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Environmental enrichment and physical
exercise prevent stress-induced social
avoidance and blood-brain barrier
alterations via Fgf2

Sam E. J. Paton 1, José L. Solano 1, Alice Cadoret1, Adeline Collignon 1,
Luisa Bandeira Binder 1, Béatrice Daigle1, Laura Menegatti Bevilacqua1,
Émanuelle Richer1, François Coulombe-Rozon1, Laurence Dion-Albert1,
Katarzyna A. Dudek 1, Signature Consortium*, Manon Lebel 1 &
Caroline Ménard 1

Chronic stress promotes blood-brain barrier (BBB) integrity loss leading to
passage of inflammatory mediators in mood-regulating brain areas and estab-
lishment of depressive behaviors. Conversely, neurovascular adaptations
favoring stress resilience and preventive strategies to promote them are unde-
termined. We report that environmental enrichment dampens stress-induced
loss of endothelial tight junction Claudin-5 (Cldn5) along with anxiety- and
depression-like behaviors inmalemice via an increase infibroblast growth factor
2 (Fgf2). Coping with voluntary physical exercise also protects the BBB from
stress deleterious effects by increasing Fgf2. Fgf2 is mostly expressed by glial
cells, and viral-mediated astrocyte-specific Fgf2 upregulation prevents stress-
induced social avoidance while downregulation increases stress susceptibility
and blunts physical exercise benefits. Treatment of mouse and human endo-
thelial cellswith Fgf2prior an immunechallenge reducesBBBdysfunction,Cldn5
loss, and altered signaling supporting its protective role. Circulating FGF2 level is
linked with depression severity and symptomatology in men and women rein-
forcing involvement of this growth factor in mood disorders.

Major depressive disorder (MDD) is a psychiatric condition affecting
>300 million people worldwide, representing a growing burden
on global health systems1. Women are twice as likely to be diag-
nosed, and MDD presents sex differences in symptomatology,
treatment responses and brain transcriptional profiles2–5.
Common antidepressants are ineffective for 30–50% of depressed
individuals suggesting that underlying causal mechanisms remain
unaddressed6,7. First evidence of blood-brain barrier (BBB) leakiness
in human depression by detection of brain-related proteins in the
blood was reported 60 years ago8. Indeed, cerebrospinal fluid to

serum ratio of various peripheral markers are altered in individuals
with MDD suggesting compromised BBB function6,9,10. The BBB is a
dynamic frontier mediating communication between the periphery
and the brain, composed of an intricate cellular network, including
astrocytes, pericytes, and endothelial cells connected by specialized
tight junctions7,11. This distinctive composition enables metabolic
supply while also ensuring a selective permeability which protects
the brain from bloodstream harmful toxins and inflammatory
factors12,13. The BBB is necessary to maintain neural activity, and
disruption can lead to neuroinflammation, neuronal death, and
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severe cognitive deficits7. For decades, mechanisms leading to
neurovascular pathology in MDD remained elusive.

In the last years, several groups reported that in mice, chronic
stress exposure, MDD main environmental risk factor, is associated
with a sustained elevation of circulating inflammatory mediators such
as interleukin-1β, interleukin-6 (IL-6) and tumor necrosis factor α
(TNFα)6,14. This increase results in activation of brain endothelial cells
via elevated cytokine expression, leukocyte adhesion, anddegradation
of tight junction protein Claudin-5 (Cldn5) leading to increased barrier
permeability as assessed by passage of tracers15–17. BBB alterations and
tight junction lossoccur in a sex- andbrain region-specificmannerwith
the BBBbeingmore vulnerable in the female prefrontal cortex (PFC) vs
nucleus accumbens (NAc) for males15,18. The NAc is a forebrain nucleus
playing key roles in reward and mood regulation while the PFC is
involved in social behaviors, executive function and decision
making19,20. Importantly, region-specific reduced expression of endo-
thelial cell tight junction CLDN5 was confirmed in postmortem human
brain samples from MDD men21 and women18 supporting a direct link
between neurovascular health, stress vulnerability and human
depression7,15,16,18,22. In other mental conditions like bipolar disorder
and schizophrenia, the degree of BBB damage appears to correlate
with age of onset as well as disease severity23,24, suggesting that the
neurovasculature could represent an innovative target for effective
intervention against mood disorder development and progression.

Environmental conditions that promote stress resilience and neu-
rovascular health offer a promising approach to identify therapeutic
sites. Indeed, stimulatingenvironments arewell known topositively alter
the adult brain, including vascularization and BBB function25–28. Further,
circumstantial factors suchas socioeconomic status andphysical activity
are negatively correlated with depression risk in humans29,30, while in
mice, access to nesting material, shelter, and toys (enriched environ-
ment, EE) or a running wheel (physical exercise, PE) attenuates
depression-like behaviors following stress exposure31,32. The involve-
ment of the BBB in these outcomes has not yet been assessed; however,
we recently observed neurovascular changes after learning andmemory
tasks depending on environmental conditions33. The present study
expands this idea by combining behavioral experiments performed in
male and female mice with in vivo functional manipulations and in vitro
cell signaling work to identify functional and transcriptional adaptations
of the BBB involved in the pro-resilient effects of EE and PE during
chronic stress. We report that environmental intervention can rescue
stress-induceddeficits in social behavior andexpressionof tight junction
proteinCldn5 in both sexes.We identifyfibroblast growth factor 2 (Fgf2)
as a sex-specific protective factor upregulated in response to stress in
the NAc of males with access to either EE or voluntary PE. Fgf2 is mostly
expressed by astrocytes in both themouse and human brain34,35 and it is
involved in neuronal and glial cell signaling, proliferation, and wound
healing36,37. This growth factor can induce angiogenesis by stimulating
endothelial cell proliferation in pathological context38,39 and thus we
hypothesized that it could be actively involved in pro-resilient neuro-
vascular adaptations. Indeed, viral-mediated increase of astrocytic Fgf2
expression in the male NAc prevents stress-induced social avoidance,
while downregulation in the same brain area promotes stress suscept-
ibility. Fgf2 can dampen inflammatory activation of brain endothelial
cells, as well as subsequent loss of barrier integrity by increasing Cldn5
expression, suggesting a potential protective mechanism. Finally, we
associate a change in circulating FGF2 with depressive symptoms in
human cohorts and highlight sex differences as well as the impact of
university education, an important indicator of socioeconomic status.

Results
Environmental enrichment dampens stress-induced social
avoidance and blood-brain barrier alterations in male mice
Social stress has been extensively studied in humans since higher
prevalence of mood disorders and suicide attempts have been

reported in victims of bullying40. The chronic social defeat stress
(CSDS) paradigm is a commonly used mouse model of depression in
which C57Bl/6 mice are exposed daily (5min/day) for 10 days to a
physical bout with a larger aggressive CD-1 mouse41. The day after the
last stress bout, a social interaction (SI) test is performed, and beha-
vioral phenotype is defined as the time spent in the interaction zone
test when the aggressor is present divided by absent (Fig. 1A)41. In
standard conditions with no supplements such as toys, shelter, or
nesting material, about two-thirds of stressed mice display social
avoidance (SI ratio <1) and are classified as stress-susceptible (SS),
while the other third, showing no behavioral deficits, are considered
resilient (RES) with a SI ratio >141. To evaluate if EE has an impact on
stress-induced BBB alterations, male C57Bl/6 were given access to
nesting material, a shelter, and plastic chew toy on their side of the
CSDS cage throughout the stress paradigm (Fig. 1A). EE increased the
proportion of mice classified as resilient to more than half (Fig. 1B,
stress x environment effect: **p =0.0029, 57.9%with a SI ratio >1 vs 41%
for standard housing conditions). As expected, almost all unstressed
control (CTRL) mice were resilient (Fig. 1B). Importantly, stressed EE
mice spent similar time in the corners during the SI test compared to
unstressed controls, while mice subjected to CSDS in a standard
environment developed social avoidance (Fig. 1C, stress ×
environment effect: ****p <0.0001). No difference in exploration time
was noted as measured by the distance traveled in the arena when the
aggressor was either present or absent excluding locomotor issues
(Supp. Fig. 1A).

To probe a role for the BBB in these positive effects, we next
investigated stress-induced changes for transcription of BBB-related
genes involved in cell proliferation, vascular remodeling, tight junction
formation, or markers of astrocyte, pericyte, and neuroinflammation,
in the NAc and PFC, two brain regions involved in the onset of
depressive-like behaviors in mice and MDD in humans (Fig. 1D and
Supp. Fig. 1B for behavioral data). Genes were selected based on pre-
vious work from our group and others showing changes in expression
following stress exposure15,18,42,43. Standard CSDS reduces the expres-
sion of Cldn5, a key tight junction protein, specifically in themale NAc,
and increases expression of inflammatory cytokine Il-615. In contrast,
we found in the NAc of stressed EE mice a general increase in gene
expression associated with vascular remodeling and tight junction
formation relative to unstressed EE control, including for Cldn5 (Fig.
1D, left, *p = 0.0253), as well as growth factors, particularly Fgf2
(*p =0.038) which is linked to BBB integrity44,45 and antidepressant
behavioral effects43,46–49. No change in Cldn5 was observed in the male
PFC in line with intact BBB integrity15, but expression of several growth
factors, including Fgf2 was upregulated (Fig. 1D, right, *p =0.0196),
suggesting adaptive mechanisms. The FGF family consists of ~20
ligands with a subset expressed in the brain. Most are involved in
cortical patterning during development. Fgf2 is notable for its high
expression in non-neuronal cells in mice and humans34 (Supp. Fig. 1C),
angiogenic properties36,44, and implication in MDD43,48–52. We assessed
the expression of Fgf1, 2, 4, 8, 9, 10, and 21, the most abundant of the
FGF family, in the PFC and NAc (Supp. Fig. 1D). Fgf4, 8 and 21 were
undetectable in both brain areas while Fgf9 and 10 expression levels
could not be detected in cultured BBB-related astrocytes or endothe-
lial cells (Supp. Fig. 1E) as expected from a cell-specific brain RNA-seq
atlas34. Stress exposure had no impact on the expression of Fgf1 in the
NAc (Supp. Fig. 1F). ComparisonofNAcgene expression fromstandard
CSDS and EE cohorts indicates a beneficial effect of EE through pre-
vention of both Cldn5 loss (Fig. 1E, ****p < 0.0001) and increased
inflammatory cytokine IL-6 (*p = 0.0318) following CSDS. Previous
reports from standard CSDS show that SS and RES mice display sub-
stantially different transcriptional patterns21. Principal component
analysis (PCA), used to identify strong patterns from the gene tran-
scripts inour EE cohort, revealed thatSS andRESmice strongly overlap
(Fig. 1F). Indeed, when comparing gene expression patterns from our
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EE mice with previously published standard environment CSDS15, we
found evidence for close clustering of all behavioral phenotypes
(CTRL, SS, and RES) based on BBB-related gene expression, in EE but
not standard housed CSDS cohorts (Fig. 1F and Supp. Fig. 2D), indi-
cating EE dampens stress effect on BBB-related transcription.

To confirm gene expression changes at the protein level, immu-
nofluorescent staining was performed to label for Cldn5, Fgf2, and
CD31, amarkerofbloodvessels, in brain slices from theNAc andPFCof

unstressed CTRL, SS and RES mice (Fig. 1G and Supp. Fig. 2A for
behavioral data). In standard CSDS, Cldn5 coverage of blood vessels is
reduced by ~50% in the NAc of SS male mice15. With EE, this loss is
dampened and not significant anymore (p =0.1322), supporting com-
pensatory changes (Fig. 1G, Supp. Fig. 2B for CD31). In this line, while
chronic stress has been reported to reduce Fgf2 expression in a stan-
dard environment in the PFC50, stressed mice in our EE cohort had
increased Fgf2 in the NAc (*p =0.0317), and this tends to correlate with
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the degree of Cldn5 loss (r = −0.4882, p = 0.0648) (Fig. 1G). No change
was observed in the PFC in EE conditions (Supp. Fig. 2C). Altogether,
our findings suggest that access to an enriched environment has a
protective effect on stress-induced BBB alterations, possibly via an
elevation in Fgf2.

Environmental enrichment rescues stress-related tran-
scriptomic deficits in female mice
While CSDS is a standard protocol to induce social stress inmalemice,
it is not as relevant for female mice who do not commonly experience
aggression in the wild53. Artificialmethods for inducing social defeat in
females exist, including application of male urine to promote aggres-
sive bouts54, but it introduces sensory informationwhichmay interfere
with enrichment effects. In our hands, still only ~30% of female mice
become susceptible to 10-day CSDS with this protocol, hampering the
possibility to test preventive or protective approaches18. Thus, to
evaluate whether EE could promote resilience in females, we took
advantage of the subchronic variable stress (SCVS) paradigm, an
established protocol producing anxiety and anhedonia after 6 days in
females18,55 along with BBB changes in the PFC18. Female mice assigned
to control or SCVS groups had access to EE as described above and the
SCVS group was exposed to a series of three repeated stressors,
namely foot shock, tail suspension, and tube restraint (Fig. 2A). Fol-
lowing SCVS, a cohort was subjected to a battery of behavioral tests to
assess the impact of EE on stress responses (Supp. Fig. 3A). As
expected, exposure to SCVS in standard conditions induced anhedo-
nia, a core feature of MDD (Supp. Fig. 3B, **p = 0.0042). Compared to
6-d SCVS with standard housing18, access to EE prevented stress-
induced reduction in time spent in the elevated plus maze (EPM) open
arms (Fig. 2B, ***p =0.0002), increased social interactions
(*p =0.0297), and sucrosepreference (****p < 0.0001) (Supp. Fig. 3B-F).
Exposure to 6-d SCVS is generally not sufficient to induce anxiety- or
depression-like behaviors in males56. Nevertheless, to be consistent a
cohort of male mice was subjected to the same stress paradigm
without or with access to EE (Supp. Fig. 4A). No difference in behaviors
was observed except for a significant effect of the environment for the
SI ratio, regardless of stress exposure, due to increased time spent in
the interaction zone when the CD-1 was absent (Supp. Fig. 4B-E). For
tissue collection, a 2nd cohort of female EE + SCVS was tested in the
EPM only to confirm normal behaviors despite stress exposure, then
brain tissue was collected 24 h later (Fig. 2A and Supp. Fig. 5A, B for
behavioral data) so 48 h after the last stressor, like for males (Fig. 1A).
No difference in estrous cycle stage was observed between CTRL and
SCVS groups at tissue collection (Supp. Fig. 5C).

Neurovasculardisruption in the PFCunderlies thedevelopmentof
anxiety- and depression-like behaviors in female mice and a loss of
CLDN5 was noted in this brain area in postmortem samples from
womenwithMDD18. Gene expression analysis showed that EE stabilizes
BBB transcriptomic patterns in the PFC (Fig. 2C), leading to main-
tenance of Cldn5 expression vs SCVS in standard housing (Fig. 2D,

**p =0.0024) and normal behaviors despite stress exposure. We also
observed that expression of Fgf1 and Fgf2 is similar in the NAc and PFC
of female and male mice at baseline (Supp. Fig. 5D). Next, BBB-related
gene expression patterns in the female PFCwere compared after SCVS
in standard vs EE conditions with PCA analysis. We revealed that with
standard housing, CTRL and SCVS mice form distinct clusters, while
with EE they are more closely grouped (Fig. 2E). Because EE reduces
transcriptional differences between control and stressed mice in both
males and females, gene expression patterns were compared in the
NAc and PFC across sexes. Even if the behavioral outcomes are similar,
BBB-related transcriptomic profiles of males and females differ, sug-
gesting that environmental influence on the neurovasculature could
be sex-specific (Fig. 2F, Supp. Fig. 5E, F). Given the implication of Fgf2
as a protective factor in males, we assessed its protein level along with
Cldn5 and Cd31 in females. Immunofluorescent staining confirmed an
absence of stress-induced changes in Cldn5 but also Fgf2 in both PFC
(Fig. 2G, Supp. Fig. 5G) andNAc (Supp. Fig. 5H) in the female EE cohort.
These results suggest that females benefit from an EE however, ele-
vation of Fgf2 might be a male specific protective mechanism for pro-
resilient effects on the BBB.

Voluntary physical exercise protects the blood-brain barrier
from the deleterious effects of stress, with light-cycle running
promoting resilience
Fgf2 is sensitive to environmental conditions, and modifiable life-
style factors such as physical exercise (PE) have been linked to ele-
vated expression of this growth factor in the brain57. Voluntary PE
has been proposed as a critical variable for disease prevention and
stress resilience associated with environmental enrichment
experiments58. PE has benefits for neurovascular health, however, it
is unknown if it could protect from chronic social stress-induced
BBB alterations. After running wheel habituation, male mice were
then randomly assigned to either control or stress groups which
both had free voluntary access to running wheels in their home cage
throughout the CSDS protocol (Fig. 3A). Access to voluntary physi-
cal exercise during stress exposure increased the proportion of RES
mice after CSDS to 53.6% (Fig. 3B), and like EE (Fig. 1C), strongly
reduced social avoidance as measured by the time spent in the
corners during the social interaction test (Fig. 3C, ****p < 0.0001 and
Supp. Fig.6A-C for additional behavioral data). As expected, mice
ran mostly during the dark cycle with distance increasing through-
out the 10-d CSDS paradigm for the stressed mice to reach a total
distance significant effect when compared to unstressed controls
(Fig. 3D-E, *p = 0.0241). Intriguingly, RES mice ran more than other
groups during the light cycle (Fig. 3F, **p = 0.0061), including right
after the defeat bout (Fig. 3G, ****p < 0.0001 vs CTRL and *p = 0.0136
vs SS), suggesting that PE may represent an active coping strategy
when facing social stress.

Brains were collected 48 h after the last stressor (Fig. 3A) and BBB-
related genes in the NAc and PFC analyzed and compared between

Fig. 1 | Environmental enrichment dampens stress-induced social avoidance
and blood–brain barrier alterations in male mice. A Experimental timeline for
chronic social defeat stress (CSDS)with enriched environment (EE).Malemicewere
housedwith a nestlet, plastic chew toy, and shelter beginning 3 d prior to CSDS and
continuing until the last defeat, followed by social interaction (SI) testing.
B Compared to previously published results from CSDS with standard cages15,
stressed EEmice show less deficits in social behavior measured by the SI test, and a
greater percentage of resilience. SI ratio was calculated by dividing the time spent
in the interaction zone in presence vs absence of a novel CD-1 aggressor (AGG).
Mice with SI < 1 were classified as stress-susceptible (SS), while SI > 1 were resilient
(RES). C Stressed EE mice also show less time in corners of the SI test than those
stressed in plain cages with no access to a nestlet, plastic chew toy, and shelter.
Representative heatmaps of SI test in the second trial (AGG present) show differ-
ences between CTRL and CSDS mice with standard caging15 and EE. D Heatmap

showing transcription of BBB-related genes in the nucleus accumbens (NAc) and
prefrontal cortex (PFC) after stress for EE mice. Cldn5, Ocln, and Fgf2 are upregu-
lated in the NAc of all stressed mice. E Increased Cldn5 expression and decreased
Il-6 in SS EEmice compared to published data fromSSmice in plain cages15. FCTRL,
SS, andRES behavioral groups formdistinct clusters basedonprincipal component
analysis of NAc gene expression data in standardCSDS but are grouped together in
EE.G Fgf2 immunofluorescent labeling is increased in all stressedmice from the EE
cohort, while Cldn5 relative to blood vessel area is diminished specifically in SS
mice (scalebar = 50μm). Fgf2 area correlates with the degree of Cldn5 loss sug-
gesting a protective response. Data representmean ± s.e.m., the number of animals
is indicated on graphs. Group comparisons were evaluated with one- or two-way
ANOVA followed by Bonferroni’s post hoc tests and correlation with Pearson’s
correlation coefficient where appropriate; *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001.
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groups. Few changes were noted between CSDS and control micewith
access to PE, with the exceptionof a strong increase in Cldn5 transcript
levels in both the NAc (**p = 0.005) and PFC (**p = 0.0012) of stressed
mice and this effect was driven by RES animals (Fig. 3H, *p =0.0206 for
NAc and *p =0.0233 for PFC). Conversely to our EE cohort where
stressed mice displayed gene expression patterns distinct from

controls, PCA analysis of the PE CSDS cohort revealed that CTRL, SS,
and RES mice all form similar clusters, though stressed mice exhibit
more variance (Fig. 3I, Supp. Fig. 6E). At the protein level, CSDS did not
affect Cldn5 levels in the NAc of our PE cohort, whereas all stressed PE
mice exhibited an increase in Fgf2 staining compared to controls (Fig.
3J, Supp. Fig. 6D-G). Altogether, our results indicate a protective effect
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of voluntary PE on stress-induced BBB changes in the male NAc,
dampening social avoidance and favoring resilience.

Upregulation of astrocytic Fgf2 prevents stress-induced social
avoidance
Since Fgf2 is mostly expressed by astrocytes in the mouse and human
brain34,35, and its level is increased in this cell type particularly along
blood vessels in the context of physical exercise (Fig. 4A, B), we
designed an adeno-associated virus (AAV) vector driving astrocytic
Fgf2 expression via the gfaABC1D promoter, and then tested its impact
on social behaviors after CSDS exposure. First, we validated increased
Fgf2 protein level in the NAc of AAV5-gfaABC1D-mFgf2-P2A-GFP-
injected mice when compared to animals injected with the control
virus (AAV5-gfaABC1D-GFP) (Fig. 4C, D, left, **p =0.0067). Intriguingly,
the elevation in Fgf2 expression was mostly observed along blood
vessels stained with the endothelial marker CD31 (Fig. 4D, right,
*p = 0.0163). Next, a cohort of male mice was bilaterally injected with
either the control AAV5-gfaABC1D-GFP or AAV5-gfaABC1D-mFgf2-P2A-
GFP viruses and then subjected to 10-day CSDS 4 weeks later to allow
maximal Fgf2 expression (Fig. 4E). Astrocytic increase in Fgf2 did not
alter the SI ratio, phenotype distribution (Fig. 4F, G) or locomotion
(Fig. 4H), however, it reduced social avoidance as defined by the time
spent in the corners of the arena (Fig.4I). Stressed mice spent more
time in the corners, an effect driven by the AAV5-gfaABC1D-GFP-
injected animals (Fig.4I, left, *p =0.0407) with no difference observed
for AAV5-gfaABC1D-mFgf2-P2A-GFP mice (p = 0.5267). In fact, only SS
mice injected with the control virus displayed social avoidance when
compared to AAV5-gfaABC1D-GFP unstressed control and RES groups
(Fig. 4I, right, **p = 0.0089 for SS vs CTRL; *p = 0.0453 for RES vs SS) or
AAV5-gfaABC1D-mFgf2-P2A-GFP-injected animals categorized as SS
due to a SI ratio <1 (*p =0.0258). Tissue collection after behavioral
assessment confirmed higher Fgf2 level in the NAc of mice injected
with the AAV5-gfaABC1D-mFgf2-P2A-GFP virus (Fig. 4J). These results
suggest that increasing Fgf2 in astrocytes can prevent CSDS-induced
social avoidance, mimicking the beneficial effect of access to an enri-
ched environment (Fig. 1C) or voluntary physical exercise (Fig. 3C)
while facing chronic social stress exposure.

Downregulation of astrocytic Fgf2 expression induces social
stress susceptibility and blunts the benefits of physical exercise
Next, to confirm that elevation of astrocytic Fgf2 is involved in stress
resilience, wedesigned anAAV vectorwith a short harpinRNA (shRNA)
blocking Fgf2 expression under the gfaABC1D astrocyte-specific pro-
moter (Fig. 5A). We first validated decreased Fgf2 protein level in the
NAc of AAV5-gfaABC1D-shRNA-mFgf2-GFP-injected mice when com-
pared to animals injected with the control virus (AAV5-gfaABC1D-
shRNA-scramble-GFP) in a cohort that did not go through behavioral
testing (Fig. 5B, *p =0.0163). A cohort of male mice was bilaterally
injected with either the control AAV5-gfaABC1D-shRNA-scramble-GFP
or AAV5-gfaABC1D-shRNA-mFgf2-GFP viruses and then subjected to
10-day CSDS 4 weeks later to allow maximal viral expression (Fig.5C).

Reducing astrocytic Fgf2 in the NAc altered the SI ratio after CSDS
exposure, with a higher proportion of SSmice (Fig. 5D, E, *p = 0.0499).
Thiswas not due to a change in locomotion (Fig. 5F). Another cohort of
mice was bilaterally injected with either the control AAV5-gfaABC1D-
shRNA-scramble-GFP or AAV5-gfaABC1D-shRNA-mFgf2-GFP viruses
and subjected to 10-day CSDS 4 weeks later but with access to running
wheels (Fig. 5G). Stressed mice from both groups displayed social
avoidance, as measured by lower SI ratio (***p =0.0005) and higher
number of entries in the corners when the AGG was present
(*p =0.0223), supporting our hypothesis that an elevation in NAc
astrocytic Fgf2 may contribute to the benefits of PE (Fig. 5H, I). Beha-
vioral alterationswere not due to impaired locomotion (Fig. 5J). In fact,
stressed mice injected with the control virus ran increasing distance
across days after the first defeat bout (Fig. 5K) as observed in non-
injected animals (Fig. 3D). This was not the case for AAV5-gfaABC1D-
shRNA-mFgf2-GFP-injected mice (Fig. 5L), suggesting that motivation
could be affected, with the NAc playing a crucial role in reward
processing19. In line with these behavioral findings, we observed an
elevation of Fgf2 expression in the stressed PE cohort injectedwith the
control AAV5-gfaABC1D-shRNA-scramble-GFP virus (**p =0.0024) (Fig.
5M). In contrast, AAV-driven reduced Fgf2 expressionwas similar in the
NAc of AAV5-gfaABC1D-shRNA-mFgf2-GFP-injected mice without
(**p =0.0025) or with access to running wheels (***p <0.0001) (Fig.
5M), indicating that Fgf2 may be involved in the rewarding effects
of PE.

In vitro treatment with Fgf2 reduces TNF-α-induced Cldn5 loss,
endothelial cell signaling alterations, and barrier
hyperpermeability
BBB disruption is associated with stress-induced behavioral deficits in
mice15,16,18,22 and psychiatric disorders, including MDD in
humans15,18,21,23,24,59. Fgf2 canmediate the formation of tight junctions in
endothelial cells44,45, nevertheless, it is undetermined if Fgf2 could
protect against stress-related neurovascular damage. Our findings
indicate a role for Fgf2 in protective effects of EE on the NAc BBB,
specifically in male mice, with upregulation of this growth factor
occurring in parallel with increased Cldn5 expression at both gene and
protein level in stressed mice with access to EE (Fig. 1). Therefore, we
investigated whether Fgf2 can preserve brain endothelial cell proper-
ties in vitro using treatment with the proinflammatory cytokine TNF-α
as a biological stressor. Indeed, TNF-α is elevated in the blood of mice
after CSDS and individuals with MDD60–62, while downstream signaling
through TNF receptors is linked to stress-induced BBB breakdown in
mice21,22. To ensure translational relevance we exposed both human
(HBEC-5i) and mouse (bEnd.3) brain endothelial cell lines to either
acute (<24 h) or chronic (up to 7 days) periods of inflammatory chal-
lenge with 10 ng/mLof TNF-α (Fig. 6A). Doses of TNF-α and timepoints
for cell collectionwere determined according to previous publications
describing impact of this cytokine treatment on endothelial cells63–65.
Cells were pretreated for 1 h with FGF2 (10 ng/mL38) to mimic habi-
tuation with EE/PE, before co-stimulation with TNF-α and/or FGF2.

Fig. 2 | Environmental enrichment dampens stress-induced anxiety and blood-
brainbarrieralterations in theprefrontal cortexof femalemice. A Experimental
timeline for subchronic variable stress (SCVS) with enriched environment (EE).
Female mice were housed with a nestlet, plastic chew toy, and shelter beginning
3days prior to stress and continuing until the last session, followedby elevated plus
maze (EPM) and tissue collection 24h later or further behavioral testing depending
on the cohorts.BCompared to previously published results from female SCVSwith
plain cages and no access to a nestlet, plastic chew toy, and shelter18, stressed EE
mice show greater exploratory behavior characterized by open arm time in the
EPM. Representative heatmaps show differences in EPM behavior between stan-
dard and EE SCVS. C Heatmaps showing transcription of BBB-related genes in the
nucleus accumbens (NAc) andprefrontal cortex (PFC) after stress.Cldn5deficits are

seen in the NAc, but not the PFC.D Increased Cldn5 expression in stressed EEmice
compared to published data from stressed mice in plain cages18. E CTRL and SCVS
mice form distinct clusters based on principal component analysis of PFC gene
expression data when performed in standard cages, but in the EE cohort they are
more closely grouped. F BBB-related genes in the male NAc and female PFC
respond differently to stress. G No changes in immunofluorescent staining of Fgf2
or Cldn5 following SCVS in female mice with EE (scalebar = 50μm). Data represent
mean ± s.e.m., the number of animals is indicated on graphs. Group comparisons
were evaluated with two-way ANOVA followed by Bonferroni’s post hoc tests or
two-tailed t-testswithWelch’s correction and correlationwith Pearson’s correlation
coefficient where appropriate; *p <0.05, **p <0.01, ***p <0.001.
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Following TNF-α treatment, expression of genes associated with tight
junctions, FGF2 signaling, and proinflammatory activation of endo-
thelial cells was evaluated at several timepoints (1, 3, 6, or 24 h). Acute
TNF-α stimulation induced strong endothelial cell activation char-
acterized by downregulation of tight junction proteins Cldn5/CLDN5
and Ocln/OCLN, as well as expression of inflammatory factors such as

IL-6 (HBEC-5i) and Vcam-1 (bEnd.3) (Fig. 6B, C). In both cell types, FGF2
attenuated TNF-α-induced loss of CLDN5, with protective effects
especially prominent after 6 h of treatment (Fig. 6D, E, *p =0.0119 for
mouse and ***p = 0.0004 for human endothelial cells).

Since FGF2 could reverse the effects of acute TNF-α treatment on
CLDN5 expression, we next tested if it could prevent loss in barrier
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integrity following long-term TNF-α exposure. Chronic stimulation
with TNF-α over 7 days altered endothelial monolayer integrity as
measured with trans-endothelial electrical resistance (TEER) when
compared to control wells, byday 1 in bEnd.3 and day 3 inHBEC-5i, and
this effectwaspreventedbyFGF2 co-treatment (Fig. 6F, G, **p =0.0014
for mouse and ****p <0.0001 for human endothelial cells). FGF2 is a
potent mitogen thus, an MTT assay was conducted to rule out
potential changes in cell number which could influence TEER. Once
confluent, FGF2 did not influence cell number vs controls (Supp. Fig.
7). Onday 7of theTEERprotocol, cellswerefixed and stained for Cldn5
to visualize tight junctions. bEnd.3 cells treated with TNF-α showed
disruption of tight junction structure, including presence of spikes,
discontinuities, and membrane ruffling which are signs of endothelial
dysfunction66; however, this morphology was not observed for cells
co-stimulated with Fgf2 (Fig. 6H).

Fgf2 induces GSK3β phosphorylation and prevents β-catenin
dissociation from tight junctions
To further gain mechanistic insights, the molecular mechanisms
underlying the rescue of TNF-α-induced Cldn5 loss by Fgf2 were
investigated. An integral part of TNF-α response in endothelial cells is
activation of the Akt/ERK pathways, which slow and eventually termi-
nate the inflammatory signaling cascade65. Fgf2 is a potent activator of
these pathways67, and we evaluated whether the protective effects of
Fgf2 on endothelial cells could be a result of rapid resolution of
inflammatory signaling. Akt phosphorylates GSK3β serine residues,
inhibiting this redox-sensitive enzyme and crucial mediator of TNF-α
signaling known to disrupt tight junction integrity when activated in
endothelial cells63,64,68. Therefore, we performed western blotting to
assess the effects of TNF-α and Fgf2 on phosphorylation of GSK3β in
the human HBEC-5i cell line (Supp. Fig. 8). We found that 1 h pre-
treatmentwith FGF2 inducedGSK3β serine-9phosphorylation (Fig. 7A,
*p = 0.0332), but it did not prevent the rapid (5min) depho-
sphorylation response upon TNF-α stimulation (Fig. 7A). β-catenin is a
downstream target of GSK3β, which normally interacts with cadherins
to promote tight junction integrity, but in the context of stress and
inflammation, it can be internalized to promote deleterious
signaling21,69,70. In concordance with GSK3β inhibition, 1 h of FGF2
treatment tended to reduce serine/threonine β-catenin phosphoryla-
tion (Fig. 7B, p =0.0747). However, while TNF-α treatment initially
reduced β-catenin phosphorylation (**p =0.0031), when co-
administered with Fgf2 it led to a strong increase in β-catenin phos-
phorylation peaking 1 h following TNF-α introduction (***p = 0.0004)
(Fig. 7B). These results suggest that FGF2 can regulate β-catenin
dynamics during inflammatory activation of brain endothelial cells
which could mitigate stress-induced BBB alterations (Fig. 7C).

With endothelial β-catenin signaling essential for tight junction
regulation and BBB integrity, we assessed if changes in inflammation-
induced β-catenin phosphorylationmediatedby FGF2 treatment could
affect β-catenin cellular distribution and tight junctionmorphology. β-

catenin was stained by immunofluorescence in humanHBEC-5i cells in
control conditions or following 30min of TNF-α treatment with or
without FGF2. TNF-α-treated cells displayed tight junction spikes and
discontinuities indicative of ultrastructural disruption as well as pos-
sible β-catenin internalization, whereas this morphology was not
observed in control or TNF-α/FGF2 co-treated cells (Fig. 7D, E). Fur-
thermore, TNF-α induced distension of β-catenin-labeled tight junc-
tion strands compared to vehicle-treated wells, as the width of β-
catenin labeled tight junctions, was increased in TNF-α-treated wells
(Fig. 7D, E). This diffusion was normalized when cells were co-
administered FGF2, suggesting a role for this growth factor in stabi-
lizing β-catenin at sites of cell adhesion and preserving normal tight
junction morphology. Since both Fgf2 and β-catenin have been
implicated in vascular remodeling and wound repair71,72, a scratch
wound test was performed to evaluate endothelial healing responses
after TNF-α treatment (Fig. 7F). As expected, TNF-α substantially
reduced wound healing (Fig. 7F). Interestingly, while FGF2 alone did
not affect wound repair compared to control, it did improve TNF-α-
related reduction in healing rate to result in a higher percentage of
total healed area after 12 h (Fig. 7F). This finding suggests that this
growth factor not only attenuates TNF-α-induced inflammatory sig-
naling in endothelial cells, but it can restore functional and healing
properties of the BBB which may underlie beneficial impact of EE in
preventing stress-induced neurovascular alterations and promoting
resilience.

The environment is a key factor determining BBB response to
stress in mice and MDD pathogenesis in humans
To this day, mood disorders, including MDD, are still diagnosed with
questionnaires only. Identification of biomarkers with potential to
inform clinicians for diagnosis and treatment choice is greatly needed
and blood immune and vascular markers have received increasing
attention in recent years6,18,73–75. To validate the importance of envir-
onmental conditions in stress-induced behavioral responses and
underlying biology, we first conducted a hierarchical clustering ana-
lysis of all our mouse cohorts for BBB gene expression in stress-
sensitive brain areas. It revealed that the environment is a key factor
influencingBBBgene expression in bothmale (Fig. 8A) and female (Fig.
8B) mice. Indeed, groups tend to cluster by environmental conditions
as opposed to stress exposure or phenotype. With this in mind, we
explored if circulating FGF2 could be associated with human MDD
when considering socioeconomic factors. Clinical evidence and post-
mortem studies related to FGF2 in the context of MDD are
inconsistent51,52,76–80 and this could be due to sampling heterogeneity.
Blood serum FGF2 level was measured by ELISA with a high sensitivity
kit in samples from men and women with a diagnosis of MDD and
compared to matched controls. MDD diagnosis and severity of
symptoms had a significant impact on FGF2 level (Fig. 8C, D,
*p = 0.026), which may explain previously reported discrepancies.
Socioeconomic position, as measured by education, income, and

Fig. 3 | Physical exercise protects the blood-brain barrier from deleterious
effects of stress with light-cycle running promoting resilience. A Experimental
timeline for chronic social defeat stress (CSDS) with physical exercise (PE). Male
micewere habituatedwith a battery-powered runningwheel prior toCSDS and had
voluntary access towheel running until the last defeat, whichwas followedby social
interaction (SI) testing. B Compared to previously published results from CSDS
with plain cages15, stressed PE mice show similar deficits in social behavior mea-
sured by the SI test, but a greater percentage of resilience. SI ratiowas calculated by
dividing the time spent in the interaction zone in presence vs absence of a novel
CD-1 aggressor (AGG). Mice with SI < 1 were classified as stress-susceptible (SS),
while SI > 1 were resilient (RES). C Stressed PE mice show substantially less time in
corners of the SI test than those stressed in plain cages with no running wheel
(n = 11–41). Representative heatmaps of SI test in the second trial (aggressor pre-
sent) show differences between CTRL and SS mice in CSDS with standard caging15

and EE. D Representative graph showing running activity per hour throughout
CSDS. E Stressed mice run slightly more than controls. F Stress phenotype is
associated with running during the light cycle, with RESmice running more during
the day. G RES mice run more in the hour following stress (****p <0.0001).
HHeatmaps showing transcription of BBB-related genes in the nucleus accumbens
(NAc) and prefrontal cortex (PFC) after stress with PE. Cldn5 is upregulated fol-
lowing 10d CSDS in both brain regions of mice with access to PE. I Increased Cldn5
expression and decreased Il-6 in SS EE mice compared to published data from SS
mice in plain cages. J No loss of Cldn5 immunofluorescent labeling in SSmice with
PE access (scalebar = 50μm). Fgf2 immunofluorescent labeling is increased in all
stressed mice from the PE cohort. Data represent mean± s.e.m., the number of
animals is indicated on graphs. Group comparisons were evaluated with one- or
two-way ANOVA followed by Bonferroni’s post hoc tests, or two-tailed t-tests with
Welch’s correction; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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prior toCSDS andhadvoluntary access towheel runninguntil the last defeat,which
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B Increased Fgf2 and astrocyte marker immunoreactivity is observed along blood
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occupational prestige, is a strong determinant of MDD onset81.
Accordingly, in our cohort, having a university diploma and being
employedwas associatedwith lower depression rates (Fig. 8E, F) so we
tested the impact on FGF2blood level. In individualswith no university
diploma, an increase in circulating FGF2 was measured for MDD
samples (Fig. 8E, **p =0.006). An elevation in circulating FGF2 couldbe
linked toMDD-associated neurovascular alterations and an attempt to
repair the leaky BBB82. Importantly, a change in circulating FGF2 was
associated with MDD in all men as assessed by the overall Patient

Health Questionnaire (PHQ-9) score, a widely used screen test for
depression (Fig. 8G, right). Blood level of FGF2 was significantly cor-
related with multiple symptoms of this psychiatric condition in both
women and men (Fig. 8G). Sex-specific symptomatology was noted
with men with MDD reporting depressed mood, insomnia, and deva-
luation while women mentioned anhedonia, fatigue, a change in
appetite, and concentration capacities, all correlated with changes in
blood FGF2 (Fig. 8G). To sum up, circulating FGF2 may represent a
promising blood biomarker of mood disorders, however, it is highly
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influenced byMDD severity, symptomatology, sex, environmental and
socioeconomic factors.

Discussion
Identifying, creating, and sustaining stimulating environments is a
crucial strategy to ease the immense burden of mood disorders
worldwide83. Environmental factors like socioeconomic status and
physical exercise are negatively associated with MDD risk in
humans29,30, while access to complex housing or voluntary exercise via
running wheels have been highlighted as protective strategies against
maladaptive stress responses in mice31. Enrichment elicits changes in
synaptic plasticity, growth of new neurons, and epigenetic modifica-
tions in neuronal populations84, however the mechanisms linking
environmental features to brain biology are complex, and their impact
on non-neuronal cells is not well understood. The BBB is a crucial
interface for communication between the environment and the brain,
and disruption of this barrier is implicated in pathogenesis of stress-
related mood disorders, including depression15,18. Here, we demon-
strate that housing conditions modify the neurovascular response to
stress and influence social, anxiety- and depressive-like behavior in
both male and female mice. Access to structural enrichment or phy-
sical exercise during CSDS attenuated stress-induced loss of Cldn5
gene expression and tight junction coverage of blood vessels in the
male NAc, a brain region involved in emotional regulation and mood
disorder pathophysiology. Further, we report that protective effects of
home cage enrichment on the neurovasculature in male, but not
female mice coincide with elevated Fgf2, a ubiquitous growth factor
known to have anxiolytic and antidepressant effects43,46–49, in the NAc.
Beneficial effect of Fgf2 on the brain vasculaturewhen facing a chronic
social stress challenge was confirmedwith voluntary physical exercise,
known to increase production of this growth factor. To see whether
this increase could protect the BBB, we combined in vivo viral-
mediated functional manipulations with in vitro models and showed
that increasing Fgf2 expression in astrocytes prevents CSDS-induced
social avoidance and treatment with this growth factor attenuates
downregulation of Cldn5 expression and preserves endothelial
monolayer integrity upon treatment with TNF-α in both mouse and
human brain endothelial cells. Finally, we found an association for
circulating FGF2 level with depression severity and symptomatology in
human blood samples frommen and women with a diagnosis of MDD
with an impact of socioeconomic factors in line with our mouse
findings.

Previous studies have reported protective effects of complex
environment or physical activity on the BBB in a variety of disease
models, including vascular dementia, multiple sclerosis, and Alzhei-
mer’s disease85–88. Here, we show that EE or PE can also protect BBB
properties against a purely psychological stressor. In males, EE was
associated with a broad reconfiguration of stress-induced transcrip-
tionalpatterns at theBBB, includingupregulationof Fgf2growth factor

expression, which is associated with maintenance of blood vessel
integrity and maintenance of Cldn5 expression45,89, and appears to
drive EE-mediated change in Cldn5 in response to stress. In previous
RNA-seq comparisons of endothelial cell transcription frommalemice
after CSDS, SS and RES mice shared very few overlapping changes in
gene expression21, while the subset of transcripts assessed from our EE
cohort showed SS and RES mice had many differentially expressed
genes in common. These changes imply that instead of simply pre-
venting stress-related damage in males, EE actively reconfigures the
BBB transcriptional response to CSDS, which was confirmed by com-
paring the clustering of CTRL, SS, and RESmice based on transcription
of BBB-related genes in standard CSDS or with access to EE. Similarly,
access to PE during chronic stress also resulted in upregulation of
Cldn5 mRNA expression along with Fgf2 protein staining in the male
NAc. However, instead of broadly altering the transcriptional response
to stress, PE more precisely targets upregulation of Cldn5 mRNA
expression in stressed mice. These findings correspond with several
lines of evidence suggesting that exercise and enrichment exert dis-
tinct effects on the brain and body84,90,91. Furthermore, it has been
argued that exercise is a crucial factor for the beneficial effects of
environmental enrichment58, and our results suggest this could be due
to specific upregulation ofCldn5 at the BBB to protect against damage.
Various structural rodent EE have been described in the past
decades28,92. The 10-d CSDS protocol, as employed here, is performed
under conditions that can be considered impoverished (no nestlet,
houseor toys). This is necessary toprevent transfer of stainedmaterial,
nesting for example, with unfamiliar urine odor known to exacerbate
aggressive behaviors93. The recent development of complex semi-
natural environments with tracking systems and machine-learning
assisted analyses of video recordings94,95 will allow to explore further
the neurobiological mechanisms underlying naturalistic social beha-
viors, it will be intriguing to assess how it will impact BBB biology.

The use of different stress protocols in each sex means we could
not directly compare the effectiveness of environmental interventions
betweenmales and females. This study aimed to investigate the effects
of environment on stress resilience and thus requires a strong stress
effect for which a rescue can be assessed. In female mice, CSDS is less
applicable as females in thewild do not experience social aggression in
the same way as males, and CD1 aggressors are moreover less likely to
attack female intruders53. Several attempts have been made to over-
come these barriers by chemogenetically inducing aggression in CD1s,
or applying male urine to the back of female mice, in order to provoke
an attack, but these methods still only succeed in producing stress-
susceptible behaviors in about 1/3 of the stress cohort18,54. This sug-
gests a ceiling for susceptibility and a potential barrier for detecting
pro-resilient effects of enrichment. Thus, we opted to use instead a
chronic variable stress protocol, which is well validated and produces
strong behavioral alterations in female mice that correspond, to some
extent, to human depression55,56. As described before56, 6-day SCVS led

Fig. 5 | Downregulation of astrocytic Fgf2 in the NAc increases stress suscept-
ibility and blunts physical exercise benefits. A Experimental timeline for AAV5-
gfaABC1D-shRNA bilateral injection in the NAc. Mice were injected and 4 weeks
later, NAc brain tissues were collected. B Mice injected with AAV5-shRNA-mFgf2
virus have lower Fgf2 signal intensity in astrocytes compared to controls AAV5-GFP
(representative images of NAc infected area on the left, scalebar = 2mm, and cell
specificity on the right, scalebar = 50μmwith 25 μm for highmagnification images
below). C Experimental timeline for AAV5-gfaABC1D-shRNA bilateral injection in
theNAc, followedby chronic social defeat stress (CSDS), then Social Interaction (SI)
test. D SI ratio is lower for stressed mice with downregulation of astrocytic Fgf2 in
the NAc. AAV5-gfaABC1D-shRNA-mFgf2 mice from the stressed group display
higher susceptibility compared to AAV5-gfaABC1D-shRNA-scramble stressed mice
(E) but no difference in locomotion (F). G Experimental timeline for AAV5-
gfaABC1D-shRNA bilateral injection in the NAc, followed by CSDS with access to

running wheels, then SI test prior tissue collection. H Chronic social stress pro-
motes social avoidance as measured by lower SI ratio and increased number of
entries in the corners in both AAV5-gfaABC1D-shRNA-mFgf2- and AAV5-gfaABC1D-
shRNA-scramble-injectedmice (I) and this is not related to locomotion impairment
(J). K Running distance increases across days for mice injected with the control
virus but not for AAV5-gfaABC1D-shRNA-mFgf2-injected animals (L). The dotted
line is set at maximum running distance during the first 24 h.M After CSDS, AAV5-
gfaABC1D-shRNA-mFgf2 mice show lower levels of Fgf2 mRNA without or with
access to physical exercise (PE), compared to mice injected with control AAV5-
gfaABC1D-shRNA-scramble virus. PE also elevates Fgf2 in this group. Data represent
mean ± s.e.m., the number of animals is indicated on graphs. Group comparisons
were evaluated with one- or two-way ANOVA followed by Bonferroni’s post hoc
tests, or two-tailed t-tests withWelch’s correction; *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001.
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Fig. 6 | Treatment with Fgf2 reduces TNF-α-inducedCldn5 loss, endothelial cell
signaling alterations, and barrier hyperpermeability. A, Experimental timeline
for inflammatory insult with TNF-α and FGF2 co-treatment. Once confluent
(4 days), HBEC-5i or bEnd.3 were pretreated with FGF2 or vehicle for one hour and
then stimulated with TNF-α or vehicle for up to 7 days. FGF2 alters mouse (B) and
human (C) endothelial transcription in response to acute TNF-α stimulation. FGF2
promotes faster restoration of TNF-α-induced Cldn5 loss in mouse (D) and human
(E) endothelial cells. Chronic stimulation with TNF-α leads to a reduction in

endothelialmonolayer integritymeasured by trans-endothelial electrical resistance
(TEER) in mouse (F) and human (G) endothelial cells. FGF2 co-treatment preserves
normal TEER despite TNF-α. H 7 days of TNF-α treatment promotes spikes and
discontinuities in Cldn5 tight junction strands in bEnd.3, which is reversed by FGF2
treatment (scalebar = 20 μm). Data represent mean ± s.e.m., and each experiment
was replicated at least twice on independent samples. Group comparisons were
evaluated with two-way ANOVA followed by Bonferroni’s post hoc tests; *p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001.
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to the establishment of anxiety- and depression-like behaviors in
female, but not male, mice. While direct comparisons of behavior and
gene expression were not possible, we were still able to compare
general patterns of change in BBB-related genes between CSDS males
and SCVS females and found strong sex differences in the BBB
response to stress under standard versus enriched environment. In

femalemice, EE prevented SCVS-inducedCldn5 loss in the PFC, but not
in the NAc. SCVS reduces Cldn5 expression in both PFC and NAc, but
neurovascular disruption in the PFC alone is sufficient to promote
depression-like behaviors in female mice18. Further, in contrast to
males, EE did not promote an alternative transcriptional stress
response in the female BBB but instead, stressed EE females
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maintained control-like gene expression. Clustering with PCA revealed
that stressed males and females with EE access have distinct patterns
of BBB transcriptional alterations. A possible explanation for sex dif-
ferences in environment-BBB interactions during stress is that sex-
specific steroid hormones are known to influence neurovascular unit
function, potentially representing a controlling factor for determining
the magnitude of impact from environmental change59,96. It will be
important to investigate further howhormonal regulation, notably the
estrus cycle and testosterone level, can affect behavioral responses, as
sex hormones are potent modulators of BBB integrity59,96. To better
discern the relationship between sex, environment, and stress, a stress
paradigm known to consistently induce anxiety- and depression-like
behaviors in animals of both sexes, like 21-day CVS4, could be per-
formed in future studies to enable direct comparisons of protective
mechanisms.

The discovery of upregulated Fgf2 gene and protein expression
strictly in the male NAc after stress supports a sex-specific protective
mechanism. Further, it suggests a common pathway associated with
both EE and PE, implying that these conditions activate convergent
biology in the brain to improve Cldn5 expression and BBB integrity. As
mentioned above, Fgf2 has been shown to exert protective effects on
endothelial cells and blood vessels, which could be related to the pro-
resilient effects of stimulating environments. Also known as Fgf-basic
or b-Fgf, Fgf2 belongs to the fibroblast growth factor family of pro-
teins, which stimulate tissue growth and development in a variety of
organ systems. It is produced in several variants, with the main
secreted version being a low molecular weight 18 kDa isoform97. As
opposed to other FGF family members, Fgf2 lacks a signal peptide and
it is thus transported into the extracellular space by an ER/Golgi-
independent mechanism, an unconventional secretory pathway98. A
limitation of our study is that we combined immunofluorescence
staining and confocal microscopy to quantify Fgf2 protein level in the
mouseNAc and PFC and thus, we cannot precisely localize it and claim
that it is secreted in the extracellular space. Future studies should
consider taking advantage of super-resolutionmicroscopy99whichwas
previously used to map FGF receptor network100. Here, we chose to
mimic EE- or PE-induced increase in Fgf2 expression by upregulating
expression of this gene with an AAV. An interesting option could have
been to introduce a signal peptide in the viral construct to ensure
Fgf2 secretion. However, it could impact normal secretion rhythm of
this growth factor101 and consistent Fgf2 overexpression increases
seizure susceptibility in transgenic mice102 which would create a con-
founding factor for behavioral studies. Finally, we cannot rule out
compensatory changes following astrocyte-specific downregulation of
Fgf2 expression. Indeed, other factors can compensate for the lack of
Fgf2 leading to normal development and angiogenesis of Fgf2−/− and
even double Fgf1/2−/− transgenic mice36,103,104.

Fgf2 exerts its biological functions through four Fgf receptors
(FGFRs), namely FGFR1, FGFR2, FGFR3, and FGFR4, with FGFR1 being
the most highly expressed on endothelial cells105. Studies have linked
Fgf2 signaling to a variety of beneficial effects, showing for example

that new blood vessels induced by Fgf2 show fewer fenestrations and
less barrier leakage than vessels induced by vascular endothelial
growth factors44. Inhibition of FGFR1 in endothelial cells leads to
endothelial permeability and loss of tight junction protein
expression45. In neurons, FGFR1 can form a complex with cannabinoid
receptor 1 and activation of this receptor induces protein kinase
C-dependent transactivationof FGFR1 through phosphorylation of key
tyrosine residues of the receptor kinase domain106. We recently
reported that astrocytic cannabinoid receptor 1 promotes resilienceby
dampening stress-induced BBB alterations and inflammation107. It will
be interesting to investigate the potential relationship between FGFR1
and the cannabinoid system in astrocytes in the context of stress
responses in future studies. Moreover, in both astrocytes and micro-
glia, Fgf2 treatment is sufficient to diminish pro-inflammatory activa-
tion and cytokine release upon insult in vitro108,109. On the other hand,
Fgf2 has been widely associated with anti-depressant and anxiolytic
effects in rodents43,46–49. All this evidence suggests that increase of Fgf2
during stress in male EE and PE cohorts could be an adaptive response
to protect against CSDS-induced tight junction loss and BBB
permeability.

Next, we probed further into the role of Fgf2 at the BBB in the
context of inflammatory damage to show how it may exert protective
effects in endothelial cells in chronic social stress and MDD, both
associated with elevated levels of circulating inflammatory
cytokines6,14,73,75. As a simple model of stress-induced inflammation
mouse and human brain endothelial cells were treated with TNF-α, a
proinflammatory cytokine increased in the blood of humanswithMDD
and associated with circulating markers of vascular damage60–62. In
addition, transcriptional pathways linked to TNF-α receptor signaling
are upregulated in stress-susceptible mice21. Interestingly, vascular
damage associated with TNF-α in a learned helplessness model of
depression is gated by GSK3βwhich displays higher activity in learned
helpless animals22, corroborating in vitro findings that GSK3βmediates
TNF-α-induced upregulation of leukocyte adhesion molecules on the
brain endothelial cells64. Cldn5 plays an important functional role in
the brain as the main tight junction protein regulating BBB
permeability110,111, and loss of this protein is observed in postmortem
samples of humans withMDD15,21,23. Using our in vitromodel, we found
that Fgf2 protects against TNF-α-related loss of Cldn5 expression in
endothelial cells, suggesting a role as a protective agent at the BBB. In
both mouse and human cells, Fgf2 attenuated Cldn5 loss with a sig-
nificant rescue apparent after 6 h of TNF-α treatment. Thus, rather
than preventing initial Cldn5 suppression, Fgf2 may engage slower-
onset mechanisms112 which result in an early termination of inflam-
matory signaling. Intriguingly, the degree of Cldn5 loss was more
pronounced in HBEC-5i versus bEnd.3 suggesting that the mouse cells
were more resistant to inflammation. This corresponds to longer term
effects on endothelial monolayer integrity with chronic treatment,
where TNF-α induced a stronger loss of TEER in HBEC-5i than bEnd.3.
However, in both species inflammatory damage does increase barrier
permeability, and this is prevented by Fgf2 treatment in both cases.

Fig. 7 | Fgf2 induces GSK3β phosphorylation and prevents β-catenin dissocia-
tion from tight junctions. A 1 h pretreatment with Fgf2 increases serine-9 phos-
phorylation of GSK3β in HBEC-5i when compared to no treatment (CTRL 0h). TNF-
α treatment induces rapid, transient dephosphorylation of GSK3β, but this effect is
not reversed by Fgf2 coadministration. Each dot represents a replicate (n = 3). B 1 h
Fgf2 pretreatment diminishes basal β-catenin phosphorylation when compared to
no treatment (CTRL 0h). Further, while TNF-α induces a rapid reduction in phos-
phorylated β-catenin, Fgf2 reverses this dynamic upon inflammatory activation
(n = 3). C In health control endothelial cells (top), β-catenin interacts with VE-
Cadherin at the cell membrane, and this complex inhibits Cldn5 transcriptional
suppression by FOXO1. Excess cytosolic β-catenin is phosphorylated by GSK3β,
targeting it for degradation. When stimulated with TNFα, unbound β-catenin

complexes with FOXO1, leading to suppression of Cldn5 expression (bottom, red
arrow), while a small amount is targeted for degradation. Meanwhile, when FGF2 is
co-administered with TNF-α (bottom, blue arrow), our results suggest that
unbound β-catenin is strongly redirected toward GSK3β-mediated phosphoryla-
tion. D 30min of TNF-α is sufficient to induce β-catenin distribution at tight junc-
tions (n = 4 replicates) with representative images on the right (E) (scalebar = 20
μm). F Fgf2 attenuates TNF-α-induced reductions in the wound healing capacity of
HBEC-5i (n = 4 replicates) (****p <0.0001). Data represent mean± s.e.m., and each
experiment was replicated at least twice on independent samples. Group com-
parisons were evaluatedwith one or two-way ANOVA followed by Bonferroni’s post
hoc tests or two-tailed t-tests with Welch’s correction when appropriate; *p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001.
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Fig. 8 | The environment is a key variable determining BBB response to stress
and FGF2 a biomarker of MDD severity and symptomatology. Hierarchical
clustering performedwith Euclidean distances of blood-brain barrier (BBB)-related
gene expression changes induced by stress exposure in the male nucleus accum-
bens (A, NAc) or female prefrontal cortex (B, PFC) in standard conditions (SE), with
access to an enriched environment (EE), or voluntary physical exercise (PE).
C Fibroblast growth factor 2 (FGF2) level in blood serum samples from men and
women with a diagnosis of major depressive disorder (MDD) at various degrees of
severity (D, minimal vs moderate severe: *p =0.0171; minimal vs severe:

*p =0.0452). E FGF2 blood level vs MDD diagnosis, sex, and education level (men
with no diploma: *p =0.0172). F Proportion of individuals in each group with a
university diploma (top) or employed (bottom). G Spearman correlation between
circulating FGF2 and MDD symptoms according to the Patient Health Ques-
tionnaire (PHQ-9) item constructs. Data represent mean ± s.e.m., the number of
individuals is indicated on graphs. Group comparisons were evaluated with two-
way ANOVA followed by Bonferroni’s post hoc tests or two-tailedMann-Whitney U-
test; *p <0.05, **p <0.01.
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Furthermore, after 7 days of TNF-α treatment, bEnd.3 cells stained for
Cldn5 show a large number of membrane spikes and discontinuities,
which are typically associated with stress or strain on cell
membranes66. Spike morphology results from dysregulation of Cldn5
at the tight junction interface, leading to increased paracellular leak-
age; further, these spikes have been identified as ‘hot spots’ of vesi-
cular transport and potentially play a role in compromising selectivity
of influx to thebrain66,113. Reduced spikemorphology in cells co-treated
with TNF-α and Fgf2 therefore indicates a stabilization of Cldn5 at tight
junctions, which could be related to prevention of BBB permeabiliza-
tion following inflammatory challenge.

Fgf2 is known to interact with theWnt/β-catenin system114, which is
crucial for the development of BBB properties and maintenance of TJ
ultrastructure115,116, suggesting a possible avenue for the protective
effects of Fgf2 shown above. Dysregulation of β-catenin during CSDS is
moreover a driver of epigenetic Cldn5 suppression21, and we suspected
Fgf2 may interfere with this process. TNF-α is a strong activator of
GSK3β, which is thought to phosphorylate β-catenin, targeting it for
degradation, during inflammation; conversely, Fgf2 stimulation acti-
vates signaling through Akt, a strong inhibitor of GSK3β63,64,67. In the
absenceof inflammation,we confirmed that Fgf2 increasesdeactivating
serine-9 phosphorylation of GSK3β which corresponded with reduced
β-catenin phosphorylation. Surprisingly, however, we found that β-
catenin is modulated independently of GSK3β during the following
TNF-α induction, where it is rapidly dephosphorylated despite activa-
tion of GSK3β. Furthermore, Fgf2 had no effect on TNF-α-induced
GSK3β activation but completely reversed trends in β-catenin phos-
phorylation after TNF-α treatment. The observed drop in β-catenin
phosphorylation as a result of TNF-α stimulationhas alsobeen reported
in epithelial cells117, but the biological significance of reversing this
effect remains unclear. It is possible that this change influences β-
catenin cell distribution, as TNF-α has been shown to induce β-catenin
translocation to the nucleus where it suppresses Cldn5 expression,
playing a role BBB disruption70,117. TNF-α-induced β-catenin accumula-
tion in the cytoplasm could be related to inhibition of the proteasome
by TNF-α, and thus less degradation of cytosolic β-catenin118. Further
experiments will be needed to determine the precise mechanisms
governing these drastic shifts in β-catenin phosphorylation and dis-
tribution during inflammation both with and without Fgf2.

In endothelial cells, β-catenin plays an important role in main-
taining cell-cell adhesions, binding to VE-cadherin and linking it to the
actin cytoskeleton in a structure with implications for both tight junc-
tion stability and cell motility119. We show that just 30min of TNF-α
treatment results in diffusion of β-catenin staining from cell-cell con-
tacts, suggesting this as an early step in inflammation-related disrup-
tion of the junctional structure. Distension of cadherin complexes is
potentially indicative of disrupted interaction between tight junction
architecture and the actin cytoskeleton, an effect which could ulti-
mately be related to the development of Cldn5 spikes and barrier
hyperpermeability after chronic inflammatory damage70. Further evi-
dence of dysfunction in membrane-cytoskeleton communication fol-
lowing TNF-α stimulation is a strong reduction of wound healing rate
indicative of a decline in cell motility. β-catenin strongly regulates
vascular cell growth and destabilization of this protein by TNF-α could
be related to compromised repair mechanisms72. These connections
are interestingbut future experimentswill beneeded to confirmeffects
of TNF-α on actin dynamics at tight junctions as well as investigate
causal relationships between this and changes to Cldn5 distribution
and expression in the context of chronic stress exposure or mood
disorders. Nevertheless, our results support TNF-α-induced dysfunc-
tion at sites of cell adhesion, and the fact the Fgf2 restores control-like
β-catenin labeling as well as slightly rescuing wound healing rate
demonstrates a stabilizing effect in the face of inflammatory damage.

Dysregulation of FGF signaling has been implicated in mood dis-
orders, including MDD, and measurement of this growth factor as a

brain and blood biomarker of psychiatric conditions has been con-
sidered yielding inconsistent results. Indeed, lower levels of FGF2 were
reported in the dorsolateral PFC and anterior cingulate cortex52 as well
as hippocampus120 of postmortem samples from depressed indivi-
duals; however, no change was noted by others76. FGF2 is mostly
expressed by astrocytes in the brain, but also other cell types34,35.
Recent development and refining of single-cell sequencing techniques
shed light on the brain cellular heterogeneity including for glial cells
and components of the neurovascular unit7. Taking advantage of these
technologies may be useful to resolve these discrepancies in future
work. Contradictory findings have also been reported for FGF2 blood
serum or plasma level for individuals with psychiatric conditions when
compared to matched healthy controls with decreased121,
increased78–80,122, or no difference77. This could be due to heterogeneity
of clinical aspects in the human cohorts, such as comorbidities,
treatments, symptoms, and lived experience. Unfortunately, con-
founding sources are an inherent limitation of human biomarker stu-
dies. As reported here, socioeconomic factorsmayhave an impact and
should be carefully considered. Detection of FGF2 itself in the plasma/
serum is challenging due to its affinity to heparin123 and rapid turnover,
therefore, highly sensitive immunoassays, like the one used here, are
strongly recommended. To conclude, we investigated, here, BBB-
related cellular and molecular mechanisms underlying resilience to
stress and their promotion by an enriched environment, mimicking to
some extent high socioeconomic status in humans, or physical exer-
cise as an intervention to favor neurovascular health.We identified the
growth factor Fgf2 as a promising target to protect the BBB when
facing social adversity and argue that it could represent an interesting
biomarker to move towards personalized medicine and tailored
treatment in the context of mood disorders.

Methods
Animals
Male and female C57BL/6 mice aged 8 weeks of age at arrival (Charles
River Laboratories, Québec, Canada) were used for all experiments.
Retiredmale CD-1 breederswere used as resident aggressors (AGG) for
social defeat and social interaction tests. All mice were group housed
in 27 × 21 × 14 cm polypropylene cages upon their arrival and left
undisturbed for at least threedaysprior to experimentation.Micewere
maintained on a 12-h light–dark cycle (lights on from 0700 to 1900h)
with constant temperature, humidity (22 °C, 63%) and free access to
water and food (Teklad Irradiated Laboratory Animal Diet, Madison,
USA). All experimental procedures were approved by the Animal Care
and Use Committee of Université Laval (2022-1061-1) and met the
guidelines set out by the Canadian Council on Animal Care.

Housing conditions
Control and stressed EE mice were housed in a standard cage sup-
plemented with a plastic house, nesting material, and a small plastic
toy. When animals were moved between cages during CSDS, they
maintained their original enrichment materials. Control and stress
animals in the PE cohorts were housed in standard cages and habi-
tuated with battery-powered, wireless running wheels (Med Associ-
ates) for 5 days prior to the beginning of CSDS. This habituation period
is based on previous reports as well as our observations (not shown)
that running activity per day reaches a plateau after five days. Each
animal was assigned a wheel which it was kept with throughout cage
changes during the 10 d CSDS protocol. Data was collected and
exported at 1-min intervals using Wheel Manager software (Med
Associates).

Chronic social defeat stress (CSDS)
Male C57/Bl6 mice underwent CSDS as previously described41. AGG
mice underwent 3 days of screening for aggression profile and were
conditioned in social defeat cages separated halfway by a clear,
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perforated divider for 24 h prior to experiments. Experimental mice
were subject to physical interaction with a novel CD-1 for 5min a day
over 10 consecutive days and subsequently housed in defeat cages
opposite the CD-1 with the divider preventing physical altercation but
allowing sensory contact. Interactions were stopped before the 5-min
period elapsed if attacks were repeated and severe, or if wounding
occurred. Unstressed controls were co-housed in social defeat cages
on each side of a divider andweremovedeveryother day. After the last
bout of interaction, the experimental mice were single-housed in
standard cages for 24 h before undergoing a social interaction (SI) test,
and tissue was collected 24 h after that (Fig. 1A).

Chronic variable stress (CVS)
Female C57/Bl6 mice were housed in groups of four in standard cages
for 6 d CVS protocol18. Briefly, stressed mice were subject to three
different alternating stressors, one per day, in the following order: 100
randommild foot shocks (0.45mA) for 1 h, tail suspension for 1 h, and
tube restraint within home cage for 1 h. Unstressed controls were
handled every day. After the last stressor, mice were single-housed for
behavioral testing and tissue was collected 24 h after the last test
(Fig. 2A).

Social interaction (SI) test
SI tests to assess social preference were performed under red light
conditions15,41. Micewere placed in anopenfield arenawith a small wire
cage at one end for 150 s. Mice were then removed and the arena was
cleaned, a CD-1 (AGG) was placed in the wire cage, and experimental
mice were again allowed 150 s to freely explore the arena. Behavior in
presence and absence of social target was tracked with AnyMaze
software. Interaction zone (IZ) is defined as the area around the mesh
cage. SI ratio was calculated by dividing the time in interaction zone in
presence vs. absence of AGG. Mice with SI < 1 were classified as stress-
susceptible (SS), while SI = 1 or >1 were resilient (RES).

Elevated plus maze (EPM)
The EPM apparatus is a cross-shaped plexiglass arena with 4 arms
(12 cm width × 50cm length) 1m above ground level, where two arms
had tall black walls (closed arms) and two were unprotected (open
arms). Under red light,micewere placed in themiddle of themaze and
allowed to explore for 300 s. Behavior was automatically tracked
(AnyMaze 6.1, Stoelting Co.). Time in closed arms is taken as ameasure
of anxiety-like behavior.

Sucrose preference test
Water bottles in standard cages were replaced with two 50mL conical
tubes containing water for a 48-h habituation. Next, water from one of
the tubes was replacedwith 1% sucrose andmicewere allowed to drink
ad libitum. Tubes were switched after 24 h to account for place bias,
and weights were recorded at 0 h, 24 h, and 48 h. Sucrose preference
after 24 h was calculated by dividing weight of sucrose consumed by
the total weight of liquid.

Forced swim test (FST)
Forced swim is used to evaluate learned helplessness as a measure of
depression. Mice were placed in a 4 L glass beaker filled with 3 L
lukewarmwater under bright light for 360 s. Video of each session was
manually evaluated for time spent immobile, defined as nomovement
or small hind-leg gestures needed to stay afloat, by blinded observers.

Viral experiments
At 5 weeks of age, mice were injected either AAV5-gfaABC1D-GFP,
AAV5-gfaABC1D-mFgf2-P2A-GFP, AAV5-gfaABC1D-shRNAmir(-
scramble)-GFP, or AAV5-gfaABC1D-shRNAmir(mFgf2)-GFP (Sigma
Gene) viruses via stereotaxic injection. All surgeries were performed
under aseptic conditions using anesthetic as previously described15,18.

Mice were anesthetised with isoflurane (3-4% in O2 for induction and
1–1.5% in O2 for maintenance at 1 L/min flow rate) and positioned in a
small stereotaxic instrument (Harvard Apparatus). Skull was exposed,
and 0.5 ul (0.2 ul mere viral solution +0.3 ul saline) was bilaterally
infused in the NAc (bregma coordinates: anteroposterior +1.6mm;
mediolateral ±1.5mm; dorsoventral −4.4mm), at a rate of 0.1 ul/min.
For FGF2 staining to confirm FGF2 over-expression,micewere allowed
to recover for4weeks, thenbrainswere collected andflash frozenwith
isopentane ondry ice and store in −80 °C until use. For viral injection +
CSDS experiment, mice were allowed to recover for ~4 weeks, then
went under CSDS as described above. Viral groups were divided
between unstressed controls group and stressed group (n = 6 and 12,
respectively). SI was performed after 10 days CSDS, then the following
day 24 h later, mice were sacrificed by rapid decapitation, and their
brains were collected via NAc bilateral punches of 2mm from 1mm
slices.

Cell culture
The human brain microvascular endothelial cell line HBEC-5i (ATCC
CRL-3245, male donor according to https://www.cellosaurus.org/
CVCL_4D10) and the mouse brain endothelial cell line bEnd.3 (ATCC
CRL-2299) were subcultured and stored in banks at −150 °C. Cells were
thawed as needed and cultured in DMEM/F12 supplemented with 10%
fetal bovine serum, 25 ug/mL gentamicin (Gibco), and 1X endothelial
cell growth supplement (ScienCell). Culture surfaces were precoated
with 0.1% gelatin and cells were passagedwhen confluent (3–5 days) by
washing with PBS, detaching with TrpLE Dissociation Reagent (Gibco),
and seeding on gelatin coated flasks at desired concentration. Cells
were used for experiments between passages 3 and 7, seeded at a
density of 5 × 104 cells/cm2. For immunofluorescence, cells were grown
on gelatin-coated 12mm glass coverslips (Marienfeld), which were
previously hydrophilized by 10min treatment with 0.1M hydrochloric
acid and sterilized for 10min with 100% ethanol.

TNF-α and Fgf2 treatment
Human recombinant TNF-α and FGF2 (Gibco) were dissolved in sterile
water per manufacturer’s instructions and stored at −20 °C. Experi-
ments were performed using HBEC-5i and bEnd.3 after 4–5 days
in vitro. Cells were pretreated for 1 h with 10 ng/mL human recombi-
nant FGF-2 (Gibco) or vehicle (sterile water). At the start of treatment,
existing medium was completely aspirated and replaced with HBEC-5i
cell culturemedium containing either sterile water (vehicle), 10 ng/mL
FGF2 + vehicle, vehicle +10 ng/mLTNF-α, or 10 ng/mLFGF2 + 10 ng/mL
TNF-α. Acute inflammation studies looked at the response to a single
stimulus up to 24 h, while chronic inflammation was assessed by
replacing the medium each day with fresh medium containing TNF-α
and/or FGF2 over a period of up to 7 days.

Gene expression analysis
Mice were anesthetized by decapitation and brains were rapidly
removed. 2.0mm punches were taken from NAc and PFC in both
hemispheres and frozen at -80 °C until use. HBEC-5i and bEnd.3 in a
6-well plate were pretreated for 1 h with Fgf2 or sterile water (vehicle)
and then stimulated with TNF-α or TNF-α + FGF2 for 0 h (control), 1 h,
3 h, 6 h, or 24 h (3wells/condition/timepoint). RNAwas extracted from
brain punches aswell as HBEC-5i and bEnd.3 cells in 6-well plates using
TRIzol (Invitrogen) homogenization and phase separation with
chloroform. The clear RNA phase was processed further with the Pure
Link RNA MINI Kit (Life Technologies) and assessed for purity and
concentration with NanoDrop (Thermo Fisher Scientific). Com-
plementary DNA (cDNA) was obtained with a reverse transcriptase
reaction using Maxima-H-minus cDNA synthesis kit (Fisher Scientific).
For qPRC reactions, each well of a 384-well plate contained 3μL of
sample cDNA, 1μL qPCR primer (see Supp. Table 1 for primer list), 5μL
Power up SYBR green (Fisher Scientific), and 1μL distilled H2O. In a
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thermocycler, samples were heated to 95 °C followed by 40 cycles of
95 °C for 15 s, 60 °C for 33 s and72 °C for 33 s.Ct valueswere converted
to normalized expression using the 2−ΔΔCt method124 with Gapdh as the
reference gene.

Immunofluorescent staining
Whole brains of mice after rapid decapitation were flash frozen with
isopentaneondry ice and storedat−80 °Cuntil use. Frozenbrainswere
embedded in OCT Compound (Thermo Fisher Scientific) and slices
from PFC and NAc were collected using a cryostat (Leica) at 20μm
thickness or 30μm for AAV5-Fgf2-related experiments. Brain slices and
cells cultured on glass coverslips were post-fixed for 10min in ice-cold
methanol. After 3× 5min wash with PBS brain slices were incubated for
2 h in blocking solution (1% bovine serum albumin, 4% normal donkey
serum, and 0.03% Triton X-100 in PBS) before overnight incubation
with primary antibodies in blocking solution (see Supp. Table 2 for
antibodies anddilutions). Sampleswere thenwashed3 × 5minwithPBS
and incubated with fluorophore-conjugated secondary antibodies in
PBS, then washed again and stained with DAPI to visualize nuclei.
Coverslips were mounted on slides using Prolong Diamond Antifade
Mountant (Invitrogen). Z-stack images of the NAc and PFC were taken
at 20× (Z = 10 μm) and 40× (Z = 3 μm or 4.8μm for AAV5-Fgf2-related
experiments) on an epifluorescence microscope (Carl Zeiss).

Fluorescent image analysis
Analysis of brain tissue imageswas automatically performed in batches
using Fiji ImageJ software125. For each channel, maximum intensity
projection was performed and resulting images were processed with
rolling ball background subtraction followed by noise removal of
bright artefacts less than 2μm. In CD31 channel only, continuity of
blood vessels was ensured by 2D Gaussian blur, σ = 2μm. Processed
images were binarized using automatic thresholding algorithms to
measure positive staining area. β-catenindistribution at tight junctions
in HBEC-5i cells was assessed by a blinded experimenter who sampled
one tight junction from each quadrant of each image for a total of 48
TJs per condition. β-catenin distribution was assessed by measuring
fluorescence intensity across a 10μm line drawn perpendicular to the
junction plane.

Cell viability assay
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium (MTT) (Milli-
pore Sigma) is converted to water-insoluble product formazan by
reduction at mitochondrial complex II of the electron transport chain.
This reaction can therefore act as a proxy formitochondrial respiration
and cell viability126. Briefly, cells in a 24-well plate were treated with
500μM MTT and incubated (37 °C and 5% CO2) for 2 h. Media was
removed, and formazan crystals were dissolved in 500μL dimethyl
sulfoxide for absorbance readings at 570 nm using a spectro-
photometer. Viability is calculated as a percent of the control reading.

Trans-endothelial electrical resistance (TEER)
For TEER studies, HBEC-5i were seeded on transwell polycarbonate
culture inserts (Millicell) with 12mm diameter and 3μm pore size.
TEER measurements were taken using the Millicell® ERS-2 Electrical
Resistance System. Gelatin-coated insert with no cells was used as a
blank. Electrodes were habituated in complete growth media at room
temp for 10min before reading resistance across cell monolayers.
TEER was calculated as resistance of sampleminus resistance of blank,
multiplied by membrane surface area (0.6 cm2). TEER measurements
were normalized to baseline for each well and are presented as per-
centage of control; raw TEER values are available in Supp. Fig. 7.

Protein extraction and western blot
HBEC-5i and bEnd.3 in a 6-well plate were pretreated for 1 h with Fgf2
or sterile water (vehicle) and then stimulated with TNF-α or TNF-α +

FGF2 for 0 h (control), 5min, 1 h, or 6 h (3 wells/condition/timepoint).
Protein was extracted at desired timepoints by washing with ice-cold
PBS and then lysing cells with 200μL cell lysis buffer (Cell Signaling
Cat. No. 9803) supplemented with protease inhibitor cocktail (Cell
Signaling Cat. No. 5871). Samples were sonicated in ice-cold water,
centrifuged for 10min (17,949 × g, 4 °C), and supernatant transferred
to a new tube. Protein level was quantified using the Pierce™ BCA
Protein Assay Kit (ThermoFisher Cat. No. 23250) per manufacturers
instructions. Samples were diluted 1:10 and absorbance values were
readon a spectrophotometer at 562 nm. Protein levelswere calculated
from standard curve. Samples were prepared for gel electrophoresis
by adding a volume containing 20μg protein to 3μL 1M DTT and
7.5μL 4X Laemmli sample buffer (BioRad Cat. No. 1610747) and top-
ping up to 30μL with deionized water. Samples and protein ladder
(10–250 kDa, Cell Signaling Cat. No. 74124) were pipetted into wells of
a 18-well Criterion™ TGX Stain-Free™ pre-cast gel (4–15%, BioRad Cat.
No. 5678084) and separated by SDS-PAGE. Protein was transferred to a
polyvinylidene difluoride membrane with 60min of 90V current in
transfer buffer (25mM Tris base, 192mM glycine, 20% methanol in
deionized water). Membranes were blocked in Tris-buffered Saline
(TBS) supplemented with 0.1% Tween (TBST) and 0.5% BSA and incu-
bated overnight with primary antibodies in blocking solution at 4 °C
(see Supp. Table 2 for antibodies and dilutions). Membranes were
washed 3 × 10min in TBST and incubated 1 h with horseradish-
peroxidase (HRP)-conjugated secondary antibodies in TBST. Mem-
branes were washed again and signals on blots were revealed by
enhanced chemiluminescence (ECL) reagents (BioRad Cat. No.
1705060) in a ChemiDoc imaging system (BioRad). Band intensity was
estimated in Fiji ImageJ by removing background separately for each
lane and measuring volume of the peak signal127,128. Phosphorylated
GSK3β and β-Catenin levels were normalized to total GSK3β and β-
Catenin. Total protein was measured with Stain-Free™ imaging tech-
nology and used as a loading control for Cldn5 levels.

Scratch wound assay
HBEC-5i in 24-well plates were pre-treated with Fgf2 for 1 h and sub-
sequently stimulated with Fgf2, TNF-α, Fgf2 + TNF-α, or sterile H2O as
vehicle (CTRL) for 24 h prior to wound induction. Scratch wound was
induced using a sterile 200μL pipette tip aligned with a custom 3D-
printed plastic template to ensure all scratch sizes were equal, fol-
lowing the recommendations of previous publications129. Wounded
cells were washed twice with DMEM/F12 and subsequently incubated
with Fgf2, TNF-α, Fgf2 + TNF-α, or sterile H2O as vehicle. Images were
taken at 5× on the brightfield setting of an epifluorescencemicroscope
at 2 h intervals beginning immediately after scratch and continuing
until 12 h. Wound size was manually evaluated using the Wound
Healing Size Tool plugin for Fiji129.

Human serum sample collection
All human blood samples were provided by Signature Bank from the
Centre de recherche de l’Institut universitaire en santé mentale de
Montréal (CR-IUSMM) under approval of the institution’s Ethics
Committee. Samples from volunteers with major depressive disorder
were collected at the emergency room of the Institut universitaire en
santé mentale de Montréal of CIUSSS de l’Est-de-Montreal, and sam-
ples from healthy volunteers at the CR-IUSMM. All donors provided
informed consent and signed a 7-page document detailing the goals of
the Signature Bank, participants involvement (questionnaires and tis-
sue sampling), advantages vs risks, compensation, confidentiality
measures, rights as participant and contact information. Subjects with
known history of drug abuse were excluded. Demographic character-
istics associated with each sample are listed in Supp. Table 3 (sex was
self-reported). Depressive behaviors were assessed by the Patient
Health Questionnaire (PHQ-9), which scores each of the nine Diag-
nostic and Statistical Manual of Mental Disorders (DSM) IV criteria130.
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All experiments were performed under the approval of Université
Laval and CERVO Brain Research Center Ethics Committee Neu-
rosciences et santé mentale (Project #2019-1540).

Enzyme-linked immunosorbent assay (ELISA)
Serum levels of FGF2 were assessed with the Human FGF basic/FGF2/
bFGF Quantikine® high sensitivity ELISA kit from R&D systems (Cat. No.
HSFB00D, sensitivity 0.07 pg/mL, assay range 0.3-20pg/mL), following
manufacturers instructions. Serum samples were diluted 1:2 and absor-
bance read at 490nmnmwith wavelength correction at 690nm on the
microplate/spectrophotometer Agilent Biotek Epoch 2. Concentrations
were calculated from a 4PL standard curve using the R package drc.

Statistical analysis
Statistical comparisons were performed using GraphPad Prism 9 soft-
ware. Each dataset was tested for normality (Shapiro-Wilk test,
alpha = 0.05) and outliers (Grubb’s test, alpha = 0.05). Animals iden-
tified as outliers in two or more distinct behavioral measures were
removed from further analysis. Two-group comparisons were per-
formed using two-tailed unpaired Welch’s t-test (normal distribution)
or Mann-Whitney U test (non-gaussian distribution). Multiple group
comparisons were assessed with one- and two-way analysis of variance
(ANOVA) or multiple permutations (non-equal variances) followed by
Bonferroni post-hoc testing (normal distribution) or Kruskal-Wallis
test with Dunn’s post-hoc test (non-gaussian distribution). Principal
component analysis (PCA) was performed using the R software,
package FactoMineR, andmissing valueswere imputedwithmissMDA.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
paper and Supplementary Information. Source data are provided with
this paper.

References
1. Collaborators, G. B. D. M. D. Global, regional, and national burden

of 12mental disorders in 204 countries and territories, 1990-2019:
a systematic analysis for theGlobal Burden of Disease Study 2019.
Lancet Psychiatry 9, 137–150 (2022).

2. Martin, L. A., Neighbors, H. W. & Griffith, D. M. The experience of
symptoms of depression in men vs women: analysis of the
National Comorbidity Survey Replication. JAMA Psychiatry 70,
1100–1106 (2013).

3. Bangasser, D. A. & Cuarenta, A. Sex differences in anxiety and
depression: circuits and mechanisms. Nat. Rev. Neurosci. 22,
674–684 (2021).

4. Labonte, B. et al. Sex-specific transcriptional signatures in human
depression. Nat. Med 23, 1102–1111 (2017).

5. Seney, M. L. et al. Opposite molecular signatures of depression in
men and women. Biol. Psychiatry 84, 18–27 (2018).

6. Hodes, G. E., Kana, V., Menard, C., Merad, M. & Russo, S. J.
Neuroimmune mechanisms of depression. Nat. Neurosci. 18,
1386–1393 (2015).

7. Dion-Albert, L., Dudek, K. A., Russo, S. J., Campbell, M. & Menard,
C. Neurovascular adaptations modulating cognition, mood, and
stress responses. Trends Neurosci. 46, 276–292 (2023).

8. Coppen, A. J. Abnormality of the blood-cerebrospinal fluid barrier
of patients suffering from a depressive illness. J. Neurol. Neuro-
surg. Psychiatry 23, 156–161 (1960).

9. Menard, C., Pfau, M. L., Hodes, G. E. & Russo, S. J. Immune and
neuroendocrine mechanisms of stress vulnerability and resi-
lience. Neuropsychopharmacology 42, 62–80 (2017).

10. Menard,C., Hodes,G. E. & Russo, S. J. Pathogenesis of depression:
Insights from human and rodent studies. Neuroscience 321,
138–162 (2016).

11. Daneman, R. & Prat, A. The blood-brain barrier. Cold Spring Harb.
Perspect. Biol. 7, a020412 (2015).

12. Kaplan, L., Chow, B. W. & Gu, C. Neuronal regulation of the blood-
brain barrier and neurovascular coupling. Nat. Rev. Neurosci. 21,
416–432 (2020).

13. Segarra, M., Aburto, M. R. & Acker-Palmer, A. Blood-brain barrier
dynamics to maintain brain homeostasis. Trends Neurosci. 44,
393–405 (2021).

14. Hodes, G. E. et al. Individual differences in the peripheral immune
system promote resilience versus susceptibility to social stress.
Proc. Natl. Acad. Sci. USA 111, 16136–16141 (2014).

15. Menard, C. et al. Social stress induces neurovascular pathology
promoting depression. Nat. Neurosci. 20, 1752–1760 (2017).

16. Lehmann, M. L., Poffenberger, C. N., Elkahloun, A. G. & Herken-
ham, M. Analysis of cerebrovascular dysfunction caused by
chronic social defeat in mice. Brain Behav. Immun. 88, 735–747
(2020).

17. Sawicki, C.M. et al. Social defeatpromotes a reactive endothelium
in a brain region-dependent manner with increased expression of
key adhesion molecules, selectins and chemokines associated
with the recruitment of myeloid cells to the brain. Neuroscience
302, 151–164 (2015).

18. Dion-Albert, L. et al. Vascular and blood-brain barrier-related
changes underlie stress responses and resilience in female mice
and depression in human tissue. Nat. Commun. 13, 164 (2022).

19. Russo, S. J. & Nestler, E. J. The brain reward circuitry in mood
disorders. Nat. Rev. Neurosci. 14, 609–625 (2013).

20. Wood, J. N. & Grafman, J. Human prefrontal cortex: processing
and representational perspectives. Nat. Rev. Neurosci. 4,
139–147 (2003).

21. Dudek, K. A. et al. Molecular adaptations of the blood-brain barrier
promote stress resilience vs. depression. Proc. Natl. Acad. Sci.
USA 117, 3326–3336 (2020).

22. Cheng, Y. et al. TNFalpha disrupts blood-brain barrier integrity to
maintain prolonged depressive-like behavior inmice. Brain Behav.
Immun. 69, 556–567 (2018).

23. Greene, C., Hanley, N. & Campbell, M. Blood-brain barrier-asso-
ciated tight junction disruption is a hallmark feature of major
psychiatric disorders. Transl. Psychiatry 10, 373 (2020).

24. Kamintsky, L. et al. Blood-brain barrier imaging as a potential
biomarker for bipolar disorder progression. Neuroimage Clin. 26,
102049 (2020).

25. Diamond, M. C., Krech, D. & Rosenzweig, M. R. The effects of an
enriched environment on the histology of the rat cerebral cortex.
J. Comp. Neurol. 123, 111–120 (1964).

26. Sirevaag, A. M., Black, J. E., Shafron, D. & Greenough, W. T. Direct
evidence that complex experience increases capillary branching
and surface area in visual cortex of young rats. Brain Res. 471,
299–304 (1988).

27. Ekstrand, J., Hellsten, J. & Tingstrom, A. Environmental enrich-
ment, exercise and corticosterone affect endothelial cell pro-
liferation in adult rat hippocampus and prefrontal cortex.
Neurosci. Lett. 442, 203–207 (2008).

28. Paton, S. E. J., Solano, J. L., Coulombe-Rozon, F., Lebel, M. &
Menard, C. Barrier-environment interactions along the gut-brain
axis and their influence on cognition and behaviour throughout
the lifespan. J. Psychiatry Neurosci. 48, E190–E208 (2023).

29. Lorant, V. et al. Socioeconomic inequalities in depression: a meta-
analysis. Am. J. Epidemiol. 157, 98–112 (2003).

30. Teychenne, M., Ball, K. & Salmon, J. Sedentary behavior and
depression among adults: a review. Int. J. Behav.Med. 17, 246–254
(2010).

Article https://doi.org/10.1038/s41467-025-68058-9

Nature Communications |         (2026) 17:1297 19

www.nature.com/naturecommunications


31. Lehmann, M. L. & Herkenham, M. Environmental enrichment
confers stress resiliency to social defeat through an infralimbic
cortex-dependent neuroanatomical pathway. J. Neurosci. 31,
6159–6173 (2011).

32. Mul, J. D. et al. Voluntary wheel running promotes resilience to
chronic social defeat stress inmice: a role for nucleus accumbens
DeltaFosB. Neuropsychopharmacology 43, 1934–1942 (2018).

33. Cadoret, A. et al. Environmental conditions of recognitionmemory
testing induce neurovascular changes in the hippocampus in a
sex-specificmanner inmice.Behav. Brain Res.448, 114443 (2023).

34. Zhang, Y. et al. An RNA-sequencing transcriptome and splicing
database of glia, neurons, and vascular cells of the cerebral cor-
tex. J. Neurosci. 34, 11929–11947 (2014).

35. Zhang, Y. et al. Purification and Characterization of Progenitor and
Mature Human Astrocytes Reveals Transcriptional and Functional
Differences with Mouse. Neuron 89, 37–53 (2016).

36. Beenken, A. & Mohammadi, M. The FGF family: biology, patho-
physiology and therapy.Nat. Rev. DrugDiscov.8, 235–253 (2009).

37. Irmady, K., Zechel, S. & Unsicker, K. Fibroblast growth factor 2
regulates astrocyte differentiation in a region-specific manner in
the hindbrain. Glia 59, 708–719 (2011).

38. Seghezzi, G. et al. Fibroblast growth factor-2 (FGF-2) induces
vascular endothelial growth factor (VEGF) expression in the
endothelial cells of forming capillaries: an autocrine mechanism
contributing to angiogenesis. J. Cell Biol. 141, 1659–1673 (1998).

39. Hosaka, K. et al. Dual roles of endothelial FGF-2-FGFR1-PDGF-BB
and perivascular FGF-2-FGFR2-PDGFRbeta signaling pathways in
tumor vascular remodeling. Cell Discov. 4, 3 (2018).

40. Meltzer, H., Vostanis, P., Ford, T., Bebbington, P. & Dennis, M. S.
Victims of bullying in childhood and suicide attempts in adult-
hood. Eur. Psychiatry 26, 498–503 (2011).

41. Golden, S. A., Covington, H. E. 3rd, Berton, O. & Russo, S. J. A
standardized protocol for repeated social defeat stress in mice.
Nat. Protoc. 6, 1183–1191 (2011).

42. Matsuno, H. et al. Association between vascular endothelial
growth factor-mediated blood-brain barrier dysfunction and
stress-induced depression.Mol. Psychiatry 27, 3822–3832 (2022).

43. Salmaso, N. et al. Fibroblast growth factor 2 modulates hypotha-
lamic pituitary axis activity and anxiety behavior through gluco-
corticoid receptors. Biol. Psychiatry 80, 479–489 (2016).

44. Cao, R. et al. Comparative evaluation of FGF-2-, VEGF-A-, and
VEGF-C-induced angiogenesis, lymphangiogenesis, vascular
fenestrations, and permeability. Circ. Res. 94, 664–670 (2004).

45. Murakami, M. et al. The FGF system has a key role in regulating
vascular integrity. J. Clin. Investig. 118, 3355–3366 (2008).

46. Elsayed, M. et al. Antidepressant effects of fibroblast growth
factor-2 in behavioral and cellular models of depression. Biol.
Psychiatry 72, 258–265 (2012).

47. Perez, J. A., Clinton, S. M., Turner, C. A., Watson, S. J. & Akil, H. A
new role for FGF2 as an endogenous inhibitor of anxiety. J. Neu-
rosci. 29, 6379–6387 (2009).

48. Simard, S. et al. Fibroblast growth factor 2 is necessary for the
antidepressant effectsoffluoxetine.PLoSOne 13, e0204980 (2018).

49. Turner, C. A., Gula, E. L., Taylor, L. P., Watson, S. J. & Akil, H.
Antidepressant-like effects of intracerebroventricular FGF2 in rats.
Brain Res. 1224, 63–68 (2008).

50. Birey, F. et al. Genetic and stress-induced loss of NG2 glia triggers
emergence of depressive-like behaviors through reduced secre-
tion of FGF2. Neuron 88, 941–956 (2015).

51. Deng, Z., Deng, S., Zhang, M. R. & Tang, M. M. Fibroblast growth
factors in depression. Front Pharm. 10, 60 (2019).

52. Evans, S. J. et al. Dysregulation of the fibroblast growth factor
system in major depression. Proc. Natl. Acad. Sci. USA 101,
15506–15511 (2004).

53. Lopez, J. & Bagot, R. C. Defining valid chronic stress models for
depression with female rodents. Biol. Psychiatry 90, 226–235
(2021).

54. Harris, A. Z. et al. A novelmethod for chronic social defeat stress in
female mice. Neuropsychopharmacology 43, 1276–1283 (2018).

55. Johnson, A., Rainville, J. R., Rivero-Ballon, G. N., Dhimitri, K. &
Hodes, G. E. Testing the limits of sex differences using variable
stress. Neuroscience 454, 72–84 (2021).

56. Hodes, G. E. et al. Sex differences in nucleus accumbens tran-
scriptome profiles associated with susceptibility versus resilience
to subchronic variable stress. J. Neurosci. 35, 16362–16376 (2015).

57. Gomez-Pinilla, F., Dao, L. & So, V. Physical exercise induces FGF-2
and its mRNA in the hippocampus. Brain Res. 764, 1–8 (1997).

58. Rogers, J. et al. Dissociating the therapeutic effects of environ-
mental enrichment and exercise in amousemodel of anxiety with
cognitive impairment. Transl. Psychiatry 6, e794 (2016).

59. Dion-Albert, L. et al. Sex differences in the blood-brain barrier:
implications for mental health. Front. Neuroendocrinol. 65,
100989 (2022).

60. Tuglu, C., Kara, S. H., Caliyurt, O., Vardar, E. & Abay, E. Increased
serum tumor necrosis factor-alpha levels and treatment response
in major depressive disorder. Psychopharmacology 170,
429–433 (2003).

61. Fan, N., Luo, Y., Ou, Y. & He, H. Altered serum levels of TNF-alpha,
IL-6, and IL-18 in depressive disorder patients. Hum Psycho-
pharmacol 32 https://doi.org/10.1002/hup.2588 (2017).

62. Hochman, E. et al. Serum claudin-5 levels among patients with
unipolar and bipolar depression in relation to the pro-
inflammatory cytokine tumor necrosis factor-alpha levels. Brain
Behav. Immun. 109, 162–167 (2023).

63. Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich,M.&Hemmings,
B. A. Inhibition of glycogen synthase kinase-3 by insulin mediated
by protein kinase B. Nature 378, 785–789 (1995).

64. Eto, M., Kouroedov, A., Cosentino, F. & Luscher, T. F. Glycogen
synthase kinase-3 mediates endothelial cell activation by tumor
necrosis factor-alpha. Circulation 112, 1316–1322 (2005).

65. Zhou, Z. et al. Role of NF-kappaB and PI 3-kinase/Akt in TNF-alpha-
induced cytotoxicity in microvascular endothelial cells. Am. J.
Physiol. Ren. Physiol. 295, F932–F941 (2008).

66. Lynn, K. S., Peterson, R. J. & Koval,M. Ruffles and spikes: Control of
tight junction morphology and permeability by claudins. Biochim.
Biophys. Acta Biomembr. 1862, 183339 (2020).

67. Katoh, M. & Katoh, M. Cross-talk of WNT and FGF signaling path-
ways at GSK3beta to regulate beta-catenin and SNAIL signaling
cascades. Cancer Biol. Ther. 5, 1059–1064 (2006).

68. Ramirez, S. H. et al. Inhibition of glycogen synthase kinase 3beta
promotes tight junction stability in brain endothelial cells by half-
life extension of occludin and claudin-5. PLoS One 8, e55972
(2013).

69. Hoffmeister, L., Diekmann,M., Brand, K. &Huber, R.GSK3: a kinase
balancing promotion and resolution of inflammation. Cells 9
https://doi.org/10.3390/cells9040820 (2020).

70. Taddei, A. et al. Endothelial adherens junctions control tight
junctionsbyVE-cadherin-mediatedupregulationof claudin-5.Nat.
Cell Biol. 10, 923–934 (2008).

71. Oladipupo, S. S. et al. Endothelial cell FGF signaling is required for
injury response but not for vascular homeostasis. Proc. Natl. Acad.
Sci. USA 111, 13379–13384 (2014).

72. Salehi, A. et al. Up-regulation of Wnt/beta-catenin expression is
accompanied with vascular repair after traumatic brain injury. J.
Cereb. Blood Flow. Metab. 38, 274–289 (2018).

73. Hodes, G. E., Menard, C. & Russo, S. J. Integrating Interleukin-6
into depression diagnosis and treatment. Neurobiol. Stress 4,
15–22 (2016).

Article https://doi.org/10.1038/s41467-025-68058-9

Nature Communications |         (2026) 17:1297 20

https://doi.org/10.1002/hup.2588
https://doi.org/10.3390/cells9040820
www.nature.com/naturecommunications


74. Osimo, E. F. et al. Inflammatory markers in depression: A meta-
analysis of mean differences and variability in 5166 patients and
5083 controls. Brain Behav. Immun. 87, 901–909 (2020).

75. Doney, E., Cadoret, A., Dion-Albert, L., Lebel, M. & Menard, C.
Inflammation-driven brain and gut barrier dysfunction in stress
and mood disorders. Eur. J. Neurosci. 55, 2851–2894 (2022).

76. Goswami, D. B. et al. Gene expression analysis of novel genes in
the prefrontal cortex of major depressive disorder subjects. Prog.
Neuropsychopharmacol. Biol. Psychiatry 43, 126–133 (2013).

77. Takebayashi, M., Hashimoto, R., Hisaoka, K., Tsuchioka, M. &
Kunugi, H. Plasma levels of vascular endothelial growth factor and
fibroblast growth factor 2 in patients with major depressive dis-
orders. J. Neural Transm. 117, 1119–1122 (2010).

78. Kahl, K. G. et al. Angiogenic factors in patients with current major
depressive disorder comorbid with borderline personality dis-
order. Psychoneuroendocrinology 34, 353–357 (2009).

79. Lu, S. et al. Elevated specific peripheral cytokines found in major
depressive disorder patients with childhood trauma exposure: a
cytokine antibody array analysis. Compr. Psychiatry 54, 953–961
(2013).

80. Wu,C. K., Tseng, P. T., Chen, Y.W., Tu, K. Y. & Lin, P. Y. Significantly
higher peripheral fibroblast growth factor-2 levels in patients with
major depressive disorder: a preliminary meta-analysis under
MOOSE guidelines. Medicines 95, e4563 (2016).

81. Hoveling, L. A., Liefbroer, A. C., Schweren, L. J. S., Bultmann, U. &
Smidt,N. Socioeconomicdifferences inmajor depressive disorder
onset among adults are partially explained by lifestyle factors: a
longitudinal analysis of the LifelinesCohort Study. J. Affect Disord.
314, 309–317 (2022).

82. Reuss, B., Dono, R. & Unsicker, K. Functions of fibroblast growth
factor (FGF)-2 and FGF-5 in astroglial differentiation and blood-
brain barrier permeability: evidence from mouse mutants. J.
Neurosci. 23, 6404–6412 (2003).

83. Collins, P. Y. et al. Grand challenges in global mental health.
Nature 475, 27–30 (2011).

84. van Praag, H., Kempermann, G. & Gage, F. H. Neural con-
sequences of environmental enrichment. Nat. Rev. Neurosci. 1,
191–198 (2000).

85. Leardini-Tristao, M. et al. Physical exercise promotes astrocyte
coverage of microvessels in a model of chronic cerebral hypo-
perfusion. J. Neuroinflamm. 17, 117 (2020).

86. Malkiewicz, M. A. et al. Blood-brain barrier permeability and phy-
sical exercise. J. Neuroinflamm. 16, 15 (2019).

87. Qu, C. et al. Protection of blood-brain barrier as a potential
mechanism for enriched environments to improve cognitive
impairment caused by chronic cerebral hypoperfusion. Behav.
Brain Res. 379, 112385 (2020).

88. Souza, P. S. et al. Physical exercise attenuates experimental
autoimmune encephalomyelitis by inhibiting peripheral immune
response and blood-brain barrier disruption. Mol. Neurobiol. 54,
4723–4737 (2017).

89. Bendfeldt, K., Radojevic, V., Kapfhammer, J. & Nitsch, C. Basic
fibroblast growth factor modulates density of blood vessels and
preserves tight junctions in organotypic cortical cultures of mice:
a new in vitro model of the blood-brain barrier. J. Neurosci. 27,
3260–3267 (2007).

90. Olson, A. K., Eadie, B. D., Ernst, C. & Christie, B. R. Environmental
enrichment and voluntary exercise massively increase neuro-
genesis in the adult hippocampus via dissociable pathways. Hip-
pocampus 16, 250–260 (2006).

91. Viola, G. G. et al. Morphological changes in hippocampal astro-
cytes induced by environmental enrichment in mice. Brain Res.
1274, 47–54 (2009).

92. Kentner, A. C., Speno, A. V., Doucette, J. & Roderick, R. C. The
contribution of environmental enrichment to phenotypic variation

inmice and rats. eNeuro8 https://doi.org/10.1523/ENEURO.0539-
20.2021 (2021).

93. Nakamura, K., Kikusui, T., Takeuchi, Y. &Mori, Y. The critical role of
familiar urine odor in diminishing territorial aggression toward a
castrated intruder in mice. Physiol. Behav. 90, 512–517 (2007).

94. Shemesh, Y. &Chen, A. Aparadigmshift in translational psychiatry
through rodent neuroethology. Mol. Psychiatry 28, 993–1003
(2023).

95. Coulombe, V. et al. The Tailtag: A multi-mouse tracking system to
measure social dynamics in complex environments. Neu-
ropsychopharmacology 50, 1336–1345 (2025).

96. Collignon, A., Dion-Albert, L., Menard, C. & Coelho-Santos, V. Sex,
hormones and cerebrovascular function: from development to
disorder. Fluids Barriers CNS 21, 2 (2024).

97. Bikfalvi, A., Klein, S., Pintucci, G. & Rifkin, D. B. Biological roles of
fibroblast growth factor-2. Endocr. Rev. 18, 26–45 (1997).

98. Steringer, J. P. et al. Key steps in unconventional secretion of
fibroblast growth factor 2 reconstituted with purified compo-
nents. Elife 6 https://doi.org/10.7554/eLife.28985 (2017).

99. Doney, E. et al. Characterizing the blood-brain barrier and gut
barrier with super-resolution imaging: opportunities and chal-
lenges. Neurophotonics 10, 044410 (2023).

100. Schroder, M. S. et al. Imaging the fibroblast growth factor
receptor network on the plasma membrane with DNA-assisted
single-molecule super-resolution microscopy. Methods 193,
38–45 (2021).

101. Murgo, E., Falco, G., Serviddio, G., Mazzoccoli, G. & Colangelo, T.
Circadian patterns of growth factor receptor-dependent signaling
and implications for carcinogenesis. Cell Commun. Signal 22,
319 (2024).

102. Zucchini, S. et al. Fgf-2 overexpression increases excitability and
seizure susceptibility but decreases seizure-induced cell loss. J.
Neurosci. 28, 13112–13124 (2008).

103. Yoshimura, S. et al. FGF-2 regulation of neurogenesis in adult
hippocampus after brain injury. Proc. Natl. Acad. Sci. USA 98,
5874–5879 (2001).

104. Miller, D. L., Ortega, S., Bashayan, O., Basch, R. & Basilico, C.
Compensation by fibroblast growth factor 1 (FGF1) does not
account for the mild phenotypic defects observed in FGF2 null
mice. Mol. Cell Biol. 20, 2260–2268 (2000).

105. Yang, X. et al. Fibroblast growth factor signaling in the vascu-
lature. Curr. Atheroscler. Rep. 17, 509 (2015).

106. Asimaki, O., Leondaritis, G., Lois, G., Sakellaridis, N. & Mangoura,
D. Cannabinoid 1 receptor-dependent transactivation of fibroblast
growth factor receptor 1 emanates from lipid rafts and amplifies
extracellular signal-regulated kinase 1/2 activation in embryonic
cortical neurons. J. Neurochem. 116, 866–873 (2011).

107. Dudek, K. A. et al. Astrocytic cannabinoid receptor 1 promotes
resilience by dampening stress-induced blood-brain barrier
alterations. Nat. Neurosci. 28, 766–782 (2025).

108. Liddelow, S. A. et al. Neurotoxic reactive astrocytes are induced
by activated microglia. Nature 541, 481–487 (2017).

109. Tang,M.M., Lin,W. J., Pan, Y. Q. & Li, Y. C. Fibroblast growth factor
2 modulates hippocampal microglia activation in a neuroin-
flammation inducedmodel of depression. Front. Cell Neurosci. 12,
255 (2018).

110. Hashimoto, Y., Greene,C.,Munnich, A. &Campbell,M. TheCLDN5
gene at the blood-brain barrier in health and disease. Fluids Bar-
riers CNS 20, 22 (2023).

111. Nitta, T. et al. Size-selective loosening of the blood-brain barrier in
claudin-5-deficient mice. J. Cell Biol. 161, 653–660 (2003).

112. Chaudhury, S. et al. FGF2 is a target and a trigger of epigenetic
mechanisms associated with differences in emotionality: part-
nership with H3K9me3. Proc. Natl. Acad. Sci. USA 111,
11834–11839 (2014).

Article https://doi.org/10.1038/s41467-025-68058-9

Nature Communications |         (2026) 17:1297 21

https://doi.org/10.1523/ENEURO.0539-20.2021
https://doi.org/10.1523/ENEURO.0539-20.2021
https://doi.org/10.7554/eLife.28985
www.nature.com/naturecommunications


113. Schlingmann, B. et al. Regulation of claudin/zonula occludens-1
complexes by hetero-claudin interactions. Nat. Commun. 7,
12276 (2016).

114. Tang, D., He, Y., Li, W. & Li, H. Wnt/beta-catenin interacts with the
FGF pathway to promote proliferation and regenerative cell pro-
liferation in the zebrafish lateral line neuromast. Exp.Mol. Med. 51,
1–16 (2019).

115. Hussain, B. et al. Endothelial beta-catenin deficiency causes
blood-brain barrier breakdown via enhancing the paracellular and
transcellular permeability. Front. Mol. Neurosci. 15,
895429 (2022).

116. Liebner, S. et al. Wnt/beta-catenin signaling controls develop-
ment of the blood-brain barrier. J. Cell Biol. 183, 409–417 (2008).

117. Jang, J. et al. WNT/beta-catenin pathway modulates the TNF-
alpha-induced inflammatory response inbronchial epithelial cells.
Biochem. Biophys. Res. Commun. 484, 442–449 (2017).

118. Shim, S. M. et al. Role of S5b/PSMD5 in proteasome inhibition
caused by TNF-alpha/NFkappaB in higher eukaryotes. Cell Rep. 2,
603–615 (2012).

119. Hartsock, A. & Nelson, W. J. Adherens and tight junctions: struc-
ture, function and connections to the actin cytoskeleton. Biochim.
Biophys. Acta 1778, 660–669 (2008).

120. Gaughran, F., Payne, J., Sedgwick, P. M., Cotter, D. & Berry, M.
Hippocampal FGF-2 and FGFR1 mRNA expression in major
depression, schizophrenia and bipolar disorder. Brain Res. Bull.
70, 221–227 (2006).

121. He, S. et al. Decreased serum fibroblast growth factor - 2 levels in
pre- and post-treatment patients with major depressive disorder.
Neurosci. Lett. 579, 168–172 (2014).

122. Liu, X. et al. Elevated serum levels of FGF-2, NGF and IGF-1 in
patients with manic episode of bipolar disorder. Psychiatry Res.
218, 54–60 (2014).

123. Koledova, Z. et al. Fibroblast Growth Factor 2 protein stability
provides decreaseddependence on heparin for induction of FGFR
signaling and alters ERK signaling dynamics. Front. Cell Dev. Biol.
7, 331 (2019).

124. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
method. Methods 25, 402–408 (2001).

125. Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676–682 (2012).

126. Mosmann, T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65, 55–63 (1983).

127. Gassmann, M., Grenacher, B., Rohde, B. & Vogel, J. Quantifying
Western blots: pitfalls of densitometry. Electrophoresis 30,
1845–1855 (2009).

128. Pillai-Kastoori, L., Schutz-Geschwender, A. R. & Harford, J. A. A
systematic approach to quantitative Western blot analysis. Anal.
Biochem. 593, 113608 (2020).

129. Suarez-Arnedo, A. et al. An image J plugin for the high-throughput
image analysis of in vitro scratch wound healing assays. PLoSOne
15, e0232565 (2020).

130. Kroenke, K., Spitzer, R. L. & Williams, J. B. The PHQ-9: validity of a
brief depression severity measure. J. Gen. Intern. Med. 16,
606–613 (2001).

Acknowledgements
This research was supported by the Canadian Institutes for Health
Research (CIHR, Project Grant #427011 and #495641 to C.M.), Fonds de
recherche du Quebec—Santé (FRQS, Junior 2 salary award to C.M.) and

C.M. Sentinel North Research Chair funded by Canada First Research
Excellence Fund. S.E.J.P., J.L.S., A.Cadoret, A.Collignon, L.B.B., B.D.,
L.M.B., L.D.A., K.A.D. are supported by scholarships from CIHR, Réseau
québécois sur le suicide, les troubles de l’humeur et les troubles ass-
ociés (RQSHA), Natural Sciences and Engineering Research Council of
Canada (NSERC), NeuroQuebec and FRQS. The Signature Consortium
acknowledges contributions to the Biobank Signature of the CR-IUSMM
(www.banquesignature.ca). The Biobank Signature received funding
from the Fondation de l’Institut Universitaire de Santé Mentale de
Montréal, Bell cause pour la cause, and the RQSHA. The authors would
like to sincerely thank Dr. Jack McGugan from the Department of
Anesthesiology and Perioperative Medicine at Queen’s University, who
performed the 3D printing of our scratch wound template.

Author contributions
S.E.J.P. and C.M. designed the research. S.E.J.P., J.L.S., A.Cadoret,
A.Collignon, L.B.B., B.D., L.M.B., E.R., F.C.R., L.D.A., K.A.D., and M.L.
performed the research, including behavioral experiments, molecular,
biochemical, and morphological analysis. The Signature Consortium
contributed the human blood samples and related demographic and
sociodemographic data. S.E.J.P., J.L.S. and C.M. analyzed the data and
wrote the manuscript, which was edited by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-68058-9.

Correspondence and requests for materials should be addressed to
Caroline Ménard.

Peer review information Nature Communications thanks Yihai Cao and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-025-68058-9

Nature Communications |         (2026) 17:1297 22

http://www.banquesignature.ca
https://doi.org/10.1038/s41467-025-68058-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications


Signature Consortium

Philippe Beauchamp-Kerr2, Felix-Antoine Berube2, Janick Boissonneault2, Francois Borgeat2, Lionel Cailhol2, Pierre David2,
Simon Ducharme2, Alexandre Dumais2, Helen Findlay2, Stéphane Guay2, Steve Geoffrion2, Charles-Edouard Giguere2,
Roger Godbout2, Alexandre Hudon2, Robert-Paul Juster2, Real Labelle2, Marc Lavoie2, Myriam Lemyre2, Alain Lesage2,
Cécile Le Page2, Olivier Lipp2, Sonia Lupien2, Jean-Pierre Melun2, Marie-France Marin2, Carolle Marullo2, Francois Noel2,
Jean-Francois Pelletier2, Vincent Tascherau-Dumouchel2, Pierrich Plusquellec2, Stephane Potvin2, Ahmed-
Jérome Romain2, Marc Sasseville2, Daniel St-Laurent2, Manuel Serrano2, Emmanuel Stip2, Christo Todorov2,
Valerie Tourjman2, Samir Taga2, Claudia Trudel-Fitzgerald2, Martha Francoise Ulysse2 & Andreas Ziegenhorn2

2Institut Universitaire en Santé Mentale de Montréal, Centre Intégré Universitaire de Santé et Service Sociaux Est, Montreal, QC, Canada.

Article https://doi.org/10.1038/s41467-025-68058-9

Nature Communications |         (2026) 17:1297 23

www.nature.com/naturecommunications

	Environmental enrichment and physical exercise prevent stress-induced social avoidance and blood-brain barrier alterations via Fgf2
	Results
	Environmental enrichment dampens stress-induced social avoidance and blood-brain barrier alterations in male mice
	Environmental enrichment rescues stress-related transcriptomic deficits in female mice
	Voluntary physical exercise protects the blood-brain barrier from the deleterious effects of stress, with light-cycle running promoting resilience
	Upregulation of astrocytic Fgf2 prevents stress-induced social avoidance
	Downregulation of astrocytic Fgf2 expression induces social stress susceptibility and blunts the benefits of physical exercise
	In vitro treatment with Fgf2 reduces TNF-α-induced Cldn5 loss, endothelial cell signaling alterations, and barrier hyperpermeability
	Fgf2 induces GSK3β phosphorylation and prevents β-catenin dissociation from tight junctions
	The environment is a key factor determining BBB response to stress in mice and MDD pathogenesis in humans

	Discussion
	Methods
	Animals
	Housing conditions
	Chronic social defeat stress (CSDS)
	Chronic variable stress (CVS)
	Social interaction (SI) test
	Elevated plus maze (EPM)
	Sucrose preference test
	Forced swim test (FST)
	Viral experiments
	Cell culture
	TNF-α and Fgf2 treatment
	Gene expression analysis
	Immunofluorescent staining
	Fluorescent image analysis
	Cell viability assay
	Trans-endothelial electrical resistance (TEER)
	Protein extraction and western blot
	Scratch wound assay
	Human serum sample collection
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




