Set mounting medium (Vector lab-
oratories). The NG2þ pericyte cell quantifications were per-
formed by the use of modified unbiased stereology (Malberg
et al., 2000), where we identified the hippocampal inner
molecular layer and the hilus by anatomically landmarks
(illustrated in Figure 1(A)) and analyzed the sections with the
same sampling frequency. The counting was performed by a
blinded observer using an Olympus AX70 light microscope
equipped with 20� objectives. Only NG2þ cells with a peri-
cytic feature, defined as round cell bodies adjacent to a
faintly stained vessel-like structure, were counted. The area of
the analyzed ML and hilus was measured (Olympus CellSens
Dimension) and the number of NG2þpericytes/mm2 was
thereafter calculated.

Brain sample preparation

Samples from hippocampal of (n¼ 8) depressed patients and
(n¼ 8) non-depressed controls (NIH NeuroBioBank, US) were
immersed in 4% paraformaldehyde at 4� C for 48 hours,
washed in a series of ascending sucrose solutions and sec-
tioned into 40 mm thick sections kept free-floating in a cryo-
protectant solution. Diagnosis, age, gender, postmortem
interval and cause of death of the individuals included in the
study are described in Table 1. Brain specimens were
obtained during autopsies conducted at the Allegheny
County Medical Examiner’s Office (Pittsburgh, PA, USA) after
consent for donation was obtained from the next-of-kin. All
procedures were approved by the University of Pittsburgh’s
Committee for the oversight of research and clinical training
involving decedents and institutional review board for bio-
medical research. NIH NeuroBioBank has approved the proce-
dures of brain tissue collection, and the regional ethical
review board in Lund, Sweden, has approved the study (Dnr
2017/10).

Immunohistochemical staining of human hippocampus

Number of NG2þ pericytes in the inner molecular layer of
hippocampus of depressed patients and controls was ana-
lyzed in three immunohistochemical stained sections from
each individual. The sections were quenched in 3% H2O2 and
10% methanol for 30min and incubated in Impress reagent
kit blocking solution (Vector laboratories) for 1 h RT. The sec-
tions were thereafter incubated with mouse-anti-NG2 (clone
B5, ATCC) in blocking solution over two nights at 4 �C. The
antibody is a kind gift from Dr William Stallcup and binds to
the intact and core NG2 (Nielsen et al., 2013; Real et al.,
1985). Next day, the sections were incubated with anti-mouse
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IgG Impress reagent kit secondary antibodies (Vector
Laboratories) overnight at 4 �C, followed by peroxidase detec-
tion for 3min (0.25mg/ml diaminobenzidine with 0.012%
H2O2 (Vector Laboratories). Sections were thereafter
mounted, dehydrated and cover-slipped. The number of
NG2-positive pericytes in three pictures (Olympus CellSens
Dimension) (345� 440mm) captured from hippocampal
molecular layer (in total 9 pictures from each individual)
(illustrated in Figure 1(E)) were counted by a blinded obser-
ver using an Olympus AX70 light microscope equipped with
20� objectives. The number of NG2þpericytes/area was
thereafter calculated.

Analysis of proliferating cultured pericytes

Primary fetal human brain pericytes (HBVP) (ScienCell
Research Laboratories), expressing NG2 and PDGFR-b as well
as displaying typical features of cultured pericytes (Schultz
et al., 2014) were grown as monolayers in Cytostar T-assay
Scintillating 96-wells (Perkin Elmer) in pericyte cell culture
medium (PM) (ScienCell Research Laboratories) containing
2% fetal bovine serum and grown in humified air with 5%
CO2 at 37 �C until 50% confluent in all wells. The cells were
then either stimulated with 50 ng/ml Hydrocortisone (Sigma
Aldrich) or 10 ng/ml IL-1b, (Sigma Aldrich) dissolved in

Figure 1. Analysis of NG2þ pericytes in CMS rats and MDD patients as well as after exposure to cortisol and IL-1b. Image in (A) illustrate a delineation of the ana-
lyzed molecular layer (ML) (in pink) in rats. Image in (B) shows a picture of pericytes in a control rat (Ctrl) stained against NG2 (in red). Part of the analyzed molecu-
lar layer (ML), granular cell layer (GCL) and hilus of hippocampus is indicated with a dotted line. Image in the right corner shows a NG2þ pericyte in higher
magnification (scalebar ¼ 10 mm). Image in (C) shows NG2þ pericytes in chronic unpredictable stressed rats (CMS). The graph in (D) shows that number of pericytes
per counted ML area (pericytes no/mm2) increase in CMS rats compared to Ctrl. Data is analyzed using student t-test (t(6)¼2.940, p¼ 0.026). Image in (E) illustrates
the ML (dotted line) in which three images where taken (pink squares). Image in (F) shows NG2þ pericytes (in brown) in the ML of hippocampus (scalebar ¼
10mm) of a non-depressed controls (NDC). Image in (G) shows NG2þ pericytes in the ML of patients with Major depression disorder (MDD). The graph in (H) shows
that number of pericytes per counted ML area (pericytes no/mm2) does not differ in major depressed diagnosed (MDD) patients compared to non-depressed con-
trols (NDC). Images in (I–K) illustrate the performed in vitro study. Graph in (K) shows higher uptake of the proliferation marker thymidine in human fetal brain vas-
cular pericytes after exposure to IL-1b (significant) and cortisol (non-significant (C). Data analyzed using student t-test (D and H) and one-way ANOVA followed by
Dunnett’s test (K). � indicates p< 0.05.
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pericyte medium or not stimulated (control) and incubated
for 6 h in 37 �C. Thereafter [3H]-Thymidine (0.625 lCi/ml)
(Perkin Elmer) was added to the medium and the cells were
incubated for an additional 18 h (in total 24 h) in 37 �C. The
cells were thereafter washed with pre-warmed PBS before
the thymidine incorporation was measured using 1450
MicroBeta Trilux. The experiment was performed six times
with two replicates.

Statistics

Statistical analysis was performed using the SPSS software
(version 24 for Mac, SPSS Inc, Chicago, IL, USA). Normal distri-
bution was confirmed by the Kolmogorov–Smirnov test and
differences between the diagnosis groups were analyzed
using student t-test. Differences between in vitro treatment
groups were analyzing using one-way ANOVA followed by
Dunnett’s test. Correlation analysis was performed using the
Pearson correlations test. Data are presented as mean± stan-
dard deviation (SD) and the significance level was set at
p< 0.05. For the animal study, a post hoc power analysis for
a t-test (means) situation was performed using G�Power soft-
ware (version 3.1.9.7).

Results

Counting the number of NG2þ pericytes in the rat molecular
layer of hippocampus (Figure 1(A)) revealed a significantly
higher number of pericytes in rats exposed to CMS compared
to control rats (Figure 1(B–D)). Similar counting of NG2þ peri-
cytes in the hilus showed no significant differences between
the controls and CMS (49.62 ± 3.91 vs 56.00 ± 17.19). Also
counting of NG2þ pericytes in human hippocampal sections
(Figure 1(E)) showed no significant difference between MDD
and controls, but the mean number was slightly higher
(Figure 1(F,G)). The NG2þ pericyte numbers did not correlate
with age or postmortem delay and there was no difference
in numbers between males and females. The proliferation
study, wherein we stimulated NG2þ brain pericytes (Figure
1(E)) with IL-1b and cortisol for 24 h and supplemented with
radiolabelled 3H thymidine for 18 h (Figure 1(F)), revealed a

significant difference in uptake of thymidine between the
treatment groups cortisol, IL-1b and controls (one-way
ANOVA, F (2,15)¼ 4.598; p¼ 0.028). Further analysis using
Dunnett’s test showed that significantly higher thymidine
uptake occurred after exposure to IL-1b. The mean value of
uptake after cortisol treatment was also higher compared to
controls, but did not reach significance (p¼ 0.068)
(Figure 1(K)).

Discussion

In the current study, we aimed to investigate how stress,
depression, cortisol and IL-1b affect brain pericytes. By using
chronic unpredictable stress (CMS), a stress animal model
that mimics different clinical, physiological and brain core
characteristics of human depression (Willner, 2017), we were
able to show that stress increases the number of
NG2þ pericytes in the ML of hippocampus of stressed rats.
We also showed that pericyte numbers in MDD are slightly
elevated, albeit not significantly. Finally, we showed a signifi-
cant increase in proliferation of cultured brain pericytes in
response to IL-1 b, and a non-significant increase after expos-
ure to cortisol.

The found increase in the number of ML pericytes in CMS-
treated rats indicate that processes implicated in stress have
an impact on pericytes, but whether the impact is due to
inflammatory processes or a direct impact of stress hormone
on pericytes remains to be investigated. The previous study
demonstrating increased pericyte coverage in rabbit pups
exposed to prenatal stress after exposure to glucocortocids
(Vinukonda et al., 2010), indicates that stress hormones may
play a role in the increased pericyte population size seen in
our stress model. This assumption is supported by our own
in vitro study, as cortisol increased human brain pericyte pro-
liferation. This increase was however not significant, indicat-
ing a rather low impact of cortisol. It is also noteworthy that
a previous study has shown cell death in cultured primary rat
pericytes after treatment with the GR agonist dexamethasone
(Katychev et al., 2003), which would speak against a role for
GR in the increased pericyte numbers in our stress model.
However, since the rat equivalent to cortisol (besides GR)

Table 1. Clinical diagnosis, age, gender, PMI (postmortem interval), cause of death of the individuals included in the present study.

Clinical diagnosis
Age

(years)
Gender
(M/F) PMI (hr) Cause of death

NDC 52 M 9.0 Pulmonary Thromboembolism
NDC 59 M 7.8 Hypertensive & ASCVD
NDC 54 F 13.7 Severe ASCVD
NDC 48 M 8.3 ASCVD
NDC 46 F 7.6 ASCVD
NDC 49 F 11.3 Bilateral pulmonary emboli
NDC 30 F 12.9 Blunt force trauma of the trunk
NDC 61 M 7.3 Cardiac tamponade
MDD 44 M 10.1 Combined toxic effects of cocaine, heroin and ethanol
MDD 56 M 5.7 Pulmonary thromboembolism
MDD 31 M 10.7 Acute alcohol intoxication
MDD 58 M 7.6 Combined toxic effects of morphine and fentanyl
MDD 47 F 10.8 Valvular heart disease
MDD 50 F 8.3 Hypertensive & ASCVD
MDD 62 M 11.5 ASCVD
MDD 39 M 13.0 Coronary artery atherosclerosis & dilated cardiomyopathy

NDC: Non-Depressed Controls; MDD: Major Depressive Disorder; M: Male; F: Female; ASCVD: Atherosclerotic Cardiovascular Disease.
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also binds to MR, a receptor known to be involved in prolifer-
ation and cell survival (Gomez-Sanchez & Gomez-Sanchez,
2014), we cannot exclude the possibility that increased num-
ber of NG2þ pericytes in CMS rats is mediated via the MR
receptor. A previous study demonstrating increased prolifer-
ation of smooth muscle cells (a cell type related to pericytes)
after stimulation with the MR agonist aldosterone (Xiao et al.,
2004) supports this idea.

Although corticosterone might play a small role in the
increased NG2þ pericyte population in the CMS treated rats,
it is likely that neuroinflammatory processes also are impli-
cated. As mentioned in the introduction, pericytes are a very
dynamic cell type found in different activity states, which is
reflected by changes in the expression of pericyte markers
(Smyth et al., 2018). Pericytes expressing NG2 are considered
to be active (Ozerdem et al., 2001), and thus our results
could suggest that stress increases the number of activated
pericytes. Previous studies have shown that pericytes become
activated in response to proinflammatory processes
(Rustenhoven et al., 2017) and enhance secretion of matrix
metalloproteases (Schultz et al., 2014) to degrade extracellu-
lar matrix and tight junctions (Rempe et al., 2016). Since CMS
and other stress models have been shown to increase micro-
glial activation and cytokine secretion (including IL-1b), it is
tempting to speculate that these inflammatory processes
activate pericytes, which leads to an increased number of
pericytes expressing NG2 in CMS rats. Since our in vitro stud-
ies found increased proliferation of pericytes after stimulation
with the proinflammatory cytokine IL-1b, we further specu-
late that inflammatory agents such as cytokines, in addition
to GR and/or MR stimulation, contribute to the increased
number of pericytes in CMS rats by enhancing proliferation.
Furthermore, since proliferation as well as activation of peri-
cytes require degradation of tight junctions, it can be
hypothesized that the impact of stress hormones and inflam-
matory processes on the pericyte population is a potential
mechanism behind the BBB hyperpermeability previously
seen in rat exposed to stress (Lee et al., 2018). Such a scen-
ario could also potentially explain why mice exposed to
social stress show, besides reduced expression of endothelial
cell tight junction, BBB hyperpermeability and depression like
behavior, show enhanced infiltration of peripheral cytokines
(Menard et al., 2017). Inflammatory processes and neuroin-
flammation have also been reported to occur in patients
with MDD (Mahajan et al., 2018), and a link between neuroin-
flammation and BBB permeability has been discussed (Najjar
et al., 2013). Hence, the above-described scenario, where
pericytes become activated in response to inflammatory
processes may also occur in these patients. Although the dif-
ferences in the number of NG2þ pericytes between MDD
patients and NDC did not reach significance, it is noteworthy
that the mean value was higher in MDD patients, which
could be supportive of this idea. Additional support can be
found in the previously reported higher number of neurovas-
cular cells in the amygdala of depressed patients (Rubinow
et al., 2016). The lack of a significant alteration in pericyte
numbers between MDD and NDC can be due to lack of
power, a limitation caused by a number of obstacles.
Staining against NG2 is accompanied by specific

requirements and fixation procedures (Schultz et al., 2018),
which excludes the use of paraffin-embedded tissue. Hence,
due to difficulties in obtaining correct fixated samples, we
were only able to include a rather low number of individuals
in the study. This restriction also limited our possibility to
select individuals without vascular complications, which may
interfere with our results. We therefore strongly encourage
further investigations on larger cohorts in order to confirm
alterations in the NG2þ pericyte population in patients with
MDD. Another limitation of our study is the use of experi-
mental cell-culture studies. In vitro studies can never fully
replicate a biological system and although pericyte prolifer-
ation does occur in the human brain (Fernandez-Klett et al.,
2013; Goritz et al., 2011; Matsushita et al., 2015; Paul et al.,
2012), the milieu and proliferation rate in the brain is not
comparable to the same in a Petri dish. Hence, we would like
to point out that our cell model is useful foremost as a tool
to investigate the direct impact of hormones and cytokines
on pericyte proliferation. Finally, the lack of significant differ-
ences in NG2þ pericytes in hilus between control rats and
CMS treated rats, could indicate that the changes seen in ML
is brain regions specific. However, since hilus is a smaller
region compared to ML with almost half as many pericytes
per mm2, it may be that this analysis is underpowered. We
therefore find it important to highlight the need for a larger
study, preferably including analysis of several brain regions
(such as the prefrontal cortex), in order to understand
whether stress-induced pericyte alterations are brain
region dependent.

To conclude, our study suggests that stress, possibly via a
stress hormone- and cytokine-induced proliferation, increase
pericyte number in the hippocampus, which in turn could
underlie the BBB hyperpermeability seen in stressed rats and
patients with MDD.
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