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Neonatal Cannabidiol Exposure Impairs Spatial Memory
and Disrupts Neuronal Dendritic Morphology in Young
Adult Rats
Meetu Wadhwa,† Gregory A. Chinn,*,† Jennifer M. Sasaki Russell, Judith Hellman, and Jeffrey W. Sall

Abstract
Introduction: Early life is a sensitive period for brain development. Perinatal exposure to cannabis is
increasingly linked to disruption of neurodevelopment; however, research on the effects of cannabidiol (CBD)
on the developing brain is scarce. In this study, we aim to study the developmental effects of neonatal CBD
exposure on behavior and dendritic architecture in young adult rats.
Materials and Methods: Male and female neonatal Sprague Dawley rats were treated with CBD (50 mg/kg)
intraperitoneally on postnatal day (PND) 1, 3, and 5 and evaluated for behavioral and neuronal morphological
changes during early adulthood. Rats were subjected to a series of behavioral tasks to evaluate long-term
effects of neonatal CBD exposure, including the Barnes maze, open field, and elevated plus maze paradigms
to assess spatial memory and anxiety-like behavior. Following behavioral evaluation, animals were sacrificed,
and neuronal morphology of the cortex and hippocampus was assessed using Golgi–Cox (GC) staining.
Results: Rats treated with CBD displayed a sexually dimorphic response in spatial memory, with CBD-treated
females developing a deficit but not males. CBD did not elicit alterations in anxiety-like behavior in either sex.
Neonatal CBD caused an overall decrease in dendritic length and spine density (apical and basal) in cortical
and hippocampal neurons in both sexes. Sholl analysis also revealed a decrease in dendritic intersections in
the cortex and hippocampus, indicating reduced dendritic arborization.
Conclusions: This study provides evidence that neonatal CBD exposure perturbs normal brain development
and leads to lasting alterations in spatial memory and neuronal dendrite morphology in early adulthood,
with sex-dependent sensitivity.
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Introduction
The use of cannabinoids has increased significantly in
the past two decades in the United States concurrent
with the decriminalization and legalization of canna-
bis for medicinal and recreational uses in multiple
states. While this has been largely perceived by the
public as a net positive and a sign of societal pro-
gress,1,2 there are public health concerns regarding
the long-term use of these compounds and how they
could affect development for vulnerable populations.

Brain development occurs both in utero and over
the course of childhood with highly regulated and evo-
lutionarily conserved systems.3–6 There are countless
examples of exogenous factors, which can influence
these systems, from environmental stresses to toxic
exposures,7–18 which have varying consequences and
distinct windows of vulnerability.
The endogenous cannabinoid (endocannabinoid)

system plays important roles in brain development
that span in utero time through childhood. The
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endocannabinoid system regulates neurogenesis, glio-
genesis, neuronal migration, synaptogenesis, and synap-
tic pruning.19 Importantly, the timing of these processes
are different in males and females, which may lead to
sex differences in temporal susceptibilities.20–22

Cannabidiol (CBD) and delta-9-tetrahydrocannabinol
(THC) are the two major phytocannabinoids present in
cannabis. Unlike THC, CBD does not produce
euphoric or perceptual changes and is generally per-
ceived as safe. The use of CBD among pregnant
women has increased 106% from 2003 to 2016, with
7% of pregnant women reporting its use.23,24 None-
theless, CBD does have neurological effects. A Food
and Drug Administration (FDA)-approved oral for-
mulation of CBD (Epidiolex) is currently used to treat
a rare form of childhood epilepsy, demonstrating
CBD’s interaction with the brain and modulation of
synaptic activity, although the precise mechanism of
the drug’s effects has not yet been elucidated.25

To study the long-term effects of CBD on brain
development and cognition, we established an animal
model of developmental neurotoxicity to assess
behavior and neuronal morphology. Neonatal male
and female Sprague Dawley rats were exposed to CBD
or vehicle and evaluated using a spatial memory and
anxiety measurement tasks. We analyzed neurons
from the cortex and hippocampus to quantify ultra-
structural changes in dendritic properties that could
account for behavior effects. These regions have a
high density of cannabinoid receptors,26,27 are a pri-
mary site of action for cannabinoids, and are critical
for spatial memory retrieval.28

Materials and Methods
Animals
Procedures were conducted within an American Asso-
ciation for Accreditation of Laboratory Animal Care-
accredited animal facility at UCSF and according to
Institutional Animal Care and Use Committee-
approved protocols. Mixed-sex (5 male/5 female)
Sprague Dawley rat litters with one dam per cage were
purchased from Charles River Laboratory, South San
Francisco, CA, USA. Animals arrived at the age of
postnatal day (PND) 1 and were kept under standard
animal housing conditions with a reversed 12-h light–
12-h dark cycle (lights ON at 08:00 pm). Animals had
access to standard laboratory food and water ad libi-
tum. At PND 21, animals were weaned, separated by
sex, and housed in groups of 3–4/cage.

Drug preparation and administration
CBD was purchased from Cayman Chemical (Ann
Arbor, MI) with ‡98% purity. CBD was dissolved in
sesame oil29 with vigorous vortex. CBD was intraperito-
neally administered to neonate pups at PND 1, 3, and 5
at 50 mg/kg (volume 0.1 mL/10 g of body weight). The
vehicle group was administered an equal volume of ses-
ame oil. Treatment was assigned randomly by litter to
eliminate the chance of contamination of control ani-
mals with CBD exposure. Experimental groups thus
included animals from the same litter as well as differ-
ent litters minimizing any litter effects.

Body and brain weight measurement
Rats were weighed from arrival (PND 1) until sacrifice
(PND 57) at weekly intervals. Brains were weighed
after sacrifice. Brain index was calculated as brain
weight divided by body weight (g).30

Behavioral assessments
Animals were habituated to the experimenter and
experimental conditions before testing. Tests were
started at PND 42 and completed during the dark
cycle. Red light illumination was used for the experi-
mentalist behind the screen of the testing arena.
Standard white lights were used to illuminate the
behavioral paradigms (Barnes maze [BM], open field
test [OFT], and elevated plus maze [EPM]) to facili-
tate video recording and provide a small negative
stimulus. Behavioral testing was divided into cohorts
to accommodate testing all animals within the same
day, within their active phase. Each cohort had groups
consisting of 2–3 litters. The BM was completed first,
with 5 days of consecutive training, followed by 1
week of no training or testing, then the probe trial.
The OFT and EPM were performed sequentially, with
at least 1 day of nontesting between the tests. Animal
movements were tracked and recorded using a GigE
camera (Basler Inc; Exton PA), and EthoVision XT
11.5 software (Noldus; Leesburg VA).

BM test. The BM test was conducted as previously
described31,32 (Supplementary Fig. S1A). Rats under-
went one training trial per day (4 min time limit).
One week after completion of training, memory
retrieval was tested in a probe test in which the rat
was allowed to explore the maze without the escape
box for 90 sec.

e146 WADHWA ET AL.



OF test. The OFT arena was divided into an outer and
inner zone (Supplementary Fig. S1B). The test was
performed as previously reported.32 The rat was
allowed to explore the OFT arena for 5 min.

EPM test. The EPM apparatus consists of two open and
two closed arms that are perpendicular to each other
(Supplementary Fig. S1C). The test was conducted as
previously described.32 The rat was placed in the cen-
ter of the apparatus and allowed to move freely for
5 min.

Sample collection
After behavioral evaluation, animals were anesthe-
tized deeply with isoflurane and perfused transcar-
dially with 0.1 M phosphate-buffered saline (PBS).
The whole brain was extracted and rinsed with PBS.

Golgi–Cox staining
Golgi–Cox (GC) staining was used to label neurons in
the brain and identify dendrite structure with slight
modifications.33 Briefly, the brains were placed in
glass vials containing GC solution for 2 weeks in the
dark at 4�C, exchanged with the fresh GC solution
weekly. Brains were sectioned at 150 mm, washed in
PBS, mounted on slides, and dried overnight at room
temperature in the dark, followed by slide develop-
ment with 75% ammonia solution and 5% sodium
thiosulfate. The slides were dehydrated with increas-
ing concentrations of alcohol, cleared with xylene,
and mounted with DPX.

Neuronal morphology study
Image acquisition. A Nikon Eclipse 80i microscope
(Nikon; Melville, NY) with a Hamamatsu camera was
used for image acquisition. We studied the dendritic
morphology of cortical pyramidal neurons (layer
III/IV) (+1.5 mm to -4 mm anterior to posterior of
Bregma). Neurons from the hippocampus in regions
DG/CA1/CA3 were analyzed from both dorsal (-3 mm
to -5 mm posterior of Bregma) and ventral (-5 mm
to -6 mm posterior of Bregma) hippocampus. A 20·
objective was used to acquire image stacks (step-size
0.5 mm). For spine density analysis, dendritic segments
in the region of interest (ROI) were scanned using a
100· oil-immersion objective. Six representative neu-
rons from each ROI per animal were selected.

a. Neuronal tracing. The selected neurons were traced
in three dimensions (3D) using Neurolucida software

(MBF Bioscience Inc., Williston, VT) to identify soma,
axon, and apical and basal dendrites.

b. Dendrite arborization. Neuronal tracing was visual-
ized and analyzed using the NeuroExplorer component
of Neurolucida. Dendritic length was measured. Sholl
analysis34 was conducted by measuring the intersections
with each concentric ring (10 mm apart) from the soma.
Branches beyond 300 mmwere excluded to avoid analyz-
ing incomplete branches. To quantify spine density, ten
dendrites from each dendrite were randomly selected.
Dendritic spines were counted using a cell counter plug-
in of ImageJ-win64.

Statistical analysis
Group size was determined with a power analysis
using G*Power 3.1 software (Dusseldorf, Germany),
using results from previous studies utilizing early-life
isoflurane or diazepam exposure and BM as the pri-
mary behavioral outcome.22,32,35 The calculated effect
size fell within the range of 0.7 to 0.9, with a differ-
ence in means ranging from 17 to 25 and standard
deviation from 24 to 27. With a significance level (a)
of 0.05 and a power of 0.8, we determined that a sam-
ple size of 15–25 animals per group was needed.
Data are expressed as mean – standard errors of

the mean (SEM). Body weight was analyzed with a
repeated measure three-way analysis of variance
(ANOVA) and Tukey’s post hoc test. BM training was
analyzed with a mixed-effects model with Tukey’s
multiple comparison test (MCT). BM probe trial was
analyzed with a curve fit (nonlinear regression) to test
the pattern of exploration from the goal as either a
linear or one-phase decay function. A one-phase
decay suggests that the group learned the position of
the escape hole, spending less time the further the
positions are from the goal. A linear function suggests
no preference to a particular position in the maze for
the group and a lack of memory for the escape hole.
In addition, a Dunnett’s MCT was performed per
group. Two-way ANOVA with Sidak’s MCT was used
to assess brain index, anxious behavior, dendrite
length, spine density, and dendritic intersections of
GC-labeled neurons. Area under the curve (AUC)
was compared with one-way ANOVA. Data were ana-
lyzed using GraphPad Prism 9.2.0 for Windows,
GraphPad Software, San Diego, CA, USA. Significant
differences are shown as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.
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Mortalities or animals excluded during behavior
led to differences in cohort sizes. Five male and three
females died after CBD injection. During BM, animals
that never reached the escape box during training
were excluded from the probe trial analysis, as they
never demonstrated acquisition of the task; Male/
Vehicle (n = 2); Male/CBD (n = 3); Female/Vehicle
(n = 1); and Female/CBD (n = 1).

Results
The experimental schema is presented in Fig. 1.

Neonatal CBD exposure impairs spatial memory
in female rats
All groups learned the location of the escape box over
the training period, as evidenced by progressive
decreases in latency (F(4,324) = 53.30, p < 0.0001),
number of errors (F(4,324) = 13.03, p < 0.0001), and
total distance traveled (F(4,324) = 5.890, p = 0.0001).
Fecal boli count during the training sessions
decreased for all groups over the training period
(F(4,324) = 27.53, p < 0.0001), indicative of decreasing
anxiety with repeated exposure to the context. There
were no significant interactions between treatment,
sex, and training days for latency (p = 0.7869), errors
(p = 0.6724), distance traveled (0.5583), or fecal boli
count (p = 0.6527) (Fig. 2A–D).
In the probe trial, the Male/Vehicle (F(1,250) =

29.62, p < 0.0001), Male/CBD (F(1,184) = 11.53, p <
0.0008), and Female/Vehicle (F(1,261) = 5.124, p <
0.0244) groups, all differentiated the goal position
from the other averaged positions as evidenced by the
1 phase decay pattern by curve fit analysis (Fig. 2E–G).
Multiple comparison testing also shows significant

time differences from most of the positions in the
maze compared with the goal position for these three
groups. In contrast, the Female/CBD exposed group
did not differentiate the goal position from other posi-
tions as evidenced by the flat line of the curve fit
(F(1,228) = 0.5459, p = 0.4608) (Fig. 2G).

Neonatal CBD administration does not alter anxiety-
like behavior in young adult rats
Given the association of cannabinoid use with anxiety-
like behaviors,29,36 we subjected animals to the OFT
and EPM. In OFT, male rats spent more time in the
inner zone than females (F(1,70) = 5.043, p = 0.0279).
However, neonatal CBD administration did not
change the proportion of time spent in the inner zone
of the OFT arena in males (p = 0.3072) or females (p =
0.9922) (Supplementary Fig. S2A). Similarly, in the
EPM, CBD-treated animals performed similar to the
vehicle groups (p = 0.4660). There was no difference
across sex (p = 0.4755), nor interaction (sex · treat-
ment: p = 0.5632) (Supplementary Fig. S2B).

Neonatal CBD decreases dendritic complexity
in young adult rats
Spine density analysis of apical and basal dendrites in
the cortex and three regions of the hippocampus (DG,
CA1, and CA3) revealed a consistent reduction associ-
ated with CBD treatment (Fig. 3; Supplementary Table
S1). There were no effects of sex, but spine density in
the cortex showed a significant effect of interaction
between sex and treatment (Supplementary Table S1).
Next, the apical and basal dendrite length in corti-

cal and hippocampal neurons were measured. Neona-
tal CBD exposure decreased basal dendritic length in

FIG. 1. Experimental design. Study timeline illustration of the developmental neurotoxicity model.
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the cortex (F(1,33) = 9.009, p = 0.0051) but hippocam-
pal regions were not different between control and
treatment (Fig. 4; Supplementary Table S2). The api-
cal and basal dendritic length of the cortex was nega-
tively affected by sex, (SexApical: F(1,33) = 5.570, p =
0.0243; SexBasal: F(1,33) = 4.700, p = 0.0375). However,
sex-specific CBD-associated changes in dendritic
length were nonsignificant in most ROI (Fig. 4B–H,
Supplementary Table S2).
We performed a Sholl analysis, which revealed

alterations in dendritic arborization by measuring the
number of intersections between dendritic processes
and invisible concentric spheres surrounding the
soma (Fig. 5A). Neonatal exposure to CBD decreased
the number of dendritic intersections with increasing
radial distance in adult cortical, CA1, and DG

neurons (Supplementary Table S3). The pattern of
arborization differed across treatment groups at mul-
tiple radial distances, with decreased dendritic inter-
sections in the cortex of CBD-treated male rats and
the CA1 of CBD-treated females compared with vehi-
cle groups (Fig. 5B–C). Neonatal CBD did not
decrease dendritic intersections in CA3 neurons (Fig.
5D).
To further understand the overall impact of CBD on

dendritic complexity, we calculated AUC of the Sholl
analysis. CBD exposure was associated with a decreased
AUC in the cortex (F(1,33) = 8.160, p = 0.0074). There
was an effect of sex for cortex (F(1,33) = 8.253, p =
0.0071), CA1 (F(1,33) = 13.28, p = 0.0009), and CA3
(F(1,33) = 4.645, p = 0.0385), indicating a general reduc-
tion of dendritic intersections in females for those regions

FIG. 2. The effect of early neonatal CBD exposure on spatial learning and memory in young adult male
and female rats. Spatial learning evaluation during the training phase: (A) Latency to reach escape box.
(B) Errors. (C) Total distance traveled. (D) Fecal boli. Spatial memory retrieval evaluation by noting down the
time spent at target goal and other locations during the probe test (E–H). Statistical significance was
assessed by mixed-effects model with Tukey’s multiple comparison tests (spatial learning) and two-way
ANOVA with Dunnett’s post hoc correction and curve fit analysis nonlinear regression (spatial memory
retrieval). The value is represented as mean – SEM. Animal number/group: 23 (Male-Vehicle), 17 (Male-CBD),
24 (Female-Vehicle), and 21 (Female-CBD). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05, comparison
between goal and –n. CBD, cannabidiol; ANOVA, analysis of variance; SEM, standard error of mean.
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(Fig. 5F–H). Other regions were not significantly altered
by CBD or sex (Supplementary Table S4, Fig. 5G-1).

Neonatal CBD mediates physiological changes
throughout development in rats
There were significant differences in body weight
among groups by sex (F(1,387) = 1719, p < 0.0001) as
well as treatment (F(1,405) = 93.36, p < 0.0001) (Sup-
plementary Fig. S3A), with neonatal CBD associated

with increased weight gain into early adulthood. Brain
index was calculated at the end of the behavioral
experiment and showed no differences by treatment
(Supplementary Fig. S3B).

Discussion
The present study demonstrated the impact of early-
age exposure to CBD on cognition and morphology
of cortical and hippocampal neurons in young adult

FIG. 3. Spine density of basal and apical dendrites in cortex and hippocampus after neonatal CBD
administration in males and females. (A). Photomicrograph showing spine changes between vehicle
and CBD group in cortex and hippocampus (CA1/CA3/DG). Changes in basal dendritic spine density in
(B) cortex, (C) CA1, and (D) CA3. Changes in apical dendritic spine density in (E) cortex, (F) CA1, and
(G) CA3. Values are represented as mean – SEM. Two-way ANOVA with Sidak’s post-hoc test was used
for statistical analysis. Animal number/group: 10 (Male-Vehicle), 09 (Male-CBD), 10 (Female-Vehicle),
and 08 (Female-CBD). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05, compared between vehicle
and CBD treatment. CBD, cannabidiol; ANOVA, analysis of variance; SEM, standard error of mean.
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male and female rats. We found that neonatal CBD
exposure impaired spatial memory in females but not
males and did not affect anxiety-like behavior in
either sex. Neonatal CBD decreased dendritic com-
plexity in both sexes in the cortex and hippocampus.
These findings highlight the lasting effects of neonatal
CBD exposure in rats, including sex-specific behav-
ioral and neuroanatomical alterations, and underscore
the vulnerability of the developing brain to cannabi-
noid exposure. Notably, CBD is widely perceived as
safe compared with other drugs due to its natural ori-
gins and nonpsychoactive profile, despite a lack of
research on its developmental effects. While further
studies are needed to define the underlying mecha-
nisms and identify dosing thresholds, our findings
support that extreme caution is warranted when con-
sidering the use of cannabis or cannabinoids, including
CBD, during pregnancy or while breastfeeding.37

Our finding that neonatal CBD exposure impairs
spatial memory in early adulthood illustrates the
long-term effects of cannabinoid exposure on cogni-
tion. Importantly, only CBD-treated females exhib-
ited impaired spatial memory, highlighting the
influence of sex on outcome determination after can-
nabinoid exposure. This behavioral sex difference
after developmental CBD exposure is in line with
previous studies that have reported sex-specific
effects of perinatal CBD, although the exposures
spanned in utero development and used different
behavioral assessments.38,39 While heightened anxi-
ety can impact performance on memory tests, this
was unlikely the cause of our finding, as we observed
similar performance of all groups on paradigms
designed to assess anxiety-like behavior, regardless of
CBD treatment.

FIG. 4. The effect of neonatal CBD administration on dendrite length in young adult males and
females. (A). Representative neuronal tracing (Cortex/CA1/CA3/DG region). Changes in basal dendrite
length in (B) Cortex, (C) CA1, (D) CA3, and (E) DG. Changes in apical dendrite length in (F) Cortex,
(G) CA1, (H) CA3. Statistical analysis was done by two-way ANOVA with Sidak’s post-hoc correction. The
value is represented as mean – SEM. Animal number/group: 10 (Male-Vehicle), 09 (Male-CBD), 10
(Female-Vehicle), and 08 (Female-CBD). *p < 0.05, compared between vehicle and CBD treatment. CBD,
cannabidiol; ANOVA, analysis of variance; SEM, standard error of mean.
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Spatial memory processing is dependent on the
hippocampus and cortex,40,41 which undergo cannabi-
noid receptor-mediated changes in development dur-
ing early postnatal life.42 Hippocampal neurocircuitry
exhibits rapid maturation and development of den-
drites and dendritic spines during postnatal life.43,44

Dendritic length, spine density, and distribution of
dendritic arbors are major determinants of neuronal
connectivity, and alterations change the functional
properties of the neuronal network, which can impact
behavior.45,46 The CBD-induced disruption of dendri-
tic complexity demonstrated in our study represents a
lasting loss in synaptic connectivity and disrupted

neural circuitry. Taken together, the morphological
changes reflect a modification in neuronal remodeling
that may underlie altered behavior.
Interestingly, despite morphological changes in

both males and females, behavioral impairment was
only observed in females. Notably, there were some
sex differences between the specific brain regions that
displayed alterations in dendritic morphology. CBD
decreased spine density only in males in the CA1 and
only in females in the CA3 regions of the hippocam-
pus. The CA1 and CA3 have distinct roles in spatial
memory processing47 and disruption of a specific hip-
pocampal subnetwork through the CA3 versus the

FIG. 5. Sholl analysis of intersections in male and female young adult rats after neonatal CBD adminis-
tration. (A). Representative neuronal Sholl tracing (Cortex/CA1/CA3/DG region) at a concentric radius of
10 mm. Changes in neuronal intersections in (B) Cortex, (C) CA1, (D) CA3, and (E) DG region. AUC mea-
surement in (F) Cortex, (G) CA1, (H) CA3, and (I) DG region. Statistical comparison was performed by
two-way ANOVA with Sidak’s post-hoc correction. The value is represented as mean – SEM. Animal num-
ber/group: 10 (Male-Vehicle), 09 (Male-CBD), 10 (Female-Vehicle), and 08 (Female-CBD). *p < 0.05, com-
pared between vehicle and CBD treatment. AUC, area under the curve; CBD, cannabidiol; ANOVA,
analysis of variance; SEM, standard error of mean.
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CA1 is likely to yield distinct effects. Together with
the female-specific impairment in spatial memory,
these results suggest that the precise brain regions
affected by CBD may determine behavioral outcome.
Canonical brain development is sexually dimorphic in
certain brain regions, with critical developmental
events occurring at different rates and timepoints in
males and females.48,49 The precise timing of an insult
may incur sexually divergent outcomes, dependent on
the sex-specific state of development that is disrupted.
Our finding that neonatal CBD leads to spatial mem-
ory impairment in females, as well as disruption of
dendritic morphology, emphasizes the importance of
considering age and sex in determining CBD’s effects
on the brain.
We also observed an increase in body weight in

both sexes associated with neonatal CBD treatment.
This change in body weight was especially signifi-
cant at later ages. Cannabinoids are well known to
affect metabolism and influence appetite,50 which
may underlie the observed weight gain. It is note-
worthy that these changes are observed long after
the exposure to CBD in the first week of life suggest-
ing an important role for cannabinoids in setting a
developmental trajectory for metabolism that can
last into young adulthood.
The dosing regimen employed in this study is

specific to our model, yet it does facilitate a compar-
ison with human CBD exposure. For the oral for-
mulation of CBD, Epidiolex, approved by the FDA
for treating two childhood epilepsy syndromes, the
recommended dosing is up to 20 mg/kg/day. FDA-
published preclinical data from three individuals
(one healthy and two with seizure disorders)
exposed to a daily oral CBD dose of 20 mg/kg/day
exhibited plasma levels with a Cmax ranging from
219–330 ng/mL.51 Our prior research has demon-
strated the significant impact of route and vehicle
type on the drug’s pharmacokinetic properties in
rats. With a single intraperitoneal injection of CBD
dissolved in oil at 50 mg/kg, we anticipate achieving
a similar Cmax range of 293 ng/mL in our rodent
model.37 The oil’s depot function extends the effec-
tive exposure of a single injection compared with a
singular oral exposure, which is likely dosed twice
daily. In this study, we administered three separate
injections during the first week of life, mimicking a
multiday exposure scenario similar to what a child
receiving CBD for epilepsy might undergo.

There are several limitations to our study. First,
additional experiments are required for a detailed
investigation of the mechanisms underlying the
morphological changes and memory impairment
after neonatal CBD administration. We hypothesize
that structural dendritic alterations may underlie the
behavioral outcome, but more research is needed to
demonstrate causation. Second, the precise role of
sex factors in the generation of the sex-specific out-
comes remains to be elucidated. It is possible, for
example, that males are similarly susceptible to neo-
natal CBD, but during a different developmental
window or with a different dose, as metabolism of
cannabinoids differs between the sexes. Third, we
chose to use intraperitoneal injection of CBD to
minimize dose variability between subjects. This
route is not directly translatable to humans as neo-
natal human exposure most commonly occurs
through oral ingestion, breastfeeding, or second-
hand smoke. We chose not to use forced oral gavage
for the potential confounding effects of nutrition
and also chose not to use a breastfeeding model to
ensure equal exposure among treated animals.
Future studies focusing on routes of exposure that
are more clinically relevant for this age group are
needed in determining the full translational impact.

Conclusion
Our data that neonatal CBD exposure affects spatial
memory performance and alters cortical and hippo-
campal neuronal morphology in young adult rats
challenge the perception that it is safe to expose the
developing brain to CBD during pregnancy or in early
childhood. Furthermore, the current data indicate
that females are more sensitive to neonatal CBD expo-
sure. While future research is required to identify the
underlying mechanisms of the observed outcomes
and determine whether these findings are fully trans-
lational to humans, our current study provides strong
evidence that CBD perturbs brain development dur-
ing this vulnerable period of early life and leads to
lasting consequences.

Acknowledgments
The authors would like to acknowledge additional
assistance from Katrina Duong, Deeya Amatya, Isha
Soni, and Jason Leong for their help at various times
to complete these studies.

NEUROLOGIC CONSEQUENCES OF NEONATAL CBD e153



Authors’ Contributions
M.W.: Investigation, Methodology, Validation, and
Writing—original draft G.A.C.: Conceptualization,
Methodology, Funding Acquisition, Supervision, and
Writing—review and editing J.M.S.R.: Methodology
and Writing—review and editing J.H.: Conceptualization
and Writing—review and editing. J.W.S.: Conceptu-
alization, Supervision, Funding acquisition, and
Writing—review and editing.

Author Disclosure Statement
The authors have no conflicts of interest to declare.

Funding Information
This work was supported by a grant from the
California Department of Cannabis Control (contract
65325) (JWS). Funding was also provided by the
Foundation for Anesthesia Education and Research
(MRTG-08–15-2020 Chinn) (GAC).

Supplementary Material
Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4

References
1. Carliner H, Brown QL, Sarvet AL, et al. Cannabis use, attitudes, and legal

status in the U.S.: A review. Prev Med 2017;104:13–23; doi: 10.1016/j
.ypmed.2017.07.008

2. Bhamra SK, Desai A, Imani-Berendjestanki P, et al. The emerging role of
cannabidiol (CBD) products; A survey exploring the public’s use and per-
ceptions of CBD. Phytother Res 2021;35(10):5734–5740; doi: 10.1002/ptr
.7232

3. Semple BD, Blomgren K, Gimlin K, et al. Brain development in rodents
and humans: Identifying benchmarks of maturation and vulnerability to
injury across species. Prog Neurobiol 2013;106–107:1–16; doi: 10.1016/j
.pneurobio.2013.04.001

4. Clancy B, Darlington RB, Finlay BL. Translating developmental time
across mammalian species. Neuroscience 2001;105(1):7–17; doi: 10
.1016/s0306-4522(01)00171-3

5. Krugers HJ, Arp JM, Xiong H, et al. Early life adversity: Lasting conse-
quences for emotional learning. Neurobiol Stress 2017;6:14–21; doi: 10
.1016/j.ynstr.2016.11.005

6. Everson-Rose SA, Mendes de Leon CF, Bienias JL, et al. Early life condi-
tions and cognitive functioning in later life. Am J Epidemiol 2003;
158(11):1083–1089; doi: 10.1093/aje/kwg263

7. Schroeder M, Sultany T, Weller A. Prenatal stress effects on emotion reg-
ulation differ by genotype and sex in prepubertal rats. Dev Psychobiol
2013;55(2):176–192; doi: 10.1002/dev.21010

8. Montagud-Romero S, Cantacorps L, Valverde O. Histone deacetylases
inhibitor trichostatin A reverses anxiety-like symptoms and memory
impairments induced by maternal binge alcohol drinking in mice. J Psy-
chopharmacol 2019;33(12):1573–1587; doi: 10.1177/0269881119857208

9. Garcia-Baos A, Puig-Reyne X, Garcia-Algar O, et al. Cannabidiol attenu-
ates cognitive deficits and neuroinflammation induced by early alcohol

exposure in a mice model. Biomed Pharmacother 2021;141:111813; doi:
10.1016/j.biopha.2021.111813

10. Zhang L, Spencer TJ, Biederman J, et al. Attention and working memory
deficits in a perinatal nicotine exposure mouse model. PLoS One 2018;
13(5):e0198064; doi: 10.1371/journal.pone.0198064

11. Kongstorp M, Bogen IL, Stiris T, et al. Prenatal exposure to methadone
or buprenorphine impairs cognitive performance in young adult rats.
Drug Alcohol Depend 2020;212:108008; doi: 10.1016/j.drugalcdep.2020
.108008

12. Gamble ME, Marfatia R, Diaz MR. Prenatal methadone exposure leads to
long-term memory impairments and disruptions of dentate granule cell
function in a sex-dependent manner. Addict Biol 2022;27(5):e13215; doi:
10.1111/adb.13215

13. Patandin S, Lanting CI, Mulder PG, et al. Effects of environmental expo-
sure to polychlorinated biphenyls and dioxins on cognitive abilities in
Dutch children at 42 months of age. J Pediatr 1999;134(1):33–41; doi: 10
.1016/s0022-3476(99)70369-0

14. Stewart PW, Lonky E, Reihman J, et al. The relationship between prena-
tal PCB exposure and intelligence (IQ) in 9-year-old children. Environ
Health Perspect 2008;116(10):1416–1422; doi: 10.1289/ehp.11058

15. Van den Berg M, Birnbaum L, Bosveld AT, et al. Toxic equivalency factors
(TEFs) for PCBs, PCDDs, PCDFs for humans and wildlife. Environ Health
Perspect 1998;106(12):775–792; doi: 10.1289/ehp.98106775

16. Moura CA, Oliveira MC, Costa LF, et al. Prenatal restraint stress impairs
recognition memory in adult male and female offspring. Acta Neuropsy-
chiatr 2020;1–6; doi: 10.1017/neu.2020.3

17. Bock J, Wainstock T, Braun K, et al. Stress In Utero: Prenatal program-
ming of brain plasticity and cognition. Biol Psychiatry 2015;78(5):
315–326; doi: 10.1016/j.biopsych.2015.02.036

18. Meyer U. Developmental neuroinflammation and schizophrenia. Prog
Neuropsychopharmacol Biol Psychiatry 2013;42:20–34; doi: 10.1016/j
.pnpbp.2011.11.003

19. Bara A, Ferland JN, Rompala G, et al. Cannabis and synaptic reprogram-
ming of the developing brain. Nat Rev Neurosci 2021;22(7):423–438;
doi: 10.1038/s41583-021-00465-5

20. McCarthy MM, Arnold AP. Reframing sexual differentiation of the brain.
Nat Neurosci 2011;14(6):677–683; doi: 10.1038/nn.2834

21. Sasaki Russell JM, Chinn GA, Maharjan D, et al. Female rats are more vul-
nerable to lasting cognitive impairment after isoflurane exposure on
postnatal day 4 than 7. Br J Anaesth 2019;122(4):490–499; doi: 10.1016/j
.bja.2018.12.008

22. Chinn GA, Sasaki Russell JM, Yabut NA, et al. Androgenic modulation of
the chloride transporter NKCC1 contributes to age-dependent isoflur-
ane neurotoxicity in male rats. Anesthesiology 2020;133(4):852–866; doi:
10.1097/ALN.0000000000003437

23. Volkow ND, Han B, Compton WM, et al. Self-reported medical and non-
medical cannabis use among pregnant women in the United States.
JAMA 2019;322(2):167–169; doi: 10.1001/jama.2019.7982

24. Wysota CN, Henriksen L, Romm KF, et al. Cannabidiol knowledge, percep-
tions, and use among young adults in 6 U.S. metropolitan areas. Canna-
bis Cannabinoid Res 2022;8(6):1140–1149; doi: 10.1089/can.2022.0029

25. Franco V, Bialer M, Perucca E. Cannabidiol in the treatment of epilepsy:
Current evidence and perspectives for further research. Neuropharma-
cology 2021;185:108442; doi: 10.1016/j.neuropharm.2020.108442

26. Robinson L, Goonawardena AV, Pertwee RG, et al. The synthetic canna-
binoid HU210 induces spatial memory deficits and suppresses hippo-
campal firing rate in rats. Br J Pharmacol 2007;151(5):688–700; doi: 10
.1038/sj.bjp.0707273

27. Davies SN, Pertwee RG, Riedel G. Functions of cannabinoid receptors in
the hippocampus. Neuropharmacology 2002;42(8):993–1007; doi: 10
.1016/s0028-3908(02)00060-6

28. Ekstrom AD, Hill PF. Spatial navigation and memory: A review of the
similarities and differences relevant to brain models and age. Neuron
2023;111(7):1037–1049; doi: 10.1016/j.neuron.2023.03.001

29. Wanner NM, Colwell M, Drown C, et al. Developmental cannabidiol
exposure increases anxiety and modifies genome-wide brain DNA
methylation in adult female mice. Clin Epigenetics 2021;13(1):4; doi: 10
.1186/s13148-020-00993-4

30. Liu X, Guo Q, Zhang Y, et al. Intraperitoneal injection is not a suitable
administration route for single-walled carbon nanotubes in biomedical

e154 WADHWA ET AL.

http://dx.doi.org/10.1016/j.ypmed.2017.07.008
http://dx.doi.org/10.1016/j.ypmed.2017.07.008
http://dx.doi.org/10.1002/ptr.7232
http://dx.doi.org/10.1002/ptr.7232
http://dx.doi.org/10.1016/j.pneurobio.2013.04.001
http://dx.doi.org/10.1016/j.pneurobio.2013.04.001
http://dx.doi.org/10.1016/s0306-4522(01)00171-3
http://dx.doi.org/10.1016/s0306-4522(01)00171-3
http://dx.doi.org/10.1016/j.ynstr.2016.11.005
http://dx.doi.org/10.1016/j.ynstr.2016.11.005
http://dx.doi.org/10.1093/aje/kwg263
http://dx.doi.org/10.1002/dev.21010
http://dx.doi.org/10.1177/0269881119857208
http://dx.doi.org/10.1016/j.biopha.2021.111813
http://dx.doi.org/10.1371/journal.pone.0198064
http://dx.doi.org/10.1016/j.drugalcdep.2020.108008
http://dx.doi.org/10.1016/j.drugalcdep.2020.108008
http://dx.doi.org/10.1111/adb.13215
http://dx.doi.org/10.1016/s0022-3476(99)70369-0
http://dx.doi.org/10.1016/s0022-3476(99)70369-0
http://dx.doi.org/10.1289/ehp.11058
http://dx.doi.org/10.1289/ehp.98106775
http://dx.doi.org/10.1017/neu.2020.3
http://dx.doi.org/10.1016/j.biopsych.2015.02.036
http://dx.doi.org/10.1016/j.pnpbp.2011.11.003
http://dx.doi.org/10.1016/j.pnpbp.2011.11.003
http://dx.doi.org/10.1038/s41583-021-00465-5
http://dx.doi.org/10.1038/nn.2834
http://dx.doi.org/10.1016/j.bja.2018.12.008
http://dx.doi.org/10.1016/j.bja.2018.12.008
http://dx.doi.org/10.1097/ALN.0000000000003437
http://dx.doi.org/10.1001/jama.2019.7982
http://dx.doi.org/10.1089/can.2022.0029
http://dx.doi.org/10.1016/j.neuropharm.2020.108442
http://dx.doi.org/10.1038/sj.bjp.0707273
http://dx.doi.org/10.1038/sj.bjp.0707273
http://dx.doi.org/10.1016/s0028-3908(02)00060-6
http://dx.doi.org/10.1016/s0028-3908(02)00060-6
http://dx.doi.org/10.1016/j.neuron.2023.03.001
http://dx.doi.org/10.1186/s13148-020-00993-4
http://dx.doi.org/10.1186/s13148-020-00993-4


applications. Dose Response 2016;14(4):1559325816681320; doi: 10
.1177/1559325816681320

31. Chinn GA, Duong K, Horovitz TR, et al. Testosterone is sufficient to
impart susceptibility to isoflurane neurotoxicity in female neonatal
rats. J Neurosurg Anesthesiol 2022;34(4):429–436; doi: 10.1097/ANA
.0000000000000786

32. Chinn GA, Cummins MH, Sall JW. A spatial memory deficit in male but
not female rats after neonatal diazepam exposure: A new model for
developmental sedative neurotoxicity. Anesth Analg 2023;138(4):
856–865; doi: 10.1213/ANE.0000000000006583

33. Zaqout S, Kaindl AM. Golgi-cox staining step by step. Front Neuroanat
2016;10:38; doi: 10.3389/fnana.2016.00038

34. Sholl DA. Dendritic organization in the neurons of the visual and motor
cortices of the cat. J Anat 1953;87(4):387–406.

35. Chinn GA, Sasaki Russell JM, Banh ET, et al. Voluntary exercise rescues
the spatial memory deficit associated with early life isoflurane exposure
in male rats. Anesth Analg 2019;129(5):1365–1373; doi: 10.1213/ANE
.0000000000004418

36. O’Shea M, McGregor IS, Mallet PE. Repeated cannabinoid exposure dur-
ing perinatal, adolescent or early adult ages produces similar longlast-
ing deficits in object recognition and reduced social interaction in rats. J
Psychopharmacol 2006;20(5):611–621; doi: 10.1177/0269881106065188

37. Soni I, Chinn GA, Halifax JC, et al. The Effect of Route of Administration
and Vehicle on the Pharmacokinetics of THC and CBD in Adult, Neonate,
and Breastfed Sprague-Dawley Rats. Cannabis Cannabinoid Res 2023;
doi: 10.1089/can.2023.0121

38. Iezzi D, Caceres-Rodriguez A, Chavis P, et al. In utero exposure to canna-
bidiol disrupts select early-life behaviors in a sex-specific manner. Transl
Psychiatry 2022;12(1):501; doi: 10.1038/s41398-022-02271-8

39. Maciel IS, Abreu GHD, Johnson CT, et al. Perinatal CBD or THC exposure
results in lasting resistance to fluoxetine in the forced swim test: Rever-
sal by fatty acid amide hydrolase inhibition. Cannabis Cannabinoid Res
2022;7(3):318–327; doi: 10.1089/can.2021.0015

40. O’Keefe J, Dostrovsky J. The hippocampus as a spatial map. Preliminary
evidence from unit activity in the freely-moving rat. Brain Res 1971;
34(1):171–175; doi: 10.1016/0006-8993(71)90358-1

41. Ekstrom AD, Kahana MJ, Caplan JB, et al. Cellular networks underlying
human spatial navigation. Nature 2003;425(6954):184–188; doi: 10
.1038/nature01964

42. Tortoriello G, Morris CV, Alpar A, et al. Miswiring the brain: Delta9-
tetrahydrocannabinol disrupts cortical development by inducing an
SCG10/stathmin-2 degradation pathway. EMBO J 2014;33(7):668–685;
doi: 10.1002/embj.201386035

43. Pokorny J, Yamamoto T. Postnatal ontogenesis of hippocampal CA1 area
in rats. I. Development of dendritic arborisation in pyramidal neurons.
Brain Res Bull 1981;7(2):113–120; doi: 10.1016/0361-9230(81)90075-7

44. Pokorny J, Yamamoto T. Postnatal ontogenesis of hippocampal CA1 area
in rats. II. Development of ultrastructure in stratum lacunosum and molec-
ulare. Brain Res Bull 1981;7(2):121–130; doi: 10.1016/0361-9230(81)90076-9

45. Spruston N. Pyramidal neurons: Dendritic structure and synaptic inte-
gration. Nat Rev Neurosci 2008;9(3):206–221; doi: 10.1038/nrn2286

46. Zhao YD, Ou S, Cheng SY, et al. Dendritic development of hippocampal
CA1 pyramidal cells in a neonatal hypoxia-ischemia injury model. J Neu-
rosci Res 2013;91(9):1165–1173; doi: 10.1002/jnr.23247

47. Dong C, Madar AD, Sheffield MEJ. Distinct place cell dynamics in CA1
and CA3 encode experience in new environments. Nat Commun 2021;
12(1):2977; doi: 10.1038/s41467-021-23260-3

48. Nunez JL, McCarthy MM. Evidence for an extended duration of GABA-
mediated excitation in the developing male versus female hippocam-
pus. Dev Neurobiol 2007;67(14):1879–1890; doi: 10.1002/dneu.20567

49. Bowers JM, Waddell J, McCarthy MM. A developmental sex difference in
hippocampal neurogenesis is mediated by endogenous oestradiol. Biol
Sex Differ 2010;1(1):8; doi: 10.1186/2042-6410-1-8

50. Di Marzo V, Matias I. Endocannabinoid control of food intake and
energy balance. Nat Neurosci 2005;8(5):585–589; doi: 10.1038/
nn1457

51. Epidiolex. Center For Drug Evaluation And Research. GW Research, Ltd.;
2018. Available from: https://www.accessdata.fda.gov/drugsatfda_docs/
nda/2018/210365Orig1s000Approv.pdf

Cite this article as:Wadhwa M, Chinn GA, Sasaki Russell JM, Hellman J,
Sall JW (2025) Neonatal cannabidiol exposure impairs spatial memory
and disrupts neuronal dendritic morphology in young adult rats,
Cannabis and Cannabinoid Research 10:1, e145–e155, DOI: 10.1089/
can.2024.0010.

Abbreviations Used
ANOVA ¼ analysis of variance

AUC ¼ area under the curve
BM ¼ Barnes maze
CBD ¼ cannabidiol
EPM ¼ elevated plus maze
FDA ¼ Food and Drug Administration
GC ¼ Golgi–Cox

MCT ¼ multiple comparison test
OFT ¼ open field test
PBS ¼ phosphate-buffered saline
PND ¼ postnatal day
ROI ¼ region of interest
SEM ¼ standard error of the mean
THC ¼ delta-9-tetrahydrocannabinol
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