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In utero exposure to cannabidiol disrupts select early-life
behaviors in a sex-specific manner
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Cannabidiol (CBD), one of the main components of cannabis, is generally considered safe. CBD crosses the placenta and its use
during pregnancy is steadily increasing, the impact of gestational CBD's effects on prenatal life and neurodevelopment are poorly
understood. Here, we combined behavioral approaches and deep learning analysis to assess the sex-dependent neonatal behavior
of CBD exposed progeny. Gestating C57BL6/J dams were exposed daily with vehicle or CBD (3 mg/Kg, s.c.), from gestational day 5
to 18. Body weight, pup ultrasound vocalizations (USVs, PND 10) and homing behavior (PND 13) were quantified in the progeny.
Thus, male (but not female) pups from CBD-treated dams gained more weight than sham. There were sex-dependent differences in
the coarse characteristics of ultrasonic vocalizations. Prenatally-CBD exposed male pups emitted shorter calls, whereas CBD females
made more high frequency calls when compared with their control counterparts. There were significant qualitative changes in the
syllabic USV repertoire reflected in call typologies and communication patterns. Finally, the homing behavior test showed that CBD-
exposed females presented a greater vulnerability to gestational CBD than males. Only CBD-exposed female pups showed reduced
motor and discriminatory abilities. Together the results suggest a sexual divergence in the consequences of in utero CBD exposure
on neonates at early developmental ages, which may be predictive of adult psychopathology. Given the extent of cannabis and
CBD use worldwide, these findings challenge the idea that CBD is a universally safe compound and reveal the need for additional

studies on the effect of perinatal CBD exposure.
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INTRODUCTION

Cannabis is the most used illicit substance among pregnant
women. Human epidemiological and animal studies have found
that prenatal cannabis exposure influences brain development
and can have early and long-lasting impacts on cognitive
functions [1, 2]. While A9-THC is the component of most concern
in Cannabis sativa L. in terms of prenatal exposure, the plant
contains over 300 compounds, including cannabidiol (CBD). A9-
THC and CBD's effects are largely due to their actions on the
endogenous cannabinoid system (endocannabinoids [eCBs]) [3], a
quasi-ubiquitous neuromodulatory system constituted of two G
protein-coupled receptors (GPCRs), the cannabinoid CB1R and
CB2R receptors, their endogenous lipid ligands, notably ananda-
mide (AEA) and 2-arachidonoyl-glycerol (2-AG), and specific
anabolic/catabolic enzymes. In addition, eCBs interact with a wide
range of receptors, including members of the Transient Receptor
Potential (TRP) channels and Peroxisome Proliferator-Activated
Receptors (PPARs) [4]. The eCBs and their receptors, present from
early stages of gestation, are critically involved in the regulation of
fetal neurodevelopmental processes, including neuronal prolifera-
tion, differentiation, maturation, and migration [5]. Therefore,
exposure to cannabis during prenatal period could affects the
normal trajectory of cellular processing and neurocircuitry critical
for forming behaviors at later stages in life, representing a risk
factor in the onset of neurodevelopmental and neuropsychiatric

disorders [6]. Thus, multiple human and preclinical studies shown
the gestational cannabis induces profound molecular, cellular,
synaptic, and behavioral long-lasting changes in the offspring’s
brain [7, 8].

Although structurally similar, CBD does not induce the
psychotropic effects classically associated with A9-THC [9, 10].
Consequently, CBD is globally perceived as safe and free of
harmful side effects. Although not psychotropic, CBD is a
psychoactive molecule that binds CB1R, CB2R, TRPV1R, PPAR-y
as well as numerous non-cannabinoid receptors, including several
G proteins (GPR55, GPR3, GPR6, and GPR12), serotonin 5-HT
receptor, mu and delta opioid receptors, type 2 dopamine
receptor (D2R), y-Aminobutyric acid (GABA) type A receptor and
Glycine a3 receptors [3]. Its clinical interest is due to its potential
benefits as a natural antipsychotic, anti-nociceptive, anticonvul-
sant, antiemetic, anxiolytic, anti-inflammatory, antioxidant, and
neuroprotective agent [11-14].

Despite the lack of scientific evidence regarding safety of CBD
during gestation, pregnant women use CBD for a plethora of
pregnancy-related symptoms including nausea, insomnia, anxiety,
and chronic pain [15]. CBD crosses the placenta and alters its very
structure, both of which can have a significant impact on
pregnancy outcomes [16-18]. Moreover, a recent study showed
that extended exposure of CD1 mice to CBD spanning from
gestation through the first week after birth alters repetitive and
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Table 1. Cannabidiol prenatal exposure increases pup weights in a sex-specific way.
Postnatal day weights (g) TREATMENT Median
PND 10 SHAM MALE 34
CBD MALE 5.5
SHAM FEMALE 35
CBD FEMALE 5.1
PND 13 SHAM MALE 4.9
CBD MALE 6.6
SHAM FEMALE 5
CBD FEMALE 6.4
PND 16 SHAM MALE 6
CBD MALE 7.2
SHAM FEMALE 6
CBD FEMALE 7
PND 19 SHAM MALE 6.9
CBD MALE 8.45
SHAM FEMALE 7.3
CBD FEMALE 8.2
PND 22 SHAM MALE 8.2
CBD MALE 10.5
SHAM FEMALE 7.9
CBD FEMALE 8.6

Max Min N p value
Multiple Mann-Whitney
Unpaired t test

6.7 3.1 18 0.003

5.8 4 14

5.9 3.1 14 0.06

5.8 3.9 12

8 3.6 18 0.003

74 5.7 14

8.6 3.5 14 0.08

7.3 5.6 12

9.4 4.2 18 0.04

8.2 6.3 14

9.6 3.9 14 0.27

82 6.1 12

9.7 5 18 0.01

9.9 6.6 14

10 4.2 14 0.09

9.8 6.2 12

11.8 5.7 18 0.002

11.8 7.5 14

11 5.6 14 0.20

10.6 6.8 12

Male and female pup weights were collected every 3 days from postnatal day 10 to postnatal day 22. Values are expressed as median, maximum and
minimum. The p values are given for each day as compared with pups from sham-treated dams on the same postnatal day, as determined by Multiple

Mann-Whitney U test.
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Fig. 1 Prenatal exposure to CBD specifically increases the body weight of male offspring. A, B Starting at PND 10, SHAM and CBD pups of
both sexes were weighed every 3 days until one day after weaning (i.e., [22]). Fetal CBD exposure was associated to increase of bodyweight in
male (A) but not female progeny (B), (SHAM MALE N = 18 light green, CBD MALE N = 14 dark green, SHAM FEMALE N = 14 light orange, CBD
FEMALE N =12 dark orange). Data are represented as Box and whisker plots (first quartile, median, third quartile). Individual data point

represents a single animal. Multiple Mann-Whitney U test.

hedonic behaviors in the adult progeny [19]. Developmental CBD
exposure in mice has been associated with widespread changes in
the brain methylome providing an epigenetic cause to its
protracted effects on anxiety and memory behavior [20].

The paucity of preclinical data on the impact of in utero CBD
exposure prompted us to investigate the postnatal impact of
gestational CBD exposure to assess potential risks associated
with CBD use during this period. The data reveal that pups from
CBD-treated dams exhibit previously unknown sex-specific
cognitive alterations in early-life which may be predictive of
the risk of developing various neuro- psychiatric and develop-
mental disorders.

SPRINGER NATURE

MATERIALS AND METHODS

Animals

Male and female C57BL6/J (8-10 weeks age) were purchased from Janvier
Lab and housed in standard wire-topped Plexiglas cages (42 x 27 x 14 cm),
in a temperature and humidity-controlled condition (i.e., temperature
21+1°C, 60+ 10% relative humidity and 12 h light/dark cycles). Food and
water were available ad libitum. After one week of acclimation, the female
pairs were placed with a single male mouse in the late afternoon. The
morning the vaginal plug was found was designated as day 0 of gestation
(GDO0) and pregnant mice were housed individually. From GD5 to GD18,
dams were injected subcutaneously (s.c.) daily with vehicle or 3 mg/Kg of
CBD (Nida Drug Supply Program), dissolved in a vehicle consisting of
Cremophor EL (Sigma-Aldrich), ethanol, and saline at 1:1:18 ratios, and

Translational Psychiatry (2022)12:501
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Fig.2 Fetal CBD modifies the frequency and the duration of perinatal USVs. A, B Pie graphs depicting the percentages of vocalizing (C: call)
and non-vocalizing (NC: no call) mice, in SHAM and CBD male (left) or female (right) pups. Percentages were calculated as number of animals
vocalizing or not / total number of tested animals. Quantitative analysis of USVs shows that following CBD prenatal exposure, the total
number of USVs (C) and the latency to the first vocalization (D) were like those of sham, in both sexes. In contrast, mean duration (E) and mean
frequency (F) of emitted calls were modified in a sex-specific manner in the CBD progeny. The mean call duration was shorter in CBD male,
while the mean frequency was higher in CBD females, compared to their respective SHAM group, (SHAM MALE N = 14 light green, CBD MALE
N =10 dark green, SHAM FEMALE N = 11 light orange, CBD FEMALE N = 11 dark orange). Data are represented as Box and whisker plots (first
quartile, median, third quartile). Individual data points represent a single animal. Multiple Mann-Whitney U test, *p < 0.05. G The average
distribution of call frequency was monomodal (i.e., fitted with a single Gaussian function, dark green) in SHAM male, but bimodal (i.e., fitted by
the sum of two Gaussians for CBD male, light green). H In contrast, the call frequency was monomodal in SHAM (light orange) and CBD
exposed female pups (dark orange). Data are represented as curve fit (+Cl) of the principal frequency’s average distribution.
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administered at volume of 4 mL/Kg. Control dams (SHAM) were injected
the same volume of vehicle solution. This dose of CBD reaches the
embryonic brain and cause some behavioral changes in the offspring [19].
For each litter, the date of birth was designated as postnatal day (PND) 0.
The behavioral tests were performed in male and female offspring during
perinatal period (PNDs 10 and 13). Body weight of SHAM and CBD pups
was measured every 3 days until one day after weaning (PND 22).
Investigators were not blinded to the groups allocation during the
experiments or analysis, all results were included in the analysis. All
procedures were performed in conformity with the European Communities
Council Directive (86/609/EEC) and the United States NIH Guide for the
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Care and Use of Laboratory Animals. The French Ethical committee
authorized the project APAFIS#3279.

Behavioral tests

Ultrasound vocalizations (USVs). USVs were induced by quick maternal
separation in male and female pups at PND 10 as previously described [21].
Each tested mouse was placed into an empty plastic container
(11x7x35cm), located inside a sound-attenuating isolation box
(32%x21x14cm). USVs were recorded using an ultrasonic microphone
(Ultravox Noldus), connected via the Ultravox device (Noldus, Netherlands)

SPRINGER NATURE
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Table 2. Fetal CBD modifies the frequency and duration of perinatal USVs.

Parameter PND TREATMENT Median Max Min N p value
Multiple Mann-Whitney
Unpaired t test
Number of USVs 10 SHAM MALE 67 258 3 14 0.1052
CBD MALE 31 96 1 10
SHAM FEMALE 77 320 4 11 0.0785
CBD FEMALE 18 130 2 11
Latency (sec) 10 SHAM MALE 4.42 163.38 0.01 14 0.0821
CBD MALE 32.56 256.39 1.34 10
SHAM FEMALE 20.29 56.35 0.32 11 0.26
CBD FEMALE 38.64 212.51 0.07 11
Mean USVs duration (sec) 10 SHAM MALE 0.05 0.09 0.02 14 0.03
CBD MALE 0.03 0.06 0.02 10
SHAM FEMALE 0.05 0.08 0.02 11 0.6396
CBD FEMALE 0.04 0.08 0.01 11
Mean Frequency (KHz) 10 SHAM MALE 56.05 65.00 51.81 14 >0.9999
CBD MALE 56.15 67.11 47.08 10
SHAM FEMALE 56.47 63.46 53.39 11 0.004
CBD FEMALE 59.76 64.12 56.21 11

Data were collected from litters for each condition as described in Methods and Materials. Values are expressed as median, maximum and minimum.
Significant difference was observed in the Mean USVs duration in CBD compared to SHAM male pups and in the Mean frequency duration in CBD compared

to SHAM female pups as determined by Multiple Mann-Whitney U test.

and placed 20 cm above the pup in its plastic container. At the end of 4-min
recording session, each pup was weighed, and the body temperature checked.
Acoustic analysis was performed using DeepSqueak (Version 2.6.2), a
deep learning-based software for the detection and analysis of USV (for
more details see [22]). The audio file was individually transferred into
DeepSqueak, converted in the corresponding sonograms, and analyzed
using a Faster-RCNN object detector. The lower and higher cut-off
frequency, 20 kHz, and 100 kHz, respectively, were applied to reduce the
background noise outside the relevant frequency. Once detected, each
sonogram was converted in the corresponding spectrogram and the calls
identified as noise were manually removed. Call classification, transitional
probabilities and syntax analysis were performed automatically with
DeepSqueak’s built in mouse call classification neural network. USV
parameters were classified based on a quantitative and qualitative analysis.
The quantitative analysis included the percentage of vocalizing and non-
vocalizing mice in each group, the number of calls, the latency to the first
vocalization (in sec), the mean call duration (in msec), and the mean
dominant frequency (in kHz). Whereas the qualitative analysis focused on
the study of vocal repertoire based on syntax analysis (i.e., different
categories of calls) and the transitional probabilities for each group. The
latter was expressed as the probability that one type of call followed the
previous one and the following calls were indicated on the x-axis.

Homing test. The homing test was performed as published [23], in SHAM
and CBD mice previously tested for the USVs. At PND 13 both male and
female pups were separated from the dam, and kept for 30 min in a
different cage on a heating pad set at the temperature of 35 °C. Each tested
mouse was placed in the Plexiglas cage (21 x 15 cm) which had one-third of
the litter from the pup’s original cage and two-thirds of clean litter. The
latter was considered as the unfamiliar area, while the one with the old litter
was the nest area. The pup was located at the edge of the clean bedding
and its behavior was video recorded for the following 4 min. Homing
performance was performed using Ethovision and considering the
locomotory activity (in cm.), the velocity (in cm/sec), the moving time (in
cm), the latency to reach the nest (in sec) and the distance moved (in cm),
the time spent (in sec) and the entries in the nest and in the unfamiliar area.

Statistical analysis

Statistics were performed with GraphPad Prism 9 and DeepSqueak 2.6.2.
The presented datasets did not meet the criteria for parametric analyses
(e.g., normality, equal sample sizes), thus statistical analysis was performed

SPRINGER NATURE

with Multiple Mann-Whitney U test. N values corresponds to the number
of animals tested for each group. When achieved, the significance was
expressed as exactly p-value in the figures. The ROUT test was applied to
all data sets to identify outliers, which were then excluded from the
data sets.

RESULTS

Gestational CBD affect postnatal growth in a sex-specific
manner

Prenatal cannabis exposure influences neonatal outcome in
multiple ways [24] and preclinical data indicate that gestational
THC reduces body weight in early life. In contrast, the effects of in
utero CBD exposure are unknown. Dams were given a low dose of
CBD (3 mg/Kg, s.c.) or a vehicle (SHAM) once daily from GD5 to
GD18 and their pups’ body weights were monitored throughout
the perinatal period until weaning (PND 10-22; for more details
see Table 1). Body weights of pups from CBD-exposed dams were
consistently higher than those of SHAM dams (Fig. 1). Remarkably,
the increase in body weight was observed exclusively in male
offspring (Fig. 1A), whereas the weight of in utero exposed females
was indistinguishable from that of SHAM females (Fig. 1B). Thus,
gestational CBD alters the growth trajectory in a sex-specific
manner.

Gestational CBD modifies the coarse characteristics of
ultrasonic communications in a sex-specific manner
Offspring-mother communication is necessary for mouse pups,
who emit ultrasonic vocalizations (USV) to convey their emotional
conditions [25]. Thus, upon separation from their mother and nest,
rodent pups vocalize to engage maternal care [26]. Perinatal
cannabinoids (i.e., A9-THC or cannabimimetics) negatively impact
neurodevelopment [1, 6, 27, 28] and strongly alter USV emissions
[29, 301. We first quantified the coarse characteristics (i.e.,, number,
latency, duration, and frequency) of separation-induced calls
emitted by pups in our different groups (Fig. 2 and Table 2).
Prenatal CBD altered the proportion of vocalizing and non-
vocalizing pups: more males in the CBD-exposed groups did not

Translational Psychiatry (2022)12:501
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vocalize at all during the recording session compared with all
other groups (Fig. 2A, B). The total number and latency of first
vocalization were similar across treatments and sex (Fig. 2C, D).
However, marked differences in the sex-specific effects of prenatal
CBD were evident in the mean duration and mean frequency of
USVs (Fig. 2E, F).

Translational Psychiatry (2022)12:501

CBD males made shorter calls (Fig. 2E), whereas CBD females
made more high frequency calls (Fig. 2F) than their SHAM
counterparts. The probability distribution of USV frequency followed
a bi-modal distribution in CBD-exposed males but not in females
(Fig. 2G, H). Finally, a minor mode corresponding to high frequency
calls was specifically observed in CBD-exposed males (Fig. 2G).

SPRINGER NATURE
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Fig. 3 Call type profile is altered in a sex-specific manner in CBD-exposed pups. A Representative USV calls classified into ten distinct
categories based on Supervised-call classification neural network. Color maps of USVs showing differential distributions of call types emitted
by SHAM (B) vs CBD (C) males and CBD-exposed females (F) vs SHAM (E) pups. Each call category was expressed as (number of calls in each
category for each subject/total number of calls analyzed in each subject) and represented as the average of each group (SHAM MALE N = 14,
CBD MALE N =7, SHAM FEMALE N =11, CBD FEMALE N = 11). D-G CBD modified the vocal repertoire. D CBD-exposed male emitted more
often Short, Trill and Step-up calls, and less Complex Trill and Downward Ramp calls than their SHAM counterparts (G). CBD females emitted
significantly less Flat, Complex Trill, Downward Ramp, and Inverted-U vocalizations than SHAM (G), (SHAM MALE N = 14 light green, CBD
MALE N =7 dark green, SHAM FEMALE N = 11 light orange, CBD FEMALE N = 11 dark orange). Data are represented as Box and whisker plots
(first quartile, median, third quartile). Individual data points represent a single animal. Multiple Mann-Whitney U test, *p < 0.05.

Prenatal CBD modifies the syllabic repertoire of ultrasonic
communication in a sex-specific manner

Does prenatal CBD alter vocalization patterns in pups? To address
this question, we analyzed the amount and spectral characteristics
of USVs detected in our different groups with DeepSqueak [22].
We first compared the vocal repertoire of SHAM and CBD pups of
both sexes. Call categorization (Fig. 3 and Table 3) showed that,
while the number of USVs was similar, CBD gestation largely
affected the vocal repertoire (Fig. 3). Thus, the proportion of each
type of call made during the 5-min test was compared in male and
female CBD pups and their control counterparts (Fig. 3B, C-E, F).
Notably, male, and female CBD pups showed a significant
reduction in Complex Trill, Downward Ramp, and Inverted-U calls
(Fig. 3D, G) compared with SHAM pups. Furthermore, only CBD
male pups showed a significant increase in Short, Trill, and Step-
up call (Fig. 3D). In addition, we observed that CBD females
emitted significantly less Flat calls compared to SHAM females
(Fig. 3G). Thus, call syntax analysis showed multiple sex-specific
differences in the vocal repertoire of CBD-exposed pups.

CBD in utero exposure changes the complexity of
communication in a sex-specific manner
To test whether the differences found in the syllable repertoire
reflect a different development of communication complexity in
CBD-exposed pups, we next examined the “call order probability”.
Thus, we analyzed the most frequently occurring call combina-
tions (Fig. 4 and Table 4). Certain call sequences were similar in
CDB and SHAM males. Indeed, the Inverted-U, Upward ramp, and
Complex calls were followed by another Downward Ramp,
Upward ramp, and Complex call, respectively, with a similar
probability in both CBD and SHAM males (Fig. 4A, B). CBD male
showed a significantly lower probability toward the use of
Downward Ramp and Complex Trill calls compared to SHAM
male pups (Fig. 4C). In the contrast, Trill call was more often used
by CBD than SHAM males (Fig. 4Q).

Finally, we observed a significantly lower probability for the use
of Complex, Downward Ramp, and Short calls in CBD females
compared to SHAM females (Fig. 4F).

CBD prenatal exposure impact the motor and discriminative
skills during early development in a sex-specific manner

The Homing Test allows the investigation of complex abilities, such
as sensory, motor, and odor-detection skills. Thus, we examined
homing behavior in PND13, CBD- and SHAM pups (Fig. 5 and Table
5). Gestational CBD significantly reduced the total distance moved
(Fig. 5A) only in CBD female pups. Interestingly, these CBD-exposed
pups moved slower compared to SHAM female pups (Fig. 5B) and
spent less time moving (Fig. 5C) during the 4-min homing test.
Moreover, we observed a significant reduction in the distance
moved inside the Nest (D) in CBD female pups compared to SHAM
pups. On the contrary, no differences were found in the latency to
reach, entrances to, and cumulative time spent in the nest, nor in the
distance moved in the unfamiliar territory (Fig. 5E-H). Finally, CBD
female pups spent more time in the unfamiliar zone, entering more
than CBD male pups (Fig. 5l, J). These homing test data, therefore,
unveiled an additional sex-specific effect of gestational CBD.

SPRINGER NATURE

DISCUSSION

The consumption of CBD during pregnancy is increasing, but the
developmental consequences are still largely unknown. Here, we
investigated the sex-specific consequences of prenatal CBD
exposure on pre-weaning behaviors. Fetal exposure to a low
dose of CBD was associated with increased body weight in male
pups during the perinatal period. In addition, the offspring of
dams exposed to CBD during gestation showed sex-specific
disturbances in their communication, motor skills, and discrimina-
tion abilities. Overall, these data indicate that gestational CBD is
deleterious to early life behaviors in a sex-specific manner.

In humans, gestational cannabis negatively impacts neonatal
outcomes [31] and, at birth, the weight of infants exposed to
cannabis in utero is lower [24, 32]. Animal models of prenatal THC
or synthetic cannabinoid exposure confirm these observations
[33]. The present results extend these findings to another
abundant phytocannabinoid, CBD. We found that maternal
exposure to low CBD increases body weight, an effect observed
only in males. This sex difference may be linked to differential
levels of brain CBD in embryos exposed to CBD [19]. In the sole
other study that tested in utero CBD, no change in the body
weight was found in the progeny after weaning or during
adulthood [19]. This discrepancy may be due to different dam
strains (C57BL6/J vs CD1), the time of observation of pups’ growth,
or both.

Receptors to eCBs are present in peripheral fetal and postnatal
tissues (i.e., heart, liver, adipose, pancreas) [34-36], thus after
crossing the placenta A9-THC and/or CBD may perturbate the
development and/or functions of organs regulating metabolism
during postnatal life. In keeping with this idea, several metabolic
diseases are associated with distorted eCB system [37]. In humans,
fetal exposure to cannabis has been associated with increased
adiposity and fasting glucose levels in early childhood [38].
Notably, epigenetic modifications have been associated to lasting
liver dysfunctions following prenatal A9-THC exposure [39]. In
contrast, studies examining the early and long-term effects of
prenatal CBD exposure on postnatal metabolism are lacking.
Although the precise mechanisms of CBD’ s action remain largely
unknown, one can hypothesize that epigenetic modifications
occurring in utero underly, at least partly, the sex-dependent
differences in body weight reported here. Epigenetic deprogram-
ming by adverse intrauterine environment, has been linked to
permanent changes of metabolic signaling pathways [40]. In this
context, Wanner and colleagues has recently found both modified
brain’s epigenome and behavioral outcomes following develop-
mental CBD exposure [20].

USVs represent one of the earliest markers of neurobehavioral
development, allowing quantification of affect, motivation, and
social behavior [41-43] USV have an important communicative
role in mother-offspring interactions, notably to elicit parents’
attention and care. Thus, understanding mother-pup communica-
tion will ameliorate the comprehension and allow the early
identification of neurodevelopmental diseases. Pre- and perinatal
exposure to psychoactive cannabinoids (e.g., THC) impacts rats’
USVs during infancy in a sex-specific way [30, 44]. The current
results show that in utero CBD lowers the number of vocalizing

Translational Psychiatry (2022)12:501
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Table 3. Call type profile is altered in a sex-specific manner in CBD-exposed pups.
Call Type PND TREATMENT Median Max Min N p value
Multiple Mann-Whitney
Unpaired t test

Flat 10 SHAM MALE 6.53 16.67 0.00 14 0.85
CBD MALE 7.02 14.55 0.00 10
SHAM FEMALE 8.51 11.11 0.00 11 0.003
CBD FEMALE 0.00 18.03 0.00 1

Short 10 SHAM MALE 2.88 12.50 0.00 14 <0.0001
CBD MALE 17.54 33.33 13.54 10
SHAM FEMALE 213 545 0.00 1 0.13
CBD FEMALE 7.69 80.00 0.00 1

Trill 10 SHAM MALE 1.29 16.47 0.00 14 0.0002
CBD MALE 23.40 35.09 0.00 10
SHAM FEMALE 3.19 10.66 0.00 1 0.08
CBD FEMALE 0.21 34.23 0.00 11

Complex 10 SHAM MALE 13.34 25.00 0.00 14 0.89
CBD MALE 9.09 3333 5.26 10
SHAM FEMALE 16.36 25.53 0.00 1 0.33
CBD FEMALE 11.29 38.46 0.00 1

Complex Trill 10 SHAM MALE 12.88 41.67 5.88 14 0.002
CBD MALE 2.22 545 0.00 10
SHAM FEMALE 9.72 75.00 7.27 1 0.0003
CBD FEMALE 0.00 44.44 0.00 11

Downward Ramp 10 SHAM MALE 32.72 42.24 0.00 14 <0.0001
CBD MALE 4.44 17.54 0.00 10
SHAM FEMALE 28.57 51.06 0.00 11 0.0002
CBD FEMALE 0.00 11.48 0.00 1

Upward Ramp 10 SHAM MALE 3.60 11.11 0.00 14 0.07
CBD MALE 6.97 14.58 0.00 10
SHAM FEMALE 3.19 11.43 0.00 1 0.75
CBD FEMALE 0.18 27.34 0.00 1

Step Up 10 SHAM MALE 0.00 11.11 0.00 14 0.004
CBD MALE 7.29 42.86 0.00 10
SHAM FEMALE 1.06 25.00 0.00 11 0.19
CBD FEMALE 3.60 55.56 0.00 1

Step Down 10 SHAM MALE 235 16.67 0.00 14 0.58
CBD MALE 3.51 4.44 0.00 10
SHAM FEMALE 213 3.49 0.00 1 0.07
CBD FEMALE 0.00 3.85 0.00 1

Inverted-U 10 SHAM MALE 13.13 33.33 0.00 14 0.003
CBD MALE 0.00 4.26 0.00 7
SHAM FEMALE 17.14 23.64 0.00 11 0.0002
CBD FEMALE 0.00 3.85 0.00 11

Data were collected from litters for each condition as described in Methods and Materials. Values are expressed as median, maximum and minimum.

males (not females). CBD-exposed males emitted shorter calls,
while CBD-exposed females emitted calls at higher frequency
compared to other groups. We found that prenatal CBD also
reduced the complexity of the vocal repertoire. Thus, compared to
SHAM pups, CBD-exposed pups of both sexes emitted fewer
composite calls such as Complex Trill, Downward Ramp, and
Inverted-U, when compared to their SHAM littermates. In addition,
male CBD-exposed pups employed monosyllabic calls (e.g., “Short”
calls) more often than other groups. Interestingly, we found that

Translational Psychiatry (2022)12:501

the same categories of calls found altered in CBD-treated animals
reflected lower probabilities to use those calls, suggesting a call-
specific effect of gestational CBD. The complexity of the vocal
repertoire increases during life [45] and though the precise
meaning of these vocalizations remains unclear, one could
hypothesize that prenatal exposure to CBD changes early
communication skills. Our observation is reminiscent of altered
ultrasonic communication reported in several murine models of
autism (i.e., fmr1Y/~, BTBR, Shank1 /") [46-49] and is in line with
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Fig. 4 Transitional probabilities for call type transitions within USV bouts in SHAM and CBD pups. Heat maps of transition probabilities in
SHAM (A) and CBD male (B) as well as in SHAM (D) and CBD female (E) pups. The values in the individual boxes indicate the probability of one
call to follow the previous (A, B-E). The transitional probability was expressed as the mean probability of each transition for each subject.
C The comparison of transitional probabilities shows that CBD-exposed male transitioned significantly less to Downward Ramp and Complex
Trill calls than SHAM male pups and that CBD male transitioned more to Trill than SHAM. F CBD females showed a lower probability to
transition to Complex, Downward Ramp and Short calls. Data are represented as Box and whisker plots (first quartile, median, third quartile).
Individual data points represent the transitional probabilities of calls emitted by each group. SHAM MALE N = 14, CBD MALE N =7, SHAM
FEMALE N =11, CBD FEMALE N = 11. Multiple Mann-Whitney U test, *p < 0.05.
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Table 4. Transitional probabilities for call type transitions within USV bouts in SHAM and CBD pups.

Trantitional probability PND TREATMENT Median Max Min N p value
Multiple Mann-Whitney
Unpaired t test

Flat 10 SHAM MALE 0.03 0.09 0.00 14 0.27
CBD MALE 0.00 0.09 0.00 7
SHAM FEMALE 0.03 0.13 0.00 11 0.22
CBD FEMALE 0.01 0.07 0.00 11

Complex 10 SHAM MALE 0.02 0.04 0.00 14 0.45
CBD MALE 0.01 0.02 0.00 7
SHAM FEMALE 0.13 0.25 0.04 11 0.01
CBD FEMALE 0.05 0.12 0.00 11

Downward Ramp 10 SHAM MALE 0.03 0.15 0.00 14 0.01
CBD MALE 0.10 0.21 0.00 7
SHAM FEMALE 0.16 0.26 0.10 11 0.01
CBD FEMALE 0.09 0.21 0.00 11

Complex Trill 10 SHAM MALE 0.08 0.11 0.00 14 0.01
CBD MALE 0.09 0.20 0.00 7
SHAM FEMALE 0.06 0.16 0.01 11 0.69
CBD FEMALE 0.06 0.20 0.00 11

Step Up 10 SHAM MALE 0.09 0.18 0.04 14 0.96
CBD MALE 0.05 0.10 0.02 7
SHAM FEMALE 0.00 0.03 0.00 11 0.46
CBD FEMALE 0.00 0.04 0.00 11

Upward Ramp 10 SHAM MALE 0.14 0.29 0.09 14 0.70
CBD MALE 0.08 0.16 0.03 7
SHAM FEMALE 0.02 0.10 0.00 11 0.45
CBD FEMALE 0.01 0.07 0.00 11

Step Down 10 SHAM MALE 0.02 0.09 0.00 14 0.70
CBD MALE 0.03 0.07 0.00 7
SHAM FEMALE 0.00 0.02 0.00 11 0.78
CBD FEMALE 0.00 0.02 0.00 11

Inverted-U 10 SHAM MALE 0.00 0.07 0.00 14 0.99
CBD MALE 0.00 0.09 0.00 7
SHAM FEMALE 0.07 0.18 0.00 11 0.25
CBD FEMALE 0.05 0.10 0.00 11

Trill 10 SHAM MALE 0.00 0.02 0.00 14 0.01
CBD MALE 0.00 0.05 0.00 7
SHAM FEMALE 0.02 0.06 0.00 11 0.18
CBD FEMALE 0.04 0.20 0.00 11

Short 10 SHAM MALE 0.09 0.20 0.00 14 0.19
CBD MALE 0.08 0.25 0.00 7
SHAM FEMALE 0.01 0.05 0.00 11 0.02
CBD FEMALE 0.00 0.06 0.00 11

Data were collected from litters for each condition as described in Methods and Materials. Values are expressed as median, maximum and minimum.

human studies showing abnormal cry characteristics in sick
toddlers with diseases affecting the central nervous system,
including autism spectrum disorders [50]. Thus, it is tempting to
conclude that communication deficit is a common and early
marker of neurodevelopmental diseases.

Maternal care plays a key role in child development [51, 52].
Indeed, the quality and frequency of maternal care critically affects
brain maturation as well as cognitive and emotional behaviors.
Poor maternal care is a well-established risk factor for

Translational Psychiatry (2022)12:501

neuropsychiatric diseases in humans [53, 54] and neurodevelop-
ment in rodents [55]. Therefore, impaired early communication
skills may be due to inadequate maternal care. Further research
will be needed to determine the relationships between maternal
behaviors and altered SVUs of CBD-exposed pups. SVUs are
essential for maternal-infant interaction, and for social and
reproductive behaviors [26]. So, it can be hypothesized that
communication deficiencies caused by gestational CBD could lead
to long-term deficits in exposed pups.
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Fig. 5 Fetal CBD modifies homing behavior selectively in female pups. A-D In the female progeny exposed to CBD in utero, the total
distance moved, the distance moved in the nest, the velocity, and the total time spent moving were diminished. In contrast, these parameters
were normal in the male progeny. E-H Fetal CBD had no discernable effects on the latency to reach the nest, cumulative time spent in the
latter, the distance moved in the unfamiliar area or entries into the Nest (I, J) CBD females entered more often and spent more time in the
unfamiliar zone than the CBD male pups (SHAM MALE N =15 light green boxplot, CBD MALE N =13 dark green boxplot, SHAM FEMALE
N =15 light orange boxplot, CBD FEMALE N = 13 dark orange boxplot). Data are represented as Box and whisker plots. Individual data points
represent one animal while the line the median. Multiple Mann-Whitney U test, *p < 0.05.
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Table 5. Fetal CBD modifies homing behavior selectively in female pu

Parameter PND TREATMENT

SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE
SHAM MALE
CBD MALE
SHAM FEMALE
CBD FEMALE

Distance moved (cm)

Velocity (cm/s)

Moving (sec)

Distance moved Nest (cm)

Latency (sec)

Entries in Nest

Nest Time (s)

Distance moved Un. Area (cm)

Entrie Un. Area

Unfamiliar Area (s)

ps.
Median Max Min N p value
Multiple Mann-Whitney
Unpaired t test
430.00 1114.00 76.29 15 0.06
268.70 897.50 61.09 13
489.40 1111.00 300.70 15 0.003
261.80 839.80 105.40 13
1.79 4.64 0.32 15 0.13
1.22 3.83 0.25 13
2.04 4.63 1.25 15 0.004
1.12 3.60 0.44 13
60.60 149.50 1.92 15 0.12
43.44 116.50 1.70 13
85.60 156.00 42.76 15 0.002
44.68 112.40 7.54 13
226.10 353.90 2791 15 0.52
170.80 432.70 89.30 13
244.00 747.90 109.90 15 0.009
98.74 428.60 5.04 13
12.20 49.31 0.00 15 <0.9999
7.24 87.95 0.93 13
15.16 65.80 1.50 15 <0.9999
16.78 69.10 0.00 13
5 15 0 15 0.54
3.5 12 0 13
5 13 1 15 0.08
8 14 0 13
186.30 219.70 0.00 15 0.78
168.70 236.60 0.00 13
180.00 224.40 66.52 15 0.09
139.40 200.10 0.00 13
1153 835.2 48.37 15 0.43
133.2 464.8 10.49 13
161.6 8423 70.79 15 0.79
209.2 411.1 6.695 13
3 1 1 15 0.77
3 13 1 13
4 17 1 15 0.15
7 15 1 13
43.28 221.2 13.21 15 0.21
43.54 125.7 1.501 13
52.58 2184 11.68 15 0.18
100 240 385 13

Data were collected from litters for each condition as described in Methods and Materials. Values are expressed as median, maximum and minimum.

Homing behavior requires sensory and cognitive skills (e.g., to
differentiate the scent of the original cage) as well as motor skills
(e.g., to navigate to the original litter). CBD had sex-specific effects
on homing; only CBD-treated females showed an overall reduction
in motor activities (i.e., distance traveled, speed, and total time
spent moving). In addition, CBD-treated females entered the
unfamiliar area more often and spent more time in the unfamiliar
area than CBD-treated male pups, suggesting differential devel-
opment of sensory and cognitive abilities.

Translational Psychiatry (2022)12:501

Dopamine (DA) and its receptors are fundamental to motor
functions. Increased DA release is classically associated with
increased movement, while inhibition is followed by hypoki-
nesia. The hypokinesis induced by cannabinoids [56] is mostly
due to a reduction in dopaminergic activity. Considering that
CBD is a partial agonist of dopamine D2R [57], one can
hypothesize that the reduced locomotor activity of females
exposed in utero to CBD, implicates the modulation of
dopaminergic pathways.
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Taken together, this study reveals sex-specific cognitive
impairments in early life associated with fetal CBD. This work
challenges the view that CBD is a universally safe compound and
warrants further study of the developmental consequences of
prenatal CBD.
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