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Abstract: Many expectant mothers use CBD to alleviate symptoms like nausea, insomnia, anxiety, and
pain, despite limited research on its long-term effects. However, CBD passes through the placenta,
affecting fetal development and impacting offspring behavior. We investigated how prenatal CBD
exposure affects the insular cortex (IC), a brain region involved in emotional processing and linked
to psychiatric disorders. The IC is divided into two territories: the anterior IC (alIC), processing
socioemotional signals, and the posterior IC (pIC), specializing in interoception and pain perception.
Pyramidal neurons in the alC and pIC exhibit sex-specific electrophysiological properties, including
variations in excitability and the excitatory/inhibitory balance. We investigated IC’s cellular proper-
ties and synaptic strength in the offspring of both sexes from mice exposed to low-dose CBD during
gestation (E5-E18; 3 mg/kg, s.c.). Prenatal CBD exposure induced sex-specific and territory-specific
changes in the active and passive membrane properties, as well as intrinsic excitability and the
excitatory/inhibitory balance, in the IC of adult offspring. The data indicate that in utero CBD
exposure disrupts IC neuronal development, leading to a loss of functional distinction between IC
territories. These findings may have significant implications for understanding the effects of CBD on
emotional behaviors in offspring.

Keywords: cannabidiol; prenatal development; gestational exposure; neurodevelopment; insular
cortex; pyramidal neurons

1. Introduction

The growing trend of cannabis use among expectant and nursing mothers is sparking
mounting alarm, posing a substantial threat to the well-being of unborn babies and new-
borns [1-7]. The two main psychoactive compounds in cannabis, tetrahydrocannabinol
(THC) and cannabidiol (CBD), can permeate the placenta during pregnancy (as extensively
discussed in Rokeby et al. [8]) and also concentrate in breast milk during lactation. This
raises concerns about the potential risks of in utero exposure to these substances and their
impact on the vulnerable developing fetus and breastfeeding infant. While CBD shares a
structural similarity to A9-THC, it is often advertised as a non-psychotropic substance. Con-
sequently, CBD from processed hemp products such as CBD oils and extracts is generally
perceived as safe and free of adverse effects.

Although there is a dearth of scientific research on the safety of CBD during pregnancy,
expectant mothers are increasingly turning to CBD to alleviate a range of pregnancy-
related complaints, including morning sickness, sleep disturbances, anxiety, and persistent
pain [9]. Moreover, CBD has been shown to penetrate the human placenta, which may have
implications for the developing fetus and the functioning of the placenta itself [8,10-12].
Additionally, CBD (and THC) concentrations are elevated in the plasma and breast milk of
lactating mothers [13], which may have implications for the nursing infant. Of particular
significance, CBD [14] can exert a profound impact on the differentiation, maturation, and
functionality of human-induced pluripotent stem cells, suggesting a potential neurodevel-
opmental effect on the developing fetus and infant.
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In rodent models, too, CBD has also been shown to traverse the placenta and accumu-
late in breast milk [15]. We previously showed that administration of a low dose of CBD
(3 mg/kg) from embryonic days 5 to 18 (E5-E18) during gestation resulted in sex-specific
behavioral alterations in neonatal pups. Specifically, male pups exhibited increased weight
gain and emitted shorter ultrasonic vocalizations when separated from the nest, whereas
female littermates produced more high-frequency calls. Notably, the qualitative changes
observed in the syllabic repertoire of ultrasonic vocalizations suggest altered communica-
tion patterns in the offspring exposed to prenatal CBD. Furthermore, female pups exposed
to CBD during gestation displayed reduced motor and discriminatory abilities, indicating
a higher susceptibility to the effects of prenatal CBD compared to males, which may have
implications for the long-term development and behavior of the offspring [16].

The repercussions of perinatal CBD exposure persist beyond the early life stages.
Continuous exposure to CBD from gestation until the first week postpartum led to sex-
specific alterations in repetitive and hedonic behaviors in adult offspring [17]. Moreover,
prenatal CBD exposure was found to attenuate the ability of fluoxetine to enhance coping
behavior in the forced-swim test, a paradigm used to assess antidepressant-like effects [17].

The insular cortex (IC) plays a pivotal role in various cognitive and emotional pro-
cesses. It is involved in sensory processing, representing feelings and emotions, autonomic
and motor control, risk prediction, decision-making, bodily and self-awareness, as well
as complex social functions such as empathy [18,19]. The IC functions as an integration
hub by connecting diverse brain systems underlying sensory, emotional, motivational, and
cognitive functions [20]. Thus, the IC receives sensory inputs from various modalities,
projects to topographically organized sensory regions, and connects with the limbic system,
frontal brain regions, and regions implicated in motivation and reward [21,22]. The IC is
also associated with interoception, emotional valence, decision-making under uncertainty,
empathy, and even self-awareness. The insular IC has been associated with a range of neu-
rological and neuropsychiatric disorders: alterations or dysfunctions in the IC have been
linked to anxiety disorders, addiction, depression, schizophrenia, and autism spectrum
disorders [23].

The IC is divided into two territories. The anterior insular cortex (alC) plays a
critical role in the processing and experience of emotions, social interactions, and self-
awareness [19,24,25], while the posterior insular cortex pIC is associated with sensory
integration, interoceptive awareness, and motor control [20,26]. In a preceding investiga-
tion, we characterized and compared the cellular and synaptic properties of pyramidal
neurons across IC territories in mice of both sexes, and revealed region-specific electrophys-
iological signatures and sex-dependent differences in synaptic plasticity and excitatory
transmission [27]. These regional disparities likely contribute to the distinct behavioral and
cognitive profiles observed between males and females, and may underlie the specialized
functions of the alC and pIC.

2. Materials and Methods
2.1. Animals

Animals were treated in compliance with the European Communities Council Di-
rective (86/609/EEC) and the United States NIH Guide for the Care and Use of Lab-
oratory Animals. The French Ethical committee authorized the project APAFIS#18476-
2019022510121076 v3. Adult male and female C57BL6/] (12-17 weeks age) were purchased
from Charles River 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 4+ 1 °C, 60 &= 10%
relative humidity, and 12 h light/dark cycles). Food and water were available ad libitum.
Following a one-week acclimation period, female pairs were introduced to a single male
mouse in the late afternoon. The day when a vaginal plug was observed was considered as
day 0 of gestation (GD0), and pregnant mice were individually housed thereafter. Starting
from GD5 until GD18, the pregnant dams received daily subcutaneous injections (s.c.) of
either a vehicle or 3 mg/kg of CBD (obtained from the Nida Drug Supply Program). The
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CBD was dissolved in a vehicle solution composed of Cremophor EL (from Sigma-Aldrich,
Darmstadt, Germany), ethanol, and saline, with ratios of 1:1:18, respectively, and adminis-
tered at a volume of 4 mL/kg. Control dams (referred to as “Sham”) received an equivalent
volume of the vehicle solution. Upon each litter’s birth, the day was designated as post-
natal day (PND) 0. Pups were weaned on post-natal day (PND) 21 and subsequently
housed separately by sex. Later, in adulthood (PND 90-120) electrophysiological recordings
were made from the soma of layer V pyramidal anterior or posterior IC neurons (Figure 1).

4 ‘ ! GD18 PNDO PND 21 PND 90-120
Py ®

(2) CBD 3mg/Kg s.c.

C= NI
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Insular Cortex Anterior Insular cortex
Treatment group . (alC)-Layer V
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Figure 1. Experimental timeline for gestational Cannabidiol (CBD) exposure. Mice were bred and
treated once daily from gestational day (GD) 5 to GD18. The date of birth was defined as post-natal
day (PND) 0. Pups were weaned at PND 21, and males and females were housed separately. At the
adult stage, electrophysiological recordings were made on layer V principal neurons of anterior and
posterior Insular Cortex (alC and pIC), respectively, in both sexes of Sham and CBD-exposed progeny.
Created with Biorender.com.

2.2. Slice Preparation

Adult male and female mice (PND 90-120) were deeply anesthetized with isoflurane,
and euthanized according to institutional regulations. The brain was sliced (300 um) in
the coronal plane with a vibratome (Integraslice, Campden Instruments, London, UK)
in a sucrose-based solution at 4 °C containing (in mM): 87 mM NaCl, 75 mM sucrose,
25 mM glucose, 2.5 mM KCl, 4 mM MgCl,, 0.5 mM CaCl,, 23 mM NaHCOj3, and 1.25 mM
NaH,PO4. Immediately after cutting, slices containing anterior or posterior IC were stored
for 30 min at 32 °C in a low-calcium artificial CSF (ACSF) containing (in mM): 130 mM
NaCl, 11 mM glucose, 2.5 mM KCl, 2.4 mM MgCl,, 1.2 mM CaCl,, 23 mM NaHCO;,
and 1.2 mM NaH;POy, and were equilibrated with 95% O,/5% CO, and then at room
temperature until the time of recording. During the recording, slices were placed in the
recording chamber and continuously perfused at 2 mL/min with warm (32-34 °C) low
Ca®" solution.

2.3. Electrophysiology

Whole-cell patch clamp recordings were made from the soma of layer V pyramidal
anterior or posterior IC neurons. The latter were visualized under a differential interference
contrast microscope using an upright microscope with infrared illumination (Olympus,
Rungis, France). For current-clamp experiments and voltage-clamp recording, patch
pipettes were filled with an intracellular solution containing (in mM): 145 K* gluconate,
3 NaCl, 1 MgCl,, 1 EGTA, 0.3 CaCl,, 2 Na?* ATP, 0.3 Na* GTP, and 0.2 cAMP, buffered
with 10 HEPES. The pH was adjusted to 7.25 and osmolarity to 290-300 mOsm. Electrode
resistance was 2—4 M(). Access resistance compensation was not used, and acceptable
access resistance was <30 M(). The potential reference of the amplifier was adjusted to
zero before breaking into the cell. Cells were held at —70 mV. Current-voltage (I-V) curves
were made by a series of hyperpolarizing to depolarizing current steps immediately after
breaking into the cell. To determine the rheobase, a series of depolarizing current steps was
applied. Spontaneous EPSCs (sEPSCs) were recorded at —70 mV and isolated by using the
GABA  receptor blocker gabazine 10 mM (SR 95531 hydrobromide; Tocris, Bristol, UK).
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When inhibitory post-synaptic currents (IPSCs) were recorded, the recording pipettes
were filled with a high-chloride solution of the following composition (in mM): 140 KCl,
1.6 MgCly, 2.5 MgATP, 0.5 NaGTP, 2 EGTA, 10 HEPES. The pH solution was adjusted
to 7.25-7.3 and osmolarity to 280-300 mOsm. Electrode resistance was 3—4 M(Q). Spon-
taneous IPSCs (sIPSCs) were recorded at —70 mV in the presence of 10 uM CNQX (6-
Cyano-7-nitroquinoxaline-2,3-dione disodium, an AMPA receptor antagonist, Tocris) and
L-APV 50 uM (DL-2-Amino-5-phosphonopentanoic acid, a selective NMDA receptor
antagonist, Tocris).

Data were recorded in the current-clamp with an Axopatch-200B amplifier, low pass fil-
tered at 2 kHz, digitized (10 kHz, DigiData 1440A, Axon Instruments, Sunnyvale, CA, USA),
collected, and analyzed using Clampex 10.7 (Molecular Device, Sunnyvale, CA, USA).

2.4. Data Analysis and Statistics

Except for principal component analysis (PCA, see below), data were analyzed off-line
with Clampfit 10.7 (Molecular Devices, Sunnyvale, CA, USA) and AxoGraph X. Graphs
and Figure layouts were generated with GraphPad Prism 10. Datasets were tested for
the normality (D’Agostino-Pearson and Shapiro-Wilk) and outliers (ROUT test) before
parametric tests were run. Statistical significance of difference between means was assessed
with two- or three-way ANOVA followed by Sidak’s multiple comparison post hoc tests,
as indicated in figure legends. When achieved, the significance was expressed as exact
p-value in the figures. The experimental results are described qualitatively in the main text,
whereas experimental and statistical details, including sample size (n/N = Cells/ Animals),
statistical test, and p-value, are reported in Figure legends. Quantitative data are presented
as Box and whisker plots, reporting median, min, and max values, and superimposed
scatter plots to show individual data points. Membrane capacitance (Cm) was estimated
by integrating the capacitive current evoked by a —2 mV pulse, whereas the membrane
resistance was estimated from the I-V curve around resting membrane potential. The
latter (RMP) was measured immediately after whole-cell formation during the current-
clamp protocol. The input-output curve was created by measuring the number of action
potentials elicited by depolarizing current steps of increasing amplitude, while to determine
the rheobase a series of depolarizing 10 pA current steps was applied. The frequency
and amplitude of sE/IPSCs were analyzed with Axograph X using a double exponential
template: f(t) = exp(—t/rise) + exp(—t/decay) (rise = 0.5 ms and decay = 3 ms; rise = 0.2 ms
and decay = 10 ms, respectively). The detection threshold for the events was set at 3 times
the baseline noise SD, whereas the one for the amplitude detection was set at —7 pA.

The radar plot was constructed using the electrophysiological properties of principal
neurons in alC and pIC, considering both sex and treatment variables. The means of
each population were normalized within a range of —2 to 5 using the following function:
Normalized Values = —2 + (Values — Minimum) x (=5 — (—2))/(Maximum — Minimum).

Correlations were compared with “cocor.indep.groups” of the package cocor [28]
in R 4.2.0 [29]. Comparison results were shown only for those correlations found to be
significant in at least one of the two compared groups.

Considering the parameters reported in the evaluation of intrinsic and synaptic trans-
mission properties, principal component analysis (PCA) was computed and plotted using
the following R packages version 4.2.0: FactoMineR, version 2.11 and factoextra version
1.0.7. The intrinsic properties of layer 5 pyramidal neurons were analyzed via PCA, with
membrane capacitance, rheobase, resting membrane potentials, neuronal excitabilities, and
voltage membrane response to different injected current steps as quantitative variables, and
individual cells as individuals. Missing values were imputed using the mean of the respec-
tive variable. Supplementary qualitative variables were the two insular cortices (anterior
and posterior, 2 modalities), treatment (Sham and CBD, 2 modalities), and group (4 modali-
ties). The cumulative relative contribution of PCs against the variance, the contribution,
and correlation were investigated.
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2.5. Statistical Output for Main Figures

Figure 2A: three-way ANOVA: interaction (treatment versus area versus sex) F = 1.777,
p = 0.6056; treatment F = 7.260, p = 0.7356; area F = 0.2919, p = 0.5900; sex F = 21.87,
p = <0.0001.

Figure 2B: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.2679,
p = 0.6056; treatment F = 7.260, p = 0.008; area F = 0.0684, p = 0.7940; sex F = 58.58,
p = <0.0001.

Figure 2C: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.0355,
p = 0.8508; treatment F = 13.48, p = 0.0003; area F = 2.878, p = 0.0921; sex F = 19.22,
p = <0.0001.

Figure 3B: three-way ANOVA: interaction (injected current versus treatment versus
sex) F =0.2156, p = <0.9999; injected current F = 197.6, p = <0.0001; treatment F = 38.22,
p = <0.0001; sex F = 158.3, p = <0.0001.

Figure 3C: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.3129,
p = 0.5768; treatment F = 16.20, p = <0.0001; area F = 0.4329, p = 0.5117; sex F = 20.88,
p = <0.0001.

Figure 7B: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.6159,
p = 0.4340; treatment F = 1.189, p = 0.2776; area F = 0.3977, p = 0.5294; sex F = 3.553, p = 0.0617.

Figure 7C: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.074,
p = 0.7860; treatment F = 0.7115, p = 0.4006; area F = 4.296, p = 0.0402; sex F = 19.94,
p = <0.0001.

Figure 8C: three-way ANOVA: interaction (treatment versus area versus sex) F = 4.660,
p = 0.0324; treatment F = 1.347, p = 0.2475; area F = 2.468, p = 0.1182; sex F = 4.303, p = 0.0397.

Figure 9A: three-way ANOVA: interaction (treatment versus area versus sex) F = 0.6085,
p = 0.4371; treatment F = 0.6915, p = 0.4075; area F = 0.1863, p = 0.6669; sex F = 1.398,
p = 0.2398.

3. Results
3.1. Gestational CBD-Induced Sex- and Territory-Specific Alterations in the Properties of IC
Pyramidal Neurons

Prenatal environmental risk factors can profoundly disrupt brain development and
function in the offspring, thereby increasing susceptibility to a range of neurodevelopmental
and neuropsychiatric disorders [30]. The IC integrates multiple sensory modalities and
processes emotional stimuli. Considering its significance in the development of psychiatric
conditions, we examined the impact of prenatal CBD exposure on the functionality of
the IC. We previously observed significant differences in the cellular properties of layer
V pyramidal output neurons along the rostro—caudal axis of the IC in adult males and
females [27]. We characterized the passive and active membrane properties of layer V
pyramidal neurons in the alC and pIC of CBD-exposed progeny, examining both sexes
(Figure 2; Supplementary Figures S1 and S2).

In males exposed to CBD, there were no differences in soma size and resting mem-
brane potential between the alC and pIC regions, in contrast with the findings in the Sham
group and Naive mice [27] (Figure 2A,B). However, females exposed to CBD exhibited
larger and more hyperpolarized pyramidal neurons, like Sham females did, across IC
subregions (Figure 2A,B). Furthermore, both sexes of CBD-exposed mice showed a compa-
rable rheobase between the alC and pIC (Figure 2C). When comparing passive and active
membrane properties within each IC, we observed that pIC pyramidal neurons were more
hyperpolarized in CBD-exposed males compared to their Sham counterparts (Figure 2B).
Additionally, the rheobase of pIC neurons was higher in both CBD-exposed males and
females compared to the Sham groups, indicating a more negative resting membrane
potential (Figure 2C).
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Figure 2. Gestation CBD exposure induces a subregion-specific alteration of intrinsic properties of
layer V IC pyramidal neurons. (A) Quantitative analysis of passive membrane properties revealed that
across Insular Cortex (IC) subregions, principal neurons of anterior IC (alIC) are significantly larger
(i.e., exhibit larger capacitance) to posterior IC (pIC) neurons in Sham mice of both sexes. In contrast,
following CBD prenatal exposure, this difference was completely lost in CBD males, but not in CBD
females. (B) The resting membrane potential of alIC pyramidal neurons is more hyperpolarized than
those of pIC in Sham males and females, as well as in CBD-exposed females. Instead, in CBD-exposed
males, the pIC neurons exhibit a more hyperpolarized resting membrane potential compared to their
Sham counterparts. (C) Sham mice showed a higher rheobase in alC compared to pIC pyramidal
neurons in both sexes, but in CBD-exposed mice the rheobase was similar across IC subregions and
higher only in pIC of both males and females. (D,E) CBD in utero exposure does not significantly
alter the I-V relationships in IC subregions, regardless of sex. (F) Radar plot shows differences
between alC and pIC pyramidal neurons across all electrophysiological properties extracted from
Sham and CBD mice of both sexes. Sham mice showed a clear differentiation in the cellular properties
of aIC and pIC, in both males and females. In contrast, following CBD in utero exposure across IC
subregions, pIC totally lost its specificity in both sexes. Data are presented as box-and-whisker plots
(minimum, maximum, median) for (A-C), as mean + CI in XY plots for (D,E), and as normalized in
a range of —2 and 5 for (F). Three-way ANOVA, followed by Sidék’s multiple comparison test, were
performed for (A-E). (A-E) Detailed statistics are provided in Methods Section 2.5. p-values < 0.05
depicted in the graph. The sample size expressed as cells/animal is: alC Sham male = 14/10, aIC
CBD male = 15/8, pIC Sham male = 27/15, pIC CBD male = 19/9, alC Sham female = 14/6, alC CBD
female = 17/7, pIC Sham female = 19/13, pIC CBD female = 17/6.

The comparison of voltage membrane response to hyperpolarizing current steps re-
vealed no significant differences within IC subregions across treatments (Figure 2D,F).
Notably, in females (but not in males), pyramidal neurons in the alC were larger and
more hyperpolarized compared to those in the pIC (Supplementary Figure S1A,B). Ad-
ditionally, irrespective of sex and IC subregion, CBD-exposed progeny displayed similar
rheobase values and membrane responses to somatic injection current steps (Supplementary
Figures S1C and S2A-D).

Summarizing the cellular properties of principal neurons in the IC across sex and
subregions (Figure 2F), we observed that fetal CBD exposure specifically disrupted the
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differentiation of the pIC in CBD-exposed progeny of both sexes. In CBD mice, the active
and membrane properties between the alC and pIC largely overlapped, whereas in the
Sham group these properties exhibited significant differences along the antero—posterior
axes for both males and females. Furthermore, we conducted principal component analysis
(PCA, Figure 4A-F) using qualitative variables such as membrane capacitance, rheobase,
resting membrane potential, neuronal excitabilities, and voltage membrane response to
different injected current steps.

The PCA results confirmed the lack of differentiation in the pIC among CBD-exposed
progeny of both sexes (Figure 4B,E and Supplementary Figure S3B), highlighting CBD
prenatal exposure as a major contributing factor to the variance in the dataset (Figure 4C,F).

3.2. Gestational Exposure to CBD Altered the Excitability of Pyramidal Neurons in Specific
Subregions of the IC

The observed selective changes in cellular properties (such as membrane resting
potential and rheobase) strongly indicate region-specific modifications in excitability of
IC principal neurons following prenatal exposure to CBD. Therefore, we investigated the
intrinsic firing properties between alC and pIC in CBD progeny of both sexes (Figure 3,
Supplementary Figure S1).
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Figure 3. CBD prenatal exposure induces subregion-specific alterations in IC pyramidal neurons
excitabilities. (A) Across treatments and sexes, the input-output relationship of IC principal neurons
revealed that CBD prenatal exposure does not alter alC excitability. (B) In contrast, pIC showed a
lower level of excitability in CBD progeny of both sexes. (C) The firing frequency at a physiological
current step (+150 pA) demonstrated that alC pyramidal neurons are more excitable than pIC neurons
in Sham mice of both sexes, but not in CBD mice. Additionally, pIC pyramidal neurons of CBD-
exposed animals are less excitable than those of Sham animals, regardless of sex. Data are presented
as mean + SEM in XY plot for (A,B), and as box-and-whisker plots (minimum, maximum, median)
for (C). Three-way ANOVA, followed by Sidak’s multiple comparison test, were performed for (A-C).
(A-C) Detailed statistics are provided in Methods Section 2.5. (A) * p value for pIC Male Sham versus
pIC Male CBD is: ** p = 0.007 and *** p = 0.0001, while (B) # p value for pIC Female Sham versus
pIC Female CBD is: ## p = 0.0061. * p-values < 0.05 are depicted in the graph for figure (C). The
sample size expressed as cells/animal is: alC Sham male = 14/10, aIC CBD male = 15/8, pIC Sham
male = 27/15, pIC CBD male = 19/9, aIC Sham female = 14/6, aIC CBD female = 17/7, pIC Sham
female = 19/13, and pIC CBD female = 17/6.

Gestational CBD resulted in the altered intrinsic excitability of IC pyramidal neurons
in a subregion-specific manner. Within the alC, both male and female mice exposed to
CBD showed a comparable response in membrane profiles when compared to their Sham
counterparts (Figure 3A).
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In contrast, pyramidal neurons in the pIC of CBD-exposed mice exhibited lower
excitability compared to those of the Sham group, regardless of sex (Figure 3B). Interestingly,
when comparing the firing profiles within CBD-exposed progeny, a sex-specific effect of
gestational CBD was revealed, showing lower excitability of pIC neurons in CBD-exposed
females compared to those in CBD-exposed males (Supplementary Figure S1H).

Within the physiological range, CBD-exposed animals showed a similar level of
excitabilities across IC subregions (Figure 3C), whereas in Sham group alC, neurons fired
less compared to those in pIC (Figure 3C), in both sexes. Accordingly, with differences
found in the firing profiles within the same IC territory, pIC was less excitable in CBD
compared to Sham, in both male and females (Figure 3C). Finally, no differences within
CBD-exposed progeny were observed (Supplementary Figure S1D).

In continuity with the intrinsic properties, radar plot analysis and PCA similarly
indicated a consistent absence of pIC differentiation among CBD progeny of both sexes
after prenatal CBD exposure (Supplementary Figure S3).
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Figure 4. Principal component analysis (PCA) of electrophysiological properties revealed that CBD in
utero exposure caused a lack of IC subregion differentiations in both sexes. This analysis was carried
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plC CBD
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out using membrane capacitance, rheobase, resting membrane potentials, neuronal excitabilities, and
the voltage membrane’s response to varying injected current steps as quantitative variables and cells
as individuals. (A,D) Plotting the percentage of explained variance by each PC (histogram) revealed
that most of the dataset’s variance is explained by PC1 (69%), PC2 (8.7%), and PC1 (67.9%) and
PC2 (9.4%), in females and males, respectively. The cumulative percentage of explained variance is
represented by black dots. (B,C—F) Small dots represent individuals colored according to their belonging



Cells 2024, 13, 1486

90f19

to one the following qualitative supplementary variables: area and treatment (left), treatment (right).
Each circle represents a cell plotted against its primary and secondary principal component (PC)
scores. Ellipses represent the barycenter of individuals (i.e., mean) for each category, surrounded by
its 95% confidence ellipses. (B,E) PCA showed that, in Sham mice, aIC and pIC largely differed in
their properties, in both males and females. In contrast, IC subregions overlapped in the CBD group
in both sexes. (C,F) This effect was driven by the CBD prenatal exposure which impacted the intrinsic
properties of IC pyramidal neurons in both male and female progeny.

3.3. Territory-Specific Changes in Electrophysiological Correlations Due to Gestational CBD
Exposure: Insights from Multivariate Analysis

Multivariate analysis was used to uncover complex changes in how electrophysiolog-
ical parameters interact and identify patterns and correlations that may be affected, like
gestational CBD exposure. Specifically, we assessed how gestational exposure to CBD alters
the relationships between pairs of electrophysiological features in the aIC and pIC of both
sexes (Figures 5 and 6, Supplementary Table S1).
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Figure 5. Multivariate analysis of the compound effects of prenatal CBD exposure in IC layer V pyra-
midal neurons of adult male offspring. (A,B) Heat maps of correlation profiles of electrophysiological
parameters (membrane capacitance, rheobase, resting membrane potentials, APs at 150 pA, and the
voltage membrane’s response to —400 and 100 pA current steps) for alC and pIC neurons in Sham,
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or (D,E) CBD-exposed male mice. (C,F-H) Cross correlation across treatments and IC subregions.
(A,B,D,E) Non-parametric Spearman correlation matrix (r values). Statistically significant correlations
(p-values < 0.05) are displayed in graphs with white *. (C,F—H) Correlations that significantly differ
(p-value < 0.05, Fisher’s Z test) are indicated with a black * by (C,F) subregion and (G,H) treatment.
(A-H) aIC Sham male n = 14, pIC Sham male n = 27, aIC CBD male n = 15, and pIC CBD male n = 19.
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Figure 6. Multivariate analysis of the compound effects of prenatal CBD exposure in IC layer V
pyramidal neurons of adult female offspring. (A,B) Heat maps of correlation profiles of electro-
physiological parameters (membrane capacitance, rheobase, resting membrane potentials, APs at
150 pA, and the voltage membrane’s response to —400 and 100 pA current steps) for alC and pIC
neurons in Sham, or (D,E) CBD-exposed female mice. (C,F-H) Cross correlation across treatment
and IC subregions. (A,B,D,E) Non-parametric Spearman correlation matrix (r values). Statistically
significant correlations (p-values < 0.05) are displayed in graphs with white *. (C,F-H) Correlations
that significantly differ (p-value < 0.05, Fisher’s Z test) are indicated with a black * by (C,F) subregion
and (G, H) treatment. (A-H) alC Sham female n = 14, pIC Sham female n = 21, aIC CBD femalen =17,
pIC CBD female n = 18.
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In Sham males, across subregions, IC principal neurons showed notable differences in
the correlation between the number of action potentials (APs) fired at 150 pA and input
resistance at 100 pA (Figure 5C). Conversely, male progeny exposed to CBD exhibited dif-
ferences only in the correlation between input resistance at 100 pA and rheobase (Figure 5F)
across IC subregions. In Sham females, differences were observed in the correlations of
rheobase—-membrane capacitance, the number of APs fired at 150 pA-membrane capacitance,
and rheobase (Figure 6C). Interestingly, no significant correlations were found between alC
and pIC in CBD female offspring (Figure 6F). Across treatments, alC pyramidal neurons
in male progeny showed variation in the relationship between input resistance at 100 pA
and rheobase (Figure 5G). In contrast, pIC neurons significantly differed in the correlations
of rheobase-membrane capacitance, input resistance at 100 pA-rheobase, and the number
of APs fired at 150 pA-membrane capacitance (Figure 5H). Comparing the alC of Sham
and CBD female progeny revealed a significant change in the correlations between rest-
ing potential-rheobase and the number of Aps fired-resting potential (Figure 6G). In pIC,
changes were observed in the correlations of input resistance at 100 pA-resting potential,
the number of APs fired-rheobase, and input resistance at 100 pA (Figure 6H).

This analysis, which shows complex changes in how various electrophysiological
parameters interact, highlights the intricate nature of neuronal responses to gestational
CBD exposure in a territory-specific manner.

3.4. Prenatal Cannabidiol Treatment Equalized Excitatory and Inhibitory Synaptic Transmission of
the Adult Offspring in a Sex- and Territory-Specific Manner

Given the strong connections of the IC to various cortical and subcortical brain regions,
we examined whether gestational CBD exposure not only affected the local circuit but also
altered the connectivity of IC subregions. To assay the synaptic connectivity, we recorded
both spontaneous AMPA- and GABA-mediated post-synaptic currents (SEPSCs and sIPSCs,
respectively) in the layer V pyramidal neurons of Sham and CBD-exposed progeny of both
sexes (Figures 7 and 8, Supplementary Figures 54 and S5).

We previously showed that alC received smaller and more frequent excitatory inputs
compared to pIC in Naive males [27]. Interestingly, after prenatal CBD exposure, the differ-
ence in mean sEPSC amplitude observed in Naive, as well as in Sham males, completely
disappeared between alC and pIC neurons in CBD-exposed males (Figure 7B). Instead,
the frequency of excitatory events in alC was higher compared to the pIC, as observed in
Sham mice (Figure 7C). Contrary to that observed in males, the sEPSC profiles in CBD
females were like those of Sham females (Figure 7B,C). No differences in the kinetics of
AMPA-mediated events were observed between Sham and CBD progeny, regardless of sex
(Figure 7D,E).

When comparing excitatory events within the CBD progeny, a sex-specific effect of
gestational CBD was revealed, showing a higher frequency of sEPSCs in the alC compared
to the pIC in males, but not in females (Supplementary Figure 54B).

We subsequently analyzed the inhibitory transmission in both Sham and CBD progeny
across the sexes. The mean amplitude of sIPSCs was similar between Sham and CBD males
(Figure 8B). However, across IC subregions, Sham males exhibited more frequent inhibitory
inputs in alC compared to pIC (Figure 8C). Notably, prenatal exposure to CBD normalized
the frequency of sIPSCs across IC subregions in CBD males (Figure 8C). On the other hand,
comparing the inhibitory transmission between Sham and CBD females, no differences were
observed in the mean amplitude and frequency (Figure 8B,C). No differences in the kinetics
of GABA-mediated events were observed between Sham and CBD progeny, regardless of
sex (Figure 8D,E). Finally, the GABA-mediated events showed a very similar profile within
the CBD progeny, across sexes and IC subregions (Supplementary Figure SSA-D).
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Figure 7. Prenatal Cannabidiol treatment affects excitatory IC synaptic transmission in a sex-specific
manner, with significant effects on the amplitude of excitatory events in male progeny. (A) Rep-
resentative spontaneous excitatory currents (sEPSCs) recorded at —70 mV for each group. (B) In
male progeny, CBD in utero exposure resulted in similar mean amplitudes of excitatory events in
alC and pIC, whereas in Sham mice alC was characterized by smaller events compared to pIC. No
significant differences were observed in female progeny. (C) In contrast, prenatal CBD had no effects
on the frequency of sEPSCs. (D,E) No differences were observed in the kinetics of sEPSCs across
treatments and sexes. Data are presented as box-and-whisker plots (minimum, maximum, median)
for Panels (B-E). Statistical analysis was performed using three-way ANOVA followed by Sidak’s
multiple comparison test. Detailed statistics are provided in Methods Section 2.5. The sample size
expressed as cells/animal is: alC Sham male n = 14/9, alC CBD male n = 15/8, pIC Sham male
n =27/16, pIC CBD male n = 20/9, alC Sham female n = 13/10, alC CBD female n = 13/6, pIC Sham
female n = 17/11, and pIC CBD female n = 18/8.
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Figure 8. Prenatal CBD exposure normalizes IC’s inhibitory spontaneous transmission frequency in
male offspring. (A) Representative spontaneous inhibitory post-synaptic currents (sIPSCs) recorded
at —70 mV in anterior (aIC) and posterior (pIC) insular cortex of male (bottom left) and female
(bottom right) animals. (B) Quantitative analysis of sIPSC amplitude reveals no significant differences
between CBD-exposed and Sham progeny of both sexes. (C) Gestational CBD exposure normalizes
the frequency differences observed in Sham animals across IC subregions. (D,E) Kinetic analysis
of sIPSCs shows no differences in rise and decay time. (B-E) Box-and-whisker plots (minimum,
maximum, median) illustrate the data. Three-way ANOVA with Sidak’s multiple comparison test
was used to analyze the data. Detailed statistics are provided in Methods Section 2.5. Significant
differences (p < 0.05) are indicated in the graph. The sample size expressed as cells/animal is: aIC
Sham male n =22/11, aIC CBD male n = 25/13; pIC Sham male n = 15/11, pIC CBD male n = 25/10,
alC Sham female n = 16/10, aIC CBD female n = 19/13, pIC Sham female n = 19/11, and pIC CBD
female n = 19/10.
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3.5. Prenatal Cannabidiol Exposure Altered the IC’s Excitatory—Inhibitory Balance IC in a Sex- and
Territory-Specific Manner

Prenatal exposure to CBD significantly altered excitatory and inhibitory synaptic trans-
mission in CBD-exposed animals. Consequently, we investigated how this might impact
the Excitation/Inhibition balance in the IC of CBD-exposed offspring. Thus, we quanti-
fied the total charge transferred from whole-cell-recorded spontaneous AMPA-mediated
EPSCs (sEPSCs; Figure 9A) and GABA-mediated IPSCs (sIPSCs; Figure 9B)—a parameter
which accounts for both frequency and amplitude of spontaneous events, as previously
described [27].

Comparing our new results with those presented in lezzi et al. [27], Figure 4, the
current results demonstrate that the physiological differences in the total charge transfer
of sEPSCs across IC subregions in males completely disappear following gestational CBD
exposure (Figure 9A). Conversely, no differences were observed in the total charge transfer
of sEPSCs in females (Figure 9A), nor in the total charge transfer of sIPSCs across IC
subregions and sexes (Figure 9B). Next, the relative distributions of sEPSC and sIPSC
total charge transfer in CBD progeny were compared (Figure 9C-F). Despite the global
prevalence of the Inhibition in the IC of both CBD progeny (Figure 9C-F, Dot plots) and the
Sham group (lezzi et al., Figure 4E-H), we found differences in the distribution of Excitation
and Inhibition across IC subregions and treatment in both sexes. Specifically, we observed
a lower percentage of Inhibition in alC in both CBD-treated males and females, when
compared with their respective Sham counterparts (Figure 9C,E, pie chart). In contrast, the
pIC exhibited a similar percentage of Excitation and Inhibition across treatments for both
sexes (Figure 9D,F, pie chart).

B 2000+

1500~

1000

sIPSC Total charge (pA*ms)

(2]

o

o
1

0.0

o
0=
Jalc Jplc QalC QplC Jalc dplic QalC @piC
alC Male CBD D pIC Male CBD

1.0+
2
8 05-
e 13.77%
o

86.22% 80.1%
®
0.0 .
—E —I 0 500 1000 1500 —E —I

1 1 1 I 1
0 200 400 600 800 1000
Total Charge

Total Charge

Figure 9. Cont.



Cells 2024, 13, 1486

15 of 19

Probability

1.0+

0.5

0.0

alC Female CBD F plC Female CBD
1.0 |
— E —_—
I |
£
eecocc0c00 CBD Sham 3 Sham
° [ L) § © 0.5
° k-3
° o 17.31%
o
82.68%
1 1 0.0 I T ’I
0 500 1000 1500 2000 (1] 500 1000 1500
Total Charge Total Charge

Figure 9. Prenatal CBD exposure altered the Excitatory/Inhibitory (E/I) balance in both IC subregions.
(A) Gestational CBD exposure equalizes the total charge of AMPA-sEPSCs between alC and pIC
in male progeny, as measured over a 6-min period. The total charge of AMPA-sEPSCs was similar
across IC subregions in both Sham and CBD female progeny. (B) The total charge of GABA-sIPSCs,
measured over a 6-min period, showed comparable amounts of charge transferred in Sham and CBD
groups of both sexes, across IC subregions. (C-F) Cumulative frequency distribution of sEPSC (E) and
sIPSC (I) total charge transfer obtained from each insular cortex within CBD male and female animals.
Insets: dot plots and pie charts (light purple/purple and light blue/blu for CBD and Sham animals,
respectively) showing the proportion of E versus I extrapolated at p = 0.5 from the corresponding
cumulative frequency. (A,B) Box-and-whisker plots (minimum, maximum, median) illustrate the
data, which were analyzed via three-way ANOVA followed by Sidak’s multiple comparison. Detailed
statistics are provided in Methods Section 2.5. Significant differences (p < 0.05) are indicated in the
graphs. The sample size expressed as cells/animal is: (A) alC Sham male n = 13/9, aIC CBD male
n = 13/8, pIC Sham male n = 22/16, pIC CBD male n = 16/9, alC Sham Female n = 13/10, aIC
CBD Female n = 16/6, pIC Sham Female n = 12/11, pIC CBD Female, n = 11/8. (B) aIC Sham male
n=19/11, aIC CBD male n = 25/13, pIC Sham male n = 13/9, pIC CBD male n = 24/10, alC Sham
Female n = 13/10, aIC CBD Female n = 19/7, pIC Sham Female n = 16/10, and pIC CBD Female
n=18/6.

4. Discussion

A significant proportion of pregnant women, 20.4%, report using CBD-only products,
compared to 11.3% of non-pregnant women [31]. The primary reasons for CBD use among
pregnant women include alleviating anxiety, depression, post-traumatic stress disorder,
pain, headaches, and nausea or vomiting. Despite this trend, the effects of prenatal CBD
exposure (PCE) on fetal development remain largely unknown [9,10,23,24]. We investigated
the impact of low-dose CBD exposure on the developing fetus. Using a mouse model,
we reported that PCE leads to sex-specific and region-specific changes in the functioning
of the IC in adult offspring. Specifically, the results showed that PCE alters the passive
and active membrane properties of IC principal neurons, primarily in males, and reduces
the intrinsic excitability of pyramidal neurons in both sexes. Furthermore, PCE affects
synaptic transmission in the alC of male offspring, leading to a significant shift in the
excitatory/inhibitory balance within specific IC territories.

Our previous research demonstrated that, in naive mice, principal neurons in the
IC exhibit distinct electrophysiological properties influenced by sex that reflect distinct
connectivity and functions within each territory of the IC [27].

Our study revealed that maternal exposure to a low dose of CBD during pregnancy
abolishes the characteristic territorial differences in the IC that are normally observed in
unexposed animals. In contrast to the offspring of sham-treated animals, which exhibited
electrophysiological profiles similar to those of naive mice, prenatal CBD exposure was
found to perturb the normal functional differentiation between alC and pIC in a sex-specific
and subregion-dependent manner, as evidenced by alterations in the active and passive
membrane properties of L5 IC principal neurons. Prenatal CBD exposure was found to have
a profound impact on the cellular properties of IC neurons. In male offspring, CBD exposure
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resulted in a uniform cellular profile across IC subregions, characterized by similar soma
size, resting potential, and rheobase. Additionally, pIC neurons in male offspring were more
hyperpolarized, and both male and female offspring had a higher rheobase compared to
Sham-treated animals. These changes led to a disruption in the normal excitability gradient
between alC and pIC. Notably, our results show that gestational CBD exposure significantly
decreased the intrinsic excitability of pIC neurons in both sexes, eliminating the typical
posterior-to-anterior excitability gradient. These findings collectively demonstrate that
prenatal CBD exposure specifically interferes with the differentiation of IC subregions,
affecting distinct cellular properties in both male and female offspring.

A multivariate analysis revealed territory-specific covariation of selected intrinsic
properties following in utero CBD exposure in both sexes. While some parameters main-
tained their correlations across all groups (e.g., rheobase-AP number at 150 pA), other
parameters showed different correlations across IC subregions and treatments in both sexes
(e.g., AP number fired at 150 pA with input resistance at 100 pA and rheobase, as well as
resting potential with membrane capacitance and rheobase). Notably, cross-correlation
comparisons between IC subregions and treatments confirmed a differential impact of
gestational CBD on the electrophysiological features of IC principal neurons.

The IC is unique in that it is the first cortical region to differentiate and develop in
utero, a process that commences around six weeks after conception [32-35]. This early
structural development lays the groundwork for the IC’s functional specialization. More-
over, the prenatal establishment of the anterior-posterior segregation of the insula, which
remains relatively unchanged during infancy, may indicate that this region is particularly
important for early brain functional maturation. The early appearance of an adult-like
functional segregation pattern in the insula highlights its potential role in shaping early
brain development

Thus, PCE occurs during a critical period of IC development, as demonstrated by
the alterations observed in the IC of adult offspring in this study. Although the precise
mechanism of action remains unclear, it is noteworthy that CBD acts on molecular targets
involved in somatosensory development during fetal life, including the serotonergic system.
The serotonergic system is highly expressed during fetal development [36,37] and in the
IC [38], and alterations in 5-HT levels can lead to structural and functional reorganization
of sensory afferents and intracortical microcircuitry. Consequently, disrupted development
of sensory cortices may result in changes in the perception of sensory stimuli early in life,
with potential long-term consequences [37].

Crucially, pIC serves as the primary recipient of dense sensory inputs from the thala-
mic sensory nuclei [22], which are then processed and transmitted in a posterior-to-anterior
gradient through intra-insular connections to generate the final output [22]. The disruption
of pIC differentiation following PCE may have significant consequences for the develop-
ment of sensory and cognitive abilities. Consistent with this hypothesis, previous studies
have demonstrated that PCE has a detrimental impact on the behavioral outcomes of
exposed offspring, as evidenced by alterations in behavior and cognition [16,17,39].

In particular, we recently showed that PCE leads to an overall reduction in motor
activity and early cognition skills in CBD-treated females, suggesting differential develop-
ment of sensory and cognitive abilities [16]. IC plays a central role in integrating sensory
information and co-ordinating motor control and action selection. Notably, more than one
third of the IC’s outputs target the striatum, particularly the dorsal region, emphasizing its
importance in these functions [22,40,41]. It is important to note that some of the cellular
(i.e., capacitance, resting potential, and pIC excitabilities) and synthetic properties (SEPSC
frequency) of the IC’s principal neurons appear to be more impacted by PCE in adult CBD-
exposed females, suggesting a different vulnerability within the CBD progeny. Furthermore,
human imaging studies have implicated the IC in the processing of complex sounds and
vocal communication signals, such as speech. Additionally, lesions of the IC often manifest
as deficits in sound or speech recognition and production [42-44]. Therefore, we may
hypothesize that the behavioral phenotype displayed during early development in PCE
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offspring may be the result of the IC dysfunction, which could impact the aforementioned
projection regions, as well as the communication skills of the CBD progeny.

In addition to altering cellular properties, PCE also disrupts the connectivity of the
IC in a subregion-specific manner. Our findings reveal significant changes in excitatory
and inhibitory transmission, which have a direct impact on the E/I balance within the IC.
Previous research has shown that inhibitory signals dominate excitatory ones in the IC of
naive mice [27], highlighting the importance of inhibitory processes in IC function. While
the inhibitory tone remains consistent across IC subregions in CBD-exposed offspring, we
observed a marked decrease in inhibition in the alC of CBD-exposed progeny compared
to sham-treated animals. Given the established link between GABA level modifications
and various neurological and psychiatric disorders in humans and rodents [45,46], the
reduction in inhibitory tone following gestational CBD exposure may be a harbinger of
negative behavioral outcomes in CBD-exposed offspring, with potential consequences for
specific brain functions.

5. Conclusions

In conclusion, this study provides compelling evidence of the sex- and subregion-
specific impact of prenatal CBD exposure on the developmental trajectory and specialization
of the IC, underscoring the potential adverse consequences of in utero exposure to CBD.
Our findings demonstrate a striking sex- and subregion-specific impact on the IC, raising
concerns about the potential long-term consequences of prenatal CBD exposure on brain
development and function, particularly in the context of the IC, which plays a crucial role
in sensory processing, emotion regulation, and cognitive function.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ cells13171486/s1, Figure S1: Prenatally exposure to CBD induces
sex and region-specific alteration in Insular Cortex of CBD-exposed mice; Figure S2: Prenatal CBD
exposure does not change the membrane voltage response of IC pyramidal neurons; Figure S3:
Principal component analysis shows that gestational CBD abolished IC subregions differentiation in
both sexes; Figure S4: Gestational CBD altered the excitatory transmission in a sex- and subregion-
specific manner; Figure S5: The comparison of in utero Cannabidiol on the inhibitory transmission
of CBD-exposed males and females; Table S1: Multivariate analysis of the compound effects of
gestational CBD exposure.
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