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Abstract 

 

Chronic stress is a major risk factor of neuropsychiatric conditions such as depression. Adult 

hippocampal neurogenesis (AHN) has emerged as a promising target to counteract stress-

related disorders given the ability of newborn neurons to facilitate endogenous plasticity. 

Recent data sheds light on the interaction between cannabinoids and neurotrophic factors 

underlying the regulation of AHN, with important effects upon cognitive plasticity and emotional 

flexibility. Since physical exercise (PE) is known to enhance neurotrophin levels, we 

hypothesized that PE could engage with cannabinoids to influence AHN and that this would 

result in beneficial effects under stressful conditions. We therefore investigated the actions of 

modulating cannabinoid type 2 receptors (CB2R), which are devoid of psychotropic effects, in 

combination with PE in chronically stressed animals. We found that CB2R inhibition, but not 

CB2R activation, in combination with PE significantly ameliorated stress-evoked emotional 

changes and cognitive deficits. Importantly, this combined strategy critically shaped stress-

induced changes in AHN dynamics, leading to a significant increase in the rates of cell 

proliferation and differentiation of newborn neurons, and an overall reduction in 

neuroinflammation. Together, these results show that CB2Rs are crucial regulators of the 

beneficial effects of PE in countering the effects of chronic stress. Our work emphasizes the 

importance of understanding the mechanisms behind the actions of cannabinoids and PE and 

provides a framework for future therapeutic strategies to treat stress-related disorders that 

capitalize on lifestyle interventions complemented with endocannabinoid pharmacomodulation. 

 

1. Introduction 

 

Chronic stress is a major trigger for the development of brain pathologies, particularly major 

depressive disorder (MDD). MDD is a chronic psychiatric condition that affects more than 300 

million people worldwide, a leading cause of disability, and a major contributor to disease 

burden [1]. Current treatments are still generally inefficient, with frequent relapsing episodes, 

resulting in a staggering one third of unsuccessfully treated individuals [2]. Therefore, there is 

an urgent need for new therapeutic avenues focused on effective, long-lasting approaches. 

Adult neurogenesis, a process whereby new neurons are generated from adult neural stem 

cells (NSCs) in restricted areas of the adult brain, has emerged as a promising strategy to 

counter stress-related neuropsychiatric disorders [3]. Specifically, adult hippocampal 

neurogenesis (AHN), which occurs in the subgranular zone (SGZ) of the hippocampal dentate 

gyrus (DG), participates in learning and memory as well as emotional and motivational 

regulation [4]. This process is deleteriously affected by stress [5] and perturbations in AHN 

dynamics have been associated with MDD pathophysiology [3, 6]. In line with this, human data 
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shows that prolonged exposure to stress results in the reduction of hippocampal volume, 

dendritic arborization, and AHN [7] whereas resilience is associated with larger DG volumes 

[8]. Similarly, preclinical studies have found that AHN suppression is involved in processes of 

susceptibility and maladaptive responses to chronic stress and depressive-like behaviour in 

rodents, while AHN-enhancing strategies ameliorate these phenotypes [9–11]. Furthermore, 

the effectiveness of antidepressant therapy was shown to be dependent on AHN [12] while 

antidepressants were demonstrated to enhance AHN [13], suggesting an interplay between 

AHN and antidepressant therapy. Additionally, chronic stress and antidepressant therapy were 

shown to affect, in opposing directions, the expression of endocannabinoids and neurotrophic 

factors [14, 15], which are known important regulators of AHN [16, 17]. 

The endocannabinoid system (ECS) has been identified as an important regulator of AHN and 

stress management [16, 18]. As such, the ECS has been proposed as a key neuromodulatory 

factor in MDD pathophysiology [19]. Cannabinoids were shown to exert anxiolytic and 

antidepressant-like effects through hippocampal NSC regulation [20, 21]. Specifically, 

cannabinoid type 2 receptors (CB2R), which are devoid of psychotropic effects [16], are 

emerging as crucial players in stress response given their role in the regulation of 

hippocampal-related plasticity [16, 22, 23]. CB2R activation was shown to exert antidepressant 

effects [24] while animals lacking CB2Rs displayed exacerbated stress-induced 

neuroinflammatory responses [25]. Moreover, overexpression of CB2R in mice produced a 

depression-resistant phenotype with reduced vulnerability to anxiety [26, 27]. Contrastingly, 

however, chronic inhibition of CB2Rs was found to induce anxiolytic-like effects [28], 

highlighting the need for further studies addressing the role of CB2Rs in depressive-like 

behaviours. In human studies, a single CB2R polymorphism was shown to be related with 

MDD susceptibility, further supporting CB2R therapeutic potential for the treatment of stress-

related pathologies [29]. Of note, MDD patients have lower levels of circulating 

endocannabinoids, suggesting that ECS hypoactivity may play a role in the pathophysiology of 

the disease [30]. 

Physical exercise (PE) is known to improve cognitive functions, exert anxiolytic-like effects and 

regulate hippocampal function and related plasticity mechanisms, namely AHN [31]. Some of 

the PE-induced beneficial effects on the brain, particularly in the context of MDD, have been 

attributed to the actions of neurotrophic factors [32, 33]. Indeed, these molecules are known to 

regulate PE-mediated effects, being important players in plasticity- and pathology-related 

phenomena like AHN and stress response, respectively [14]. AHN regulation by PE, in which 

brain-derived neurotrophic factor (BDNF) assumes a preponderant role, has been extensively 

studied [14, 34]. BDNF critically regulates the survival, dendritic growth, and maturation of 

newborn SGZ neurons [35, 36]. Remarkably, PE has also been found to inhibit 

neuroinflammation, a major hallmark in MDD [37]. 
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Recent evidence supports an interaction between PE and the ECS underlying the regulation of 

AHN [38], with cannabinoids and neurotrophic factors acting as key modulators of cognitive 

plasticity and mood flexibility [39–41]. In fact, a correlation has been found between the ECS 

and the mood-enhancing effects of prescribed acute PE in MDD [42]. Additionally, recent 

evidence from human studies has revealed that a single session of moderate PE influences 

the levels of endocannabinoids and BDNF, with clear benefits for memory consolidation [43], 

suggesting a synergistic action of endocannabinoids and BNDF in regulating plasticity-related 

events. In preclinical studies, this interaction has also been shown, with CB2Rs taking on a 

preeminent role in regulating BDNF-mediated postnatal neurogenesis [44]. Moreover, CB2R 

inhibition was found to induce anxiolytic-like effects and dampen BDNF signalling in 

chronically stressed animals, suggesting a complex interaction between CB2Rs and BDNF in 

emotional response [45]. However, how CB2Rs may guide the actions of PE in countering the 

effects of chronic stress has not been addressed. Considering the relationship between PE, 

neurotrophins and ECS as well as the association of neurotrophins, stress and neurogenesis, 

we sought to explore whether modulating CB2R activity in combination with PE could revert 

the neurobiological and behavioural consequences of chronic stress, possibly functioning as a 

novel antidepressant strategy. We show that reducing CB2R constitutive activity in 

combination with PE restores chronic stress-induced emotional and cognitive behavioural 

alterations as well as AHN deficits. Moreover, we found that CB2R inhibition in combination 

with PE ameliorates chronic stress-induced changes in microglial, astroglial and myelin 

expression. Hence, these results reveal the potential of combined behavioural and 

pharmacological strategies for the treatment of depressive disorders and underscore the role 

of such multimodal approaches for the regulation of AHN and its impact in stress-related 

pathologies.  

 

2. Material and Methods 

 

2.1. Ethics and Experimental outline  

 

2.1.1. Animals and Ethical approval 

All experiments were performed with male C57Bl6/J mice, aged 14 weeks old, weighing 26-

30g, obtained from Charles River Laboratories (Barcelona, Spain). All animals were housed 

under standard conditions (19–22°C, humidity 55%, 12:12 h light: dark cycle with lights on at 

08:00, food and water ad libitum), unless stated otherwise. All procedures were conducted in 

accordance with the European Community (86/609/EEC; 2010/63/EU; 2012/707/EU) and 

Portuguese (DL 113/2013) legislation for the protection of animals used for scientific purposes. 

The protocol was approved by the institutional animal welfare body, ORBEA-iMM, and the 
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National competent authority, DGAV (Direcção Geral de Alimentação e Veterinária) under the 

project reference 0421/000/000/2018.  

 

2.1.2. Experimental design and interventional procedures 

Animals were randomly assigned to experimental groups after a 1-week habituation and a 1-

week handling periods. A dose-response for CB2R ligands (0.5 and 5 mg/kg) was performed 

considering previous pharmacological ranges [25, 28, 29, 45]. The CB2R agonist HU308 

(Tocris, Bristol, UK; abbreviated nomenclature: HU) or the inverse agonist/antagonist AM630 

(Tocris, Bristol, UK; abbreviated nomenclature: AM) were administered for 2 weeks, as 

follows. Unpredictable chronic mild stress (uCMS) was induced as previously described [46–

48]. Briefly animals were subjected to an 8-week unpredictable chronic stress paradigm 

followed by a 2-week milder protocol period during which CB2R ligands were administered in 

combination with a physical exercise (PE) protocol as previously described [49]. Four weeks 

before sacrifice, all animals received intraperitoneal (i.p.) injections of BrdU (50 mg/kg; Sigma 

Aldrich, MO, USA) during 5 consecutive days (twice per day) to evaluate the survival of 

newborn neurons. Further details are described in supplementary information. 

 

2.2. Behavioural analyses 

 

Behavioural tests were performed to assess anxiety- and depressive-like behaviours and 

cognitive performance after habituation to the experimental room 1h prior to testing in the 

following order: open field (OF), elevated-plus maze (EPM), novel object recognition (NOR), 

forced-swimming test (FST) and sucrose splash test (SST). Behavioural testing was carried 

out using standardised test procedures [50–54], as detailed in supplementary information.  

 

2.3. Animal sacrifice, immunostainings and stereology 

 

After an overdose with sodium pentobarbital animals were transcardially perfused with 

phosphate-buffered saline (PBS). Brains were then extracted and fixed overnight in 4% 

paraformaldehyde. To evaluate cell proliferation, neuronal differentiation and survival of 

newborn neurons, particularly discriminating between dorsal (dHip) and ventral (vHip) regions, 

as well as glia density (i.e., astrocytes, microglia and myelin), brain coronal cryosections (40 

µm thick) collected onto a suspension solution were incubated at 4°C, with primary antibodies 

(Table S1). Incubation with secondary antibodies and nuclei counterstaining were performed 

at room temperature (RT) followed by mounting in Mowiol fluorescent medium. Fluorescence 

images were acquired with the Cell Observer SD spinning disk confocal microscope (Carl 

Zeiss, Germany) and the number of single- and double-positive cells calculated using Zeiss 
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ZEN 2.1 software (8-10 sections per animal and 4-5 animals per group). Details regarding 

tissue processing, immunostainings, image acquisition and stereology are further described in 

supplementary information. 

 

2.4. Biochemical and molecular analyses 

 

2.4.1. Corticosterone measurement 

A commercially available corticosterone ELISA kit (Abcam, UK) was used to quantify serum 

corticosterone (n=8-10 per group) according to manufacturer instructions, as detailed in 

supplementary information. 

 

2.4.2. Gene Expression 

Total RNA was isolated from dissected DGs (n=6 per group) using RiboZol™ reagent method, 

according to the manufacturer’s instructions (VWR Life Science, USA). A total of 400 ng RNA 

was reversibly transcribed into cDNA using Xpert cDNA Synthesis Mastermix kit (GRiSP) 

under manufacturer’s instructions. β-actin was used as an endogenous control to normalize 

expression levels of different genes described in Table S3 and relative mRNA concentrations 

was measured using ∆∆Ct comparative method.  

 

2.4.3. Protein Levels 

Western blotting analysis was used to assess CB2R protein levels from DG tissue (n=4 per 

group) (see supplementary information for procedure details). 

 

2.5. Electrophysiological recordings  

 

After transcardial perfusion with PBS, extracted hippocampal brain slices were prepared and 

transferred onto recovery chambers filled with oxygenated artificial cerebrospinal fluid (aCSF). 

Evoked field excitatory postsynaptic potentials (fEPSPs) were recorded in the outer molecular 

layer of the DG, similar to previous studies [55], as described in supplementary information. 

 

2.6. Data analysis and statistics 

 

Group sample sizes were based on numbers using uCMS models [46] and normality was 

assessed using the Shapiro-Wilk statistical test. Data were analysed through two-tailed 

unpaired and paired student’s t-tests, one-way, two-way or three-way analysis of variance 

(ANOVA), with Dunnett’s correction for multiple comparisons when appropriate (unless stated 

otherwise). Results are expressed as mean ± standard error of mean (SEM) and statistical 
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significance was set when p<0.05. Statistical analysis was performed using Prism v.8.4.2 

(GraphPad Software, US). For brevity, test details are described in figure captions, 

supplementary information and Table S4 (p<0.05 values highlighted in bold and italics). 

 

3. Results 

 

3.1. CB2R inhibition in combination with PE counteracts chronic stress-induced behavioural 

changes. 

 

First, the best dosage scheme for CB2R modulation was evaluated utilizing the CB2R agonist 

HU308 and the CB2R inverse agonist AM630 (Fig. S1a). In physiological conditions, HU308 

administration at different doses (0.5 and 5 mg/kg) did not exert any significant effect in 

anxiety- and depressive-like behaviours or cognitive performance (Fig. S1b,c,f). When 

assessing neurogenesis through BrdU injections four weeks before sacrifice, HU308 

administration was found to increase the number of cells expressing the immature neuronal 

marker DCX (Fig. S1h) and the number of BrdU+/DCX+ cells (Fig. S1h,j), suggesting an 

effect on early neuronal differentiation. Conversely, AM630 administration at different doses 

(0.5 and 5 mg/kg) decreased time spent in open arms in the EPM, increased immobility in the 

FST, and compromised novel object recognition in the NOR test, indicating induction of 

anxiety- and depressive-like behaviours and impaired cognitive performance (Fig. S1d,e,g). 

However, AM630 administration did not affect the number of DCX+ or BrdU+/DCX+ cells in 

the DG, indicating a lack of effect on AHN at these doses (Fig. S1i,j). Considering these 

results and the fact that most previous studies report effects using low doses of CB2R ligands 

[25, 28, 45], the following experiments with the uCMS were performed using the lowest dose 

for each CB2R ligand (0.5 mg/kg).  

To test our hypothesis, an uCMS protocol [48] was executed for 8 weeks followed by the 

combined strategy treatment and behavioural assessment for depressive-like behaviour, 

anxiety and cognition (Fig. 1a; further details in Fig. S2a,b). Briefly, uCMS exposure 

negatively impacted weight gain (Fig. S2c) and increased nadir corticosterone levels in the 

experimental conditions (Fig. S2d,e). Of note, uCMS enhanced paired-pulse inhibition (Fig. 

S2f) and promoted a tendency towards reduced CB2R levels (p=0.052) in the DG when 

comparing with CTRL conditions (Fig. S2g). 

As previously shown [56], chronic stress elicited an anxiety-like phenotype associated with a 

decreased time spent in the open arms of the EPM test (Fig. 1b). This effect was counteracted 

by AM630 administration in combination with PE to levels similar to non-stressed control 

(CTRL) animals (Fig. 1b). Contrarily, this effect was not observed with HU308 treatment (Fig. 

S3b). Mice exposed to uCMS also exhibited an increased latency to groom in the SST, 
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indicating an anhedonic-like behaviour, an effect that was ameliorated by AM630 

administration in combination with PE (Fig. 1c). HU308 administration, however, did not 

improve self-care behaviour in chronically stressed mice (Fig. S3c). Concomitantly, uCMS 

exposure greatly disrupted the ability to cope with an inescapable stressor in the FST (Fig. 

1d). This stress-evoked disruption was counteracted by treatment with either AM630 alone or, 

more markedly, in combination with PE (Fig. 1d), but not by HU308 administration (Fig. S3d). 

No changes in the distance travelled in the centre of the arena were observed in the OF test, 

another anxiety-related paradigm (Fig. 1e). Similar results were obtained when assessing the 

influence of HU308 administration on OF performance (Fig. S3e). Finally, when looking at 

memory function, chronically stressed mice displayed significant deficits in the NOR test, as 

denoted by a decreased preference to explore the novel object (Fig. 1f). Treatment with 

AM630, PE, or a combination of both prevented these stress-induced cognitive changes (Fig. 

1f) whilst HU308 administration or in combination with PE did not (Fig. S3f).  

Collectively, these observations show that CB2R inverse agonist treatment or PE alone do not 

ameliorate most emotional behavioural deficits induced by uCMS exposure. Importantly, 

AM630 administration in combination with PE prevented the deficits in emotional behaviour, 

suggesting that CB2R inhibition is instrumental for PE to fully exert its beneficial actions in 

counteracting the effects of chronic stress on mood regulation. 

 

3.2. CB2R inhibition in combination with PE counteracts the deficits in AHN induced by chronic 

stress. 

 

Given the role of AHN in emotional and memory functions [4], we next assessed whether 

AM630 administration in combination with PE induced changes in AHN in chronically stressed 

mice. Of note, estimated DG volumes did not vary between tested experimental conditions 

(Table S2). Stereological analysis revealed that uCMS exposure significantly decreased the 

number of proliferating cells (Ki67+), and this effect was counteracted by AM630 treatment in 

combination with PE (Fig. 2a,d). The reduction in the number of proliferating cells induced by 

uCMS exposure was particularly marked in the vHip (Fig. 2a3), reinforcing previous evidence 

indicating that chronic stress preferentially targets the ventral AHN [57, 58].  

We observed a marked decrease in the number of proliferating neuroblasts (Ki67+DCX+) 

following uCMS exposure (Fig. 2b,d). This effect was evident in both dHip and vHip, although 

more pronounced in the vHip (Fig. 2b2,b3). Remarkably, the negative effects of uCMS upon 

proliferating neuroblasts were prevented by AM630 treatment in combination with PE (Fig. 

2b1), so that treated animals presented levels similar to those of CTRL animals. 

Similarly, the number of DCX+ cells was significantly affected by uCMS exposure (Fig. 2c,d). 

Interestingly, this effect was counteracted by AM630 treatment in combination with PE, but not 
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AM630 alone (Fig. 2c1), and again, the beneficial effects exerted by the combined treatment 

were particularly evident in the vHip (Fig. 2c3).  

To evaluate the survival of newborn neurons, animals were injected with BrdU four weeks prior 

to sacrifice to evaluate the survival of newborn neurons (Fig. S2a) and cell fate was 

determined by co-localization of BrdU+ cells with NeuN (marker of mature neurons). We 

observed that uCMS exposure greatly affected the survival of newborn neurons in the DG, 

reducing the number of BrdU+NeuN+ cells (Fig. 2e,f), an effect completely counteracted by 

the combination of AM630 treatment with PE (Fig. 2e,f). These stress-evoked changes and 

concomitant proneurogenic actions of our combined strategy were particularly marked in the 

vHip (Fig. 2e3). 

Overall, these observations suggest that chronic stress-induced behavioural deficits are 

accompanied by perturbations in the proliferation and survival of adult-born hippocampal 

neurons, particularly evident in the vHip. Importantly, although PE alone partially ameliorates 

some of these negative changes, only the CB2R inverse agonist treatment in combination with 

PE was able to fully counteract AHN deficits at all AHN stages (to similar levels as CTRL 

animals), strengthening the argument that CB2Rs are crucial to regulate the positive effects 

mediated by PE following chronic stress. 

 

3.3. CB2R inhibition in combination with PE rescues chronic stress-induced changes in AHN in 

a subregional manner. 

 

To further clarify the impact of AM630 administration in combination with PE on the recovery of 

neurogenic disturbances elicited by chronic stress, we dissected the subregional distribution of 

the different cell populations related to AHN, considering the functional differentiation of adult-

born neurons along longitudinal and transverse axes [56, 57]. First, we observed that Ki67+ 

cells distributed along the supra- and infrapyramidal blades in a ~3:2 proportion, with uCMS 

exposure disrupting this regional distribution (Fig. 3a, Table 1). Specifically, uCMS promoted 

an overall change in the distribution of Ki67+ cells from the suprapyramidal SGZ to the 

corresponding granular cell layer (GCL) in both dHip and vHip. This effect was attenuated by 

PE alone or AM630 treatment in combination with PE (Fig. 3a, Table 1).  

When looking at the subregional distribution of proliferating cells along DG transverse axis, we 

observed that the majority of Ki67+ cells was located at the SGZ (~95%) of both supra- and 

infrapyramidal blades in the dHip, as previously reported [56]. uCMS exposure followed by 

AM630 treatment in combination with PE affected this distribution (Fig. 3b1). Interestingly, we 

found that uCMS exposure critically affected the subregional positioning of proliferating cells in 

the SGZ and GCL subregions in both supra- and infrapyramidal blades of the vHip, an effect 

countered by PE alone or in combination with AM630 treatment (Fig. 3b2). We also observed 
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differences between the supra- and infrapyramidal blades of both dHip (Fig. 3c1) and vHip 

(Fig. 3c2) when looking at SGZ and GCL subregions separately. Specifically, while CTRL 

animals displayed slightly higher levels of Ki67+ cells in the SGZ and GCL of the 

suprapyramidal layer, in both dHip and vHip, uCMS exposure changed this ratio to similar 

values in both layers (Fig. 3c). Strikingly, AM630 treatment in combination with PE restored 

the distribution of Ki67+ cells, an effect particularly evident in the vHip (Fig. 3c2).  

Next, we quantified proliferating neuroblasts (Ki67+DCX+ cells) across the septotemporal axis. 

We observed a similar distribution of Ki67+DCX+ cells in the dHip (~47%) and vHip (~53%) in 

CTRL animals. However, uCMS exposure changed this proportion (~58% dHip; ~42% vHip) 

while the numbers of Ki67+DCX+ cells were not significantly different from CTRL after AM630 

treatment in combination with PE (Fig. 3d1). Ki67+DCX+ cells were preferentially located in 

the suprapyramidal blade along the transverse axis (~60%) in CTRL conditions. Chronic stress 

altered this distribution, favouring the presence of more Ki67+DCX+ cells in the infrapyramidal 

blade, and AM630 treatment in combination with PE prevented this effect (Fig. 3d2). 

To quantify the effects of uCMS exposure and our treatments on neuronal progenitors and 

immature neurons in the DG, we counted: 1) DCX+ cells located in the SGZ that exhibited no 

processes or short processes parallel to the GCL (neuronal progenitors), and 2) DCX+ cells in 

the two internal thirds of the GCL that exhibited a branched dendritic extension radially 

crossing the GCL (immature neurons), as previously described [59] (Fig. 3e). We found that, 

~25% of DCX+ cells corresponded to neuronal progenitors and ~75% to immature neurons in 

CTRL conditions. uCMS exposure increased the proportion of neuronal progenitors to ~34%. 

The effect of uCMS was reverted by PE alone or in combination with AM630 treatment (Fig. 

3e1). Interestingly, we observed that the aforementioned ratios were maintained in both dHip 

(~26% of neuronal progenitors and ~74% of immature neurons) and vHip (~28% of neuronal 

progenitors and ~72% of immature neurons) along the septotemporal axis, with uCMS 

exposure drastically increasing the number of neuronal progenitors, particularly in the dHip 

(~38% of neuronal progenitors and ~62% of immature neurons) compared to CTRL (Fig. 3e2). 

Similarly, the same effects were observed along the transverse axis, with the 1:3 proportion of 

DCX+ progenitor to immature cells in supra- and infrapyramidal blades being disturbed by 

uCMS exposure. Specifically, the suprapyramidal ratio was affected by uCMS exposure, which 

slightly increased the number of progenitor cells (~37% of neuronal progenitors) compared to 

CTRL levels (~27% of neuronal progenitors). This effect was rescued by PE alone or in 

combination with AM630 treatment (Fig. 3e3).  

Finally, we studied the survival of newborn neurons by quantifying the numbers of 

BrdU+NeuN+ cells in the DG. We observed that BrdU+NeuN+ cells were distributed along the 

supra- and infrapyramidal blades in a ~3:2 proportion, with uCMS exposure greatly impacting 

this regional distribution. Specifically, uCMS altered the numbers of BrdU+NeuN+ cells in 
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supra- and infrapyramidal blades and their location within the GCL (Fig. 3f, Table 1). 

Importantly, the numbers and location of BrdU+NeuN+ cells were similar to CTRL conditions in 

uCMS mice treated with AM630 in combination with PE (Fig. 3f, Table 1). A closer 

examination of the distribution of BrdU+NeuN+ cells along the DG transverse axis revealed 

that uCMS exposure disrupted dHip SGZ/GCL subregional distribution of BrdU+NeuN+ cells 

(CTRL: ~95% in supraSGZ and ~70% in infraSGZ vs uCMS: ~50% in supraSGZ and ~45% in 

infraSGZ). This effect was reverted by PE alone or in combination with AM630 treatment (Fig. 

3g1). Similarly, we found that uCMS critically affected the subregional distribution of 

BrdU+NeuN+ cells in vHip SGZ and GCL subregions, an effect particularly evident in the 

suprapyramidal blade and countered by AM630 treatment in combination with PE (Fig. 3g2). 

When looking at SGZ and GCL subregions separately, we observed that uCMS exposure 

disrupted the distribution of BrdU+NeuN+ cells in supra- and infrapyramidal blades. This 

effect, particularly relevant in the SGZ arrangement, was attenuated in the dHip (Fig. 3h1) and 

the vHip (Fig. 3h2) by PE alone or in combination with AM630 treatment. 

Altogether, these results reveal that uCMS exposure disturbs the regional distribution of AHN-

derived cell populations, promoting the relocation of proliferating cells (Ki67+ cells) and 

newborn neurons (Ki67+DCX+ and BrdU+NeuN+ cells) and differentially affecting the 

distribution of these cell populations. Importantly, although PE alone was able to revert some 

of these features, co-treatment with AM630 boosted this effect, normalizing proportions to 

levels similar to those of CTRL animals. This suggests that CB2R inverse agonist treatment in 

combination with PE restores the regional balance of AHN-derived cell populations, which was 

impaired by chronic stress. 

 

3.4. Neuroinflammation-related changes evoked by chronic stress are prevented by CB2R 

inhibition in combination with PE. 

 

The effects in the different behavioural domains together with changes in AHN that we 

described in the previous sections, prompted us to study the overall expression of microglia, 

astrocytes and myelin in the granular layer of the DG, as they may act as supportive cell types 

[6]. Moreover, given the anti-inflammatory properties of both PE and CB2Rs [25, 37] the 

expression of different neuroinflammatory markers was evaluated. 

First, we looked at changes promoted by chronic stress and our combined strategy treatment 

in microglia expression as indicated by ionized calcium binding adaptor molecule 1 (Iba1), 

myelin expression as indicated by myelin basic protein (MBP) and astrocytic expression as 

indicated by astrocytic glial fibrillary acidic protein (GFAP) (Fig. 4a-d). Analysis of DG granular 

layer revealed that uCMS induced an increase in Iba1 immunoreactivity, suggestive of 

enhanced microgliosis. Remarkably, PE alone or in combination with AM630 treatment 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 24, 2023. ; https://doi.org/10.1101/2023.04.24.538087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538087
http://creativecommons.org/licenses/by-nc-nd/4.0/


reverted this effect (Fig. 4a,d). Additionally, the combination of HU308 and PE reduced Iba1 

immunoreactivity, but HU308 alone did not exert any significant effects on Iba1 

immunoreactivity (Fig. S4a). uCMS also significantly reduced MBP immunoreactivity in the 

granular zone. This effect was prevented by AM630 alone or in combination with PE (Fig. 

4b,d), but not by HU308 treatment (Fig. S4b). No alterations in GFAP immunoreactivity were 

observed between groups (Fig. 4c,d and Fig. S4c). 

The changes in immunoreactivity of cell-type specific markers were accompanied by 

alterations in different neuroinflammatory markers in the DG. Despite not observing significant 

differences in the relative expression of first-line pro-inflammatory cytokines in the DG such as 

tumour necrosis factor α (TNFα), interleukin 1β (IL-1β) and anti-inflammatory interleukin 10 

(IL-10) after uCMS exposure, TNFα levels were reduced by PE treatment and even more by 

its combination with AM630 treatment (Fig. 4e-g), likely indicating a role for this combined 

strategy in controlling early neuroinflammation. Although uCMS had no detectable effect on 

the expression of enzymes related to microglial reactivity and neuroinflammation, arginase 1 

(arginase) and inducible nitric oxide synthase (iNOS), AM630 treatment in combination with 

PE reduced their expression when compared to uCMS (Fig. 4h,i). 

Overall, these observations indicate that, although the molecular machinery involved in 

neuroinflammation remains fairly unchanged, chronic stress affects the density of the glial 

cellular milieu in the DG. The neuroinflammatory load elicited by chronic stress upon microglial 

and astrocytic populations and changes in myelination were reduced by treatment with CB2R 

inverse agonist in combination with PE, suggesting that this strategy may be useful to 

counteract the stress-induced neuroinflammatory response in the DG. 
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[Student’s t-test and Two-way ANOVA; ****p<0.0001, **p<0.01, *p<0.05 vs CTRL and ####p<0.0001, ###p<0.001, 
##p<0.01; #p<0.05 vs uCMS; further statistical details in Table S4]. uCMS, unpredictable chronic mild stress; AM, 
CB2R inverse agonist; PE, physical exercise; SGZ, subgranular zone; GCL, granular cell layer. 

  

Table 1 – Total regional distribution of neural populations in DG subregions in tested 

experimental conditions 

Distribution of Ki67+ cells (proliferating neural cells) (data as mean ± SEM) 

 CTRL uCMS uCMS+PE uCMS+PE+ 

AM 

uCMS+AM 

 

D
or

sa
l 

Supra SGZ 53.9 (±0.7) 43.9 (±6.5) 49.3 (±1.1) 49.5 (±9.0) 46.2 (±8.4) 

Infra SGZ 39.7 (±1.3) 38.8 (±5.8) 40.1 (±1.6) 39.0 (±2.8) 38.2 (±5.8) 

Supra GCL 3.3 (±0.4) 10.6 (±0.6)**** 6.1 (±1.2) 3.6 (±0.6)## 7.3 (±0.6) 

Infra GCL 2.9 (±0.5) 6.5 (±0.8)** 4.3 (±0.5) 11.0 (±5.4) 4.8 (±2.0) 

V
en

tr
al

 

Supra SGZ 55.2 (±2.5) 42.5 (±2.9)* 47.0 (±5.3) 52.0 (±4.4) 44.8 (±7.2) 

Infra SGZ 37.4 (±3.1) 36.9 (±3.5) 42.3 (±2.7) 33.3 (±4.0) 35.7 (±6.0) 

Supra GCL 3.7 (±1.7) 12.2 (±2.3)* 6.9 (±1.5) 5.4 (±1.6) 11.1 (±2.2) 

Infra GCL 3.5 (±1.1) 8.2 (±2.9) 3.5 (±2.3) 9.2 (±3.8) 8.1 (±3.3) 

Distribution of BrdU+NeuN+ cells (survival of adult-born neurons) (data as mean ± SEM) 

  CTRL uCMS uCMS+PE uCMS+PE+ 

AM 

uCMS+AM 

D
or

sa
l 

Supra SGZ 57.0 (±3.5) 22.9 (±2.6)**** 54.3 (±2.9)### 62.8(±7.8)#### 29.8 (±2.8) 

Infra SGZ 25.2 (±3.8) 22.8 (±3.5) 20.8 (±5.9) 21.4 (±4.0) 27.5 (±7.5) 

Supra GCL 6.7 (±1.9) 26.2 (±3.3)** 11.7 (±1.6)# 8.6 (±3.7)## 30.3 (±3.9) 

Infra GCL 10.9 (±3.3) 27.9 (±2.4)** 13.0 (2.6)## 7.0 (±2.3)### 12.2 (±4.3)## 

V
en

tr
al

 

Supra SGZ 44.0 (±3.1) 27.5 (±2.7)** 35.9 (±3.6) 50.8 (±6.2)## 38.9 (±3.0) 

Infra SGZ 25.9 (±3.4) 37.9 (±4.0)* 27.6 (±3.1) 29.3 (±2.5) 25.0 (±2.5)# 

Supra GCL 15.5 (±4.9) 16.5 (±2.2) 19.2 (±4.9) 11.5 (±1.2) 13.5 (±4.7) 

Infra GCL 14.4 (±2.8) 17.9 (±2.3) 17.3 (±3.2) 8.3 (±3.8) 17.3 (±3.2) 
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4. Discussion 

 

In this study we uncover the role of CB2Rs in regulating PE-mediated actions and countering 

chronic stress behavioural and plasticity-induced defects. Taken together, our data show that 

inhibiting CB2Rs in combination with PE can restore the reduction in AHN and counteract the 

emotional and cognitive deficits impinged by chronic stress. Furthermore, we show that 

adjuvant CB2R inverse agonist treatment greatly boosts the positive effects of PE, resulting in 

behavioural recovery of emotional and cognitive dimensions (Fig. 5a, a’), increased NSC 

proliferation, neuronal differentiation and survival (Fig. 5b, b’) as well as decreased glial 

reactivity, myelination and neuroinflammation (Fig. 5c, c’). These observations suggest a 

pivotal participation of CB2Rs in PE-elicited recovery from chronic stress. Interestingly, a 

constant finding herein is that CB2R activation alone or in combination with PE yields no 

positive actions under chronic stress, in comparison with the beneficial effects of CB2R 

inhibition. Since in physiological conditions CB2R inhibition has a negative impact, our findings 

highlight a dual role of CB2Rs under physiological versus pathological conditions. 

Although the beneficial effects of PE have been long known [60], the molecular mechanisms 

underlying this response have remained unclear. As recently proposed [61], understanding the 

molecular and cellular effects of PE, particularly with regard to effects on AHN and emotional 

and cognitive functions, is crucial to develop new preventive or combating strategies that 

mimic or enhance the beneficial effects of PE. From a translational standpoint, the therapeutic 

potential of physical exercise is enormous for the treatment of a variety of brain disorders (e.g., 

addiction, anxiety, stroke, epilepsy), as previous studies have highlighted [49, 62]. Current 

literature suggests that PE-elicited effects are mediated by the ECS [38, 41, 42]. In the context 

of stress, this interaction likely occurs due to PE mobilizing the ECS to replenish energy stores 

and participate in PE-induced analgesic and mood-elevating effects, consistent with a role of 

the ECS in both activating and terminating the hypothalamic-pituitary-adrenal axis response to 

stress [63, 64]. 

Recent studies started tackling this interaction in the context of NSC regulation and stress-

related disorders, with only a few drawing correlations in clinical settings [40, 42, 43, 65]. In 

fact, this interplay has been showed to rely on the collaboration between ECS components 

and BDNF, one of the major neurotrophic factors upregulated by PE. For instance, 

endogenous cannabinoid signalling, specifically through cannabinoid type 1 receptors 

(CB1Rs), was shown to be required for the effects of voluntary PE in hippocampal NSCs [66]. 

In line with this, we have previously reported that CB2Rs are necessary for BDNF-mediated 

NSC proliferation and neuronal differentiation [44]. More broadly, others have found that 

cannabinoids prevent depressive-like behaviours, an effect that was accompanied by 

alterations in BDNF expression, in a rat model of posttraumatic stress disorder [67]. Recently, 
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CB2R inhibition was found to dampen BDNF signalling in stressed animals, suggesting a close 

interaction between CB2Rs and BDNF in emotional response [45]. Interestingly, evidence 

suggests that exercise-mediated runner’s high (i.e., relaxing state of euphoria after PE) might 

occur due to the recruitment of peripheral CB1Rs and CB2Rs but, so far, no study has ever 

focused on whether CB2Rs participate and/or cooperate with PE in NSC regulation and stress 

response. 

Our data now expands this field of research by showing that CB2Rs actively contribute to 

stress response elicited by PE. Specifically, we show that CB2R inhibition, but not its 

activation, is essential for PE-mediated antidepressant, anxiolytic and pro-cognitive actions 

after chronic stress. We observed that, in physiological conditions, CB2R activation had 

proneurogenic effects while CB2R inhibition triggered depressive-like behaviour and cognitive 

impairments, which is in accordance with existing literature [68]. However, and importantly, we 

observed that CB2R inhibition in combination with PE counteracted chronic stress-induced 

behavioural impairments, especially in the emotional domain. While chronic stress promoted 

anxiety-like, anhedonic-like behaviours and impaired coping features, CB2R inhibition alone 

was able to partially recover deficits in adaptive behaviour (i.e., in the FST test) but only in 

combination with PE it could fully ameliorate other behavioural dimensions. This is in 

agreement with previous publications showing that CB2R inhibition blocks the effects of 

chronic stress in behaviour tests related to emotional processing [26, 45], and we are now 

adding evidence that PE synergizes with this action. Regarding memory function, we observed 

that both PE alone or in combination with CB2R inhibition reverted chronic stress-induced 

cognitive impairments, which goes in line with previous studies showing that PE enhances 

learning and memory processes [60] and that CB2R is important for long-term memory 

consolidation [68]. Nevertheless, others have also shown that CB2R activation can exert 

beneficial effects regarding cognitive performance in a mouse model of Alzheimer's disease 

[69].  

Characterization of the neurogenic process in the hippocampal DG revealed that, in 

agreement with previous reports [56, 57, 70], chronic stress significantly impacts all stages of 

AHN – cell proliferation, neurogenesis and adult-born neuron survival. Our data goes in line 

with existing evidence indicating that the AHN deficits induced by chronic stress can affect 

both dorsal and ventral divisions of the hippocampal DG [58, 70], but preferentially targets the 

vHip [71, 72]. Although stress may preferentially decrease neurogenesis in the vHip, mood-

improving interventions can stimulate neurogenesis in both hippocampal divisions [13], thus 

countering the effects of stress. Indeed, in our experimental setting, PE alone partially rescued 

some stress-evoked deficits in AHN, particularly regarding the number of immature neurons 

and survival of newborn neurons. This is in agreement with previous literature demonstrating 

that PE increases the number of immature neurons and adult-born neurons following stress 
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[73, 74] but in conflict with evidence showing that PE can also boost cell proliferation [74, 75]. 

However, PE was able to fully rescue AHN deficits at all evaluated stages only in combination 

with CB2R inverse agonist AM630, suggesting that a reduction in CB2R constitutive activity is 

essential to boost the beneficial influence of PE in countering chronic stress. Growing 

evidence shows that CB2Rs are key regulators of the neurogenic process [16, 44], particularly 

in pathological contexts [25, 45], although CB2R knockout mice appear to display stable AHN 

[76], likely due to compensatory mechanisms. In our hands, CB2R inhibition alone was not 

able to revert any AHN deficits, further reinforcing that CB2R constitutive activity impinges on 

the actions of PE to shape adult hippocampal NSC rates of proliferation and differentiation. 

Further, these results suggest that the combined CB2R inhibition and PE treatment triggers a 

rearrangement in the DG neurogenic microenvironment, potentiating AHN in both dHip and 

vHip, which would explain the improvement in both dorsal and ventral hippocampal-dependent 

functions (i.e., cognitive and emotional dimensions). 

Most studies focusing on the impact of chronic stress on AHN often disregard the structural 

segregation along both the hippocampus longitudinal and transverse axes or differences 

between the supra- and infra-pyramidal blades of the GCL, although newborn neurons 

localised there differentially modulate inputs to the DG [56, 72, 77]. This functional 

differentiation is extremely important because it translates into different behavioural responses 

related to distinct hippocampal functions. The dHip is preferentially involved in cognitive 

processes, with dorsal granule neurons participating in contextual memory, whereas the vHip 

is more implicated in emotional processing, with ventral granule neurons contributing to 

suppress innate anxiety [9, 13, 78]. The DG can be further subdivided into the suprapyramidal 

blade, located between CA1 and CA3 regions, and the infrapyramidal blade on the opposite 

side of the hilus [78], with each blade being further dissected into the SGZ and GCL 

subregions, likely reflecting different contributions to distinct hippocampal functions, such as 

the processing of spatial and contextual information [77, 79]. 

While aimed at disentangling the subregional contribution of each cellular population in AHN, 

we found chronic stress to disrupt subregional distributions of ongoing proliferating cells and 

newly-generated neurons, an effect that was more evident in the suprapyramidal blades of 

both dHip and vHip. Accordingly, when looking at immature neurons, we found that chronic 

stress induced a numerical shift between immature neurons and progenitor cells, from supra- 

to more infrapyramidal portions and from SGZ to more GCL regions. Importantly, the CB2R 

inhibition in combination with PE was able to abrogate these subregional changes and recover 

proliferating and survival patterns to similar levels as control conditions. These results go in 

line with previous studies showing that stress preferentially targets proliferation in the SGZ 

area [80] as well as the survival of adult-born neurons in the suprapyramidal blade [56]. 

Further studies are required to comprehensively understand the importance of these regional 
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differences. As previously suggested [81], CB2R inhibition is likely boosting the beneficial 

effects of PE in preventing the stress-induced activation of DG mature granule neurons, which 

is known to critically shape AHN dynamics, likely through BDNF signalling [82].  

Neuroinflammation plays a relevant role in depression, with both MDD patients and preclinical 

models of depression often exhibiting high levels of neuroinflammatory markers [37]. In our 

hands, we observe that uCMS exposure induces increased glial reactivity, recapitulating 

previous findings [83, 84]. We detected significant alterations associated with chronic stress in 

the expression of microglia and myelin, but not astrocytes, in DG granular regions. Taking into 

consideration the role of CB2Rs in regulating immunity and inflammation [25] and the role of 

PE as a strong inhibitor of inflammation [85], we confirmed the immunomodulatory role of PE 

in combination with CB2R inhibition, but not activation, in fighting neuroinflammation by 

reverting most changes triggered by chronic stress. These results go in line with previous 

evidence showing that inhibition of CB2Rs attenuates the inflammatory load triggered by 

challenging situations [86]. Nevertheless, others have also demonstrated that CB2R activation 

alone prevents stress-induced neuroinflammatory responses [25]. We posit that, in our 

experimental conditions, CB2R inhibition may be shielding the system against stress-targeted 

reactive microglia (which express high levels of CB2Rs [87]), thus facilitating PE actions in 

limiting the neuroinflammatory damage caused by chronic stress. Conversely, PE may be 

modulating stress-disrupted cellular immunity and CB2R inhibition further alleviating this 

immunoinflammatory status [88]. 

Although our results are associative, we suggest that the combined treatment of CB2R 

inhibition with PE accelerates the incorporation of newborn neurons into the hippocampal 

circuitry which, in turn, facilitates adaptive and resilient behaviours  [89]. However, it is 

plausible that PE and CB2R modulation are interfering with the critical period that allows 

appropriate differentiation and survival of adult-born neurons by supplying adult NSCs with 

proneurogenic, pro-survival supportive factors (e.g., BDNF) that counteract the effects of 

stress. 

Interestingly, AM630 was suggested to act as protean ligand of CB2Rs, which may be 

reducing the probability of spontaneous activation of the receptor by favouring an active 

receptor conformation of lower efficacy [90, 91]. This may reconcile some apparently 

controversial evidence showing beneficial effects of both CB2R activation and inhibition in 

stress-related conditions, since a protean ligand may act as agonist in systems that are 

quiescent (no constitutive activity) or as inverse agonist in constitutively active systems [91]. 

This possibility highlights that distinct stress levels may affect CB2R constitutive activity. 

Considering that the therapeutic relevance protean ligands may have in setting receptor 

activity to a constant level [91], one may speculate that, in our results, stress dysregulates 

CB2R constitutive activity and that AM630 may contribute to activity adjustments towards 
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normal levels. Nevertheless, our data consistently demonstrates a cumulative effect of CB2R 

inhibition with PE, which dampens the negative consequences of stress, in most cases 

nullifying them. 

In conclusion, our work shows that a strategy coupling CB2R inhibition in combination with PE 

may be a useful approach to counteract the effects of chronic stress in terms of behaviour and 

plasticity-related events in the hippocampus. Overall, our observations highlight a new 

multimodal approach for the treatment of stress-related pathologies. Future studies should 

focus on understanding whether the effects of this joint treatment expand to other brain 

regions and which intracellular mediators are behind the actions of this combined strategy. PE 

and CB2R effects may, indeed, be converging at multiple signalling pathways or, perhaps, 

have a common effector element. Altogether, given the lack of effective treatments and the 

significant public health impact of stress-related psychiatric disorders, in particular MDD, the 

promise of combining lifestyle interventions such as PE with pharmacological targeting of 

CB2Rs seems relevant and should be further explored. 
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Fig. 1. CB2R inhibition in combination with PE counteracts chronic stress-induced 

behavioural impairments. a Schematic representation of the experimental design. b uCMS 

induces anxiety-like behaviour (decrease in time spent in open arms during EPM) that is 

ameliorated by AM630 treatment in combination with PE. c Increased latency to groom in the 

SST evoked by uCMS returns to similar levels as CTRL with AM630 treatment in combination 

with PE. d uCMS-induced immobile behaviour in FST is decreased in animals subjected to 

AM630 treatment in combination with PE. e uCMS and subsequent treatments do not change 

the time in the centre zone of the OF test. f uCMS-induced cognitive impairments in NOR are 

ameliorated by PE alone or in combination with AM630 treatment. Data presented as mean ± 

SEM and circles individual data points (animals) [Student’s t-test: ****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05 vs CTRL; Two-way ANOVA: ##p<0.01; #p<0.05 vs uCMS; further statistical 

details in Table S4]. uCMS, unpredictable chronic mild stress; AM630, CB2R inverse agonist; 

PE, physical exercise; no PE, no physical exercise. 
 

Fig. 2 CB2R inhibition in combination with PE ameliorates chronic stress-induced 

negative impacts in AHN. a Chronic stress decreases the total number of proliferating 

(Ki67+) cells, particularly evident in the vHip, and AM630 treatment in combination with PE 

significantly rescues this deficit. Cell counts of Ki67+ cells per total (a1), dorsal (a2) and 

ventral (a3) estimated volumes are depicted. b Chronic stress decreases the number of 

proliferating neuroblasts (Ki67+DCX+), and AM630 treatment in combination with PE 

counteracts the stress-induced detrimental effect. Cell counts of Ki67+DCX+ cells per total 

(b1), dorsal (b2) and ventral (b3) estimated volumes are depicted. c The pool of immature 

neurons (DCX+) is diminished by uCMS, an effect countered by PE alone or in combination 

with AM630 treatment in combination and particularly evident in the vHip. Cell counts of DCX+ 

cells per total (c1), dorsal (c2) and ventral (c3) estimated volumes are depicted. d 

Representative images of coronal sections of dHip and vHip of all tested conditions, depicting 

cells stained for DCX (green), Ki67 (red) and DAPI (blue) with magnified boxed areas showing 

the detailed expression of individual markers in each condition; scale bars = 50 µm. e Chronic 

stress significantly impairs the survival of newborn neurons (BrdU+NeuN+), an effect 

prevented by AM630 treatment in combination with PE, particularly evident in the vHip. Cell 

counts of BrdU+NeuN+ cells per total (e1), dorsal (e2) and ventral (e3) estimated volumes are 

depicted. f Representative images of coronal sections of dHip and vHip of all tested 

conditions, depicting cells stained for BrdU (green), NeuN (red) and DAPI (blue) with 

magnified boxed areas showing the detailed expression of individual markers in each 

condition; scale bars = 50 µm. Data presented as mean ± SEM and circles individual data 

points (animals) [Student’s t-test: ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 vs CTRL; Two-

way ANOVA: ####p<0.0001, ###p<0.001, ##p<0.01, #p<0.05 vs uCMS; further statistical details in 
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Table S4]. uCMS, unpredictable chronic mild stress; AM630, CB2R inverse agonist; PE, 

physical exercise. 
 

Fig. 3 Chronic stress-induced disruptions in DG regional distribution of proliferating 

cells and newborn neurons are counteracted by CB2R inhibition in combination with 

PE. a Chronic stress disrupts dorsal and ventral regional distribution of proliferating (Ki67+) 

cells in DG subregions and AM630 treatment in combination with PE restores regional 

disturbances. b Quantitative analysis of the dorsal (b1) and ventral (b2) SGZ/GCL subregional 

preference for the location of proliferating cells. c Quantitative analysis of the dorsal (c1) and 

ventral (c2) supra/infrapyramidal subregional preference for the location of proliferating cells. d 

Chronic stress disrupts dorsal/ventral (d1) and supra/infra (d2) regional distribution of 

proliferating neuroblasts (Ki67+DCX+), that is rescued by AM630 treatment in combination 

with PE. e Chronic stress alters the balance between progenitor and immature DCX+ cells, 

which is restored by AM630 treatment in combination with PE (e1); quantitative analysis of the 

dorsal/ventral (e2) and supra/infra (e3) subregional preference for the location of DCX+ cells. f 

Chronic stress disrupts dorsal and ventral regional distribution of newly born neurons 

(BrdU+NeuN+) in different DG subregions; AM630 treatment in combination with PE restores 

these regional disturbances. g Quantitative analysis of the dorsal (g1) and ventral (g2) 

SGZ/GCL subregional preference for the location of newly born neurons. h Quantitative 

analysis of the dorsal (h1) and ventral (h2) supra/infrapyramidal subregional preference for the 

location of newly born neurons. Data presented as mean ± SEM (except for donut plots where 

only mean is presented) [Student’s t-test: ****p<0.0001. ***p<0.001, **p<0.01, *p<0.05; further 

statistical details in Table S4]. Supra, suprapyramidal blade; Infra, infrapyramidal blade; SGZ, 

subgranular zone; GCL, granule cell layer; uCMS, unpredictable chronic mild stress; AM630, 

CB2R inverse agonist; PE, physical exercise. 

 

Fig. 4 CB2R inhibition in combination with PE ameliorates chronic stress-induced 

neuroinflammatory changes. a Chronic stress increases Iba1 granular expression, an effect 

prevented by PE alone, AM630 treatment or a combination of both. b Chronic stress-induced 

decrease in MBP granular expression is rescued by PE alone or in combination with AM630 

treatment. c GFAP granular expression remains unchanged after uCMS or PE in combination 

with AM630 treatment. d Representative images of coronal sections of hippocampal DG of all 

tested conditions, stained for DAPI (blue), Iba1 (green), MBP (red) and GFAP (white) with 

merged and individual channels; scale bar = 50 µm. The expression of neuroinflammation-

related markers e TNFα, f IL1β, g IL10, h arginase and i iNOS is differentially affected by 

uCMS and PE in combination with AM630 treatment. Data presented as mean ± SEM and 

circles individual data points (animals) [Student’s t-test: ****p<0.0001, **p<0.01, *p<0.05 vs 
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CTRL; Two-way ANOVA: ##p<0.01, #p<0.05 vs uCMS; further statistical details in Table S4]. 

uCMS, unpredictable chronic mild stress; AM630, CB2R inverse agonist; PE, physical 

exercise. 

 

Fig. 5 CB2R inhibition in combination with PE promotes robust antidepressant and 

proneurogenic effects after chronic stress. a Changes in different behavioural dimensions 

(anxiety-, depression- and cognitive-related behaviours) in all conditions (a). Impairments 

caused by uCMS are almost fully reverted by AM630 treatment in combination with PE (a’). b 

AHN-related changes in all conditions (b). Disruptions induced by uCMS are prevented by 

AM630 treatment in combination with PE (b’). c Changes in microglial, myelin and astrocytic 

granular expression in all conditions (c). Chronic stress-induced neuroinflammation-related 

imbalances are ameliorated by AM630 treatment in combination with PE (c’). Data presented 

as radar plots with absolute mean values, CTRL (black bold line) set to 100% and relative axis 

scales varying in between plots: centre points starting at 10%, 20%, 40% and distance 

between bounds (light grey lines) of 30%, 20% and 30% in a, b and c plots, respectively. 
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