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ABSTRACT 26 

Gender is considered as a pivotal determinant of mental health. Indeed, several 27 

psychiatric disorders such as anxiety and depression are more common and persistent in 28 

women than in men. In the past two decades, impaired brain energy metabolism has been 29 

highlighted as a risk factor for the development of these psychiatric disorders. However, 30 

comprehensive behavioural and neurobiological studies in brain regions relevant to 31 

anxiety and depression symptomatology are scarce. In the present study, we summarize 32 

findings describing cannabidiol effects on anxiety and depression in maternally separated 33 

female mice, as a well-established rodent model of early-life stress associated with many 34 

mental disorders. Our results indicate that cannabidiol could prevent anxiolytic- and 35 

depressive-related behaviour in early-life stressed female mice. Additionally, maternal 36 

separation with early weaning caused long-term changes in brain oxidative metabolism 37 

in both nucleus accumbens and amygdalar complex measured by cytochrome c oxidase 38 
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quantitative histochemistry. However, cannabidiol treatment could not revert brain 39 

oxidative metabolism impairment. Moreover, we identified hyperphosphorylation of 40 

mTOR and ERK 1/2 proteins in the amygdala but not in the striatum, that could also 41 

reflect altered brain intracellular signalling related with to bioenergetic impairment. 42 

Altogether, our study supports the hypothesis that MSEW induces profound long-lasting 43 

molecular changes in mTOR signalling and brain energy metabolism related to 44 

depressive-like and anxiety-like behaviours in female mice, ameliorated partially by CBD 45 

administration. 46 

HIGHLIGHTS 47 

 CBD shows antidepressant and anxiolytic effects in maternally separated 48 

(MSEW) female mice 49 

 Maternal separation reduces cytochrome c oxidase activity in the 50 

amygdalar complex 51 

 MSEW induces hyperphosphorylation of mTOR and ERK1/2 in the 52 

amygdalar complex 53 

 54 

Abbreviation List 55 

ACB Nucleus accumbens
ACBc Nucleus accumbens core
ACBs Nucleus accumbens shell
BLA Basolateral amygdalar nucleus
BST Bed nuclei of the stria terminalis
CBD Cannabidiol 
CCO Cytochrome c oxidase
CEA Central amygdalar nucleus
COA Cortical amygdalar area
EDTA Ethylenediaminetetraacetic acid
EPM Elevated plus maze
ERK1/2 Extracellular signal-regulated protein kinase 1/2
LA Lateral amygdalar nucleus
MEA Medial amygdalar nucleus
MSEW Maternal separation with early weaning
mTOR Mammalian target of rapamycin
PD Postpartum day 

p-ERK1/2 Phosphorylated extracellular signal-regulated protein kinase 1/2  
p-mTOR Phosphorylated mammalian target of rapamycin
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PVH Paraventricular hypothalamic nucleus
SN Standard nest 
STRd Dorsal striatum region
  

Keywords: cannabidiol, mTOR, ERK 1/2, maternal separation, early life stress, 56 

cytochrome c oxidase   57 
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1. INTRODUCTION 58 

Major depressive disorder is globally affecting over 300 million people, equivalent 59 

up to 4% of the world’s population, being more common among females (5.1%) than 60 

males (3.6%) (World Health Organization, 2017). This disorder is considered as a leading 61 

cause of disability worldwide (World Health Organization, 2017), which is becoming an 62 

enormous burden cost for the national health system estimated to be between 3-4% of 63 

Gross National Product in developed countries (Jong-Wook, 2003).  One of the major 64 

predictors of adulthood major depressive disorder is early-life stress, since depressive 65 

patients reported significantly higher rates of childhood adversity, including parental 66 

neglect, sexual and physical abuse among others than non-depressive individuals (Saleh 67 

et al., 2017). Notably, women and men are differentially affected on adult mood disorders 68 

by early-life stress depending on the adversities time course. Indeed, postnatal stress 69 

trajectory  predicts female depression and anxiety symptoms in contrast to males, who 70 

are more affected by early pregnancy stress (Herbison et al., 2017). 71 

In the past few decades, mitochondrial dysfunction has gradually become more 72 

prominent in the psychiatric disorders research, since it is considered a risk factor for 73 

depression pathogenesis (Kasahara and Kato, 2018). Further, it is known that some 74 

mental disorders, such as major depression, could be a prodromal stage in some patients 75 

with mitochondrial diseases (Anglin et al., 2012; Mancuso et al., 2013). In actual fact, 76 

there are some variants in mitochondrial DNA encoding structural subunits of the 77 

mitochondrial oxidative phosphorylation, such as complexes I, II and IV, that are 78 

implicated in human depression (Kasahara and Kato, 2018), including cytochrome c 79 

oxidase activity. Mitochondrial activity is involved in cerebral energy demand, 80 

production and protection against reactive oxygen species and apoptosis throughout 81 

metabolism of different molecules such as lipids, steroids and proteins (Bansal and 82 

Kuhad, 2016; Picard et al., 2018; Wallace, 1999). Therefore, mammalian target of 83 

rapamycin (mTOR) signalling pathway mediates a wide range of processes related to the 84 

regulation of several energy-demanding cellular functions or energy metabolism 85 

(Haissaguerre et al., 2014; Kolar et al., 2021), spanning from protein and lipid synthesis 86 

to mitochondrial activity and cytoskeleton dynamics (Haissaguerre et al., 2014). 87 

Likewise, mTOR inhibits mitophagy and autophagy processes (Kim et al., 2011), which 88 

can ensure normal mitochondria turnover. Accordingly, mitochondria damage is related 89 

to hyperphosphorylation of both mTOR (Bordi et al., 2019) and extracellular signal-90 
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regulated protein kinase 1/2 (ERK 1/2) proteins (Duncan et al., 2018; Feng et al., 2016), 91 

leading to the accumulation of mitochondrial damage and deficits in the activation of 92 

proapoptotic downstream cascades (Bordi et al., 2019). Thus, mitochondrial dynamics 93 

might have a pivotal role in the attenuated neurotransmitter synthesis and neuroplasticity 94 

present in depressive processes (Allen et al., 2018; Bansal and Kuhad, 2016).  95 

In our laboratory, we use a well-established mouse model of early-life stress known 96 

as maternal separation with early weaning (MSEW), (George et al., 2010), which 97 

recapitulates the main phenotype observed in depression, such as anhedonia (Gracia-98 

Rubio et al., 2016), social interaction disruption (Portero-Tresserra et al., 2018), despair-99 

like behaviour (Gracia-Rubio et al., 2016) and anxiety-like behaviours (Martín-Sánchez 100 

et al., 2021). Moreover, animals exposed to MSEW exhibit a higher vulnerability to drug 101 

consumption (Castro-Zavala et al., 2020; Portero-Tresserra et al., 2018) as well as 102 

alterations in glutamatergic (Castro-Zavala et al., 2020), serotonergic (Gracia-Rubio et 103 

al., 2016) and endocannabinoid systems (Martín-Sánchez et al., 2021; Portero-Tresserra 104 

et al., 2018). Despite the fact that we observed a sexual dimorphism in several outcomes 105 

related to MSEW, depressive-like behaviour and cocaine seeking in the present model 106 

(Castro-Zavala et al., 2021), there are no previous reports studying possible brain 107 

metabolic capacity alterations in MSEW females, since most of the studies have been 108 

developed only in male mice. Indeed, sex and gender studies represent an important 109 

framework since women show higher vulnerability to depressive stages than males 110 

(World Health Organization, 2017). Accordingly, we have previously reported sex-111 

specific altered brain CCO activity, changes in brain monoamine turnover rate, and 112 

increased pro-inflammatory cytokines in several brain regions in rats after early life stress 113 

by maternal separation (González-Pardo et al., 2020) and in congenitally helpless rats, a 114 

genetic model of depressive-like behaviour (Shumake et al., 2004). Altogether, these 115 

results suggest a close relationship between the mitochondrial alterations and depressive-116 

like behaviour, identifying possible shared specific related pathways. 117 

Among the proposed antidepressant treatments by clinical and preclinical studies, 118 

cannabidiol (CBD) has emerged as a novel therapeutic candidate because of its rapid-119 

acting antidepressant (Gáll et al., 2020; Linge et al., 2016; Sales et al., 2019; Silote et al., 120 

2019) and anxiolytic-like effects (Campos et al., 2013; Fogaça et al., 2018). CBD is one 121 

of the most abundant molecules of the Cannabis sativa plant, and there is a great interest 122 

in its potential medical use due to its non-intoxicating and non-psychotomimetic 123 

properties (Ligresti et al., 2016). Moreover, CBD is a multi-target compound that exerts 124 
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its effects within the central nervous system interacting with 5-hydroxytryptamine 1A (5-125 

HT1A), transient potential vanilloid 1 (TRPV1), G-protein 55 (GPR55) and peroxisome 126 

proliferator-activated gamma (PPARγ) receptors, as well as antagonizing adenosine 127 

reuptake (Luján and Valverde, 2020), among others. Additionally, CBD could also 128 

interfere with the endocannabinoid system, acting as a negative allosteric modulator of 129 

cannabinoid receptor type 1 and 2 (CB1 and CB2) at physiologically relevant 130 

concentrations (Laprairie et al., 2015; Tham et al., 2018). Accordingly, CBD may exert 131 

anti-inflammatory (Esposito et al., 2011; Magen et al., 2010) and pro-neurogenic 132 

(Campos et al., 2013; Esposito et al., 2011; Fogaça et al., 2018; Luján et al., 2020) effects 133 

that may converge to mitigate depressive-related behaviours in rodent models.  134 

Importantly, there are no previous studies that pay attention to the antidepressant role 135 

of CBD in an early-life stress model in female mice, because most of the studies on the 136 

antidepressant and anxiolytic effects of CBD were carried out in male rodents.  Therefore, 137 

we hypothesized that MSEW could promote changes in mitochondrial metabolism that 138 

could explain some of the behavioural and molecular alterations in the development of 139 

the litters that has not been previously studied. Moreover, would like to identify whether 140 

sub-chronic CBD treatment during adulthood could reverse a possible abnormal brain 141 

mitochondrial capacity as well as the behavioural alterations. To that end, we performed 142 

the MSEW procedure in female mice and we analysed the regional CCO activity by 143 

quantitative histochemistry. Western blot analysis of the mTOR and ERK phosphorylated 144 

proteins were carried out as markers of mitochondrial damage, in both amygdala and 145 

striatum, brain regions involved in emotion regulation.  146 

2. METHODS 147 

2.1. Animals 148 

CD1 male and female mice purchased from Charles River (France) were used as 149 

breeders. All animals were maintained at 21 ± 1 °C, humidity 55 ± 10% and a 12:12h 150 

light:dark cycle, with lights on at 07:30h. Water and food were available ad libitum. 151 

Cages were cleaned weekly except during postpartum days when dams were left 152 

undisturbed until postpartum day (PD) 10. All procedures were carried out in accordance 153 

with national (BOE-2013-1337) and EU (Directive 2010-63EU) guidelines regulating 154 

animal research and were approved by the local ethics committee (CEEA-PRBB). 155 

2.2. Rearing conditions 156 
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The maternal separation protocol has been previously conducted in our laboratory 157 

(Figures 1A, 3A, 4A, 5A) (Martín-Sánchez et al., 2021; Castro-Zavala et al., 2020; 158 

Portero-Tresserra et al., 2018). On arrival, breeding pairs were established and housed in 159 

Plexiglas cages (36.9 x 15.6 x 13.2 cm) for ten days. Each male mouse was removed 160 

when pregnancy was confirmed and then, female mice were housed individually. 161 

Pregnant females were daily checked at 9 and 17h for parturition. The date of delivery 162 

was assigned as a PD 0 for each litter. Litters were randomly assigned to MSEW or SN 163 

group. In MSEW group, mothers were separated to another cage from the offspring for 4 164 

h per day on PD2-5 (09:30–13:30h) and 8 h per day on PD6-16 (09:30–17:30 h). The 165 

offspring remained in their home cages with a heating blanket (32–34 °C) for 166 

thermoregulation and they were early weaned at PD17. Meanwhile, offspring of SN group 167 

remained undisturbed with their mothers until the weaning day (PD21). After that, mice 168 

were housed in groups of 4-5 animals of the same sex. Male littermates were dismissed 169 

for the experiment and were used for other studies. 170 

2.3. Drugs 171 

Female mice were treated daily for 10 consecutive days (PD50-60), with CBD (20 172 

mg/k) or vehicle by intraperitoneal (i.p) injection, following Luján et al., (2018) (PD50-173 

60). Five days after the last injection, mice underwent behavioural tests (Figure 1A and 174 

4A) or Western blot analysis (Figure 5A and 6A). CBD was dissolved in the vehicle 175 

solution consisting of ethanol/cremophor EL (Kelliphor; Sigma-Aldrich, Darmstadt, 176 

Germany)/distilled water (1:1:18). The volume of injections was 0.1 mL per 10 g of 177 

mouse body weight. CBD was generously provided by Phytoplant Research S.L. 178 

(Córdoba, Spain; purity >98%). 179 

2.4. Experiment 1: Anxiolytic and antidepressant effects of CBD in MSEW female 180 

mice 181 

2.4.1. Elevated plus maze 182 

After 5 days of the last CBD/vehicle injection (n=10 per group), on PD65, elevated 183 

plus maze (EPM) test was performed using a black maze elevated 30 cm above the ground 184 

(Gracia-Rubio et al., 2016; Martín-Sánchez et al., 2021). Each mouse was placed in the 185 

centre of the maze and was allowed to freely explore for 5 min. The software SMART 186 
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2.5 (Panlab s.l.u., Barcelona, Spain) automatically reported the time spent and the number 187 

of entries in the open arms, as well as the travelled distance. 188 

2.4.2. Tail suspension test 189 

On PD66, each mouse was suspended individually 50 cm above a benchtop. Mice 190 

were individually video-recorded and an observer, blind to the experimental conditions, 191 

evaluated the percentage of time the animal was immobile for 6 min (Gracia-Rubio et al., 192 

2016). 193 

2.4.3. Cytochrome c oxidase quantitative histochemistry 194 

All female mice used in Experiment 1 were euthanized on PD67 and brains were 195 

quickly removed, frozen in cooled isopentane, and stored at -40 ºC for histochemistry. 196 

Later, brain tissue was preserved in dry ice and processed (Department of Psychology, 197 

University of Oviedo, Spain). Then, series of 30 µm-thick coronal brain sections were 198 

obtained from each subject with a cryostat microtome at -20 ºC and processed for 199 

cytochrome c oxidase (CCO) quantitative histochemistry, following the method by 200 

Gonzalez-Lima and Jones (1994).  201 

2.4.4. Data analysis: Cytochrome c oxidase activity and functional brain networks 202 

Mean CCO activity values were measured by optical densitometry and converted 203 

to CCO activity units. To that end, we used brain homogenate standards of previously 204 

assessed enzymatic activity by spectrophotometry for each subject in the following brain 205 

regions of interest according to mouse brain atlas (Allen Institute for Brain Science, 206 

version 2, 2011; http://atlas.brain-map.org/): cortical amygdalar area (COA), lateral (LA), 207 

basolateral (BLA), medial (MEA) and central (CEA) amygdalar nuclei, dorsal striatum 208 

region (STRd), nucleus accumbens core (ACBc) and shell (ACBs) areas, paraventricular 209 

hypothalamic nucleus (PVH) and bed nuclei of the stria terminalis (BST). 210 

Functional connectivity was assessed by calculating separate pair-wise Pearson’s 211 

correlations of CCO activity across all regions of interest for each group. A ‘jackknife’ 212 

statistical procedure was used to correct against the type I statistical errors caused by 213 

multiple comparison analysis and small sample sizes. The ‘jackknife’ procedure is 214 

performed by removing one subject from the dataset and calculating the correlation 215 

analysis with n-1 subjects. The CCO activity data for an individual is then included again 216 
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in the group dataset, and the next individual is removed. Correlations and significance 217 

levels are then re-calculated and this procedure is repeated until all individuals have been 218 

removed once. Only correlations that remain significant (p<0.01) across all possible 219 

combinations are valid. This comment has been included in the materials and method 220 

section. Interregional correlations of CCO activity represent the degree to which the 221 

neuronal synaptic activity between two brain regions is related to one another, or how 222 

they vary together (covariance). For covariance-based analyses to be useful in 223 

neuroimaging, they must make a significant contribution to the understanding of the data 224 

sets beyond what could be derived from analysis of mean regional activity. A high 225 

covariance or interregional correlation between areas X and Y means that if region X 226 

increases its activity, so too will Y (in the case of a positive covariance). In case of 227 

negative covariances, if region X increases its activity, Y will decreases it (McLntosh and 228 

Gonzalez-Lima, 1994). 229 

2.5. Experiment 2: Implication of MSEW on emotional memory 230 

2.5.1. Passive avoidance test 231 

In a different cohort, mice underwent a passive avoidance test five days after the last 232 

CBD/vehicle injection (PD65; n=10 per group; Figure 3A), following Saavedra et al., 233 

(2013). The experiment was conducted in a two-chambers apparatus: a weakly and 234 

brightly lit chambers (2–5 and 160 lx, respectively; size: 19x19x27cm) (Panlab s.l.u., 235 

Barcelona, Spain). The dark compartment had a stainless-steel grid floor for shock 236 

delivery. On the acquisition trial, each mouse was placed into the bright compartment. A 237 

sliding door between both compartments was opened after 30s, and the latency to enter 238 

into dark chamber was recorded for up to 90s. When the animal crossed into dark 239 

compartment, the door was closed and the mouse received a foot shock (0.5mA, 3s). 240 

Then, the mouse was immediately removed from the apparatus. 24h later, mice were 241 

placed into the brightly lit compartment, and the procedure was repeated without the foot 242 

shock (retention trial). Latency to enter the dark chamber was evaluated with a cut-off of 243 

300s. 244 

2.6. Experiment 3: mTOR-ERK 1/2 signalling pathways and mitochondrial damage 245 

in MSEW females 246 

2.6.1. Western blot assay 247 
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Animals were sacrificed by cervical dislocation five days after the last CBD/vehicle 248 

injection (Figure 4 and 5; n=6/group) on PD65 to evaluate the expression of mTOR, 249 

phosphorylated mTOR (p-mTOR), ERK1/2 and phosphorylated ERK1/2 (p-ERK1/2) in 250 

striatum and amygdala from SN and MSEW groups. Brains were immediately removed 251 

from the skull and placed in a cold plaque, extracting the amygdala and striatum. Brain 252 

samples were dissected and were immediately stored at −80 °C until the western blot 253 

assay was carried out. Samples were homogenised in cold lysis buffer, supplemented with 254 

protease inhibitor (Complete ULTRA Tablets Mini EASYpack, Roche, Mannheim, 255 

Germany) and phosphatase inhibitor (PhosSTOP EASYpack, Roche, Mannheim, 256 

Germany). Equal amount of protein (16 μg) for each sample were mixed with loading 257 

buffer (153 mM TRIS pH = 6.8, 7.5% SDS, 40% glycerol, 5 mM EDTA, 12.5% 2-β-258 

mercaptoethanol and 0.025% bromophenol blue) and loaded onto 10% polyacrylamide 259 

gels, and transferred to PVDF sheets (Immobilion-P, MERCK, Burlington, USA). 260 

Membranes were blocked with bovine serum albumin 5% for 1h at room temperature and 261 

then, an overnight incubation with primary antibodies (Table 1) was assessed at 4 °C. 262 

After that, membranes were incubated for 1 h with their respective secondary fluorescent 263 

antibodies: goat anti-rabbit (1:2500, Rockland, PA, USA) or goat anti-mouse (1:2500, 264 

Abcam, Cambridge, UK) at room temperature. Images were acquired on an Amersham 265 

Typhoon NIR Plus laser scanner and quantified using Image Studio Lite software v5.2 266 

(LICOR, USA). 267 

Antibody Description Host Dilution Company Item 
number 

MW 
(kDa) 

ERK1/2  extracellular 
signal–regulated 
kinases 1/2  

Mouse 1:1000 Abcam ab54230 43, 41 
 

mTOR mammalian target 
of rapamycin 

Rabbit 1:1000 Cell 
Signaling 
Technology

#2972 289 

p-ERK1/2 phosphorylated 
extracellular 
signal–regulated 
kinases 1/2 

Mouse 1:5000 Abcam #ab50011 42, 44 

p-mTOR 
(Ser2448) 

phosphorylated 
mammalian target 
of rapamycin 

Rabbit 1:1000 Cell 
Signaling 
Technology 

#2971 

 

289 

Tub beta III-Tubulin Rabbit 1:2500 Abcam #ab18207 55 
 268 
Table 1. List of the primary antibodies used for western blot assay. 269 

2.7. Statistical analysis 270 
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We first checked the data for normality (Kolmogorov-Smirnov’s test) and 271 

homoscedasticity (Levene’s test). Then, we carried out a two-way ANOVA (with rearing 272 

and treatment as variables) to assess differences between groups in EPM, TST and 273 

Western blot data. When applicable, pairwise comparisons were analysed with 274 

Bonferroni’s correction. Then, we evaluated differences between groups using the non-275 

parametric Log-rank test (percentage of females that entered dark compartment during 276 

retention trial). All the statistical analysis were performed using the software IBM SPSS 277 

Statistics 23.0. 278 

Group differences in mean regional brain CCO activity were analysed for each region 279 

of interest by two-way (rearing × treatment) ANOVAs and post-hoc analyses were 280 

performed by Holm-Sidak method when interactions between variables were significant. 281 

Functional connectivity of CCO activity between brain regions for each experimental 282 

group was analysed by Pearson’s product-moment pairwise correlations corrected for 283 

multiple comparisons type I error using a ‘jack-knife’ multiple interaction procedure as 284 

previously described (Cantacorps et al., 2018; Shao and Tu, 1995). The statistical 285 

analyses were carried out using SigmaPlot 12.5 (Systat Software Inc., Richmond, CA, 286 

USA). Statistical differences were found when p <0.05. 287 

3. RESULTS 288 

3.1. Experiment 1: Anxiolytic and antidepressant effects of CBD  289 

3.1.1. Experiment 1: Anxiolytic effect of CBD in both SN and MSEW mice 290 
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In order to evaluate differences in anxiety-related behaviour between MSEW and SN 291 

female mice after CBD treatment, mice underwent an EPM test. To do so, we measured 292 

three different variables: time in open arms, number of entries in open arms and travelled 293 

distance. The two-way ANOVA revealed a treatment effect in percentage of time spent 294 

in open arms (F1,35= 17.50, p < 0.001; Figure 1B), percentage of entries in open arms 295 

(F1,35= 15.24, p < 0.001; Figure 1C), percentage of time in closed arms (F1,35= 17.50, p < 296 

0.001; Figure 1D) and percentage of entries in closed arms (F1,35= 14.89, p < 0.001; Figure 297 

1E). The analysis showed that CBD (20mg/kg) increased all these variables in both SN 298 

and MSEW, having an anxiolytic role in female mice. However, we found neither rearing 299 

effect nor interaction between variables. When we analysed the travelled distance in the 300 

EPM, we did not find significant differences among groups (Figure 1F). 301 

Figure 1. Anxiety-like and despair-like behaviours in MSEW and SN mice after CBD treatment. 302 

(A) Experimental timeline of the Experiment 1. Grey (standard nest, SN) and blue (maternal 303 

separation with early weaning, MSEW) bars represent (B) the percentage of time spent in open 304 

arms, (C) the percentage of entries in open arms, (D) the percentage of time in closed arms, (E) 305 

the percentage of entries in closed arms (F) travelled distance in the elevated plus maze (EPM; 306 

n= 10/group), and (G) the immobility time in tail suspension test (TST; SN-Vehicle n=9, MSEW-307 

Vehicle n=8, SN-CBD n=10, MSEW-CBD n=10). CBD, cannabidiol; MS, maternal separation; 308 

PD, Postpartum day. **p < 0.01; ***p < 0.001 for CBD- and Vehicle-treated groups comparisons. 309 

All data are represented as the mean  SEM.  310 
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3.1.2. Experiment 1: Antidepressant effect of CBD in MSEW female mice 311 

When we analysed the immobility time in TST as a despair-like behaviour measure, 312 

two-way ANOVA revealed a rearing effect (F1,36=7.66, p < 0.01) and treatment × rearing 313 

interaction (F1,36=7.96, p < 0.01; Figure 1G). The analysis indicated that MSEW female 314 

mice spent more time immobile than SN animals. The post-hoc analysis with 315 

Bonferroni’s correction showed that MSEW-Vehicle animals show higher immobile time 316 

than SN-Vehicle control mice (p < 0.01). Moreover, the post-hoc comparison revealed 317 

that CBD reduced the immobility time only in MSEW females compared to its vehicle 318 

control group (p < 0.01), indicating an antidepressant role only in MSEW mice. 319 

3.1.3. Experiment 1: Quantitative CCO activity 320 

3.1.3.1.Mean CCO values 321 

The effects of rearing and treatment on the metabolic brain regions are shown in 322 

Figure 2. Two-way ANOVAs revealed differences in the CCO activity due to rearing 323 

effects in the ACBs (F1,34 = 5.24, p < 0.05; Figure 2A), ACBc (F1,34 = 5.96, p < 0.05; 324 

Figure 2B), PVH (F1,34 = 6.69, p < 0.05; Figure 2D), the BST (F1,35 = 6.26, p < 0.05; 325 

Figure 2E), BLA (F1,35 = 5.39, p < 0.05; Figure 2F) and LA (F1,35 = 7.46, p ≤ 0.01; Figure 326 

2I). The analysis showed a significantly higher metabolic activity of SN groups in the 327 

ACBs, ACBc, BST, BLA and LA as compared to MSEW groups. On the other hand, it 328 

is worth mentioning that CBD treatment decreased metabolic capacity in the PVH to 329 

baseline levels in MSEW-Vehicle females (F1,34 = 5.13, p < 0.05; Figure 2D). Finally, 330 

significant interaction between rearing × treatment was only found in the CEA (F1,35 = 331 

5.32, p < 0.05; Figure 2H). Post-hoc tests revealed that SN-CBD and MSEW-Vehicle 332 

females had significantly lower CCO activity as compared SN-Vehicle female mice in 333 

this structure cerebral. However, the CCO activity was equivalent in all four groups in 334 

the STRd, MEA and COA (Figure 2C, G and J). 335 
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 336 

Figure 2. Mean CCO activity values of the different brain regions of interest in each experimental 337 

group. Data represent mean CCO activity values ± standard error (SEM) using rearing and CBD 338 

treatments as main factors (A-J). Two-way ANOVA: Rearing effect * p < 0.05; ** p < 0.01. 339 

Photomicrographs show sample mouse brain sections stained after CCO histochemistry (K, Scale 340 

bar ?m; L, Scale bar ?m;  M, Scale bar ?m; N, Scale bar ?m). Pair-wise interregional activity 341 

correlations by experimental group. Schematic diagram showing significant interregional 342 

correlations in CCO activity in SN Vehicle- (O) and CBD-treated females (P) in comparison to 343 

MSEW Vehicle- (Q) and CBD-treated animals (R). Solid and dotted lines represent respectively 344 

highly positive and negative pair-wise Pearson’s correlations (r > 0.7; p ≤ 0.01). Abbreviations 345 

COA, cortical amygdalar area; LA, lateral; BLA basolateral; MEA, medial and CEA, central 346 

amygdalar nuclei; STRd, dorsal striatum region; ACBc and ACBs, nucleus accumbens core and 347 
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shell areas respectively; PVH paraventricular hypothalamic nucleus and BST, bed nuclei of the 348 

stria terminalis.  349 

3.1.4. Experiment 1: Functional brain networks 350 

Interregional correlation analysis of CCO activity revealed different significant 351 

functional connections among experimental groups. Specifically, the vehicle groups 352 

showed a more intricate network, with higher positive correlations (solid lines, p ≤ 0.01; 353 

Figure 2O and Q) involving the amygdaloid complex, paraventricular hypothalamic 354 

nucleus and dorsal striatum. In addition, a high negative correlation (dotted line) was 355 

detected between the dorsal striatum and the ACBc (p < 0.001; Figure 2O) in the SN-356 

Vehicle group, which disappeared in the Vehicle group after maternal separation (Figure 357 

2Q). On the other hand, a modified pattern of functional connectivity was observed in 358 

CBD-treated groups (Figure 2P and R). In this regard, these groups showed increased 359 

functional connectivity between amygdala nuclei, independently of the rest of the brain 360 

regions. Only a high negative correlation was detected between the CEA and the BST (p 361 

< 0.01) in the SN-CBD group (Figure 2P). 362 

3.2. Experiment 2: CBD treatment on emotional memory in MSEW and SN female 363 

mice 364 

Since most of changes in the quantitative CCO activity and functional network in the 365 

Experiment 1 were found in the amygdala structure, we evaluated differences in 366 

emotional learning due to maternal separation and CBD treatment by carrying out the 367 

passive avoidance test. Since data of the Acquisition and Retention trials were not 368 

normally distributed (Figure 3B), we applied a non-parametric test (Log-Rank test) to 369 

evaluate possible differences among groups in the retention trial phase. The analysis of 370 

the percentage of animals that entered the dark compartment during retention trial using 371 

the Log-rank test shows no differential responses of the experimental groups (χ2= 3.891 372 

on df 3, p > 0.05; Figure 3C). 373 
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 374 

Figure 3. CBD treatment effects in passive avoidance test. (A) Schematic schedule of the 375 

Experiment 2. (B) Representation of the latency time in both acquisition and retention trials in 376 

the passive avoidance test (n=10/group). (C) Percentage of females that entered dark compartment 377 

during retention trial (Log-rank test). Cannabidiol (CBD); Maternal separation (MS) with early 378 

weaning (MSEW); standard nest (SN). All data are represented as the mean  SEM. 379 

3.3. Experiment 3: Early-life stress impact on p-ERK1/2 and p-mTOR expression  380 

3.3.1. Experiment 3: CBD treatment does not alter either pERK1/2 or p-mTOR 381 

expression in the striatum of female mice 382 

Since deficits in p-mTOR and p-ERK 1/2 signalling pathways have been reported in 383 

mitochondria metabolism and mitophagy processes (Bordi et al., 2019; Duncan et al., 384 

2018; Iyer et al., 2014), we evaluated whether MSEW could promote alterations in 385 

ERK1/2 and mTOR expression. In the light of the results obtained in the Experiment 1, 386 

we investigated differences in the phosphorylation and expression levels of both 387 

extracellular signal–regulated kinases 1/2 (ERK1/2) and mammalian target of rapamycin 388 

(mTOR) related to rearing conditions in the striatum following a repeated CBD treatment 389 

(Figure 4A). The two-way ANOVA revealed no significant changes in ERK1/2, p-390 

ERK1/2 and p-ERK1/2/ERK1/2 ratio (Figure 4B, C and D, respectively) in the striatum 391 

of female mice, irrespective of rearing and treatment conditions. Meanwhile, the 392 

expression of mTOR, p-mTOR and the p-mTOR/mTOR ratio (Figure 4E, F and G, 393 

respectively) did not show obvious changes between groups. 394 
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395 

Figure 4. ERK1/2-mTOR pathway is not altered after CBD treatment (20mg/kg) in striatum of 396 

female mice. (A) Schematic timeline of Experiment 3. Mean fold change relative to the control 397 

of (B) ERK1/2, (C) p-ERK1/2, (D) p-ERK1/2/ ERK1/2 ratio, (E) mTOR, (F) p-mTOR and (G) 398 

p-mTOR/mTOR ratio in the striatum of standard nest (grey, SN) and maternally separated (blue, 399 

MSEW) female mice after CBD/vehicle treatment (n=6/group). All data are represented as the 400 

mean  SEM. 401 

3.3.2. Experiment 3: Hyperphosphorylation of ERK 1-2 and mTOR in amygdala of 402 

MSEW female mice 403 

To clarify the impact of early-life stress in the expression of these proteins in the 404 

amygdala of females, the two-way ANOVA, with rearing and treatment as variables, 405 

showed a rearing effect in the expression of p-ERK1/2 (F1,20 = 4.95, p < 0.05; Figure 5C), 406 

p-mTOR (F1,20 = 13.38, p < 0.001; Figure 5F) and p-mTOR/mTOR (F1,20 = 6.71, p < 0.05; 407 

Figure 5G), indicating that MSEW females showed an increased level of the 408 
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phosphorylation of these proteins and the ratio p-mTOR/mTOR, regardless of their 409 

treatment. 410 

 411 

Figure 5. The phosphorylation of ERK1/2, phosphorylation of mTOR and ratio p-mTOR/ mTOR 412 

are increased in the amygdala of MSEW mice. (A) Schematic timeline of the Experiment 3. Mean 413 

fold change relative to the control of (B) ERK1/2, (C) p-ERK1/2, (D) p-ERK1/2/ ERK1/2 ratio, 414 

(E) mTOR, (F) p-mTOR and (G) p-mTOR/mTOR ratio in the striatum of standard nest (grey, 415 

SN) and maternally separated with early weaning (blue, MSEW) female mice after CBD/vehicle 416 

treatment (n=6/group) (two-way ANOVA, rearing effect *p < 0.05, ***p < 0.001). All data are 417 

represented as the mean  SEM. 418 

4. DISCUSSION 419 

The main aim of the present study was to elucidate whether MSEW promotes 420 

anxiety-related and depressive-related behaviours, the possible brain oxidative 421 
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alterations and molecular signalling related to early-life stress exposure in female mice. 422 

Moreover, we studied whether sub-chronic CBD treatment could reverse the 423 

mitochondrial damage ameliorating the cognitive impairments. The experiments were 424 

addressed to evaluate the long-lasting neuroplastic effects of the sub-chronic CBD 425 

treatment in maternally separated and control female mice. Therefore, we treated animals 426 

using one-daily injections CBD treatment (20mg/kg ip; for 10 days) and we left 5 days 427 

of wash-out, assuming that CBD has been metabolized and disappeared from the 428 

organism before the behavioural experiments based on previous reports (Deiana et al., 429 

2012; Gonzalez-Cuevas et al., 2018). Thus, this is, to the best of our knowledge, the first 430 

time that behavioural and molecular implications of early-life stress and CBD sub-431 

chronic treatment are evaluated in adult female mice. 432 

4.1. CBD exerts anxiolytic and antidepressant effects in MSEW female mice 433 

When we analysed anxiety-like behaviour, we observed that sub-chronic CBD 434 

(20 mg/kg) administration exerts anxiolytic-like effects in both SN and MSEW females, 435 

significantly increasing the percentage of time spent in the open arms and the percentage 436 

of entries in open arms, without alterations in motor activity in the EPM (Figure 1B, C 437 

and F). Previous studies shown that, although MSEW animals show lower locomotor 438 

activity during adolescence, this effect is diluted during adulthood (Gracia-Rubio et al., 439 

2016) supporting our observations. A growing body of literature provides compelling 440 

evidence that CBD has anxiolytic effects in both stressed and non-stressed male mice 441 

(Campos et al., 2013; Fogaça et al., 2018; Luján et al., 2018; Sales et al., 2018). Our 442 

behavioural findings are in line with those obtained in mice after a chronic unpredictable 443 

stress paradigm and a 14-day CBD (30mg/kg) treatment (Campos et al., 2013; Fogaça et 444 

al., 2018) in males mediated by CB1/CB2 receptors (Fogaça et al., 2018), since CB1 and 445 

CB2 antagonism prevented the anxiolytic-like effects of CBD. By contrast, Schiavon et 446 

al., (2016) found that CBD only promoted anxiolytic-like responses after a single-low 447 

dose of CBD (3 mg/kg) in non-stressed male mice, without altering basal locomotor 448 

activity. These results agree with previous findings showing that single CBD 449 

administration could promote anxiolytic-like responses according to an inverted U-450 

shaped dose-response curve, suggesting that low and high doses of CBD are ineffective 451 

in anxiety paradigms (Campos et al., 2012; Luján et al., 2018).  452 

In addition to the anxiolytic-like effects, repeated CBD administration also 453 

demonstrated an antidepressant-like effect but only in early-life stressed females, since 454 
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it reduced immobility time in the TST (Figure 1F). Previously, acute (Sales et al., 2018) 455 

and chronic CBD treatments have been shown to exert antidepressant effects after 456 

chronic mild stress (Gáll et al., 2020; Xu et al., 2019), but also in basal conditions 457 

(Schiavon et al., 2016). Previous studies suggest that CBD antidepressant outcomes 458 

could be mediated by serotoninergic 5-HT1A receptor activation (Linge et al., 2016), as 459 

well as the brain-derived neural factor-tropomyosin-receptor kinase B-mTOR 460 

(BDNF/Trkb/mTOR) pathway (Sartim et al., 2018).  461 

4.2. Early-life stress and CBD modify CCO activity and brain connectivity pattern 462 

in female mice 463 

Accordingly, analysis of CCO activity suggests that CBD treatment had regionally 464 

specific effects on brain oxidative capacity. As opposed to other methods to measure 465 

short-term (after several minutes) or stimulus-evoked neuronal activity like 18F-fluoro-466 

2-deoxy-D-glucose (FDG) uptake or immediate early gene expression (like c-fos) 467 

techniques, CCO activity is a reliable index of long-term changes in enzyme levels after 468 

days of brain energy demands, also known as metabolic capacity (Gonzalez-Lima, 469 

1992; Gonzalez-Lima and Cada, 1994; Papa et al., 1998). CCO activity mainly reflects 470 

neuronal synaptic activity since CCO is a rate-limiting enzyme in cellular respiration 471 

for ATP production, and ATP is mainly required to maintain neuronal 472 

electrophysiological properties, like the membrane resting potential after membrane 473 

depolarization or hyperpolarization induced by synaptic activity (Wong-Riley, 1989). 474 

In particular, the CEA and the PVH showed significantly lower CCO activity in CBD-475 

treated groups as compared to their vehicle control groups. Since activation of the CEA 476 

is required for both anxiety and fear responses in rodents and humans (Canteras et al., 477 

2010; Davis, 1998; Fox and Shackman, 2019; Gilpin et al., 2015; Izquierdo et al., 2016; 478 

Paré et al., 2004; Wilensky et al., 2006), the CCO activity results are in line with the 479 

behavioural results reported here, suggesting an anxiolytic-like effect of CBD in 480 

females.  481 

CBD is a multi-target compound that seems to exert its pharmacological acting on 482 

different modulatory systems. Indeed, CBD acts as an allosteric modulator of CB1 483 

(Laprairie et al., 2015; Tham et al., 2018) and CB2 receptors (Tham et al., 2018), but it 484 

also interacts with 5-HT1A (Sartim et al., 2016) receptors and TRPV receptors among 485 

others. However, the activation of 5-HT1A and CB1 receptors have been proposed as a 486 

putative main mechanism of action in the neuroprotective, anxiety-related responses and 487 
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oxidative brain outcomes (Campos et al., 2016; Luján and Valverde, 2020). 488 

Unfortunately, how CBD could inhibit brain oxidative metabolism is currently 489 

speculative. Despite the fact that mitochondrial CB1 receptor activation using exogenous 490 

cannabinoids and in situ endocannabinoid administration could decrease complex I 491 

enzymatic activity and respiration in neuronal mitochondria (Bénard et al., 2012), 492 

probably CBD is not exerting its function by directly acting on CB1 receptors.  493 

Mitochondrial function as related to brain energy metabolism of limbic regions plays 494 

a pivotal role in stress responses, motivation, mood, and anxiety (Filiou and Sandi, 2019; 495 

Harro et al., 2011; Mällo et al., 2009; Matrov et al., 2019).  In this regard, decreased 496 

oxidative metabolic capacity was found in the BLA, LA and BST of MSEW as compared 497 

to their SN. Accordingly, lower CCO activity levels in the amygdala nuclei and BST have 498 

been reported in congenitally-helpless rats, an animal model of depression (Shumake et 499 

al., 2003, 2002). Therefore, changes found in CCO activity in CEA of MSEW vehicle-500 

treated animals would match the higher susceptibility to stress and increased depressive-501 

like behaviour found in the TST. Conversely, MSEW CBD-treated and SN-Vehicle 502 

control group showed equivalent CCO activity in CEA, a matching result with 503 

antidepressant-like effects of CBD in female mice. This result agrees with the attenuation 504 

of the neuroendocrine stress response mediated by CBD (Viudez-Martínez et al., 2018). 505 

Analysis of functional brain connectivity of CCO activity in the brain regions of 506 

interest showed that MSEW significantly altered interregional brain connectivity 507 

patterns. This interregional correlation of CCO activity can be interpreted as the degree 508 

to which the neuronal synaptic activity between two regions are related to one another, 509 

or how they vary together (covariance) (Auchter et al., 2020). In particular, MSEW 510 

females showed an increased connectivity of the PVH with both STRd and CEA as 511 

compared to the SN group. Given the important role of the PVH mediating the 512 

neuroendocrine stress response and amygdala (especially in CEA) after stress-inducing 513 

stimuli (Gray et al., 1989), our results suggest that MSEW induced the activation of a 514 

functional brain network related to an increased response to emotional stressors in MSEW 515 

animals, supporting anxiety- and depressive-related behaviours. Accordingly, increased 516 

connectivity of CCO activity between the ACBc and  ACBs was previously associated 517 

with anxiety and increased freezing behaviour during contextual fear conditioning by our 518 

research group (González-Pardo et al., 2012).  519 

On the contrary, CBD treatment clearly decrease the functional connectivity of 520 

amygdala nuclei with the rest of brain regions in both the MSEW and SN groups, 521 
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supporting the anxiolytic-like and antidepressant-like effects of CBD. Interestingly, the 522 

SN group treated with CBD showed negative pairwise correlations of CCO activity 523 

between the BST and the CEA, which are tightly interconnected and involved in anxiety 524 

and the organization of defensive responses (Fox and Shackman, 2019). Therefore, the 525 

inverse correlation found from the BST to the CEA would be directly related to the 526 

anxiolytic-like effects of CBD in female mice. 527 

4.3. CBD does not alter emotional memory in female mice 528 

Regarding to passive avoidance test results, our findings suggest that associative 529 

learning in MSEW females remains unaltered (Figure 3B and C), despite male mice show 530 

MSEW-related emotional memory impairments (Martín-Sánchez et al., 2021). Moreover, 531 

the sub-chronic CBD treatment administered shows no amnesic effect on contextual 532 

memory formation in female mice. Our results strongly contrast with previous studies 533 

that found that cannabinoids could be considered a potential treatment for post-traumatic 534 

stress disorders, since both WIN55,212-2 (Martín-Sánchez et al., 2021; Sbarski and 535 

Akirav, 2018) and CBD (Raymundi et al., 2020; Uhernik et al., 2018), interferes with 536 

emotional memories formation. 537 

Nevertheless, it should be noticed that most of the studies using CBD chronic 538 

treatment were focused on male rodent’s responses, so comparisons should be taken with 539 

caution. Indeed, sex-specific differential responses to CBD have become of particular 540 

interest recently (Kasten et al., 2019; Viudez-Martínez et al., 2020; Wanner et al., 2021). 541 

On the one hand, acute CBD treatment shows anxiety-related responses in a sex- and age-542 

dependent manner (Kasten et al., 2019). On the other hand, Viudez-Martínez et al., (2020) 543 

have demonstrated sexual dimorphic responses to CBD treatment depending on the 544 

administration pattern, in several outcomes such as reducing alcohol intake. However, 545 

the present study is not addressed to assess any sex-differences due to the lack of a parallel 546 

male group, so further studies are required in this sense to evaluate possible sex-specific 547 

differences in the vulnerability to early-life stress and the responses to CBD chronic 548 

treatment. 549 

4.4. Long-term hyperphosphorilation of mTOR and ERK 1/2 in the amygdala in 550 

early-life stressed females 551 
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Based on the behavioural and CCO activity results, we evaluated if MSEW 552 

induced changes in the mTOR-MAPK (ERK1/2) pathway in both striatum and 553 

amygdala, since the phosphorylation of both mTOR (Bordi et al., 2019) and ERK 554 

(Duncan et al., 2018; Feng et al., 2016) proteins are related to pro-apoptotic processes, 555 

mitochondrial damage, and depression (Chandran et al., 2013; Duman et al., 2012; Réus 556 

et al., 2014; Saeedi Saravi et al., 2017; Yamada and Jinno, 2019). Despite decreased 557 

mitochondrial CCO activity in the striatum of the MSEW female mice, we did not 558 

observe long-lasting effects on either the levels of ERK1/2, mTOR or their 559 

phosphorylated forms in the striatum of early-life stressed females. Our results are in line 560 

with those obtained by Chandran et al., (2013) because they found no changes in ERK 561 

or mTOR protein levels either in prefrontal cortex, hippocampus or dorsal raphe in rats 562 

after eight-weeks of unpredictable stress.  563 

Meanwhile, we found several molecular alterations in the mTOR amygdalar 564 

pathways, indicating a greater stress-related sensitivity than other brain structures. 565 

Whereas MSEW females show an exacerbated expression of p-ERK1/2 and p-mTOR 566 

and an increased p-mTOR/mTOR ratio, Chandran et al., (2013) found decreased levels 567 

of phosphorylated mTOR and ERK1/2 only in the amygdala of stressed rats, supporting 568 

that the amygdala is a brain area highly sensitive to stress. The mTOR hyperactivation 569 

in the amygdalar complex of MSEW females agrees with the reduction of mitochondrial 570 

metabolism revealed by CCO activity. A plausible hypothesis could be that MSEW 571 

might trigger some mitochondrial-associated changes that may lead to the accumulation 572 

of mitochondrial damage revealed by a general decreased CCO metabolism of the BLA, 573 

CEA and LA. This mechanism has been already reported for explaining mTOR 574 

hyperactivation in the amygdalar complex in Down Syndrome (Bordi et al., 2019). In 575 

this sense, mTOR hyperactivation could indicate a negative modulation in the autophagy 576 

of mitochondria flux regulation in MSEW, leading to negative effects on mitochondrial 577 

replacement. We hypothesized that aberrant hyperactivation of mTOR amygdalar 578 

pathway of MSEW female could be reflecting an abnormal dysregulation of this pathway 579 

during development in response to early-life stress in a brain region-dependent manner, 580 

as also found in the frontal cortex and hippocampus of Down syndrome patients (Iyer et 581 

al., 2014; Perluigi et al., 2014).  582 

4.5. Conclusion 583 
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The maternal separation model used here (MSEW) could be a reliable model that 584 

recapitulates some symptomatology-like of several mental disorders, since it induces 585 

depressive-like behaviour, as well as abnormal oxidative mitochondria metabolism as 586 

also occurs in some human mood and anxiety disorders. Our results indicate that CBD 587 

administration may improve behavioural cognitive impairment in MSEW females, since 588 

it shows antidepressant-like and anxiolytic effects and ameliorates the associative 589 

memories in MSEW females. However, we acknowledge as potential limitations that 590 

CBD does not revert the mitochondrial metabolic alterations that maternal neglect 591 

induces during early-life developmental stages. Probably, the neurodevelopmental 592 

changes promoted by MSEW are so deep and robust that a later CBD extended exposure 593 

window during adulthood is not enough to revert the underlying molecular alterations.  594 

Acknowledgments 595 

This work was supported by Ministerio de Economía y Competitividad (grants number 596 

PID2019-104077-RB-100 and PSI2017-83038-P), Ministerio de Sanidad, Asuntos 597 

Sociales e Igualdad (Retic-ISCIII-RD/16/0017/0010-FEDER and Plan Nacional Sobre 598 

Drogas (#2018/007). The Department of Experimental and Health Sciences (UPF) is a 599 

“Unidad de Excelencia María de Maeztu” funded by the AEI (CEX2018-000792-M). 600 

The authors declare no conflict of interest.   601 



 25

5. REFERENCES 602 

Allen, J., Romay-Tallon, R., Brymer, K.J., Caruncho, H.J., Kalynchuk, L.E., 2018. 603 

Mitochondria and mood: Mitochondrial dysfunction as a key player in the 604 

manifestation of depression. Front. Neurosci. 605 

https://doi.org/10.3389/fnins.2018.00386 606 

Anglin, R.E., Rosebush, P.I., Noseworthy, M.D., Tarnopolsky, M., Mazurek, M.F., 607 

2012. Psychiatric symptoms correlate with metabolic indices in the hippocampus 608 

and cingulate in patients with mitochondrial disorders. Transl. Psychiatry 2, 187. 609 

https://doi.org/10.1038/tp.2012.107 610 

Bansal, Y., Kuhad, A., 2016. Mitochondrial Dysfunction in Depression. Curr. 611 

Neuropharmacol. 14, 610–618. 612 

https://doi.org/10.2174/1570159x14666160229114755 613 

Bénard, G., Massa, F., Puente, N., Lourenço, J., Bellocchio, L., Soria-Gómez, E., 614 

Matias, I., Delamarre, A., Metna-Laurent, M., Cannich, A., Hebert-Chatelain, E., 615 

Mulle, C., Ortega-Gutiérrez, S., Martín-Fontecha, M., Klugmann, M., 616 

Guggenhuber, S., Lutz, B., Gertsch, J., Chaouloff, F., López-Rodríguez, M.L., 617 

Grandes, P., Rossignol, R., Marsicano, G., 2012. Mitochondrial CB 1 receptors 618 

regulate neuronal energy metabolism. Nat. Neurosci. 2012 154 15, 558–564. 619 

https://doi.org/10.1038/nn.3053 620 

Bordi, M., Darji, S., Sato, Y., Mellén, M., Berg, M.J., Kumar, A., Jiang, Y., Nixon, 621 

R.A., 2019. mTOR hyperactivation in Down Syndrome underlies deficits in 622 

autophagy induction, autophagosome formation, and mitophagy. Cell Death Dis. 623 

10, 1–17. https://doi.org/10.1038/s41419-019-1752-5 624 

Campos, A.C., Fogaça, M. V., Sonego, A.B., Guimarães, F.S., 2016. Cannabidiol, 625 

neuroprotection and neuropsychiatric disorders. Pharmacol. Res. 112, 119–127. 626 

https://doi.org/10.1016/J.PHRS.2016.01.033 627 

Campos, A.C., Moreira, F.A., Gomes, F.V., del Bel, E.A., Guimarães, F.S., 2012. 628 

Multiple mechanisms involved in the large-spectrum therapeutic potential of 629 

cannabidiol in psychiatric disorders. Philos. Trans. R. Soc. B Biol. Sci. 630 

https://doi.org/10.1098/rstb.2011.0389 631 



 26

Campos, A.C., Ortega, Z., Palazuelos, J., Fogaça, M. V., Aguiar, D.C., Díaz-Alonso, J., 632 

Ortega-Gutiérrez, S., Vázquez-Villa, H., Moreira, F.A., Guzmán, M., Galve-633 

Roperh, I., Guimarães, F.S., 2013. The anxiolytic effect of cannabidiol on 634 

chronically stressed mice depends on hippocampal neurogenesis: Involvement of 635 

the endocannabinoid system. Int. J. Neuropsychopharmacol. 16, 1407–1419. 636 

https://doi.org/10.1017/S1461145712001502 637 

Cantacorps, L., González-Pardo, H., Arias, J.L., Valverde, O., Conejo, N.M., 2018. 638 

Altered brain functional connectivity and behaviour in a mouse model of maternal 639 

alcohol binge-drinking. Prog. Neuro-Psychopharmacology Biol. Psychiatry 84, 640 

237–249. https://doi.org/10.1016/j.pnpbp.2018.03.006 641 

Canteras, N.S., Resstel, L.B., Bertoglio, L.J., de Pádua Carobrez, A., Guimarães, F.S., 642 

2010. Neuroanatomy of anxiety. Curr. Top. Behav. Neurosci. 2, 77–96. 643 

https://doi.org/10.1007/7854_2009_7 644 

Carrier, N., Kabbaj, M., 2013. Sex differences in the antidepressant-like effects of 645 

ketamine. Neuropharmacology 70, 27–34. 646 

https://doi.org/10.1016/j.neuropharm.2012.12.009 647 

Castro-Zavala, Adriana, Martín-Sánchez, A., Luján, M.Á., Valverde, O., 2020. 648 

Maternal separation increases cocaine intake through a mechanism involving 649 

plasticity in glutamate signalling. Addict. Biol. https://doi.org/10.1111/adb.12911 650 

Castro-Zavala, A., Martín-Sánchez, A., Montalvo-Martínez, L., Camacho-Morales, A., 651 

Valverde, O., 2021. Cocaine-seeking behaviour is differentially expressed in male 652 

and female mice exposed to maternal separation and is associated with alterations 653 

in AMPA receptors subunits in the medial prefrontal cortex. Prog. Neuro-654 

Psychopharmacology Biol. Psychiatry 109. 655 

https://doi.org/10.1016/j.pnpbp.2021.110262 656 

Castro-Zavala, A., Martín-Sánchez, A., Valverde, O., 2020. Sex differences in the 657 

vulnerability to cocaine’s addictive effects after early-life stress in mice. Eur. 658 

Neuropsychopharmacol. 32. https://doi.org/10.1016/j.euroneuro.2019.12.112 659 

Chandran, A., Iyo, A.H., Jernigan, C.S., Legutko, B., Austin, M.C., Karolewicz, B., 660 

2013. Reduced phosphorylation of the mTOR signaling pathway components in 661 



 27

the amygdala of rats exposed to chronic stress. Prog. Neuro-Psychopharmacology 662 

Biol. Psychiatry 40, 240–245. https://doi.org/10.1016/j.pnpbp.2012.08.001 663 

Davis, M., 1998. Are different parts of the extended amygdala involved in fear versus 664 

anxiety? Biol. Psychiatry. https://doi.org/10.1016/S0006-3223(98)00288-1 665 

Daviu, N., Bruchas, M.R., Moghaddam, B., Sandi, C., Beyeler, A., 2019. 666 

Neurobiological links between stress and anxiety. Neurobiol. Stress. 667 

https://doi.org/10.1016/j.ynstr.2019.100191 668 

Deiana, S., Watanabe, A., Yamasaki, Y., Amada, N., Arthur, M., Fleming, S., 669 

Woodcock, H., Dorward, P., Pigliacampo, B., Close, S., Platt, B., Riedel, G., 2012. 670 

Plasma and brain pharmacokinetic profile of cannabidiol (CBD), cannabidivarine 671 

(CBDV), Δ 9-tetrahydrocannabivarin (THCV) and cannabigerol (CBG) in rats and 672 

mice following oral and intraperitoneal administration and CBD action on 673 

obsessive-compulsive behav. Psychopharmacology (Berl). 219, 859–873. 674 

https://doi.org/10.1007/s00213-011-2415-0 675 

Duman, R.S., Li, N., Liu, R.J., Duric, V., Aghajanian, G., 2012. Signaling pathways 676 

underlying the rapid antidepressant actions of ketamine, in: Neuropharmacology. 677 

Pergamon, pp. 35–41. https://doi.org/10.1016/j.neuropharm.2011.08.044 678 

Duncan, O.F., Granat, L., Ranganathan, R., Singh, V.K., Mazaud, D., Fanto, M., 679 

Chambers, D., Ballard, C.G., Bateman, J.M., 2018. Ras-ERK-ETS inhibition 680 

alleviates neuronal mitochondrial dysfunction by reprogramming mitochondrial 681 

retrograde signaling. PLoS Genet. 14. 682 

https://doi.org/10.1371/journal.pgen.1007567 683 

Esposito, G., Scuderi, C., Valenza, M., Togna, G.I., Latina, V., de Filippis, D., 684 

Cipriano, M., Carratù, M.R., Iuvone, T., Steardo, L., 2011. Cannabidiol reduces 685 

Aβ-induced neuroinflammation and promotes hippocampal neurogenesis through 686 

PPARγ involvement. PLoS One 6. https://doi.org/10.1371/journal.pone.0028668 687 

Feng, D., Wang, B., Ma, Y., Shi, W., Tao, K., Zeng, W., Cai, Q., Zhang, Z., Qin, H., 688 

2016. The Ras/Raf/Erk Pathway Mediates the Subarachnoid Hemorrhage-Induced 689 

Apoptosis of Hippocampal Neurons Through Phosphorylation of p53. Mol. 690 

Neurobiol. 53, 5737–5748. https://doi.org/10.1007/s12035-015-9490-x 691 



 28

Filiou, M.D., Sandi, C., 2019. Anxiety and Brain Mitochondria: A Bidirectional 692 

Crosstalk. Trends Neurosci. https://doi.org/10.1016/j.tins.2019.07.002 693 

Fogaça, M. V., Campos, A.C., Coelho, L.D., Duman, R.S., Guimarães, F.S., 2018. The 694 

anxiolytic effects of cannabidiol in chronically stressed mice are mediated by the 695 

endocannabinoid system: Role of neurogenesis and dendritic remodeling. 696 

Neuropharmacology 135, 22–33. 697 

https://doi.org/10.1016/j.neuropharm.2018.03.001 698 

Fox, A.S., Shackman, A.J., 2019. The central extended amygdala in fear and anxiety: 699 

Closing the gap between mechanistic and neuroimaging research. Neurosci. Lett. 700 

https://doi.org/10.1016/j.neulet.2017.11.056 701 

Friston, K.J., 2011. Functional and Effective Connectivity: A Review. Brain Connect. 1, 702 

13–36. https://doi.org/10.1089/brain.2011.0008 703 

Gáll, Z., Farkas, S., Albert, Á., Ferencz, E., Vancea, S., Urkon, M., Kolcsár, M., 2020. 704 

Effects of chronic cannabidiol treatment in the rat chronic unpredictable mild stress 705 

model of depression. Biomolecules 10. https://doi.org/10.3390/biom10050801 706 

George, E.D., Bordner, K.A., Elwafi, H.M., Simen, A.A., 2010. Maternal separation 707 

with early weaning: A novel mouse model of early life neglect. BMC Neurosci. 11. 708 

https://doi.org/10.1186/1471-2202-11-123 709 

Gilpin, N.W., Herman, M.A., Roberto, M., 2015. The Central Amygdala as an 710 

Integrative Hub for Anxiety and Alcohol Use Disorders. Biol. Psychiatry. 711 

https://doi.org/10.1016/j.biopsych.2014.09.008 712 

Gonzales-Lima, F., Jones, D., 1994. Quantitative mapping of cytovhrome oxidase 713 

activity in the central auditory system of the gerbil: a study with calibrated activity 714 

standards and metal-intensified histochemistry. Brain Res. 660, 34–49. 715 

https://doi.org/10.1016/0006-8993(94)90836-2 716 

Gonzalez-Cuevas, G., Martin-Fardon, R., Kerr, T.M., Stouffer, D.G., Parsons, L.H., 717 

Hammell, D.C., Banks, S.L., Stinchcomb, A.L., Weiss, F., 2018. Unique treatment 718 

potential of cannabidiol for the prevention of relapse to drug use: preclinical proof 719 

of principle. Neuropsychopharmacology 43, 2036–2045. 720 



 29

https://doi.org/10.1038/s41386-018-0050-8 721 

Gonzalez-Lima, F., 1992. Brain Imaging of Auditory Learning Functions in Rats: 722 

Studies with Fluorodeoxyglucose Autoradiography and Cytochrome Oxidase 723 

Histochemistry. Adv. Metab. Mapp. Tech. Brain Imaging Behav. Learn. Funct. 724 

39–109. https://doi.org/10.1007/978-94-011-2712-7_2 725 

Gonzalez-Lima, F., Cada, A., 1994. Cytochrome oxidase activity in the auditory system 726 

of the mouse: A qualitative and quantitative histochemical study. Neuroscience 63, 727 

559–578. https://doi.org/10.1016/0306-4522(94)90550-9 728 

González-Pardo, H., Arias, J.L., Gómez-Lázaro, E., Taboada, I.L., Conejo, N.M., 2020. 729 

Sex-specific effects of early life stress on brain mitochondrial function, 730 

monoamine levels and neuroinflammation. Brain Sci. 10, 1–17. 731 

https://doi.org/10.3390/brainsci10070447 732 

González-Pardo, H., Arias, J.L., Vallejo, G., Conejo, N.M., 2019. Environmental 733 

enrichment effects after early stress on behavior and functional brain networks in 734 

adult rats. PLoS One 14, e0226377. https://doi.org/10.1371/journal.pone.0226377 735 

González-Pardo, H., Conejo, N.M., Lana, G., Arias, J.L., 2012. Different brain 736 

networks underlying the acquisition and expression of contextual fear 737 

conditioning: A metabolic mapping study. Neuroscience 202, 234–242. 738 

https://doi.org/10.1016/j.neuroscience.2011.11.064 739 

Gracia-Rubio, I., Moscoso-Castro, M., Pozo, O.J., Marcos, J., Nadal, R., Valverde, O., 740 

2016. Maternal separation induces neuroinflammation and long-lasting emotional 741 

alterations in mice. Prog. Neuro-Psychopharmacology Biol. Psychiatry 65, 104–742 

117. https://doi.org/10.1016/j.pnpbp.2015.09.003 743 

Gray, T.S., Carney, M.E., Magnuson, D.J., 1989. Direct projections from the central 744 

amygdaloid nucleus to the hypothalamic paraventricular nucleus: possible role in 745 

stress-induced adrenocorticotropin release. Neuroendocrinology 50, 433–446. 746 

https://doi.org/10.1159/000125260 747 

Haissaguerre, M., Saucisse, N., Cota, D., 2014. Influence of mTOR in energy and 748 

metabolic homeostasis. Mol. Cell. Endocrinol. 397, 67–77. 749 



 30

https://doi.org/10.1016/J.MCE.2014.07.015 750 

Harro, J., Kanarik, M., Matrov, D., Panksepp, J., 2011. Mapping patterns of depression-751 

related brain regions with cytochrome oxidase histochemistry: Relevance of animal 752 

affective systems to human disorders, with a focus on resilience to adverse events. 753 

Neurosci. Biobehav. Rev. https://doi.org/10.1016/j.neubiorev.2011.02.016 754 

Herbison, C.E., Allen, K., Robinson, M., Newnham, J., Pennell, C., 2017. The impact of 755 

life stress on adult depression and anxiety is dependent on gender and timing of 756 

exposure. Dev. Psychopathol. 29, 1443–1454. 757 

https://doi.org/10.1017/S0954579417000372 758 

Hollis, F., Van Der Kooij, M.A., Zanoletti, O., Lozano, L., Cantó, C., Sandi, C., 2015. 759 

Mitochondrial function in the brain links anxiety with social subordination. Proc. 760 

Natl. Acad. Sci. U. S. A. 112, 15486–15491. 761 

https://doi.org/10.1073/pnas.1512653112 762 

Horwitz, B., Grady, C.L., Haxby, J. V., Schapiro, M.B., Rapoport, S.I., Ungerleider, 763 

L.G., Mishkin, M., 1992. Functional associations among human posterior 764 

extrastriate brain regions during object and spatial vision. J. Cogn. Neurosci. 4, 765 

311–322. https://doi.org/10.1162/jocn.1992.4.4.311 766 

Ignácio, Z.M., Réus, G.Z., Arent, C.O., Abelaira, H.M., Pitcher, M.R., Quevedo, J., 767 

2016. New perspectives on the involvement of mTOR in depression as well as in 768 

the action of antidepressant drugs. Br. J. Clin. Pharmacol. 769 

https://doi.org/10.1111/bcp.12845 770 

Iyer, A.M., Van Scheppingen, J., Milenkovic, I., Anink, J.J., Adle-Biassette, H., 771 

Kovacs, G.G., Aronica, E., 2014. MTOR hyperactivation in down syndrome 772 

hippocampus appears early during development. J. Neuropathol. Exp. Neurol. 73, 773 

671–683. https://doi.org/10.1097/NEN.0000000000000083 774 

Izquierdo, I., Furini, C.R.G., Myskiw, J.C., 2016. Fear memory. Physiol. Rev. 96, 695–775 

750. https://doi.org/10.1152/physrev.00018.2015 776 

Jong-Wook, L., 2003. Investing in Mental health. Invest. Ment. Heal. 1–48. 777 



 31

Kasahara, T., Kato, T., 2018. What Can Mitochondrial DNA Analysis Tell Us About 778 

Mood Disorders? Biol. Psychiatry. https://doi.org/10.1016/j.biopsych.2017.09.010 779 

Kasten, C.R., Zhang, Y., Boehm, S.L., 2019. Acute cannabinoids produce robust 780 

anxiety-like and locomotor effects in mice, but long-term consequences are age- 781 

And sex-dependent. Front. Behav. Neurosci. 13. 782 

https://doi.org/10.3389/fnbeh.2019.00032 783 

Kim, J., Kundu, M., Viollet, B., Guan, K.L., 2011. AMPK and mTOR regulate 784 

autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141. 785 

https://doi.org/10.1038/ncb2152 786 

Kolar, D., Kleteckova, L., Brozka, H., Vales, K., 2021. Mini-review: Brain energy 787 

metabolism and its role in animal models of depression, bipolar disorder, 788 

schizophrenia and autism. Neurosci. Lett. 136003. 789 

https://doi.org/10.1016/J.NEULET.2021.136003 790 

Laprairie, R.B., Bagher, A.M., Kelly, M.E.M., Denovan-Wright, E.M., 2015. 791 

Cannabidiol is a negative allosteric modulator of the cannabinoid CB1 receptor. 792 

Br. J. Pharmacol. 172, 4790–4805. https://doi.org/10.1111/bph.13250 793 

Ligresti, A., De Petrocellis, L., Di Marzo, V., 2016. From phytocannabinoids to 794 

cannabinoid receptors and endocannabinoids: Pleiotropic physiological and 795 

pathological roles through complex pharmacology. Physiol. Rev. 96, 1593–1659. 796 

https://doi.org/10.1152/physrev.00002.2016 797 

Linge, R., Jiménez-Sánchez, L., Campa, L., Pilar-Cuéllar, F., Vidal, R., Pazos, A., 798 

Adell, A., Díaz, Á., 2016. Cannabidiol induces rapid-acting antidepressant-like 799 

effects and enhances cortical 5-HT/glutamate neurotransmission: Role of 5-HT1A 800 

receptors. Neuropharmacology 103, 16–26. 801 

https://doi.org/10.1016/j.neuropharm.2015.12.017 802 

Luján, M., Valverde, O., 2020. The Pro-neurogenic Effects of Cannabidiol and Its 803 

Potential Therapeutic Implications in Psychiatric Disorders. Front. Behav. 804 

Neurosci. https://doi.org/10.3389/fnbeh.2020.00109 805 

Luján, M.Á., Cantacorps, L., Valverde, O., 2020. The pharmacological reduction of 806 



 32

hippocampal neurogenesis attenuates the protective effects of cannabidiol on 807 

cocaine voluntary intake. Addict. Biol. 25. https://doi.org/10.1111/adb.12778 808 

Luján, M.Á., Castro-Zavala, A., Alegre-Zurano, L., Valverde, O., 2018. Repeated 809 

Cannabidiol treatment reduces cocaine intake and modulates neural proliferation 810 

and CB1R expression in the mouse hippocampus. Neuropharmacology 143, 163–811 

175. https://doi.org/10.1016/j.neuropharm.2018.09.043 812 

Magen, I., Avraham, Y., Ackerman, Z., Vorobiev, L., Mechoulam, R., Berry, E.M., 813 

2010. Cannabidiol ameliorates cognitive and motor impairments in bile-duct 814 

ligated mice via 5-HT 1A receptor activation. Br. J. Pharmacol. 159, 950–957. 815 

https://doi.org/10.1111/j.1476-5381.2009.00589.x 816 

Mällo, T., Matrov, D., Kõiv, K., Harro, J., 2009. Effect of chronic stress on behavior 817 

and cerebral oxidative metabolism in rats with high or low positive affect. 818 

Neuroscience 164, 963–974. https://doi.org/10.1016/j.neuroscience.2009.08.041 819 

Mancuso, M., Orsucci, D., Ienco, E.C., Pini, E., Choub, A., Siciliano, G., 2013. 820 

Psychiatric involvement in adult patients with mitochondrial disease. Neurol. Sci. 821 

34, 71–74. https://doi.org/10.1007/s10072-011-0901-0 822 

Martín-Sánchez, A., García-Baos, A., Castro-Zavala, A., Alegre-Zurano, L., Valverde, 823 

O., 2021. Early-life stress exacerbates the effects of WIN55,212-2 and modulates 824 

the cannabinoid receptor type 1 expression. Neuropharmacology 184. 825 

https://doi.org/10.1016/j.neuropharm.2020.108416 826 

Matrov, D., Kaart, T., Lanfumey, L., Maldonado, R., Sharp, T., Tordera, R.M., Kelly, 827 

P.A., Deakin, B., Harro, J., 2019. Cerebral oxidative metabolism mapping in four 828 

genetic mouse models of anxiety and mood disorders. Behav. Brain Res. 356, 435–829 

443. https://doi.org/10.1016/j.bbr.2018.05.031 830 

McLntosh, A.R., Gonzalez-Lima, F., 1994. Structural equation modeling and its 831 

application to network analysis in functional brain imaging. Hum. Brain Mapp. 2, 832 

2–22. https://doi.org/10.1002/HBM.460020104 833 

Papa, M., Berger, D.F., Sagvolden, T., Sergeant, J.A., Sadile, A.G., 1998. A 834 

quantitative cytochrome oxidase mapping study, cross-regional and 835 



 33

neurobehavioural correlations in the anterior forebrain of an animal model of 836 

Attention Deficit Hyperactivity Disorder. Behav. Brain Res. 94, 197–211. 837 

https://doi.org/10.1016/S0166-4328(97)00180-0 838 

Paré, D., Quirk, G.J., Ledoux, J.E., 2004. New vistas on amygdala networks in 839 

conditioned fear. J. Neurophysiol. https://doi.org/10.1152/jn.00153.2004 840 

Perluigi, M., Pupo, G., Tramutola, A., Cini, C., Coccia, R., Barone, E., Head, E., 841 

Butterfield, D.A., Di Domenico, F., 2014. Neuropathological role of 842 

PI3K/Akt/mTOR axis in Down syndrome brain. Biochim. Biophys. Acta - Mol. 843 

Basis Dis. 1842, 1144–1153. https://doi.org/10.1016/j.bbadis.2014.04.007 844 

Picard, M., McEwen, B.S., Epel, E.S., Sandi, C., 2018. An energetic view of stress: 845 

Focus on mitochondria. Front. Neuroendocrinol. 49, 72–85. 846 

https://doi.org/10.1016/j.yfrne.2018.01.001 847 

Portero-Tresserra, M., Gracia-Rubio, I., Cantacorps, L., Pozo, O.J., Gómez-Gómez, A., 848 

Pastor, A., López-Arnau, R., de la Torre, R., Valverde, O., 2018. Maternal 849 

separation increases alcohol-drinking behaviour and reduces endocannabinoid 850 

levels in the mouse striatum and prefrontal cortex. Eur. Neuropsychopharmacol. 851 

28, 499–512. https://doi.org/10.1016/j.euroneuro.2018.02.003 852 

Prieto, J.P., López Hill, X., Urbanavicius, J., Sanchez, V., Nadal, X., Scorza, C., 2020. 853 

Cannabidiol Prevents the Expression of the Locomotor Sensitization and the 854 

Metabolic Changes in the Nucleus Accumbens and Prefrontal Cortex Elicited by 855 

the Combined Administration of Cocaine and Caffeine in Rats. Neurotox. Res. 38, 856 

478–486. https://doi.org/10.1007/s12640-020-00218-9 857 

Raymundi, A.M., da Silva, T.R., Zampronio, A.R., Guimarães, F.S., Bertoglio, L.J., 858 

Stern, C.A.J., 2020. A time-dependent contribution of hippocampal CB1, CB2 and 859 

PPARγ receptors to cannabidiol-induced disruption of fear memory consolidation. 860 

Br. J. Pharmacol. 177, 945–957. https://doi.org/10.1111/bph.14895 861 

Réus, G.Z., Vieira, F.G., Abelaira, H.M., Michels, M., Tomaz, D.B., dos Santos, 862 

M.A.B., Carlessi, A.S., Neotti, M. V., Matias, B.I., Luz, J.R., Dal-Pizzol, F., 863 

Quevedo, J., 2014. MAPK signaling correlates with the antidepressant effects of 864 

ketamine. J. Psychiatr. Res. 55, 15–21. 865 



 34

https://doi.org/10.1016/j.jpsychires.2014.04.010 866 

Russo, S.J., Nestler, E.J., 2013. The brain reward circuitry in mood disorders. Nat. Rev. 867 

Neurosci. https://doi.org/10.1038/nrn3381 868 

Saavedra, A., Giralt, A., Arumí, H., Alberch, J., Pérez-Navarro, E., 2013. Regulation of 869 

Hippocampal cGMP Levels as a Candidate to Treat Cognitive Deficits in 870 

Huntington’s Disease. PLoS One 8, e73664. 871 

https://doi.org/10.1371/journal.pone.0073664 872 

Saeedi Saravi, Seyed Soheil, Arefidoust, A., Saeedi Saravi, Seyed Sobhan, Yaftian, R., 873 

Bayati, M., Salehi, M., Dehpour, A.R., 2017. Mammalian target of rapamycin 874 

(mTOR)/nitric oxide system possibly modulate antidepressant-like effect of 17α-875 

ethinyl estradiol in ovariectomized mice. Biomed. Pharmacother. 89, 591–604. 876 

https://doi.org/10.1016/j.biopha.2017.02.078 877 

Saleh, A., Potter, G.G., McQuoid, D.R., Boyd, B., Turner, R., MacFall, J.R., Taylor, 878 

W.D., 2017. Effects of early life stress on depression, cognitive performance and 879 

brain morphology. Psychol. Med. 47, 171–181. 880 

https://doi.org/10.1017/S0033291716002403 881 

Sales, A.J., Crestani, C.C., Guimarães, F.S., Joca, S.R.L., 2018. Antidepressant-like 882 

effect induced by Cannabidiol is dependent on brain serotonin levels. Prog. Neuro-883 

Psychopharmacology Biol. Psychiatry 86, 255–261. 884 

https://doi.org/10.1016/j.pnpbp.2018.06.002 885 

Sales, A.J., Fogaça, M. V., Sartim, A.G., Pereira, V.S., Wegener, G., Guimarães, F.S., 886 

Joca, S.R.L., 2019. Cannabidiol Induces Rapid and Sustained Antidepressant-Like 887 

Effects Through Increased BDNF Signaling and Synaptogenesis in the Prefrontal 888 

Cortex. Mol. Neurobiol. 56, 1070–1081. https://doi.org/10.1007/s12035-018-1143-889 

4 890 

Sartim, A.G., Guimarães, F.S., Joca, S.R.L., 2016. Antidepressant-like effect of 891 

cannabidiol injection into the ventral medial prefrontal cortex—Possible 892 

involvement of 5-HT1A and CB1 receptors. Behav. Brain Res. 303, 218–227. 893 

https://doi.org/10.1016/J.BBR.2016.01.033 894 



 35

Sartim, A.G., Sales, A.J., Guimarães, F.S., Joca, S.R.L., 2018. Hippocampal 895 

mammalian target of rapamycin is implicated in stress-coping behavior induced by 896 

cannabidiol in the forced swim test. J. Psychopharmacol. 32, 922–931. 897 

https://doi.org/10.1177/0269881118784877 898 

Sbarski, B., Akirav, I., 2018. Chronic exposure to cannabinoids before an emotional 899 

trauma may have negative effects on emotional function. Eur. 900 

Neuropsychopharmacol. 28, 955–969. 901 

https://doi.org/10.1016/j.euroneuro.2018.05.008 902 

Schiavon, A.P., Bonato, J.M., Milani, H., Guimarães, F.S., Weffort de Oliveira, R.M., 903 

2016. Influence of single and repeated cannabidiol administration on emotional 904 

behavior and markers of cell proliferation and neurogenesis in non-stressed mice. 905 

Prog. Neuro-Psychopharmacology Biol. Psychiatry 64, 27–34. 906 

https://doi.org/10.1016/j.pnpbp.2015.06.017 907 

Shao, J., Tu, D., 1995. The Jackknife and Bootstrap, Springer Series in Statistics. 908 

Springer New York, New York, NY. https://doi.org/10.1007/978-1-4612-0795-5 909 

Shumake, J., Edwards, E., Gonzalez-Lima, F., 2003. Opposite metabolic changes in the 910 

habenula and ventral tegmental area of a genetic model of helpless behavior. Brain 911 

Res. 963, 274–281. https://doi.org/10.1016/S0006-8993(02)04048-9 912 

Shumake, J., Edwards, E., Gonzalez-Lima, F., 2002. Dissociation of septo-hippocampal 913 

metabolism in the congenitally helpless rat. Neuroscience 114, 373–377. 914 

https://doi.org/10.1016/S0306-4522(02)00297-X 915 

Silote, G.P., Sartim, A., Sales, A., Eskelund, A., Guimarães, F.S., Wegener, G., Joca, S., 916 

2019. Emerging evidence for the antidepressant effect of cannabidiol and the 917 

underlying molecular mechanisms. J. Chem. Neuroanat. 98, 104–116. 918 

https://doi.org/10.1016/j.jchemneu.2019.04.006 919 

Tham, M., Yilmaz, O., Alaverdashvili, M., Kelly, M.E.M., Denovan-Wright, E.M., 920 

Laprairie, R.B., 2018. Allosteric and orthosteric pharmacology of cannabidiol and 921 

cannabidiol-dimethylheptyl at the type 1 and type 2 cannabinoid receptors. Br. J. 922 

Pharmacol. https://doi.org/10.1111/bph.14440 923 



 36

Uhernik, A.L., Montoya, Z.T., Balkissoon, C.D., Smith, J.P., 2018. Learning and 924 

memory is modulated by cannabidiol when administered during trace fear-925 

conditioning. Neurobiol. Learn. Mem. 149, 68–76. 926 

https://doi.org/10.1016/j.nlm.2018.02.009 927 

Viudez-Martínez, A., García-Gutiérrez, M.S., Manzanares, J., 2020. Gender differences 928 

in the effects of cannabidiol on ethanol binge drinking in mice. Addict. Biol. 25. 929 

https://doi.org/10.1111/adb.12765 930 

Viudez-Martínez, A., García-Gutiérrez, M.S., Manzanares, J., 2018. Cannabidiol 931 

regulates the expression of hypothalamus-pituitary-adrenal axis-related genes in 932 

response to acute restraint stress. J. Psychopharmacol. 32, 1379–1384. 933 

https://doi.org/10.1177/0269881118805495 934 

Wallace, D.C., 1999. Mitochondrial diseases in man and mouse. Science (80-. ). 935 

https://doi.org/10.1126/science.283.5407.1482 936 

Wanner, N.M., Colwell, M., Drown, C., Faulk, C., 2021. Developmental cannabidiol 937 

exposure increases anxiety and modifies genome-wide brain DNA methylation in 938 

adult female mice. Clin. Epigenetics 13. https://doi.org/10.1186/s13148-020-939 

00993-4 940 

Wilensky, A.E., Schafe, G.E., Kristensen, M.P., LeDoux, J.E., 2006. Rethinking the 941 

fear circuit: The central nucleus of the amygdala is required for the acquisition, 942 

consolidation, and expression of pavlovian fear conditioning. J. Neurosci. 26, 943 

12387–12396. https://doi.org/10.1523/JNEUROSCI.4316-06.2006 944 

World Health Organization, 2017. Depression and Other Common Mental Disorders. 945 

Xu, C., Chang, T., Du, Y., Yu, C., Tan, X., Li, X., 2019. Pharmacokinetics of oral and 946 

intravenous cannabidiol and its antidepressant-like effects in chronic mild stress 947 

mouse model. Environ. Toxicol. Pharmacol. 70. 948 

https://doi.org/10.1016/j.etap.2019.103202 949 

Yamada, J., Jinno, S., 2019. Potential link between antidepressant-like effects of 950 

ketamine and promotion of adult neurogenesis in the ventral hippocampus of mice. 951 

Neuropharmacology 158. https://doi.org/10.1016/j.neuropharm.2019.107710 952 



 37

 953 


