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Introduction

The rise in cannabis legalization and decriminalization has kindled 

interest in the therapeutic possibilities for using cannabis deriva-

tives in psychiatry. The native plant Cannabis sativa contains two 

principal phytocannabinoids: delta (9)-tetrahydrocannabinol 

(THC) and cannabidiol (CBD). Of these, CBD, the major non-

psychoactive constituent of cannabis, has therapeutic potential for 

the treatment of anxiety. Several recent reviews evidence the anxi-

olytic nature of CBD in humans, supported by data obtained in 

animal models (García-Gutiérrez et al., 2020; Lisboa et al., 2017; 

Melas et al., 2021; Wright et al., 2020). The excellent safety profile 

of CBD (Dos Santos et al., 2020; Iffland and Grotenhermen, 2017) 

makes it an attractive candidate for further development.

CBD has a complex and highly nonselective pharmacology, 

affecting many different neurotransmitter systems in addition to 

its actions at cannabinoid receptors (Cifelli et al., 2020; Murkar 

et al., 2021). Its anxiolytic effects are characterized by a bell-

shaped dose-response curve (Linares et al., 2019), seen in both 

humans (Linares et al., 2019; Zuardi et al., 2017) and animals 

(Campos and Guimarães, 2008; Gomes et al., 2011; Guimarães 

et al., 1990). However, these findings are based on evidence gath-

ered almost exclusively from male subjects. Although female 

participants were included in several recent studies with human 

subjects, data from males and females were pooled for analysis 

(Bolsoni et al., 2022; Zuardi et al, 2017). As far as we are aware, 

there has been no systematic investigation of sex differences in 

responsiveness to CBD in humans.
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In animal studies, sex differences in the effects of cannabis 

and the cannabinoid THC have been reported, although the 

findings are equivocal (see Cooper and Craft, 2018, for a criti-

cal review). There is also evidence that gonadal hormones can 

modify the effects of THC (Cooper and Craft, 2018). Much less 

attention has been directed toward CBD, despite it being, along-

side THC, the major constituent of cannabis that has therapeutic 

potential. In one recent study in female rats, anxiolytic-like 

effects in the elevated plus maze (EPM) were seen in response 

to intraperitoneal injection of 3 mg/kg CBD (Salviato et al., 

2021). This is within the dose range known to be effective in 

similar studies in males (Genaro et al., 2017; Guimarães et al., 

1994). On the other hand, CBD was without effect in the EPM 

in adult female mice (5–20 mg/kg), although 5 mg/kg signifi-

cantly increased the percentage of time spent in the center of an 

open field arena in adolescents (Kasten et al., 2019). Lower 

doses were not tested in that study. Moreover, neither study 

considered the possible influence of the estrous cycle in 

females. This is an important omission since estrous cycle-

linked effects have been reported for other anxiolytic agents 

(Devall et al., 2009; Machado-Figueiredo et al., 2019; Soares-

Rachetti et al., 2016).

In view of the rising popularity of cannabis derivatives for 

medical purposes and the two-fold higher prevalence of anxi-

ety-related disorders in women compared to men (Hantsoo and 

Epperson, 2017), an understanding of sex differences in respon-

siveness to CBD is overdue. To begin to address this shortfall in 

knowledge, we carried out experiments with the following 

objectives: firstly, to examine sex-related differences, and in 

females, the effect of the different phases of the estrous cycle on 

anxiety-like behaviors; secondly, to characterize the effect of 

CBD (0.3, 3, and 30 mg/kg, i.p.) in female rats compared to 

males and determine whether females’ responsiveness was 

influenced by the stage of the estrous cycle. In addition, since 

most preclinical studies have investigated only acute effects of 

CBD, whereas, in clinical practice, the drug is most likely to be 

used over a sustained period, we investigated the effects of both 

acute and short-term (daily for 4 days) administration of CBD 

in females.

Methods

Animals and housing

Male and female Wistar rats (University of São Paulo, Ribeirão 

Preto Campus, SP, Brazil) weighing 220–240 g were used. They 

were housed under a 12:12-h light/dark cycle starting at 7:00 AM 

and tested according to the University of São Paulo, Ribeirão 

Preto—Institutional Animal Care and Use Committee-approved 

protocols. The animals had access to food and water ad libitum 

and were assigned randomly to experimental and control groups. 

The first cohort of rats was used to examine whether the explora-

tory behaviors of male and female rats at different stages of the 

estrous cycle were differentially expressed in the EPM test after 

vehicle treatment, females (n = 24) and males (n = 6). The second 

cohort of naïve rats, females (n = 43) and males (n = 47), were 

used to investigate the effect of CBD administered acutely 1 h 

before the EPM test. We chose females during proestrus and late 

diestrus (LD) to further test the effect of CBD on behavior in the 

EPM because of the respective high and low levels of responding 

demonstrated in experiment 1. Males and females during proes-

trus and LD that received the vehicle in experiment 1 and experi-

ment 2 were pooled together to constitute the vehicle group for 

both experiments. To investigate whether the estrous cycle-linked 

differences in responsiveness to CBD were maintained after sub-

chronic treatment, a third cohort of naïve female rats (n = 34) 

received CBD (0.3 mg/kg) for 4 consecutive days, and these 

females were tested on the EPM 1 h after the last CBD injection 

when they were in the P or LD phase. Thus, CBD levels were 

maintained throughout a whole cycle. A fourth cohort of naïve 

rats, females (n = 85) and males (n = 41) were subjected to the 

open field test as a second paradigm to investigate the effect of 

CBD on exploratory behaviors and anxiety-like behaviors. The 

naïve rats in all the cohorts (males and females) were handled 

and daily examination of vaginal smears was performed to deter-

mine the estrous cycle phase in females. Figure 1 shows the 

experimental timeline and general features of experimental pro-

cedure on the test day.

Determination of stage of estrous cycle

The estrous cycle stage was determined by the histology of vagi-

nal smears, collected as described by Soares-Rachetti et al. (2016). 

A vaginal smear was taken daily, starting 10 days before the 

behavioral tests, every morning between 9 h and 10 h to establish 

that the animals were spontaneously cycling (Machado-Figueiredo 

et al., 2019). In brief, an inoculation loop was sterilized in a flame, 

dipped in sterile water, and then gently inserted into the vagina to 

gather cells, which were smeared onto a glass slide. The smears 

were stained with a 2% methylene blue solution from Panótico 

LB Kit (Laborclin Produtos para Laboratórios Ltda, Pinhais, PR, 

Brazil). Proestrus (P) was characterized by nucleated epithelial 

cells, estrus (E) by cornified squamous cells, early diestrus (ED) 

by a preponderance of small nucleated leucocytes typically with 

lobed nuclei, and in LD, fewer leukocytes were present with 

clumped and or disintegrating nuclei (Hartman, 1944; Brack and 

Lovick, 2007). Experiments were performed on animals that had 

completed at least two regular cycles. Three observers confirmed 

the estrous phases, representative photomicrographs of each 

phase are illustrated in Figure 1(b) to (e). Handling stress associ-

ated with collection of vaginal smears is a potential source of vari-

ability that could influence behavior in females (Pompili et al, 

2010). Rats were handled and smears were collected daily for at 

least 10 days prior to the experimental day. The reason for this 

was, firstly, to fully habituate the animals to the procedure and 

secondly, to establish that each rat was cycling normally, that is, 

progressing through two full 4–5 day cycles. In our hands, the rats 

do not show overt signs of being stressed and remain calm during 

the smear collection procedure. Even so, to further minimize the 

possibility of an acute stress-related effect, on the experimental 

day, a vaginal smearing was done in the home environment 1 h 

before the behavioral experiment started and cages were brought 

to the common staging area 1 h prior to testing in order to avoid 

generating stress in animals. An extra vaginal smear was taken 

following the completion of each experimental test to confirm the 

estrous cycle phase. Females that presented different phases 

before and after the behavioral testing were excluded from the 

analysis.
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Figure 1. Exploratory behavior of male and female rats submitted to the EPM. (a) Timeline of the protocol for the experiments. Representative 

photomicrographs of each phase of estrous cycle proestrus (b), estrus (c), early diestrus (d), and late diestrus (e) with arrows to indicate the 

different cellular types: round-nucleated epithelial cells (b); larger, cornified cells (c); polymorphonuclear leucocytes with distinctly lobed nuclei 

(d); and polymorphonuclear leucocytes with clumped nucleus or disintegrating nuclei (e). Scale bars represent 20 µm for all. Behavior of male and 

female rats in the EPM during the 5-min exposure: (f) entries into the open arms and (g) percentage of time spent in the open arms, (h) entries into 

the closed arms, and (i) percentage of time spent in the closed arms of the maze. One-way ANOVA was performed, taking sex/estrous cycle as the 

main factor: females during proestrus (P), estrus (E), early diestrus (ED), late diestrus (LD), and male (M). The values are mean ± SEM. Tukey’s post 

hoc analysis, *p < 0.05; **p < 0.01. N = 7–11/group. EPM: elevated plus maze; ANOVA: analysis of variance.
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Drug

CBD (99.6% pure, kindly supplied by BSPG-Pharm, Sandwich, 

UK) was freshly dissolved in 2% TWEEN 80 (Sigma–Aldrich, St 

Louis, MO, USA) and saline (NaCl 0.9%) for intraperitoneal 

injections as previously described (Chaves et al., 2020; de Morais 

et al., 2018). The dose range tested (0.3–30 mg/kg, i.p.) was cho-

sen based on results from our previous study on male rats (Genaro 

et al., 2017).

Elevated plus-maze

The EPM is a classic behavioral test to study anxiety-like behav-

iors in rodents (Borelli and Brandão, 2008; Handley and Mithani, 

1984; Pellow et al., 1985). The apparatus comprised two open 

(50 × 10 cm) and two closed (50 × 10 × 40 cm) arms extending 

from a central platform (10 × 10 cm) elevated 50 cm above the 

floor. All testing was conducted during the light phase of the 

light/dark cycle, between 10:00 AM and 1:00 PM. The apparatus 

was located inside a room with constant background noise 

(50 dB). The animal behaviors were recorded by a video camera 

(Everfocus, Orange, CA, USA) positioned above the maze, and 

the signal was relayed to a monitor in another room via a closed-

circuit TV camera. Luminosity at the open and closed arms level 

was 27 lx. The rats were placed individually in the center of the 

maze facing an open arm and allowed 5-min free exploration. 

Each rat was tested only once, and the apparatus was cleaned 

with 20% ethyl alcohol after each session.

The performance of each animal in the maze was scored by an 

observer blind to the experimental groups. The standard meas-

urements recorded in each section of the maze (closed and open 

arms) comprised the frequency of open and closed arm entries 

(an arm entry or exit being defined as all four paws into or out an 

arm, respectively), total arm entries, and the percentage of time 

spent on the open and closed arms were calculated as percentage 

of the total time the rat spent on the maze [arm time % = 100 × (arm 

time/total time)]. In addition, the frequencies of the following 

ethological parameters were measured: (1) head-dipping: dip-

ping of the head below the level of the maze floor; (2) end-arm 

exploration: the number of times the rat reached the end of an 

open arm; (3) stretched-attend postures: when the animal 

stretches to its full length with the forepaws (keeping the hind 

paws in the same place and turns back to the anterior position); 

and (4) rearing: vertical movements in any direction, including 

sniffing of maze walls. Most of these categories were defined 

previously following work with rats and mice (Blanchard et al., 

1993; Borelli and Brandão, 2008; Rodgers and Johnson, 1995). 

In our initial experiment, males and separate groups of female 

rats at the four different stages of the cycle were tested on the 

EPM. These experiments revealed significant differences in 

responding between the P and LD stages. Thus, for subsequent 

experiments testing the effect of CBD, we compared rats only in 

P and LD.

Open field

A different cohort of animals was used for the open-field test. 

The open-field test is widely used to test rodents’ exploratory 

behavior and general activity (Crusio, 2001). The experimental 

protocol for the open-field test was based on Borelli et al. (2004) 

and de Oliveira et al. (2006). Locomotor activity and exploration 

were evaluated in an arena consisting of a circular enclosure 

made of transparent acrylic (60 cm in diameter, 50-cm height, 

floor divided into 12 sections). All testing was conducted during 

the light phase of the light/dark cycle, between 10:00 AM and 

1:00 PM. Although rats are nocturnal, we chose to carry out 

experiments in their light phase in order to be able to make com-

parisons with other studies, the vast majority of which conducted 

experiments during the light phase. Each rat was placed in the 

middle of the arena and left for a 5-min period of free explora-

tion. For the course of the session, the total number of crossings 

(number of floor sections traversed), total number of rearings 

(standing with the forepaws raised in the middle of the arena or 

against the walls), and the time animals spent in the center of the 

arena were evaluated. The videos were scored by a blinded 

observer. The experimental room condition and the apparatus 

cleaning procedure were similar to the EPM test.

Statistical analysis

All the graphs, calculations, and statistical analyses were per-

formed using GraphPad Prism software version 6.0 (GraphPad 

Software, Inc., La Jolla, CA, USA). For experiment 1: behavior 

in the EPM of males and females at different stages of the estrous 

cycle, statistical differences were determined by one-way analy-

sis of variance (ANOVA) with estrous cycle phase (P, E, ED, and 

LD) and males as the factor with Tukey’s multiple comparisons 

test. For examining drug effects in experiments 2, 3, and 4, two-

way ANOVA with Tukey’s post hoc test was used to analyze dif-

ferences between groups (P, LD, and male) and treatments 

(vehicle and CBD). Also, one-way ANOVA was used to compare 

the treatment effect in each group (sex/estrous cycle: P, LD, and 

male) with Tukey’s multiple comparisons test in experiments 2. 

In experiment 3, we compared the effects of treatment at a spe-

cific stage of the estrous cycle. For this within-group compari-

son, Student’s t-test was applied to each phase (P and LD). 

Differences were considered significant if p < 0.05. The results 

are expressed as mean value ± SEM.

Results

Experiment 1—Behavior of male and female 
rats in the EPM

Figure 1(a) shows the experimental timeline of the experimental 

protocol. In order to examine whether the exploratory behaviors 

of male rats and female rats at different stages of the estrous cycle 

were differentially expressed in the EPM, a one-way ANOVA 

was performed, taking sex/estrous cycle stages as the main factor. 

Entries into the open arms and percentage of the total time spent 

in the open arms of the maze are considered as indices of anxiety-

like behavior. This analysis showed significant effects for sex/

estrous cycle phase upon the frequency of open arms entries 

(F(4,38) = 2.665; p < 0.05) and percentage of time spent in the 

open arms (F(4,38) = 3.629; p < 0.05). Tukey’s post hoc analysis 

revealed that the frequency of entries in the open arms of females 

in LD was lower (p  < 0.05) compared to the P stage (Figure 1(f)). 

In addition, females in LD spent less time in the open arms 
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compared to rats in P (Figure 1(g)). There was no effect for 

sex/estrous cycle upon the frequency of closed arms entries 

(F(4,38) = 0.980; p = 0.43) and percentage of time spent on the 

closed arms (F(4,38) = 1.434; p = 0.24) of the maze (Figure 1(h) 

and (I), respectively). The ethological parameters of risk assess-

ment and exploration were also not significantly changed by 

injections of vehicle in male and female rats (see Table 1).

Experiment 2—Effect of CBD administered 
acutely before the EPM test in male rats and 
females in proestrus and LD

We chose females during P and LD to further test the effect  

of CBD on behavior in the EPM because of the respective high 

and low levels of responding demonstrated in experiment 1. 

Figure 2(a) shows the experimental timeline of the experimental 

protocol. In terms of the number of entries in the open arms, two-

way ANOVA showed that there was a statistically significant 

effect of the groups (sex/estrous cycle) (F(2,92) = 3.695; 

p = 0.029) and interaction between factor (F(6,92) = 3.079; 

p = 0.009), but not of the treatments (F(3,92) = 2.539; p = 0.061). 

Tukey’s post hoc analysis revealed a main group (sex/estrous 

cycle) effect between females in LD and males (p < 0.05). We 

followed up this result by determining whether there were effects 

of the treatment for each group (sex/estrous cycle). One-way 

ANOVA was used to compare the treatment effect in each group 

(sex/estrous cycle). One-way ANOVA showed that there was not 

a statistically significant effect of the treatment (vehicle, CBD 

0.3, 3, and 30 mg/kg) upon the frequency of open arms entries in 

females tested during P (F(3,30) = 1.781; p = 0.172). However, 

statistical analyses revealed significant treatment effects in 

females during LD (F(3,29) = 3.451; p = 0.029) and males 

(F(3,33) = 3.272; p = 0.033). Tukey’s multiple comparisons test 

showed that CBD 0.3 mg/kg treatment increased (p = 0.01) entries 

into the open arms of female rats in the LD phase compared with 

the vehicle-treated group (Figure 2(b)). Also, CBD at the dose of 

3 mg/kg increased (p = 0.01) entries into the open arms of males 

compared with vehicle-treated group (Figure 2(b)).

Time spent on the open arms was calculated as percentage of 

the total test time on the maze. A two-way ANOVA revealed that 

there was a statistically significant interaction between factors on 

the percentage of total time in the open arms (F(6,92) = 2.654; 

p = 0.020). However, there was no overall effect of either group 

(F(2,92) = 2.721; p = 0.071) or treatment (F(3,92) = 1.525; 

p = 0.213), so no multiple comparison was performed. A one-way 

ANOVA was performed to compare the effect of treatment on the 

percentage of time spent in the open arms in each group (sex/

estrous cycle). A one-way ANOVA revealed that, in females dur-

ing P, there was not a statistically significant difference in the per-

centage of total time spent in the open arms among the mean 

values for the different treatment groups (F(3,30) = 0.789; 

p = 0.510). However, statistical analyses revealed significant dif-

ferences of treatment effects in females during LD (F(3,29) = 4.032; 

p = 0.016) and males (F(3,33) = 3.040; p = 0.042). Tukey’s multi-

ple comparisons test showed that CBD 0.3 mg/kg treatment 

increased (p = 0.007) the percentage of time spent in the open arms 

of adult female rats in LD phase compared with vehicle group 

(Figure 2(c)). Also, CBD at the dose of 3 mg/kg increased 

(p = 0.014) the percentage of time spent in the open arms of males 

compared with vehicle group (Figure 2(c)).

For closed arms data, two-way ANOVA showed that there 

was not a statistically significant effect of the groups (sex/estrous 

cycle) (F(2,92) = 2.744; p = 0.070), treatments (F(3,92) = 0.267; 

p = 0.849], and interaction between factors: (F(6,92) = 0.827; 

p = 0.551) on the number of entries into the closed arms. Also, 

two-way ANOVA showed that there was not a statistically sig-

nificant effect of the groups (sex/estrous cycle) (F(2,92) = 0.650; 

p = 0.524, treatments (F(3,92) = 0.974; p = 0.408), and interaction 

between factors (F(6,92) = 0.689; p = 0.659) on the percentage of 

time spent in the closed arms (Figure 2(d) and (e)). A one-way 

ANOVA also revealed that there was not a statistically significant 

difference in the number of entries and the percentage of time in 

the closed arms among the mean values for the different treat-

ment groups in females and males (p > 0.05). Similarly, CBD 

administered acutely in male rats and females in P and LD did not 

significantly change the other ethological parameters measured 

in the EPM (see Table 2).

Experiment 3—Effect of sub-chronic 
treatment with CBD before the EPM test in 
female rats

Figure 3(a) shows the experimental timeline of the experimental 

protocol. Sub-chronic treatment for 4 consecutive days with the 

lower dose of CBD (0.3 mg/kg) was investigated in females dur-

ing P and LD. Two-way ANOVA showed that there was a statisti-

cally significant effect of the treatment on the number of entries 

into the open arms (F(1,30) = 7.063; p = 0.012), but not of the 

group (P and LD) (F(1,30) = 1.675; p = 0.205) and no interaction 

between factors (F(1,30) = 4.078; p = 0.052). Subsequently, a 

Student’s t-test was used to compare sub-chronic treatment 

effects in each group (P and LD). The Student’s t-test indicated 

Table 1. Experiment 1—Ethological parameters measured in female and male rats submitted to the elevated plus maze test.

Behavior P E ED LD M F(3,38) p

SAP 10.00 ± 2.33 12.00 ± 1.79 14.29 ± 0.97 14.75 ± 1.60 9.9 ± 1.57 1.54 0.21

HD 14.91 ± 2.49 9.43 ± 1.49 12.29 ± 1.71 10.75 ± 2.23 13.6 ± 1.14 1.23 0.32

RE 14.18 ± 0.95 16.14 ± 1.26 17.14 ± 2.71 15.75 ± 2.48 16.3 ± 2.38 0.32 0.86

EAE 2.90 ± 0.41 1.57 ± 0.53 2.00 ± 0.62 1.25 ± 0.59 1.7 ± 0.34 1.96 0.12

The values are mean ± SEM. One-way ANOVA showed that there was not a statistically significant effect of the groups (P, E, ED, LD, and M) upon the ethological 

parameters of risk assessment and exploration in female and male rats. P: proestrus; E: estrus; ED: early diestrus; LD: late diestrus, M: male; SAP: stretched-attend 

postures; HD: head-dipping; RE: rearings; EAE: end-arm exploration; ANOVA: analysis of variance.
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Figure 2. Effects of CBD on the exploratory behavior of female (during proestrus and late diestrus) and male rats submitted to the EPM. Each animal 

received an intraperitoneal injection 1 h before the test (vehicle or CBD 0.3, 3, or 30 mg/kg). (a) Timeline of the protocol for the experiments, (b) 

the number of entries into the open arms and (c) percentage of time spent in the open arms, and (d) the number of entries into closed arms, and 

(e) percentage of time spent in the closed arms of the maze. The data are expressed as the mean ± SEM. One-way ANOVA was used to compare the 

treatment effect in each group (sex/estrous cycle) followed by Tukey’s post hoc test. *p < 0.05, compared to control group. N = 7–11/group. ANOVA: 

analysis of variance; CBD: cannabidiol; EPM: elevated plus maze.
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that there was a significant difference between females that 

received CBD 0.3 mg/kg compared to the vehicle group during 

LD (t15 = 2.965; p = 0.010), but not in females during P (t15 = 0.522; 

p = 0.610] (Figure 3(b)).

Similar statistical results were obtained upon the percent-

age of time in the open arms. Two-way ANOVA showed that 

there was a statistically significant effect of the groups (P and 

LD) (F(1,30) = 5.851; p = 0.022), but not of the treatment 

(F(1,30) = 3.202; p = 0.083) on the percentage of time in the 

open arms, and no interaction between factors (F(1,30) = 3.490; 

p = 0.071). The Student’s t-test indicated that there was a sig-

nificant difference between females that received CBD 0.3 mg/

kg compared to the vehicle group during LD (t15 = 2.498; 

p = 0.025), but not females during P (t15 = 0.058; p = 0.954) 

(Figure 3(c)).

For closed arms data, two-way ANOVA showed there was not 

a statistically significant effect the treatments (F(1,30) = 0.851; 

p = 0.216), groups (P and LD): (F(1,30) = 0.981; p = 0.330), and 

no interaction between factors (F(1,30) = 1.896; p = 0.179) on the 

number of entries in the closed arms (Figure 3(d)). Similar statis-

tical results were obtained upon the percentage of time spent in 

the closed arms, there was not a statistically significant effect the 

treatments (F(1,30) = 0.035; p = 0.853), groups (P and LD): 

(F(1,30) = 2.182; p = 0.150), and no interaction between factors 

(F(1,30) = 0.844; p = 0.365) on the percentage of time spent in the 

closed arms (Figure 3(e)). The Student’s t-test also revealed that, 

there was not a statistically significant difference in the number 

of entries and the percentage of time in the closed arms (p > 0.05) 

after CBD sub-chronic treatment compared to vehicle group in 

females during P and LD.

Experiment 4—Effect of CBD on behavior in 
the open-field test

We examined the effects of acute treatment with CBD (0.3, 3, and 

30 mg/kg) on the general activity in an arena in males and in 

females during P and LD. Figure 4(a) shows the experimental 

timeline of the experimental protocol. The systemic injection  

of vehicle or CBD 1 h before the test session did not induce 

significant effects among the groups in the open-field test. The 

two-way ANOVA showed that there was not a statistically  

significant effect of the treatment (vehicle, CBD 0.3, 3, and 

30 mg/kg) (F(3,113) = 1.28; p > 0.05], group (sex/estrous cycle) 

(F(2,113) = 1.66; p > 0.05) and no interaction between the factors 

F(6,113) = 1.00; p > 0.05) upon the time spent in the center of the 

arena (Figure 4(b)). Similar statistical results were obtained upon 

the total number of crossings (treatment: (F(3,113) = 1.38; 

p > 0.05); sex/estrous cycle: (F(2,113) = 0.76; p > 0.05); and 

interaction: (F(6,113) = 0.54; p > 0.05)) and total number of rear-

ings (treatment: F(3,113) = 2.00; p > 0.05; sex/estrous cycle: 

F(2,113) = 0.15; p > 0.05; and interaction: F(6,113) = 0.46; 

p > 0.05) (Figure 4(c) and (d), respectively). A one-way ANOVA 

Table 2. Experiment 2—Effect of CBD administered acutely in females (proestrus and late diestrus) and male rats on ethological parameters 

measured in the elevated plus maze test.

Proestrus

Behavior Vehicle CBD 0.3 CBD 3 CBD 30 F(3,30) p

SAP 10.00 ± 2.33 9.71 ± 1.43 13.00 ± 1.61 8.13 ± 0.79 1.15 0.35

HD 14.91 ± 2.49 15.14 ± 1.91 12.75 ± 0.94 11.13 ± 1.73 0.86 0.47

RE 14.18 ± 0.95 15.00 ± 1.53 17.25 ± 1.89 16.88 ± 1.76 0.36 0.39

EAE 2.90 ± 0.41 1.71 ± 0.57 1.50 ± 0.38 2.62 ± 0.75 1.72 0.18

Late diestrus

Behavior Vehicle CBD 0.3 CBD 3 CBD 30 F(3,29) p

SAP 9.88 ± 1.84 9.00 ± 1.57 11.00 ± 1.77 14.11 ± 1.40 1.94 0.15

HD 10.75 ± 2.23 14.38 ± 1.71 10.75 ± 1.93 10.56 ± 1.68 0.92 0.44

RE 15.75 ± 2.48 14.38 ± 2.14 9.75 ± 2.21 11.89 ± 1.54 1.58 0.21

EAE 1.25 ± 0.59 2.37 ± 0.65 1.62 ± 0.56 2.33 ± 0.44 0.96 0.42

Male

Behavior Vehicle CBD 0.3 CBD 3 CBD 30 F(3,33) p

SAP 9.90 ± 1.57 8.18 ± 1.64 12.88 ± 2.14 12.25 ± 1.93 1.48 0.24

HD 13.60 ± 1.14 15.91 ± 1.46 17.38 ± 1.28 12.25 ± 2.65 1.75 0.18

RE 16.30 ± 2.38 19.09 ± 1.67 16.50 ± 1.64 17.50 ± 1.88 0.47 0.70

EAE 1.70 ± 0.34 2.73 ± 0.56 3.12 ± 0.35 1.88 ± 0.77 1.62 0.20

The values are mean ± SEM. One-way ANOVA showed that there was not a statistically significant effect of the treatment (vehicle and CBD 0.3, 3, and 30 mg/kg) upon the 

ethological parameters of risk assessment and exploration in female and male rats. SAP: stretched-attend postures; HD: head-dipping; RE: rearings; EAE: end-arm explora-

tion; ANOVA: analysis of variance; CBD: cannabidiol.
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Figure 3. CBD effects after subchronic treatment on behavior of females rats (during proestrus and late diestrus) in the EPM. Each animal was 

treated for 4 consecutive days with one injection of vehicle or CBD (0.3 mg/kg). (a) Timeline of the protocol for the experiments, (b) the number of 

entries into the open and (c) percentage of time spent in the open arms, and (d) the number of entries into closed arms and (e) percentage of time 

spent in the closed arms of the maze. The data are expressed as the mean ± SEM. Student’s t-test was used to compare treatment effects in each 

group (P and LD). *p < 0.05, compared to control group. N = 7–10/group. CBD: cannabidiol; EPM: elevated plus maze.

also revealed that there was not a statistically significant differ-

ence in the behavioral responses investigated in the open field 

(p > 0.05) among the mean values for the different treatment 

groups in females and males.

Discussion

The EPM is arguably the most widely used test of anxiety-related 

behavior in rodents (Walf and Frye, 2007). Although the vast 

majority of studies have used only males, attention is starting to 

be directed toward females and to consider the influence of the 

estrous cycle. In our experiments, male and female rats behaved 

similarly in the EPM, with no sex-related differences. Also, the 

entire ethological analysis, including defensive coping strate-

gies, such as direct exploration and risk assessment, was not 

significantly changed by injections of vehicle or CBD in males 

and females tested in the experiments 1 and 2. These results are 

in line with many studies that failed to detect sex differences in 

behavior on the EPM or in other experimental paradigms 

(Albrechet-Souza et al., 2020; Caraalho et al., 2021; Chari et al., 

2020; Elliott et al., 2004; Pohl et al., 2007; Soares-Cunha et al., 

2018; Yang et al., 2019). However, it should be noted that other 

studies reported less anxiety-like behavior in female rats com-

pared to males in the EPM (Domonkos et al., 2017; Imhof et al., 

1993; Johnston and File, 1991; Knight et al., 2021).

The first aim of the present study was to examine sex-related 

differences and, in females, the effect of the different phases of 

the estrous cycle on anxiety-like behaviors in the EPM. In our 

study, differences emerged within the female cohort in behavior 

in the EPM but not in the open field, depending on the estrous 
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Figure 4. CBD did not affect the behavior of male and female rats in the open-field test. Each animal was injected 1 h before the test either with 

vehicle or CBD 0.3, 3, or 30 mg/kg. (a) Timeline of the protocol for the experiments, (b) time spent in the center of the open field, (c) the total 

number of crossings, and (d) the total number of rearings in the (OF). The data are expressed as the mean ± SEM. There was not a statistically 

significant difference in the behavioral responses investigated in the open field (p > 0.05) among the mean values for the different treatment 

groups in females and males. N = 8–12/group. CBD: cannabidiol; OF: open field.

cycle stage. In the open field, the time spent in the center, an 

index of anxiety-like behavior did not differ between the LD and 

P stages. However, in the EPM, animals in the LD phase exhib-

ited more anxiety-like behavior (fewer entries and shorter time 

spent in the open arms of the EPM) than at other stages, the 

difference reaching statistical significance between the LD and P 

stages. The difference could not be attributed to variations in 

motor behavior since closed arm entries and the number of cross-

ings and rearings in the open-field test were similar in all groups. 

Similarly, there was no difference between the sexes in 
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locomotor activity in the open field, in line with earlier studies 

(Scholl et al., 2019). However, others have reported higher innate 

locomotor activity in the open field in females compared to males 

(Aguilar et al., 2003; Bishnoi et al., 2021; Börchers et al., 2022; 

Lehmann et al., 1999; Seliger 1977).

In line with our findings, most previous studies in females 

that have considered estrous cycle reported more time spent in 

the open arms of the maze in proestrus/estrus compared to dies-

trus, although it is worth highlighting that a significant minority 

(approximately one-third) of such studies failed to see any estrous 

cycle-related difference (Lovick and Zangrossi, 2021, for a 

recent review). It is difficult to explain the lack of consensus, but 

subtle methodological and experimenter differences are likely to 

be the major contributory factors (see Lovick and Zangrossi, 

2021, for discussion on this point). Although the findings are 

equivocal, sex differences in the effects of cannabis and the can-

nabinoid THC have been reported (see Cooper and Craft, 2018, 

for a critical review). There is also evidence that gonadal hor-

mones can modify the effects of THC (Cooper and Craft, 2018). 

Despite its therapeutic potential, much less attention has been 

directed toward CBD. In our study, CBD produced anxiolytic-

like effects in the EPM in males and female rats. The response 

was characterized by a bell-shaped dose-response relationship, in 

agreement with other single-sex studies (Guimarães et al., 1994; 

Salviato et al., 2021). By comparing the responsiveness of males 

and females in the same study, we found not only that the respon-

siveness of females was dependent on the estrous cycle stage but 

also that the optimal dose for females in the responsive LD stage 

(0.3 mg/kg) was 10-fold lower than for males (3 mg/kg). In con-

trast, females in the P phase were unaffected by CBD. The failure 

of CBD to influence activity of females in P is interesting as it 

suggests that the hormonal profile of the brain in LD favors CBD. 

However, given the bell-shaped drug-response curve, it will be 

important to test rats in P phase with even lower doses (i.e., < 

0.3 mg/kg) to confirm a lack of effect.

In our study, CBD did not produce anxiolytic-like effects in 

the open-field test assessed by the time spent in the center of the 

apparatus. However, in mice, higher doses of CBD (5 mg/kg) 

outside the range used in the present study increased the time 

spent in the center of the open field in adult males, while 20 mg/

kg decreased the time spent in the center in females (Kasten 

et al., 2019). Lower doses were not tested in that study, nor was 

the potential influence of the estrous cycle on females evaluated. 

These findings might reflect species differences. However, given 

the diverse mechanisms of action of CBD (see below), it is pos-

sible that high doses of CBD may elicit anxiolytic or anxiogenic-

like effects by mechanisms that are pharmacologically distinct 

from those engaged by lower doses of the drug. Indeed, Campos 

and Guimarães (2009) demonstrated that in the dorsolateral peri-

aqueductal grey (dlPAG), a key area for mediating escape behav-

ior in the EPM, high doses of CBD activate the transient receptor 

potential vanilloid type 1 (TRPV1) receptor to facilitate gluta-

mate neurotransmission and promote anxiogenic-like behavior, 

which offsets the 5-HT1A receptor-mediated anxiolytic effects 

evoked at lower doses of CBD (Campos and Guimaraes, 2008).

After sub-chronic treatment, the anxiolytic-like effect of CBD 

in the EPM was retained in females in LD, but females in P 

remained unresponsive, as we expected. This raises the possibil-

ity that CBD at low doses acts acutely through mechanisms that 

are triggered only during the LD phase in females. CBD is known 

to interact with multiple neurotransmitter systems within the 

brain. In addition to CB1 and CB2 cannabinoid receptors, it also 

has actions at 5-HT1A receptors, TRPV1 receptor, and GABAergic 

systems (Bakas et al., 2017; Cifelli et al., 2020; Kaplan et al., 

2017; Osborne et al., 2019; Pretzsch et al., 2019; Vitale et al., 

2021). Of particular relevance to the present study is the finding 

that CBD acts as a positive allosteric modulator at extrasynaptic 

GABAA receptors with the α4βδ subunit configuration (Bakas 

et al., 2017). Interestingly, the neuroactive metabolite of proges-

terone allopregnanolone (ALLO) has a similar action (Paul and 

Purdy, 1992). During LD, the rapid decline in the secretion of 

progesterone and hence ALLO triggers increased expression of 

extrasynaptic α4βδ GABAA receptors in circuitry involved in 

mediating anxiety-like behavior (Griffiths and Lovick, 2005a, 

2005b; Gulinello et al., 2001, 2003; Lambert et al., 2003; Smith 

et al., 1998). The consequent increase in neuronal excitability 

(Brack and Lovick, 2007) is thought to contribute to raised levels 

of anxiety that become apparent during the LD phase (Brack and 

Lovick, 2007; Devall et al., 2009; Maguire and Mody, 2007; 

Smith et al., 1998). It is possible that the administration of CBD 

in LD substitutes for the actions of the neurosteroid as ALLO 

concentration is declining, thereby preventing the withdrawal 

effect and disturbance in GABA signaling and increased anxiety-

like behavior that usually characterizes the LD phase. These 

changes are followed by activation of the hypothalamic-pitui-

tary-adrenal axis; in rodents, it has been widely shown that fear/

anxiety increases plasma corticosterone levels (File et al., 1993, 

1994; de Oliveira et al., 2017; Reis et al., 2022). Interestingly, 

studies showed that females have higher levels of stress-induced 

corticosterone than males, both in basal conditions and in 

response to a variety of stress conditions (Albrechet-Souza et al., 

2020; Babb et al., 2013; Kalil et al., 2014; Kant et al., 1983; 

Oyola and Handa, 2017). It is important to note that several fac-

tors can affect plasma corticosterone concentrations across the 

estrous cycle, including the transition period for ovarian hormo-

nal secretion, regularity of the estrous cycle, and the phases of 

circadian rhythm (Arikawe et al., 2021; Atkinson and Waddell, 

1997; Gong et al., 2015). In the present study, we did not investi-

gate the plasma levels of corticosterone and ovarian hormones; 

therefore, future studies aimed at evaluating the influence of 

CBD treatment on behavioral and endocrine responses will pro-

vide additional evidence for sex-related differences in response 

to drug treatment.

In male rats, a 10-fold higher dose of CBD (3 mg/kg) was 

required to produce anxiolytic-like effects in the EPM compared 

to females. This dose is similar to that reported to be effective in 

comparable studies using males (Campos and Guimarães, 2008; 

Campos et al., 2012). In males, the acute anxiolytic-like effects 

of CBD in the EPM have been shown to involve 5-HT1A receptor 

activation (Campos and Guimarães, 2008). 5-HT1A receptor acti-

vation is also involved in mediating the anti-aggressive effects of 

CBD in mice (Hartmann et al., 2019). At present, there is no 

comparable data from studies in females. However, a tendency 

for lower 5HT1A receptor binding potential in women compared 

to men (Moses-Kolko et al., 2011) together with estrogen-driven 

downregulation of activity and expression of 5HT1A autorecep-

tors reported in rats (Osterlund and Hurd, 1998) would suggest 

that serotonergic effects of CBD may be less important in 

females. It is also worth noting that notwithstanding the findings 

in rats, adult mice of either sex appeared unresponsive to CBD in 
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the EPM (5–20 mg/kg, Kasten et al., 2019), suggesting there may 

be a species difference in responsiveness to CBD.

Our data indicate that sex and hormone-dependent processes 

may contribute to differences in CBD’s anxiolytic-like effects 

between males and females. Females were responsive to CBD 

only in their LD phase when they became much more sensitive to 

CBD than males. However, a limitation of our study is that not all 

stages of the estrous cycle were tested, and it will be important in 

future studies to include females in all stages of their cycle. It is 

also important that future studies repeat the experiments using 

another experimental paradigm for anxiety-like behavior. The 

exact mechanism of action responsible for these varying effects 

of CBD observed between males and females remains unknown 

but may involve different neurotransmitter systems. Sex differ-

ences in drug responses may affect drug safety and effectiveness, 

emphasizing the importance of including both sexes and discrim-

inating between the estrous phases. A significant proportion of 

women develop adverse emotional symptoms during the late 

luteal (premenstrual) phase of their cycle, when progesterone 

secretion is falling rapidly (Dennerstein et al., 2011). The present 

study in rats suggests that administration of CBD, during the pre-

menstrual period in women, may have therapeutic potential for 

minimizing the development of symptoms of emotional distress 

during the premenstrual period. In rodents, the effects of CBD 

have been shown to depend on the dose, the strain, the adminis-

tration time course (acute vs chronic), and the route of adminis-

tration (García-Gutiérrez et al., 2020). Moreover, our present 

findings indicate a 10-fold increase in sensitivity to CBD com-

pared to males shown by female rats in the LD phase, which is 

similar to the late luteal (premenstrual) phase in women. Further 

work will be needed to translate findings in rodents to humans, 

but based on the current data obtained in rats, allometric scaling 

to estimate starting doses for clinical trials (Nair and Jacob, 2016) 

suggests that the effective dose in women could be considerably 

lower than that reported from studies of anxiolytic effects of 

CBD in men (Peng et al., 2022; Wright et al., 2020).
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