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Astrocytic cannabinoid receptor 1 promotes resilience by dampening stress-induced blood-1 

brain barrier alterations. 2 
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Abstract 11 

Blood-brain barrier (BBB) alterations contribute to stress vulnerability and development of 12 

depressive behaviors. In contrast, neurovascular adaptations underlying stress resilience 13 

remain unexplored. Here, we report that high expression of astrocytic cannabinoid receptor 14 

1 (CB1) in the nucleus accumbens (NAc) shell, particularly in the endfeet ensheathing blood 15 

vessels, is associated with resilience despite chronic social stress exposure. Viral-mediated 16 

overexpression of Cnr1 in astrocytes of the NAc shell has baseline anxiolytic effects and 17 

dampened stress-induced anxiety- and depression-like behaviors. It also reduced astrocyte 18 

inflammatory response and morphological changes following an immune challenge with the 19 

cytokine interleukin-6, linked to stress susceptibility and mood disorders. At the preventive 20 

and therapeutic level, physical exercise and antidepressant treatment increased perivascular 21 

astrocytic Cnr1 in mice. Loss of CNR1 was confirmed in the NAc astrocytes of depressed 22 

individuals. These findings suggest a role for the astrocytic endocannabinoid system in stress 23 

responses and possibly, human depression, via BBB modulation.   24 
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Introduction 25 

Major depressive disorder (MDD) is a leading cause of disabilities worldwide, with one 26 

out of five individuals affected throughout their lifetime1-3. MDD’s increasing global burden is 27 

due to the low efficacy of current treatments, having only 30% success rate3. This highlights the 28 

need for better understanding of underlying causal biological factors, not addressed with 29 

traditional treatments. Chronic stress is the main environmental risk for MDD development, with 30 

its social aspect contributing to mood disorder prevalence and suicide attempts in victims of 31 

bullying4. We previously reported that both chronic social stress and MDD alter blood-brain 32 

barrier (BBB) integrity5-7. The BBB is a dynamic frontier responsible for regulation of molecular 33 

exchange between the periphery and the brain, critical for the maintenance of its homeostasis8,9. 34 

In mice, chronic social stress induces BBB disruption promoting depression-like behaviors, 35 

highlighting a link between neurovascular health and stress vulnerability5-7,10. Accordingly, mice 36 

resilient to stress exhibit molecular adaptations favoring BBB integrity, possibly contributing to 37 

proper coping strategies6,7.  38 

The endocannabinoid system (ECS) is a crucial regulator of stress responses, and its 39 

disruption is associated with depressive behaviors in both clinical and preclinical studies11-13. 40 

Cannabinoid receptor 1 (CB1, encoded by Cnr1) is the main ECS effector in the brain and CB1 41 

downstream signaling has been implicated in stress resilience12,14. Astrocyte end-feet establish the 42 

link between endothelial cells and neurons, enabling neurovascular communication, crucial to 43 

BBB function15. Intriguingly, coverage of blood vessels by astrocyte end-feet interaction is 44 

reduced in postmortem brain samples from individuals with MDD16. Function of CB1 on the 45 

astrocyte membrane close to synaptic terminals has been widely investigated17 and a recent study 46 

implicated mitochondrial CB1 in the regulation of glucose metabolism and behaviors18. However, 47 

perivascular astrocytic CB1 remain understudied19 despite perfect positioning to modulate BBB 48 

properties during stress exposure and in mood disorders, or other conditions like vascular and 49 

neurodegenerative diseases, which are characterized by comorbidity with depressive symptoms 50 

and BBB alterations1.  51 

To address this knowledge gap, we first evaluated astrocytic Cnr1 expression in the 52 

nucleus accumbens (NAc) and prefrontal cortex (PFC) of mice subjected to the chronic social 53 

defeat stress paradigm (CSDS), a mouse model of depression20, with loss of BBB integrity being 54 

observed in these brain areas after chronic stress exposure5,7. The NAc is a forebrain nucleus 55 

playing key roles in reward and mood regulation while the PFC is involved in social behaviors, 56 

executive function and decision making21. Next, viral-mediated functional experiments were 57 

performed to manipulate expression of Cnr1 in astrocytes and the impact thereof on anxiety- and 58 

depression-like behaviors was assessed. Morphological analysis of perivascular astrocytic CB1 59 

with super-resolution microscopy was combined with cell-specific transcriptomic analysis and in 60 

vitro experiments to gain mechanistic insights on EC alterations underlying stress vulnerability vs 61 

resilience. Prevention and treatment of mood disorders remain a major challenge in psychiatry. 62 

Both physical exercise and positive antidepressant treatment response were associated with 63 

increased NAc Cnr1 expression in mice. Translational value was validated on postmortem brain 64 

samples from individuals with MDD. This study is the first, to our knowledge, to link perivascular 65 

EC signaling at astrocytic CB1 with stress resilience and mood disorders. 66 

 67 

  68 
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Results  69 

 70 

Increased astrocytic CB1 expression in the nucleus accumbens shell is associated with stress 71 

resilience. 72 

CSDS induces a depression-like phenotype in a stress-susceptible (SS) subpopulation of 73 

mice, mimicking MDD symptoms such as social avoidance, anhedonia, and anxiety20. An 74 

advantage of this paradigm is the generation of a subpopulation of animals with behaviors 75 

comparable to unstressed controls (CTRL) and defined as resilient (RES) despite exposure to the 76 

same stressor, allowing to investigate the biology underlying resilience along with stress 77 

vulnerability. In the CSDS protocol, a male C57BL/6 mouse is subjected to 5 minutes of physical 78 

bouts of social defeat by a CD-1 mouse aggressor for a duration of 10 days (Fig.1A). Behavioral 79 

phenotype is assessed with the social interaction (SI) test performed 24 h after the last exposure to 80 

social stress (Fig.1A). Mice that display social avoidance are considered SS as opposed to RES 81 

animals with intact social behaviors (Fig.1B, Supp.Fig.1A). CSDS alters BBB integrity 82 

promoting depression-like behaviors in SS mice but the mechanism underlying neurovascular 83 

adaptations associated with stress resilience has yet to be determined. Considering its key role as 84 

mediator of stress responses11-13, we first evaluated individual differences in the ECS potentially 85 

underlying stress responses in the NAc and PFC of SS vs RES males (Fig.1C-D). Indeed, we 86 

showed that chronic stress alters BBB integrity in a sex-specific manner with the BBB being more 87 

vulnerable in the female PFC7 vs NAc for males5. An unbiased transcriptional profiling of >40 88 

ECS targets with a Taqman array revealed increased Cnr1 gene expression in the NAc of stressed 89 

males (Fig.1D), confirmed in RES only with more sensitive quantitative PCR analysis (Fig.1C). 90 

Notably, Cnr1 mRNA levels positively correlated with social interactions (***p=0.0002) 91 

(Fig.1C). The changes were NAc specific, with no regulation observed in the PFC (Fig 1D, 92 

Supp.Fig.1B) in line with intact BBB integrity5. 93 

To identify whether RES-associated upregulation of NAc Cnr1 is occurring in neurons or 94 

astrocytes, immunofluorescence analysis was performed with the neuronal marker microtubule-95 

associated protein 2 (Map2) and S100 calcium-binding protein β (S100β), which is enriched in 96 

perivascular astrocytes22. In the NAc of male mice subjected to CSDS (Supp.Fig.1C) 71% of the 97 

CB1 protein signal colocalized with neurons and 23% with astrocytes (Fig.1F). The NAc is 98 

differentiated into at least two anatomically and functionally distinct regions23,24. The NAc shell 99 

has been implicated in the control of reward-seeking behavior by spatial/contextual information, 100 

whereas the core appears to be involved in learning and action during goal-directed behavior25,26. 101 

The CB1 increase was observed in S100β positive cells in the NAc shell of RES animals when 102 

compared to CTRL and SS animals, and significantly correlated with social interactions in stressed 103 

mice (**p=0.0012) (Fig.1G-H). CSDS led to an increase in CB1 in the NAc core neurons, but this 104 

was not correlated with behavioral outcome (Fig.1I-J). Altogether, these findings suggest that 105 

chronic stress resilience could be linked with NAc shell astrocyte specific CB1 upregulation. 106 
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 108 
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Figure 1. Increased astrocytic CB1 expression in the nucleus accumbens shell is associated with stress resilience. 109 

A, Experimental timeline of 10-day chronic social defeat stress (CSDS), social interaction (SI) and tissue collection. 110 

B, Individual SI values (left) and representative heatmaps (right) of normalized time spent in the interaction zone 111 

during SI test for male CSDS. C, Quantitative PCR revealed upregulation of Cannabinoid receptor 1 (Cnr1) gene 112 

expression in the nucleus accumbens (NAc) of stress resilient (RES) male mice when compared to unstressed control 113 

(CTRL) and susceptible (SS) animals. D, Endocannabinoid system Taqman array revealed higher Cnr1 gene 114 

expression in stressed mice vs CTRL in the NAc but not prefrontal cortex (PFC), the range of color indicates individual 115 

differences within a group with yellow indicating increased expression and blue decreased as compared to CTRL. E, 116 

Individual SI values (left) and corner time (middle) with representative heatmaps (left). F, Cell type percentage 117 

colocalizing with CB1 protein detected by immunofluorescence. G, Increased number of S100β positive cells 118 

expressing CB1-encoded protein in RES males as compared to SS and CTRL in the NAc shell, but not the NAc core 119 

(I). Representative images of CB1, S100β and Map2 immunohistochemistry in the NAc after social defeat stress in 120 

shell (H) and core (J). Scale bars, 50 µm. Data represent mean ± s.e.m.; number of animals or subjects (n) is indicated 121 

on graphs. One-way ANOVA or Brown-Forsythe ANOVA test followed by Holm-Šídák's or Tuckey’s multiple 122 

comparison test was applied. For n lower than 8, Kruskal-Wallis test followed by Dunn's multiple comparisons 123 

evaluation was used; correlations were evaluated with Pearson’s correlation coefficient; ***p≤0.001, **p≤0.01, 124 

*p≤0.05. 125 

 126 

 127 

Astrocyte-specific increase of Cnr1 expression in the NAc shell has anxiolytic effects. 128 

Involvement of NAc astrocytic CB1 in the regulation of anxiety- and depression-like 129 

behaviors has yet to be investigated despite a key role for this brain area in emotion regulation and 130 

mood disorders21. Thus, we designed an adeno-associated virus (AAV) vector driving Cnr1 131 

expression in GFAP+ astrocytes that was first validated both in vitro and in vivo (Fig.2A-B, 132 

Supp.Fig.2A-D). This approach allows upregulation of Cnr1 expression in a region- and cell-133 

specific manner. Stereotactic injection of the AAV-GFAP-Cnr1 in the NAc shell of naive male 134 

mice increased Cnr1 expression in GFAP positive astrocytes when compared to a control AAV-135 

GFAP-sham virus (Fig.2A-B). The NAc shell was targeted because stress resilience increases CB1 136 

expression in this brain area (Fig.1G-H). Next, bilateral injection with either the AAV-GFAP-137 

Cnr1 or AAV-GFAP-sham virus was performed in the NAc shell on other cohorts of mice and a 138 

battery of behavioral tests was conducted 3 weeks later when viral expression is optimal (Fig.2A, 139 

B). Overexpression of astrocytic Cnr1 led to a reduction of anxiety-related behaviors as indicated 140 

by increased time and number of entries in the center of the open field (OF) test arena when 141 

compared to AAV-GFAP-sham-injected controls (*p=0.0186) (Fig.2E, Supp.Fig.2G). In the 142 

elevated plus maze test (EPM), AAV-GFAP-Cnr1-injected mice did not spend more time in the 143 

open arms but entered them more often than their sham-injected counterparts (Fig.2D,  144 

Supp.Fig.2F). On the other hand, upregulation of Cnr1 expression did not affect baseline social 145 

behaviors in the SI test (Fig.2C, Supp.Fig.2E). As for the splash test (ST), mice injected with 146 

AAV-GFAP-Cnr1 in the NAc shell started grooming sooner vs the AAV-GFAP-sham controls 147 

despite being exposed to a new environment, suggesting decreased anxiety (*p=0.0500) (Fig.2F). 148 

Importantly, AAV-GFAP-Cnr1 animals spending more time in the OF center also groomed 149 

earlier, linking anxiolytic effects across different behavioral domains (*p=0.0383) (Fig.2H). As 150 

for other depression-like behaviors, no effect was noted in the tail suspension test (TST) and forced 151 

swim test (FST) (Fig.2G). However, low basal anxiety correlated with reduced anhedonia in the 152 

sucrose preference test (SPT) and immobility in the FST (*p=0.0179) (Fig.2H). Taken together 153 

these results suggest that an increase in astrocytic Cnr1 in the NAc shell has anxiolytic effects, 154 

even in unstressed animals. To our knowledge, this is the first evidence supporting a role for 155 

astrocytic Cnr1 role in regulating anxiety-like behaviors. 156 

 157 
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 158 

Figure 2. Overexpression of astrocytic Cnr1 in the nucleus accumbens shell has anxiolytic effects but does not 159 

alter depression-like behaviors. A, Experimental timeline of nucleus accumbens (NAc) bilateral injection of AAV-160 

GFAP-Cnr1 or AAV-GFAP-sham viruses and following behavioral studies. B, Validation of AAV-GFAP-Cnr1 or 161 

AAV-GFAP-sham viruses with RNA scope confirmed upregulation of Cannabinoid receptor 1 (Cnr1) mRNA levels 162 

in AAV-GFAP-Cnr1 infected astrocytes when compared to AAV-GFAP-sham-injected mice. RNA scope 163 

representative images of AAV-GFAP-sham (left) and AAV-GFAP-Cnr1 (right) viruses, Scale bars, 20 µm. C, Viral 164 

manipulation does not alter social behaviors as measured with the social interaction (SI) test. Individual SI values 165 

(left) and representative heatmaps (right) of normalized time spent in the interaction zone during SI test. D, Bilateral 166 

injection with AAV-GFAP-Cnr1 has anxiolytic effect in the elevated plus maze (EPM) as animals enter more times 167 

the open arms as compared to AAV-GFAP-sham injected animals (left). Representative heatmaps of time spent in the 168 

open arms during EPM for animals injected with AAV-GFAP-Cnr1 or AAV-GFAP-sham viruses (right). E, Similarly, 169 
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following bilateral injection with AAV-GFAP-Cnr1 mice spend more time in the center of the arena open field (OF) 170 

test when compared to AAV-GFAP-sham injected animals (left). Representative heatmaps of normalized time spent 171 

in the center during OF test for animals injected with AAV-GFAP-Cnr1 or AAV-GFAP-sham viruses (right). F, 172 

Despite comparable latency of grooming behavior during the splash test (ST) (left), mice injected with the AAV-173 

GFAP-Cnr1 virus starts grooming sooner in a new environment (right), indicating decreased anxiety. G, No difference 174 

was observed in anhedonia (sucrose preference test, left) and other depression-like behaviors (tail suspension test, 175 

TST, middle and forced swim test, FST, right) following viral manipulation. H, Intra-individual correlation of different 176 

behavioral data points reveals correlations between anxiety and motivated behaviors. P values in the boxes refer to 177 

the strength of the correlation between behaviors. Data represent mean ± s.e.m.; number of animals or subjects (n) is 178 

indicated on graphs. Two-tailed t-test or Mann-Whitney U test was applied; correlations were evaluated with Pearson’s 179 

correlation coefficient; *p≤0.05. 180 

 181 

 182 

Astrocyte-specific increase of Cnr1 expression in the NAc shell promotes resilience following 183 

chronic social stress exposure. 184 

Cnr1-/--deficient mice are highly sensitive to stress with increased mortality rate, altered 185 

hypothalamic-pituitary-adrenal axis activation and exacerbated microglia responses in the PFC, 186 

hippocampus, and amygdala27. Transgenic mice lacking Cnr1 on specific cortical neuronal 187 

subpopulations are also more sensitive to the behavioral consequences of social stress exposure28. 188 

However, it is undetermined if Cnr1 in the NAc astrocytes contributes to stress responses. Due to 189 

higher expression of Cnr1 observed in the NAc shell of resilient mice (Fig.1G-H), we explored 190 

this hypothesis by injecting male mice with AAV-GFAP-Cnr1 or the control AAV-GFAP-sham 191 

virus, followed by the 10-day CSDS paradigm 3 weeks later and then a battery of behavioral tests 192 

(Fig.3A). The detrimental effect of CSDS on social interactions was blunted in the AAV-GFAP-193 

Cnr1 group. Indeed, AAV-GFAP-sham-injected animals displayed social avoidance with less time 194 

spent in the interaction zone when the target is present when compared to unstressed AAV-GFAP-195 

sham controls (stress effect: *p=0.0180), a phenomenon not observed in AAV-GFAP-Cnr1 mice 196 

(Fig.3B, Supp.Fig.3A). Cell-specific expression of Cnr1 in GFAP+ astrocytes was again 197 

validated with RNA scope in vivo (Fig.3C). Increasing Cnr1 expression in the NAc shell 198 

astrocytes had anxiolytic effect not only in unstressed controls, confirming our previous 199 

observations (Fig.2), but also in animals subjected to CSDS (Fig.3D-E, Supp.Fig.3B-C). Mice 200 

injected with the AAV-GFAP-Cnr1 in the NAc shell display decreased anxiety in EPM and OF 201 

tests when compared to AAV-GFAP-sham animals (EPM: virus effect *p=0.04, OF: virus effect 202 

**p=0.0089) (Fig.3D-E). Similarly, AAV-GFAP-Cnr1 injected mice exhibited decreased latency 203 

to groom in ST test (virus effect *p=0.0496) (Fig.3F). Chronic stress induces grooming 204 

perturbation in the ST due to a decrease in motivated behaviors and hedonic inclination29 and 205 

upregulation of astrocytic Cnr1 in the NAc shell appears to protect against these behavioral 206 

deficits (Fig.3F). AAV-GFAP-Cnr1-injected mice were characterized by overall increased 207 

grooming behavior vs AAV-GFAP-sham animals following CSDS (virus effect: *p=0.0145) 208 

(Fig.3F). As for other depression-like behaviors induced by 10-day CSDS, no difference was 209 

observed for anhedonia or in the TST test (Fig.3G). However, higher mobility in the FST was 210 

observed in mice expressing AAV-GFAP-Cnr1 in the NAc shell astrocytes when compared to 211 

animals injected with the AAV-GFAP-sham virus (virus effect: ****p<0.0001) (Fig.3G). Overall, 212 

these findings indicate that upregulation of Cnr1 in the NAc shell astrocytes could represent a 213 

positive biological adaptation contributing to resilience in the context of chronic social stress 214 

exposure. 215 
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 216 

Figure 3. Overexpression of astrocytic Cnr1 in the nucleus accumbens dampens anxiety- and depression-like 217 

behaviors induced by chronic social stress exposure. A, Experimental timeline of nucleus accumbens (NAc) 218 

bilateral injection of AAV-GFAP-Cnr1 or AAV-GFAP-sham viruses followed by 10-day chronic social defeat stress 219 

(CSDS) and behavioral studies. B, Bilateral AAV-GFAP-Cnr1, but not AAV-GFAP-sham injection in the NAc shell 220 

prevents social deficits induced by CSDS in males as depicted by individual social interaction (SI) test values (left), 221 

time in the interaction zone (middle) and representative heatmaps (right). C, RNA scope in vivo validation of AAV-222 

GFAP-Cnr1 expression in the NAc shell. D, Following bilateral injection with AAV-GFAP-Cnr1, mice spend more 223 

time in the elevated plus maze (EPM) open arms as compared to AAV-GFAP-sham injected animals (left). 224 
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Representative heatmaps of normalized time spent in the open arms during EPM test for animals injected with AAV-225 

GFAP-Cnr1 or AAV-GFAP-sham viruses after CSDS (right). E, Decreased anxiety in animals treated with AAV-226 

GFAP-Cnr1 as measured by increased time spent in the center during the open field (OF) test (left) as compared to 227 

sham animals. Representative heatmaps of normalized time spent in OF arena for animals injected with AAV-GFAP-228 

Cnr1 or AAV-GFAP-sham viruses following CSDS (right). F, Bilateral AAV-GFAP-Cnr1 injection in the NAc shell 229 

does not affect latency to start grooming (left) but increases grooming time in the splash test (ST) (right) as compared 230 

to AAV-GFAP-sham suggesting positive effect on motivated behaviors. G, Bilateral AAV-GFAP-Cnr1 injection in 231 

the NAc shell does not affect anhedonia as evaluated by the sucrose preference test (left) but increases mobility in the 232 

forced swim test (FST) (right) as compared to AAV-GFAP-sham. No effects of stress or viral manipulations were 233 

noted for tail suspension (TST, middle). Data represent mean ± s.e.m.; number of animals or subjects (n) is indicated 234 

on graphs. Two-way ANOVA or Non-parametric Two-way ANOVA on Ranks followed by Holm-Šídák's or Wilcox 235 

multiple comparison test was applied; ****p< 0.0001, *p≤0.05. 236 

 237 

 238 

Increased CB1 expression at the BBB interface in the NAc shell is associated with stress 239 

resilience. 240 

 Stress-induced BBB hyperpermeability mediated by loss of tight junction protein Cldn5 241 

allowing passage of deleterious peripheral inflammatory mediators into the NAc is observed in 242 

SS, but not RES, animals5,6 suggesting that protective neurovascular adaptations are present. 243 

Endocannabinoids can modulate BBB permeability in vitro30 and have beneficial effects in the 244 

neuroinflammatory context of stroke31 or traumatic brain injury32, including via upregulation of 245 

Cldn5 expression. Astrocytic CB1 receptors are well positioned to react to stress-associated 246 

alterations in BBB endothelial cells. Thus, we evaluated if Cldn5 loss in the male NAc affects 247 

expression of Cnr1/CB1 in astrocytes using a doxycycline-inducible Cldn5-targeting shRNA 248 

(AAV-shRNA-Cldn5)5. We chose this approach since Cldn5-deficient mice die within 10h of 249 

birth33 and it allows downregulation of Cldn5 in a region- and cell-specific manner, with this tight 250 

junction being expressed only in endothelial cells34, leading to functional deficits with leakage of 251 

circulating dyes or proteins into the brain5,35. A cohort of mice was injected in the NAc shell with 252 

either the AAV-shRNA-Cldn5 or AAV-shRNA (control) virus (Fig.4A). Downregulation of 253 

Cldn5 expression resulted in a compensatory increase in Cnr1 and astrocytic end-feet-related 254 

aquaporin 4 (Aqp4) expression when compared to AAV-shRNA-injected animals (Fig.4B, 255 

Supp.Fig.4A-B). Aqp4 is a water channel involved in BBB transport but also polarization of 256 

astrocyte end-feet16. Coverage of blood vessels by Aqp4+ astrocyte end-feet is reduced by 50% in 257 

PFC samples from individuals with MDD16, supporting BBB alterations in this mood disorder. 258 

Intriguingly, Cnr1 expression is enriched in perivascular astrocytes36. Morphological analysis of 259 

confocal microscopy images performed with the Imaris software revealed that, in AAV-shRNA-260 

Cldn5-injected mice, high astrocyte Aqp4+ end-feet and endothelial CD31+ volume overlap is 261 

correlated with elevated level of perivascular CB1 proteins, suggesting an involvement in 262 

maintenance of BBB integrity (*p=0.0356) (Fig.4C-D).  263 

Next, whether perivascular CB1 is linked or not to the resilient phenotype following CSDS 264 

was evaluated. Exposure to 10-day chronic social stress decreased Aqp4 in the NAc of SS but not 265 

RES mice (Fig.4E-G). Importantly, a positive correlation between Cldn5 and Aqp4 expression 266 

was noted in the male NAc following CSDS (***p=0.0001) (Fig.4G). Decreased Aqp4 was 267 

reported in the cortex and hippocampus of rodents exposed to chronic unpredictable stress37 or 268 

inflammation38, but to our knowledge this is the first report of a similar effect of CSDS in the 269 

NAc. Aqp4+ end-feet and endothelial CD31+ volume overlap is reduced in the SS group when 270 

compared to unstressed controls and RES mice without reaching significance (Fig.4H-J, 271 

Supp.Fig.4C-E). However, a decrease in vasculature volume, as measured with endothelial CD31 272 
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immunostaining, was noted in SS animals (Fig.4K), while in the NAc of RES mice CB1/CD31 273 

colocalization was increased when compared to both SS and unstressed control group and 274 

correlated with the level of social interactions (**p=0.0012) (Fig.4L-M). This observation was 275 

confirmed using super-resolution microscopy (Fig. 4N, Supp.Fig.4F). Altogether, these results 276 

suggest that astrocytic Cnr1 in the NAc dampens stress-induced neurovascular alterations 277 

promoting resilience.  278 
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 279 

Figure 4. High perivascular CB1 expression is associated with stress resilience following CSDS. A, Experimental 280 

timeline of nucleus accumbens (NAc) bilateral virus injection of AAV-shRNA sham or AAV-shRNA-Cldn5, 281 

decreasing endothelial tight junction Claudin-5 (Cldn5) gene expression. B, Quantitative PCR revealed an increase in 282 
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mRNA levels of Cannabinoid receptor 1 (Cnr1, left) and astrocytic end-feet marker Aquaporin-4 (Aqp4, right) in 283 

animals with BBB impairment induced by AAV-shRNA-Cldn5 injection. C, Bilateral injection with AAV-shRNA-284 

Cldn5 in absence of stress does not alter astrocytic end-feet coverage of NAc shell vessels (left). Astrocyte end-feet 285 

expressing CB1 are more efficient in covering vessels in AAV-shRNA-Cldn5 injected animals (right). D, 286 

Representative images of astrocytic end-feet coverage of NAc shell vessels in AAV-shRNA (left) and AAV-shRNA-287 

Cldn5-injected animals (right). Scale bars 10 µm. E, Experimental timeline of 10-day chronic social defeat stress 288 

(CSDS), social interaction (SI) and tissue collection. F, Individual SI values after 10-day CSDS exposure. G, 289 

Quantitative PCR revealed significant decrease of mRNA levels for Aqp4 gene in stress susceptible (SS) male mice 290 

when compared to unstressed control (CTRL) and resilient (RES) animals (left) which correlates with Cldn5 stress- 291 

induced expression changes (right). H, Schematic of astrocytic end-feet and endothelial cells. I, Individual SI values 292 

for male CSDS. J, Astrocytic end-feet coverage of NAc shell vessels is lower following CSDS for SS mice without 293 

reaching significance. K, CSDS induces decreased vessel volume in SS mice not observed in RES and CTRL. L, RES 294 

mice are characterized by increased number of endothelial cells colocalizing with CB1 in the NAc shell as compared 295 

to SS and CTRL animals (left), and it correlates with social interactions (right). M, Representative images of CB1, 296 

Aqp4 and CD31 immunohistochemistry in the NAc shell after social defeat stress, scale bars, 20 µm, N,  Stimulated 297 

emission depletion (STED) representative image of CB1, Aqp4 and Cd31 immunohistochemistry in the NAc shell of 298 

CTRL mice. Representative images intensity was adjusted with log scale, Scale bars, 2 µm. Data represent 299 

mean ± s.e.m.; number of animals or subjects (n) is indicated on graphs. For 2 groups analysis two-tailed t-test was 300 

applied. In the case of 3 groups one-way ANOVA followed by Holm-Šídák's multiple comparison test was applied. 301 

For n lower than 8, a Kruskal-Wallis test followed by Dunn's multiple comparisons evaluation was used; ****p≤ 302 

0.0001, ***p≤ 0.001, **p≤ 0.01, *p≤ 0.05. 303 

 304 

The NAc astrocytic endocannabinoidome is modulated by stress exposure and associated 305 

inflammation. 306 

 Stress-induced alterations in CB1-related signaling modulates neuronal synaptic plasticity 307 

in the NAc leading to behavioral adaptations12,39. Contribution of astrocytic CB1-related signaling 308 

in this brain region and behaviors is undetermined, thus, we next aim to gain mechanistic insights. 309 

Acting on CB1 with different affinity are two main ECs: 2-arachidonoylglycerol (2-AG) and N-310 

arachidonoylethanolamine or anandamide (AEA)40 (Fig.5A). Basal brain levels of 2-AG are ~200-311 

fold higher than those of AEA41. Mice were subjected to 10-day CSDS then the NAc was dissected 312 

from CTRL, SS and RES animals and 2-AG and AEA levels assessed using high-pressure liquid 313 

chromatography with mass spectrometry (HPLC-MS/MS) (Fig.5B). While no difference was 314 

noted for AEA (Supp.Fig.5B), 2-AG changes were linked with resilience (*p=0.0307) and 315 

correlated with social interactions following stress exposure (*p=0.0336) (Fig.5C-D). Astrocytes 316 

altogether with neurons regulate 2-AG content and endocannabinoid-dependent signalling42 but 317 

astrocyte specific implication in the NAc stress responses remains unknown. AEA biosynthesis 318 

primarily rely on N‐acylphosphatidylethanolamine (Nape)‐specific phospholipase D‐like 319 

hydrolase (Nape‐Pld) whereas fatty acid amide hydrolase (Faah) is the main enzyme responsible 320 

for AEA hydrolysis43,44. As for 2-AG, diacylglycerol lipase α (Daglα) is the primary enzyme 321 

synthesizing it in both neurons and astrocytes45. Finally, 2-AG is primarily hydrolysed by 322 

monoacylglycerol lipase (Magl)43 (Fig.5A). 10-day CSDS increased NAc expression of Dagla 323 

(**p=0.0018) and Nape‐Pld (**p=0.0095) (Supp.Fig.5C) suggesting compensatory mechanisms 324 

in this brain area. We next assessed if stress alters endocannabinoid enzyme function in NAc 325 

astrocytes by taking advantage of fluorescence-activated cell sorting (FACS) for region- and cell-326 

specific isolation following CSDS (Fig.5E-F, Supp.Fig.5D). CSDS seems to elevate astrocytic 327 

Mgll and Dagla expression in stressed mice while decreasing Nape‐Pld (Fig.5G, Supp.Fig.5F-328 

G). Due to technical limitations to characterize endocannabinoid signaling in a cell- and region-329 
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specific manner with sufficient power samples for individual animals, we chose to complement 330 

our in vivo studies with in vitro experiments. 331 

 Reduced BBB integrity in the NAc of SS mice is associated with depression-like behaviors 332 

but also passage of peripheral interleukin-6 (IL-6)5. This proinflammatory cytokine has been 333 

linked to stress-related disorders and is elevated in the blood of individuals with MDD particularly 334 

those resistant to treatment46,47. Perivascular astrocytic CB1 receptors are well positioned to sense 335 

and react to stress-associated circulating inflammation possibly contributing to neurovascular 336 

adaptations leading to vulnerability vs resilience. To evaluate if CB1-dependent endocannabinoid 337 

signaling is altered by IL-6 in this cell population, mouse astrocytes were isolated and cultured in 338 

vitro48 (Fig.5H, Supp.Fig.5H-I). Acute treatment with IL-6 (100ng/ul) led to an increase in 339 

astrocytic IL-6 expression (3h: **p=0.0092; 6h: ****p<0.0001) in parallel with Cnr1 (3h: 340 

*p=0.0173; 6h: ***p=0.0008). Conversely, Nape‐Pld decreased at the same points (3h: 341 

**p=0.0039; 6h: *p=0.0361) with higher Mgll expression observed only after 6h (*p=0.0123) 342 

(Fig.5H). This is well in line with the changes observed following CSDS and reported above 343 

(Fig.5G, Supp.Fig.5). Importantly, alterations were not present anymore after 24h highlighting 344 

the dynamic relationship between the ECS and IL-6. Considering the chronic nature of our stress 345 

paradigm, cultured astrocytes were next treated for a longer period. Exposure to IL-6 (100ng/ul) 346 

for 7 days promoted morphological changes with a loss in GFAP volume (***p=0.0005) (Fig.5I-347 

J). In fact, treatment with IL-6 for 24h was already sufficient to reduce astrocyte primary processes 348 

(**p=0.0083), which could be linked to the loss of astrocyte endfeet coverage reported in MDD16. 349 

Since overexpression of astrocytic Cnr1 prevented stress-induced anxiety- and depression-like 350 

behaviors (Fig.3), we tested if it could dampen IL-6-associated changes in astrocytes. Astrocytes 351 

were transfected with either the AAV-GFAP-sham or AAV-GFAP-Crn1 virus prior treatment 352 

with IL-6 (Fig.5K). High astrocytic Cnr1 expression reduced IL-6-driven increase in IL-6 (virus 353 

x treatment effect *p=0.0480) along with the expected elevation of IL-6-driven Cnr1 production 354 

(virus effect: ****p<0.0001; virus x treatment effect ****p<0.0001) (Fig.5K, Supp.Fig.5K-L). 355 

It also prevented Aqp4 internalization caused by IL-6 treatment (Fig.5L) providing a mechanistic 356 

link between Cnr1 in astrocytes, stress-induced inflammation, BBB alterations and behavioral 357 

responses. 358 

  359 
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Figure 5. The astrocytic endocannabinoidome is modulated by stress exposure and associated inflammation. 361 

A, Schematic of endocannabinoid main enzymes responsible for their synthesis and degradation. Anandamide (AEA) 362 

is mainly synthetized by N-acylphosphatidylethanolamide-phospholipase D (Nape-Pld) and metabolized by fatty acid 363 

amidohydrolase (Faah). 2-arachidonoylglycerol (2-AG) is generated through the action of selective enzymes, 364 

including diacylglycerol lipase (Dagl) and is metabolized by both Faah and monoacylglycerol lipase (Magl). B, 365 

Experimental timeline of 10-day chronic social defeat stress (CSDS), social interaction (SI) test and tissue collection. 366 

C, Individual SI values following CSDS. D, CSDS decreases nucleus accumbens (NAc) 2-AG levels in resilient 367 

(RES) but not in stress-susceptible (SS) males (left). It correlates with social interaction levels (right). E, To assess 368 

NAc astrocyte-specific endocannabinoid changes induced by chronic stress, astrocytes were isolated using fluorescent 369 

activated cell sorting (FACS). F, Transcriptomic analysis confirmed enrichment of astrocytes after FACS. G, A trend 370 

for an increase in Mgll transcription was noted in stressed mice. H, in vitro experimental scheme for mouse primary 371 

cultured astrocytes treated with pro-inflammatory interleukin-6 (IL-6, 100 ng/ul). Acute treatment with IL-6 drives 372 

pro-inflammatory response in astrocytes leading to an increase of the endocannabinoidome gene transcription at 3h 373 

and 6h time points. I, Chronic (7-d) but not acute (24h) treatment with IL-6 results in decreased volume of GFAP + 374 

astrocytes (left). Both acute and chronic treatment led to decreased astrocyte morphology complexity (right).  J, 375 

Representative images of astrocytes expressing GFAP untreated (left), acutely (middle) or chronically (right) treated 376 

with IL-6 (100 ng/ul). Scale bars, 20 µm. K, Infection of cultured astrocytes with AAV-GFAP-Cnr1 but not AAV-377 

GFAP-sham decreases pro-inflammatory response at the 6-h time point. IL-6 treatment increases expression of Cnr1 378 

gene in AAV-infected astrocytes. L, Acute IL-6 treatment leads to Aquaporin-4 (Aqp4) depolarization from the 379 

astrocyte end-feet to the nuclei, which is prevented by AAV-GFAP-Cnr1 infection. Scale bars, 20 µm.  Data represent 380 

mean ± s.e.m.; number of animals or subjects (n) is indicated on graphs. For one factor analysis one-way ANOVA 381 

followed by Holm-Šídák's multiple comparison test was applied. For n lower than 8, the Kruskal-Wallis test followed 382 

by Dunn's multiple comparisons evaluation was used. For 2 groups analysis two-tailed t-test was applied. For analysis 383 

with two factors, two-way ANOVA followed by Holm-Šídák's multiple comparison test was utilized; correlations 384 

were evaluated with Pearson’s correlation coefficient; ****p<0.0001, ***p≤0.001, **p≤0.01, *p≤ 0.05. 385 

 386 

 387 

Stress-induced changes in Cnr1 are sex-specific and observed in the female prefrontal cortex. 388 

 Stress-related disorders such as MDD are characterized by sex differences in prevalence, 389 

symptomatology, and treatment response7. Sex-specific MDD transcriptional signatures have been 390 

described in humans49,50 and differences in the NAc transcriptome profiles of male vs female mice 391 

are associated with susceptibility vs resilience to stressors51. We recently reported that exposure 392 

to stress alters the BBB in the PFC, and not the NAc, of female mice7. Accordingly, CLDN5 loss 393 

noted in postmortem NAc samples from men with MDD6 was instead observed in the PFC of 394 

women7, supporting a sex-specific impact of stress and mood disorders on the neurovasculature. 395 

To evaluate if Cnr1 could also be involved in female stress responses, female mice were subjected 396 

to a modified 10-day CSDS7 as described by Harris et al52. Briefly, female C57Bl-6 mice were 397 

exposed daily (10 min/day) to bouts of social defeats by a larger, physically aggressive CD-1 male 398 

mouse after application of male CD-1 urine on the vagina, tail base, and upper back of the female 399 

(Fig.6A). Consistent with stress-induced changes in BBB integrity, an increase in Cnr1 was 400 

measured in the PFC of RES females (*p=0.0153) with no change for the NAc (Fig.6B-C, 401 

Supp.Fig.6). Like in the NAc of SS males (Fig.4G), Aqp4 expression was lower in the PFC of SS 402 

females (**p=0.0014) (Fig.6D). A baseline sex differences was noted in the unstressed control 403 

groups with lower Aqp4 (*p=0.0319) in the female NAc when compared to males and a trend for 404 

Cnr1 (p=0.0755) (Fig.6E). Regional brain difference was observed for Cnr1 expression at baseline 405 

with higher expression in the PFC when compared to NAc for males (**p=0.0028), a difference 406 
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even greater for females (***p=0.0006) (Fig.6F). We next run a control experiment based on the 407 

previous observation that female rodents are generally considered more vulnerable to 408 

unpredictable stress51. Thus, other cohorts of mice were subjected to 28 days of chronic variable 409 

stress (CVS). This protocol consists in series of three different stressors namely foot shocks, tail 410 

suspension, or restraint stress (1/day) leading to the development of anxiety- and depression-like 411 

behavioral abnormalities to an equivalent degree in male and female mice49. Brain samples were 412 

collected 24h after the last stressor then Aqp4 and Cnr1 were compared vs unstressed controls 413 

(Fig.6G). CVS induces a similar loss of Aqp4 in the male NAc (**p=0.0014) and female PFC 414 

(**p=0.0035) (Fig.6H-I). As expected, no significant difference was measured for Cnr1 in the 415 

absence of resilient animals following exposure to this stress paradigm. Altogether, these data 416 

suggest that chronic stress induces sex-specific regional changes in Cnr1 expression in line with 417 

BBB alterations and strengthen our hypothesis that upregulation of Cnr1 is strictly associated with 418 

resilience to stress. 419 

        420 

Figure 6. Stress-induced changes in Cnr1 are sex-specific and observed in the female PFC. A, Experimental 421 

timeline of modified female10-day chronic social defeat stress (CSDS), social interaction (SI) and tissue collection. 422 

B, Individual SI values (left) and representative heatmaps (right) of SI test after CSDS. C, Quantitative PCR revealed 423 

upregulation of Cannabinoid receptor 1 (Cnr1) gene expression in the prefrontal cortex (PFC, right) but not the 424 

nucleus accumbens (NAc, left) of resilient (RES) female mice when compared to unstressed control (CTRL). D, 425 

Aquaporin-4 (Aqp4) gene expression is decreased in the PFC (right) but not NAc (left) of stress-susceptible (SS) 426 
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females when compared to RES and CTRL animals. E, Transcriptomic analysis highlighted sex differences in baseline 427 

gene expression of Aqp4 (left) and Cnr1 (right) in the NAc. F, Cnr1 baseline mRNA levels exhibit regional differences 428 

both in male (left) and female (right) mice. G, Experimental timeline of 28-d chronic variable stress (CVS), and tissue 429 

collection. CVS induces transcriptional decrease for Aqp4 (right) but not Cnr1 (left) in (H) NAc of males and (I) PFC 430 

of females. Data represent mean ± s.e.m.; number of animals or subjects (n) is indicated on graphs. For one factor 431 

analysis one-way ANOVA followed by Holm-Šídák's multiple comparison test was applied. For n lower than 8, the 432 

Kruskal-Wallis test followed by Dunn's multiple comparisons evaluation was used. For 2 groups analysis two-tailed 433 

t-test was used: ****p<0.0001, ***p<0.001, **p≤0.01, *p≤ 0.05. 434 

 435 

 436 

Elevated astrocytic Cnr1 expression in the NAc is associated with beneficial effects of 437 

physical exercise and antidepressant treatments. 438 

 Prevention and treatment of stress-related disorders remain challenging in psychiatry. 439 

Physical exercise has been associated with stress resilience53 and neurovascular health54, however, 440 

the biology underlying beneficial effects in the brain reward system is not completely understood. 441 

The ECS is activated by physical exercise as measured by high levels of endocannabinoids in the 442 

plasma55, also in relation to stress and depression56, leading us to hypothesize that it may influence 443 

the BBB via perivascular astrocytic CB1. Male mice were subjected to the classical 10-day CSDS 444 

paradigm but with access to a running wheel on their side of the cage (Fig.7A). The impact of 445 

chronic social stress exposure was still present with about 50% RES vs 50% SS animals (Fig.7B). 446 

However, decreased time spent in the interaction zone during the SI test remained significant only 447 

for mice without access to voluntary exercise (stress effect: ***p=0.0009; PE effect **p=0.0037) 448 

(Fig.7C, Supp.Fig.7A). Total running distance was similar between groups (Supp.Fig.7B) though 449 

RES mice spent more time running during daytime (***p=0.0009) mainly in the hour immediately 450 

following social defeat, which could represent a stress coping strategy (Fig.7D, Supp.Fig.7C). In 451 

fact, high daytime running was correlated with elevated Cnr1 expression in the NAc (**p=0.0026) 452 

(Fig.7E). To confirm cell specificity of physical exercise effect on Cnr1, RNA scope was 453 

combined with immunofluorescence to identify endothelial cell (CD31) and astrocyte endfeet 454 

(Aqp4). Colocalization of Cnr1 positive dots on the neurovasculature was more often observed in 455 

RES animals (Fig.7F). Our results indicate that physical exercise could modulate BBB properties 456 

via astrocytic perivascular Cnr1 upregulation, thus promoting stress resilience. 457 

  Antidepressants are recommended for moderate to severe depression. However, 30-50% 458 

of individuals with MDD are not responsive to classical drugs targeting neurons reflecting that 459 

causal mechanisms, such as elevated circulating inflammation46 or vascular dysfunction9, remain 460 

untreated. To better understand the biology behind treatment response vs resistance and possible 461 

involvement of astrocytic CB1, male mice were subjected to 10-day CSDS then unstressed CTRL 462 

and SS animals treated i.p. for 2-3 weeks with either imipramine or fluoxetine, a tricyclic 463 

antidepressant and selective serotonin reuptake inhibitor, respectively (Fig.7G). Imipramine 464 

reverses transcriptional changes associated with stress susceptibility induced by CSDS, including 465 

in the NAc57, while fluoxetine acts on astrocyte morphology and plasticity58. The 2nd SI test 466 

performed after treatment revealed a positive impact of treatment on social interactions (stress x 467 

treatment effect: *p=0.048) (Fig.7H, Supp.Fig.7D). Further analysis highlighted two groups of 468 

SS-treated mice – responder and non-responders – when SI test performance was compared for 469 

each individual. Cnr1 expression was increased in the NAc of responders only (***p=0.001) and 470 

this elevation correlated with higher level of Aqp4 in this brain area (**p=0.0011) (Fig.7I). 471 

Finally, the translational value of our mouse findings was assessed by measuring astrocytic Cnr1 472 

expression in postmortem NAc tissue from individuals with MDD using RNA scope, confirming 473 
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a loss of Cnr1+ astrocytes (Aqp4+) in the MDD brain (*p=0.0107). Conversely, antidepressant 474 

treatment was associated with a level of astrocytic Cnr1 similar to controls (Fig.7J-K). 475 

  476 

 477 

Figure 7. Physical exercise and antidepressant treatment promote stress resilience and increase Cnr1 in the 478 



19 
 

nucleus accumbens. A, Experimental timeline of 10-day chronic social defeat stress (CSDS) with physical exercise, 479 

social interaction (SI) and tissue collection. B, Individual SI values (left) and representative heatmaps (right) after 480 

CSDS. C, Physical exercise prevents development of social deficits following CSDS. D, Resilient (RES) animals are 481 

characterized by increased daytime running suggesting a coping strategy when facing CSDS exposure. E, Increased 482 

transcription of Cannabinoid receptor 1 (Cnr1) is observed in RES animals (left) and correlates with the level of 483 

physical exercise during daytime (right). F, Representative RNA scope and immunofluorescence images exhibiting 484 

increased Cnr1 expression at the BBB (CD31 as endothelial cell marker) in the RES phenotype. Scale bar 10 µm. G, 485 

Experimental timeline of CSDS followed by an SI test to establish phenotype prior antidepressant treatment. A 2nd SI 486 

test was performed 24h before tissue collection. H, Individual SI values (left) and representative heatmaps (right) for 487 

these cohorts. I, Comparison of SI values (left) for treatment responders’ vs non-responders. Cnr1 mRNA level is 488 

increased in the nucleus accumbens (NAc) of treatment responders only (middle) and it correlates with Aquaporin-4 489 

(Aqp4) mRNA expression in this brain area (right). J, A loss in Aqp4 positive cells expressing Cnr1 is noted in men 490 

with MDD. This alteration was not observed for individuals undergoing treatment (right). K, Representative RNA 491 

scope images, scale bar 20 µm. Data represent mean ± s.e.m.; number of animals or subjects (n) is indicated on graphs. 492 

One-way ANOVA or Brown-Forsythe ANOVA test followed by Holm-Šídák's or Dunnett’s multiple comparison test 493 

was applied. Two-way ANOVA or non-parametric Two-way ANOVA on Ranks followed by Holm-Šídák's or Wilcox 494 

multiple comparison test was applied; For N lower than 8, Kruskal-Wallis test followed by Dunn's multiple 495 

comparisons evaluation was used; correlations were evaluated with Pearson’s correlation coefficient; ****p<0.0001, 496 

***p≤0.001, **p≤ 0.01, *p≤0.05. 497 

  498 

 499 

Discussion 500 

CB1 signaling can promote positive adaptation following social stress exposure12,27. 501 

Indeed, striatal CB1 activation in neurons protects against CSDS-induced anxiety12, while 502 

treatment with a CB1 agonist attenuates stress-induced neuroinflammation and anxiety-like 503 

behavior59. Thus, it has been suggested that CB1 receptors can facilitate the activation of resilience 504 

factors during and/or after stress exposure11,60,61. Nonetheless, the exact mechanisms remain 505 

elusive. An elegant study recently implicated astroglial mitochondria and glucose metabolism in 506 

endocannabinoid-related regulation of social behaviors18. However, perivascular astrocytic CB1 507 

receptors are understudied19 and their potential role in regulating chronic stress response had yet 508 

to be investigated. Here we show that stress resilience is linked to an increase in astrocytic Cnr1 509 

expression in the NAc shell, a subregion controlling reward-seeking behavior62. We localized 510 

these changes at the BBB interface by taking advantage of super resolution microscopy. 511 

Astrocytes are essential for BBB recovery after brain injury63,64. They are actively involved in 512 

maintaining BBB integrity by regulating tight junction formation65,66 and thus may directly 513 

contribute to prevent stress-induced loss of Cldn5.  514 

Additionally, we report that upregulation of astrocytic Cnr1 in the NAc shell dampens 515 

inflammation and stress-associated neurovascular alterations promoting resilience. To bypass the 516 

limitations of CB1 antibodies specificity67, we developed an astrocyte specific AAV driving Cnr1 517 

expression within this cell type, whereas previous cell-specific Cnr1 manipulations had mainly 518 

focused on neuronal populations68. To our knowledge this is the first viral strategy applied to 519 

increase Cnr1 expression in astrocytes in a region-selective manner. CB1 receptors are important 520 

regulators of anxiety69 with Cnr1−/− knockout animals exhibiting anxiolytic drug resistance and 521 

increased anxiety-like behavior under highly aversive conditions69. Following viral-mediated 522 

Cnr1 overexpression in GFAP+ astrocytes of the NAc shell we observed baseline anxiolytic 523 

effects. Mutant mice lacking Cnr1 are characterized by reduced social interactions70 which has 524 

been linked with NAc shell function71. We expand these findings by highlighting a protective role 525 

for astrocytic CB1 in the context of chronic social stress exposure with reduced social avoidance, 526 

anxiety, and helplessness.  527 
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Not only CB1 itself but also its related signaling lipids are essential for positive stress 528 

adaptation11. 2-AG signaling within the NAc regulates anxiety and stress vulnerability as shown 529 

previously using pharmacological approaches12,39. Here, CSDS decreased 2-AG levels in NAc 530 

punches that negatively correlated with social behaviors. This finding encourages cell specific 531 

analysis as astrocytic 2-AG hydrolysis is mainly responsible for conversion to neuroinflammatory 532 

mediators42. When we analyzed astrocyte-specific expression of EC metabolic enzymes, we found 533 

that those regulating 2-AG levels tended to be increased in the NAc astrocytes of RES mice. 534 

Additionally, stress-induced alterations in EC levels are transient due to rapid hydrolysis72. In the 535 

future, therefore, it will be important to evaluate EC signaling dynamics at different time points in 536 

mice, ideally in a cell-specific manner, following stress exposure. Additionally, our in vitro 537 

findings indicated that both astrocytic Cnr1 and Mgll are altered by an immune challenge after 538 

only a few hours. Change in 2-AG level via lower expression of its main degrading enzyme Magl 539 

has implication for astrocyte response to neuroinflammation73,74. In fact, viral-mediated increase 540 

of Cnr1 in astrocytes reduced IL-6 driven deleterious inflammatory changes and morphological 541 

impairments including loss of endfeet-related Aqp4 which has been associated to depression 542 

pathogenesis16,38. Circulating inflammation is elevated in stressed animals and subpopulations of 543 

individuals with MDD particularly those resisting to treatments46,47,75. Astrocyte endfeet are 544 

perfectly positioned to sense circulating inflammation and react to it, particularly in the context of 545 

BBB breakdown and loss of tight junctions9 as observed following CSDS and in the MDD brain.  546 

Altogether, our findings support an active role of the BBB, via astrocyte endfeet, in stress 547 

resilience. Importantly, our results complement evidence suggesting that chronic stress affect the 548 

neurovasculature in a sex-specific manner5-7 which may contribute to sex differences reported in 549 

MDD prevalence, symptomatology, and treatment response76. Cnr1 upregulation was observed in 550 

the PFC but not NAc of female mice, highlighting the importance of studying sex differences in 551 

the context of stress-related disorders including for the neurovascular unit and ECS. 552 

Polymorphisms of the EC receptor genes (CNR1 and CNR2) have been associated with MDD77 553 

and could influence vulnerability to psychosocial adversity78. Anti-obesity treatment with CB1 554 

antagonist rimonabant increases the risk of anxiety and mood disorders79. In rodent models of 555 

depression, treatment with antidepressants imipramine or fluoxetine, alters striatal CB1 receptor 556 

density80 and expression in neuronal cells81. In parallel, voluntary exercise enhances CB1 557 

sensitivity in the striatum82. Here, we observed that both interventions increased expression of 558 

perivascular Cnr1.  559 

To summarize, we propose that perivascular Cnr1 plays an important role in modulating 560 

stress responses in mice and possibly MDD. Identification of beneficial EC-related adaptations 561 

within the BBB can represent a promising approach to develop innovative therapies for mood 562 

disorders.   563 

 564 

  565 
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