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Abstract

Placental complications resulting in fetal growth restriction have been associated with dysregulated placental gene expression tied to an
increased risk of schizophrenia. In rat offspring, it has been demonstrated that �9-tetrahydrocannabinol exposure in pregnancy results in
fetal growth restriction and schizophrenia-like phenotypes (e.g., decreased pre-pulse inhibition of the acoustic startle response). However, it
remains elusive if prenatal �9-tetrahydrocannabinol exposure induces this schizophrenia signature of placental gene expression. Therefore,
our objective was to determine if these established predictive markers of schizophrenia are altered in a preclinical model of gestational oral �9-
tetrahydrocannabinol exposure in rodents. We observed significantly reduced fetal weights in male and female prenatal �9-tetrahydrocannabinol-
exposed offspring in the absence of maternal pregnancy outcomes. Placentae from �9-tetrahydrocannabinol-exposed males and females
revealed altered expression of genes previously identified in human transcriptomic datasets of schizophrenia (i.e., Furin, Rccd1, and Atp5mk),
with some expression changes being sex-specific (i.e., Eif5, Rps10, Vps33b, and Iqgap1). A subset of these genes were found differentially
expressed in human BeWo cells exposed to �9-tetrahydrocannabinol. Targets were next examined in the adult rodent (postnatal day70) brain,
and a subgroup of these genes (i.e., Furin, Rps10, and Rccd1) were increased concomitant with schizophrenia-like behavior (e.g., decreased pre-
pulse inhibition). We further detected �9-tetrahydrocannabinol-induced upregulation of FURIN in patient-derived cerebral organoids, an effect
observed in both control and schizophrenia cell lines. Collectively, these findings demonstrate prenatal �9-tetrahydrocannabinol exposure can
lead to altered gene expression in established prioritized markers of schizophrenia in the placenta in both animal and human models.

Summary Sentence

Prenatal THC exposure led to alterations in the expression of established prioritized markers of schizophrenia in placenta and brain models.
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Graphical Abstract
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Introduction

Cannabis use in the pregnant population has been increasing
[1–3], with an estimated 5% of pregnant women reporting
using cannabis daily in Canada [4]. However, the prevalence
varies greatly depending on the method of detection and
population being studied, with one study reporting 36% of
pregnant women in Inuit populations using cannabis based
on self-reports [5]. The most commonly reported purposes
of cannabis use in pregnancy are to aid with anxiety, nausea,
and insomnia [4]. However, despite this increase in consump-
tion, the negative effects of prenatal cannabis are becom-
ing more apparent [6]. Evidence suggests that exposure to
cannabis in pregnancy increases the risk of poor fetal out-
comes, such as fetal growth restriction (FGR) [7], which
can lead to negative neurocognitive outcomes later in life
(i.e., schizophrenia [SCZ]) [8, 9]. Moreover, it is postulated
that �9-tetrahydrocannabinol (THC), the major psychoac-
tive component of cannabis, could be a contributor to this
increased risk of FGR [10, 11].

THC is a phytocannabinoid that can bind to the receptors
of the endocannabinoid system (ECS): cannabinoid receptor
1 (CB1R) and cannabinoid receptor 2 (CB2R) [12]. As these
receptors are present in central and peripheral tissues, the ECS
exerts an influence on physiological processes ranging from
placental development to cognition [13, 14]. Given its role in
neurodevelopment, multiple studies indicate that early THC
exposure correlates with an elevated risk of SCZ [15, 16], a
disorder characterized by difficulties distinguishing reality and
impaired cognitive function.

It is postulated that SCZ has neurodevelopmental origins,
where a misconstruction of neural circuitry in utero reveals
its consequent deficits later in life as these circuits become
fully functional and utilized [17]. Specifically, mounting

clinical evidence indicates that in utero cannabis exposure also
confers adverse neuropsychiatric outcomes [18, 19], including
psychotic-like behavior in children and young adults [19–
21]. As clinical studies can be confounded by socioeconomic
status and the use of other drugs, preclinical studies have been
employed to help elucidate the specific effects of THC alone
on SCZ risk. Gestational exposure to THC in pregnant rats
has been demonstrated to lead to FGR and disrupt neuronal
activity in the prefrontal cortex (PFC) and hippocampus
(Hipp) [22, 23]. These disruptions were coupled with anxiety
[24], cognitive defects, and decreased pre-pulse inhibition
(PPI) [22, 23] in rats, which are similar to traits confirmed in
humans with SCZ [25, 26].

While the consequences of THC exposure on the nervous
system are well characterized, its effect on placentation
remains understudied. Gestational THC exposure in rodents
results in altered fetal–placental weight ratio, vascular
defects in the placenta, and a lower expression of the
placental glucose transporter, Glut1 [10]. Collectively, these
findings, combined with clinical data, indicate that THC
leads to placental insufficiency, culminating in FGR [27,
28]. These FGR outcomes are associated with impairment
in neurodevelopmental health, leading to deficits in cognitive
function [29], and an increased risk of neurodevelopmental
diseases, including SCZ [8, 9, 30, 31].

A mechanistic framework linking placental development
and neuropsychiatric disorders centers around the placenta–
brain axis [32]. The placenta is responsible for the supply
of nutrients to the fetal brain, and production of neuro-
transmitters, which is required for normal brain development
[32]. Therefore, alterations in the placental gene expression
affecting these processes have been linked to poor neurodevel-
opmental outcomes (i.e., SCZ) [33, 34]. Recent genome-wide
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and transcriptome-wide association studies have investigated
genome or transcriptome variants and single-nucleotide poly-
morphism associated with SCZ in pregnancies with early life
complications [35, 36]. From those studies, it was found that
placentae from complicated pregnancies (i.e., those exhibiting
FGR) led to a signature of SCZ-associated genes that were
absent in normal pregnancies. Approximately 500 genes were
expressed in the placenta correlated with SCZ outcomes, with
∼20 prioritized genes being linked to both FGR and SCZ
[36]. While THC can result in placental-insufficiency-induced
FGR [10], it is unknown if THC can induce the differential
gene expression associated with FGR and SCZ [35, 36]. Based
on previous studies indicating links between prenatal THC
exposure and SCZ [22–24], we hypothesize that these steady-
state mRNA human placental markers of SCZ associated with
FGR are also altered in our preclinical model of gestational
THC exposure in rat placentae and in human models of the
placenta and developing brain (e.g., cerebral organoids).

Methods

Edible THC rat model

All animal experiments were performed in accordance with
the Canadian Council of Animal Care, following the ARRIVE
guidelines. Experiments were performed as stated in the
Animal Use Protocol (AUP no. 2023-129) approved by
the Western University Animal Care Committee. Rats were
obtained from Charles River on gestational day 5 (GD5) and
given 2 days of acclimatization to the new environment and
Nutella. THC was administered after day 6 given THC expo-
sure prior to this time point can impair implantation in the
rat [37].

Animals were kept at 22◦C with a 12 h–12 h light–dark
cycle and food and water ad libitum. Starting on GD7, preg-
nant rat dams (n = 7 dams/group) were exposed to either
THC in Nutella at 5 mg/kg or plain Nutella (control) from
GD7-22. This route and concentration of THC have been
demonstrated to lead to ∼15–20 ng/mL THC in maternal
circulation at gestational days 14 and 16, and ∼30–50 pg/mL
THC in placental and fetal tissues [38]. In human studies,
it has been demonstrated that the physiological range of
measured plasma concentrations can be from 60 to 200 ng/mL
[39–41], indicating this dose of edible THC is similar to what
is observed in humans. In pregnant rat dams, oral adminis-
tration of this dose of THC did not impact litter size [42].
Rats were fed Nutella (treatment or vehicle) once daily until
GD19.5, just before birth. Maternal measures (i.e., weight
gain and food intake) were taken daily as previously published
[10, 43]. On GD19.5, the first cohort of animals were sacri-
ficed, and placentae were collected from each dam and placed
in RNA later™. Fetal tail tissue was also collected from each
corresponding pup and flash-frozen for SRY genotyping to
confirm the sex of the offspring.

The second cohort of animals followed the same protocol
but continued to be treated with THC until GD22 (birth).
After weaning (post-natal day [PND]21), offspring from this
cohort were housed at 22◦C with a 12 h–12 h light–dark
cycle and food and water ad libitum. Same-sex offspring were
housed together in groups of three or four. The offspring from
this cohort matured until PND70 (adulthood) when PPI of the
acoustic startle response was assessed in animals. At this time
point, adult animals were sacrificed, the Hipp and PFC were
collected, and tissues were flash-frozen.

Pre-pulse inhibition testing

PPI testing at PND70 (n = 3–4/treatment/sex, each offspring
derived from distinct dams) was performed as previously
described [44]. This point was selected since rodent studies
have found SCZ-like behavior at a similar time point when
exposed to THC in adolescence [44]. Furthermore, PND70
would be considered early adulthood, which is similar to
when SCZ symptoms manifest in humans [45, 46]. Two days
prior to PPI testing (day 1), animals were placed and allowed
to acclimatize to the startle box for 5 min with 68 dB of
background noise. The next day (day 2), animals were tested
with an input/output function with 11 startle pulses ranging
from 65 to 115 dB, increasing by 5 dB each time (20 ms
duration, 1 min inter-trial interval). On day 3, PPI testing was
performed. Testing was separated into two blocks. Block one
consisted of 10 startle pulses at 110 dB lasting for 20 ms at
15–20 s intervals with 15–20 s inter-trail intervals. Block two
consisted of pulses of 74, 77, 80, 83, or 86 dB (played at 20 ms
intervals) before a loud pulse (110 dB) with interstimulus
intervals of 100 ms. Ten trials at each pre-pulse volume were
performed with pseudorandomized trials. To calculate %PPI
the following formula was used: %PPI = 100 − [100 × (startle
amplitude of pre-pulse + pulse trials/startle amplitude of pulse
alone trials)].

Rat Sex-determining Region Y (Sry) genotyping
(PCR)

Frozen fetal rat tails were collected and underwent DNA
extraction. PCR was then used to detect the male-specific
Sry gene to determine the sex of the fetal pups since visual
sexing was difficult at GD19.5. DNA was isolated and
amplified using the REDExtract-N-AMP Tissue PCR Kit
(Sigma-Aldrich), using the manufacturer’s instructions for
DNA extraction. Amplification of the Sry gene used the
forward sequence 5′- GGC TCA ACA GAA TCC CAG CA-
3′ and reverse sequence 5′-TAG CCC AGT CCT GTC CGT
AT-3′ as previously published [47]. PCR fetal tail products
were run alongside DNA collected from adult male and
female tissues collected from previous cohorts using the same
protocol to act as controls for comparison.

BeWo cell culture

To model human placental exposure to THC, unsyncytialized
human trophoblastic placenta cells (BeWo cells) were used
and purchased and utilized (ATCC no.: CCL-98). BeWo cells
have been widely used as an in vitro model for cannabinoid
effects on the placenta [48–50]. Cells were grown and treated
as previously published [50]. Cells were cultured at 37◦C and
5% CO2/95% atmospheric air in a cell culture incubator.
Cells were grown in 75 cm2 flasks in F-12 K nutrient medium
(Gibco) with 10% fetal bovine serum (Gibco) and 1% P/S
(Penicillin/Streptomycin). Cells were plated on a 12-well plate
with 2 × 105 cells per well. Prior to treatment, cells were
allowed to seed for 24 h with 12 K nutrient medium. Cells
were then exposed to media with 0 μM, 3 μM (940 ng/mL),
or 15 μM (4700 ng/mL) of THC (dissolved in a final con-
centration of 0.1% ethanol, Cayman Chemicals, Ann Arbor,
MI). These concentrations were selected based on previous
research that demonstrated that exposure to 3–15 μM of
THC did not cause a significant effect on the proliferation
of these cells [48, 50, 51]. This study was designed to test the
upper limit of exposure based on previous studies, as well as
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Table 1. Induced pluripotent stem cell subject demographic information

NIMH sample ID Diagnosis Sex Race Age (years)

MH0185913 CONTROL M White 26
MH0185983 CONTROL M White 29
MH0185984 CONTROL M White 29
MH0185865 CONTROL F White 24
MH0185916 CONTROL F White 25
MH0185905 CONTROL F White 33
MH0185897 SCZ M White 27
MH0185900 SCZ M White 31
MH0185975 SCZ M White 28
MH0185954 SCZ F More than one 34
MH0185964 SCZ F Asian 43
MH0185958 SCZ F White 56

a 5× reduced concentration. Vehicle cells were treated with
media with 0.1% ethanol. Cells were exposed to treatment
for 24 h, then were collected and prepared for qPCR analysis.

Induced pluripotent stem cell collection and
maintenance

Twelve human-induced pluripotent stem cells (iPSCs), six
from healthy donors and six from individuals diagnosed with
SCZ were obtained from NIMH Repository & Genomics
Resource, through Rutgers Infinity Biologix. To obtain the
iPSC lines, study participants were consented and enrolled,
dermal fibroblasts were collected, and iPSC cell lines were
generated at Massachusetts General Hospital as part of an
NIMH/NHGRI Center of Excellence in Genomic Science
grant (P50MH106933). The Neurobank PI is Roy Perlis,
M.D., MSc; key MGH co-investigators included Hannah
Brown, M.D., J. Niels Rosenquist, M.D., Ph.D., Steven
Sheridan, Ph.D., and Jennifer Wang, Ph.D. The CEGS co-PIs
are Isaac Kohane, M.D., Ph.D. and Roy H. Perlis, M.D., MSc.
Donors’ demographic information is provided in Table 1.

Feeder-free iPSC cell lines were maintained in 4% oxygen
in mTeSR1 medium (Stem Cell Technologies, CAT no. 85850)
on Matrigel (Corning, CAT no. 354277) coated 6-well plates
according to Stem Cell Technologies Maintenance of Human
Pluripotent Stem Cell Technical Manual (Stem Cell hPSC
Manual) (STEMCELL Technologies Inc. 2019). Cells were
checked for potential differentiation events and were passaged
using Gentle Cell Dissociation Reagent (StemCell, CAT no.
07174) when colonies were ∼70% confluent.

Organoid generation and treatment

Generation of human cerebral organoids was performed, as
previously published [52], by keeping iPSC cells in culture
for ∼2 weeks after thawing and received a pre-treatment
2 days prior to differentiation. Pre-treatment consisted of
growth factors that have been previously shown to promote
broad telencephalic organoid competency and to enhance
the formation of well-structured cortical organoids [53] at
the following concentrations: Bone Morphogenetic Protein
4 (BMP4) = 0.1 ng/mL, Transforming Growth Factor β-1
(TGFβ-1) = 0.1 ng/mL, TGFβ-3 = 1.0 ng/mL, and ACTIVIN
A = 15 ng/mL (all purchased from Stem Cell Technologies).
Cerebral organoids were generated using the STEMdiff Cere-
bral Organoid Kit (Stem Cell Technologies, CAT nos. 08570
and 08571). To minimize batch differences, a protocol based

on Lancaster and Knoblich was utilized [54]. Briefly, on day
0 of organoid generation (embryoid body [EB] formation),
iPSCs were lifted using Gentle Cell Dissociation Reagent
and a single-cell suspension was created by gently pipetting.
Following centrifugation and resuspension, 100 μL of cell
suspension (9000 cells/well) were plated in each well of a 96-
well round-bottom ultra-low attachment plate (Corning, CAT
no. 7007) with EB formation medium containing 10 μM rho-
kinase inhibitor (StemCell, CAT no. 72302), and subsequently
cultured in 5% CO2 in air. On days 2 and 4, 100 μL of
EB formation medium was added to each well and on day 5
EBs were transferred to a 24-well ultra-low attachment plate
(Corning, CAT no. 3473) containing Induction Medium. On
day 7, organoids were transferred to an Organoid Embedding
Sheet (StemCell, 08579), and cold Matrigel was added drop-
wise onto each EB. To polymerize the Matrigel, the plate was
placed in the incubator at 37◦C for 30 min. Upon removing
the plate from the incubator, EBs were washed from the
embedding surface into 6-well plates containing Expansion
Medium. On day 10, all expansion medium was removed
and replaced with 3 mL/well of maturation medium. The
plates containing organoids were placed on an orbital shaker
and incubated in 5% CO2 in air at 37◦C. Following day 10,
maturation medium was changed every 3 days, and, starting at
day 40, Cultrex Reduced Growth Factor Basement Membrane
Extract, Type 2 (R&D Systems, CAT no. 3536-005-02) was
added to the maturation media at a 1:50 dilution to promote
the formation and maintenance of a thick laminin-rich base-
ment membrane, necessary for cortical plate formation [55].
Organoids were treated with THC 100 nM or vehicle (DMSO
0.1%) for 27 days, starting at day 3 up to day 30 of organoid
generation, with medium changes performed every other day.
Treatment doses and timings were based on Ao et al. [56],
as it was determined that this dose did not cause premature
organoid death over chronic THC exposure. After day 30,
organoids were maintained without treatment and collected
for qPCR on day 180. This resulted in four groups: vehicle
control (VEH CTRL), THC control (THC CTRL), vehicle
SCZ (VEH SCZ), and THC SCZ.

RNA extraction and qPCR

Rodent tissue, human BeWo cells, and human cerebral
organoids underwent total RNA extraction. For rodent
placentae, the whole tissue underwent RNA extraction. In
rodent brain, following PPI, all animals received an overdose
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of sodium pentobarbital (240 mg/kg intraperitoneal [i.p.]
Euthanyl), and while under deep anesthesia, were sacrificed,
brains rapidly removed, flash frozen on dry ice, and stored
at −80◦C. Coronal sections (100 μM) containing PFC and
Hipp were cut with a cryostat tissue slicer (CM 1850) at
−25◦C and slide mounted for punchouts. These brain areas
were collected for analysis as they are areas that are heavily
implicated in SCZ [57, 58]. PFC brain sections were obtained
from AP: +2.30 mm to +2.95 mm from Bregma, and Hipp
brain sections were obtained from AP: −5.6 mm to −6.0 mm
from bregma (The Rat Brain in Stereotaxic Coordinates, 6th
Edition). The extraction of RNA was performed using Trizol
and chloroform (Sigma Aldrich). RNA at a concentration of
2 μg was converted to cDNA using a high-capacity cDNA
reverse Transcription Kit (Thermo Fisher Scientific; Applied
Biosystems) following the manufacturer’s instructions. Of the
20 placental genes prioritized in the previous literature, 20
of the most differentially expressed genes, associated with
FGR [35, 36], were selected to be tested in the prenatal THC-
exposure rodent placenta. Genes associated with FGR were
chosen as given THC-exposed offspring exhibit both FGR and
SCZ-like behavior [22, 23]. Primers for qPCR were designed
using the NCBI Primer Blast tool (Supplemental Tables S1
and S2). Primers were validated to have efficiency in the
range of 90–110%. The CFX Opus 384 Real-Time PCR
System (BioRad) with SensiFast SYBR (Meridian BioScience)
was used to perform qPCR with the following protocol:
an initial denaturation at 95◦C for 3 min followed by
43 cycles of 95◦C for 15 s, 58◦C for 30 s, and 72◦C for
30 s. Melt peaks for each primer were assessed to check for
one distinct peak. Relative mRNA transcript was determined
by normalizing each sample to the geometric mean of two
housekeeping genes (β-actin and GAPDH) to determine �Ct.
The �Ct of the controls were averaged, and this value was
used to calculate the ��Ct of each sample. Relative gene
expression was calculated using the equation 2-��Ct. Genes
that were found to be significant in the placenta of the
rodent THC model were then measured in other rat tissues
(PFC, Hipp) and human THC models (BeWo cells, adult
rat brain, and organoid model) using either rat or human
primers.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (Ver-
sion 10.2.1). To determine the significance Student unpaired t-
test, one-way ANOVA, and two-way ANOVA were performed
where relevant. The ROUT method was used to determine
outliers, and normality was calculated using the Shapiro–Wilk
test. In cases where there were two unpaired groups and the
data were not normal, a Mann–Whitney test was used. All
data are shown with the mean ± SD unless stated otherwise.
Results were deemed significant if p < 0.05.

Results

Gestational exposure to edible THC in rats led to a
decrease in fetal weight at GD19.5 with no
significant change in maternal measures

There was no significant difference in maternal food intake,
maternal weight gain, litter size, and live birth index between
vehicle and THC groups (Table 2). Fetal measures were col-
lected at GD19.5, and it was found that edible THC exposure

significantly decreased the fetal weights and increased pla-
centa: body weight ratio of offspring of both sexes (Table 3).
Despite this significant increase, there was no significant
change in placenta weight.

Seven prioritized placental genes associated with
SCZ were differentially expressed in rodent
placentae exposed to THC

Based on previous publications [35, 36], 20 of the top differ-
entially expressed genes associated with both SCZ and FGR
were selected to be tested via qPCR in THC and vehicle-
exposed placentae. Of the 20 placental genes tested that were
associated with both FGR and SCZ risk, 13 revealed no signif-
icant difference after edible THC exposure during pregnancy
(Supplemental Figure S1). However, four of the 20 genes were
found to have significantly increased the relative mRNA tran-
script abundance exclusively in female offspring (Figure 1):
Iqgap1 (cell adhesion) [59], Vps33b (vesicle-mediated protein
sorting) [60], Rps10 (protein synthesis) [61], and Eif5 (protein
synthesis) [62]. An additional three genes were shown to
have significantly increased steady-state mRNA expression
in both male and female placentae (Figure 1). These three
genes of interest were Furin (protein-cleaving enzyme) [63],
Rccd1 (hypothesized to be involved with chromatin reorgani-
zation) [64], and Atp5mk (involved in ATP synthesis) [65].
In summary, a total of seven of the 20 placental genes did
show significant changes in mRNA levels in the placenta after
prenatal THC exposure (Table 4).

A subset of placental genes found to be
differentially expressed in rodent model exhibited
differential expression in the human BeWo cells
treated with THC

Of the seven targets that showed a significant change in the
THC-exposed rat placentae, three demonstrated significant
increases in the BeWo cells after THC exposure (Figure 2)
including FURIN (protein-cleaving enzyme), IQGAP1 (cell
adhesion), and EIF5 (protein synthesis), all in alignment with
the results from the in vivo THC-exposed rat placentae. How-
ever, RPS10 (protein synthesis) exhibited decreased relative
expression, which is contrary to what was observed in the
chronic prenatal THC-exposure rodent model.

Gestational THC-exposed adult rodent PFC and
hippocampus show some differential gene
expression patterns similar to THC-exposed
placenta concurrent with decreased %PPI

In adulthood (PND70), male and female THC-exposed
rat offspring demonstrated a significant decrease in %PPI
(Figure 3A). To investigate if the THC-induced placental
signature of SCZ-markers was also altered in the brain, we
measured their expression in the PFC and Hipp at the same
age (PND70). Of the genes tested, four were demonstrated
to be significantly altered in at least one adult brain region
after prenatal THC exposure (Figure 3B–E). Specifically, the
relative transcript mRNA abundance of Furin, Rps10, and
Vps33b was significantly increased in the adult male PFC of
THC-exposed offspring. In the male Hipp, the expression
of Furin and Rccd1 mRNA was significantly increased
after gestational THC exposure. The female PFC did show
a significant increase in Furin transcript abundance after
prenatal THC exposure.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf191#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf191#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf191#supplementary-data
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Table 2. Maternal measures of edible THC-exposed rat dams compared with controls

Maternal parameter Vehicle (mean ± SD) THC (mean ± SD)

Average maternal food intake GD 12–14 (g) 21.0 ± 1.48 19.4 ± 2.54
Average maternal food intake GD 15–18 (g) 20.8 ± 1.03 19.5 ± 1.86
Average maternal weight gain GD 7–18 (g) 62.3 ± 4.68 56.9 ± 7.98
Litter size (pups) 10.6 ± 2.20 12.7 ± 2.40
Live birth index (%) 89.1 ± 6.33 94.5 ± 6.33

Maternal measures were recorded every day starting on GD5 for both control and treatment groups. No significant differences between the control and
treatment groups were found according to the Student unpaired t-test (p < 0.05).

Table 3. Fetal measures of edible THC-exposed rat dams compared with controls

Fetal parameter Vehicle (mean ± SD) THC (mean ± SD)

Fetal weight (g)∗∗ 1.67 ± 0.34 1.45 ± 0.15
Female weight (g) 1.63 ± 0.32 1.36 ± 0.19
Male weight (g) 1.69 ± 0.37 1.54 ± 0.11
Placental weight (g) 0.48 ± 0.08 0.45 ± 0.05
Female placenta weight (g) 0.47 ± 0.07 0.43 ± 0.06
Male placenta weight (g) 0.46 ± 0.04 0.47 ± 0.06
Placenta: Body weight ratio∗ 0.29 ± 0.05 0.31 ± 0.03
Female P:B ratio 0.30 ± 0.06 0.32 ± 0.04
Male P:B ratio 0.28 ± 0.07 0.30 ± 0.03

Fetal measures were taken on GD 19.5. The vehicle fetal weight and placental weight were determined to be non-normal via the Shapiro–Wilk test and a
Mann–Whitney test was used to determine significance. The placenta: body weight ratio was considered normal according to the Shapiro–Wilk test and a
Student unpaired t-test was used to determine significance (∗p < 0.05, ∗∗p < 0.01).

Figure 1. Relative transcript abundance of prioritized SCZ-associated genes altered in rodent placenta at GD19.5 after gestational-THC exposure.
Steady-state mRNA expression of 20 targets was investigated using qPCR and displayed in the figure as mean ± SD of (n = 8–15/treatment/sex).
Significance was determined using the Student unpaired t-tests with the exception of Iqgap1, which used a Mann–Whitney test as the data was
considered non-normal according to the Shapiro–Wilk test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001).

THC-exposed patient-derived human cerebral
organoids show differential gene expression of
targets altered in THC-exposed placenta

Since the rodent model investigated in this study showed
overlap in altered gene expression in the placenta and
adult brain, human cerebral brain organoids were generated
and treated with THC during a development-equivalent
phase to investigate if this signature of genes was also
altered in the human-derived brain organoid model. Of all
seven genes that were found to be differently expressed
in rat placenta after THC exposure, FURIN (protein-
cleaving enzyme) was the only gene to have significant
differential expression in the cerebral organoid model between
vehicle and THC exposure from both control and SCZ
model organoids. Specifically, FURIN was found to have

increased expression in both control and SCZ-derived
organoids after treatment with THC from days 3 to 30
(Figure 4). IQGAP1 (cell adhesion) and RCCD1 (chro-
matin reorganization) had significantly different interactions
between treatment and organoid type. This means that the
expression of IQGAP1 and RCCD1 was dependent on
the phenotype of cell lines. IQGAP1 decreased after THC
exposure in the SCZ organoids but increased in the control
group after THC exposure. Conversely, RCCD1 mRNA
abundance was increased in the SCZ group after THC
exposure and showed a slight decrease in the control group
when treated with THC. The other four targets tested
showed no significant changes in the expression between
vehicle and THC exposure in control or SCZ organoids
(Supplemental Figure S2).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf191#supplementary-data
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Figure 2. Significant genes altered in THC-exposed rodent placenta model are also differentially expressed in human placental BeWo cells exposed to
THC for 24 h. BeWo cells were cultured in 0–15 μM for 24 h. Steady-state mRNA expression is displayed in the figure as mean ± SD (n = 4–6/treatment).
Significance was determined with a two-tailed one-way ANOVA, and letters indicate significant differences between treatments (p < 0.05).

Table 4. Prioritized genes found in the placenta where differential expres-
sion is linked to both increased SCZ risk and FGR [58, 59]

Prioritized placental schizophrenic genes found in FGR pregnancies

THC-altered
placental genes

Non-THC-altered placental genes

ATP5MK ARHGAP1 NT5C2
EIF5 ARPC3 PAPPA2
FURIN ATP242 PHF5A
IQGAP1 CLK1 SNX3
RCCD1 FES TRIM8
RPS10 GID4 WBP1L
VPS33B MSI2

Genes indicated on the left hand of the table had shown significant differ-
ences in relative transcript abundance in the placenta after chronic prenatal
THC exposure using an edible THC rodent model. Genes indicated on the
right hand of the table were tested in rodent THC-exposed placenta but
showed no significant change.

Discussion

As the use of cannabis in pregnancy increases, it is imperative
to investigate any possible adverse neurobehavioral and/or
metabolic outcomes that may persist in postnatal life as a
result of prenatal exposure. Previous research indicates that
early exposure to THC can lead to placental insufficiency
and FGR [7, 10], which could be a risk factor for SCZ [8,
9, 30]. Elegant studies by Ursini et al. [35, 36] have found
a connection between placental genes associated with SCZ
specifically in FGR pregnancies, further implicating the role
of the placenta–brain axis whereby poor placental develop-
ment can negatively impact the proper trajectory of brain
development. The current study indicates that prenatal THC

exposure decreases fetal weight, which is indicative of growth
restriction. Moreover, four prioritized established placental
markers of SCZ associated with FGR (FURIN, EIF5, RPS10,
and IQGAP1) were altered in the THC-exposed placenta in
both rodent and human models, suggesting an increase in SCZ
risk. Furthermore, this study revealed that there may be some
overlap in differential gene expression between the placenta
and the postnatal brain after gestational THC exposure with
some sex-specific transcript changes.

Using our preclinical rodent model, we demonstrated that
rat dams exposed to oral THC during pregnancy exhibited
significantly decreased fetal weights at GD19.5 and increased
placenta: body weight ratios when compared with vehicle-
exposed animals, which is similar to the human outcomes
observed after prenatal cannabis use [7]. The decrease in
fetal weight aligns with previous preclinical research using
i.p. injections [10, 11, 23] but may be distinct from what
is seen in the preclinical vaping model [66]. Currently, the
rodent THC inhalation model has shown conflicting results,
with some studies reporting no weight differences between
prenatal vapor-THC exposure and control rats [66], while
other studies have demonstrated a decrease in birth weight
after prenatal THC inhalation [67]. Despite this change in
the fetal weight and placenta: body weight ratio, there were
no significant changes in placental weight. Previously, studies
have shown that prenatal THC (i.p) can lead to a larger
placenta and smaller pups [10, 68], suggesting FGR. However,
in the present study, the altered weight ratio still indicates
that the THC-exposed placentae are supporting less growth,
implying placental insufficiency.

Quantitative RT-PCR analyses identified differential
expression of SCZ-associated genes in THC-exposed rodent
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Figure 3. Adult rat PPI differences between gestational THC and vehicle-exposed offspring are concurrent with differential gene expression associated
with SCZ in the PFC and Hipp. (A) Male and female adult rats (PND70) that were exposed to prenatal THC showed a significantly decreased PPI when
compared with vehicle-exposed animals at the same time point. Mean ± SD of PPI% are plotted (n = 3–5/treatment/sex). Significance was determined
using the Student unpaired t-tests (∗p < 0.05, ∗∗∗∗p < 0.0001). (B–E) The seven targets that showed significant change in the previous placenta rat
model were investigated using qPCR in the adult rat PFC and Hipp. Mean ± SD of steady-state mRNA expression in PFC and Hipp is displayed in the
figure (n = 5–12/treatment/sex) Significance was determined using the Student unpaired t-tests (∗p < 0.05).

placentae, consistent with prior findings in human placentae
associated with FGR pregnancies and SCZ risk [35, 36].
Among the 20 prioritized genes derived from these studies,
seven displayed significant differential expression: Furin
(protein-cleaving) [69, 70], Rccd1 (chromatin reorganization)
[71, 72], Atp5mk (involved in ATP synthesis) [65], Iqgap1

(cell adhesion) [73], Vps33b (vesicle-mediated protein sorting)
[74], Rps10 (protein synthesis) [75], and Eif5 (protein
synthesis) [62].

While functionally different, five of the seven genes (Furin,
Rccd1, Atp5mk, Iqgap1, and Vps33b) play an important
role in epithelial-to-mesenchymal transition (EMT) [65, 69,
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Figure 4. Relative transcript abundance of some significant genes found in the rodent placenta model was also altered in patient-derived control and
SCZ cerebral organoids treated with THC. Images of the organoids derived from patient control and SCZ cell lines were taken throughout the
differentiation process. Treatment of THC started on day 3 and continued until day 30. (A) Representative images of organoids on day 7 and day 28 show
little difference between treatment groups. (B) Of the seven genes that showed significant change in the placenta, three showed significant changes in
the organoid model. Mean ± SD of steady-state mRNA expression of Furin, Rccd1, and Iqgap1 in the organoids are shown (n = 5–6/treatment/cell line).
Significance was determined using a two-tailed, two-way ANOVA (∗p < 0.05).

Figure 5. Summary of placenta–brain axis gene pathways implicated by prenatal THC exposure leading to FGR. The seven targets found to show
significant changes in transcript abundance in the placenta after THC exposure are related to functions associated with proper placental function and
growth which can impact brain development and lead to poor neuropsychiatric outcomes. This figure was created in BioRender.

70, 72–74, 76]. EMT plays an important role during the
development of the placenta, especially during the invasion
of the trophoblast cells into the decidua and the remodeling
of the spiral arteries [77, 78]. Additionally, the significant up-
regulation of these protein synthesis-related genes (Rps10 and
Eif5) exclusively in the female placenta suggests sex-specific
effects on protein metabolism [27] following THC exposure.
Further studies are warranted to examine if these sex-specific
effects on protein metabolism impact the placenta–brain axis
[32]. Collectively, disruption in the expression of these genes
can negatively impact placental function and result in FGR,
which can have long-term effects on neurocognitive outcomes
[8, 9] (Figure 5).

In comparison to previous studies, four out of the seven
genes found to have significant changes in the expression after
THC exposure (Furin, Iqgap1, Vps33b, and Rps10) in the
rodent were also increased in the expression in human placen-
tae associated with both FGR and SCZ [36]. In contrast, three
genes (Atp5mk, Rccd1, and Eif5) exhibited decreased expres-
sion in human placentae associated with both FGR and SCZ,
even though they were increased in the rodent THC-exposed
rat placentae. Future studies are warranted to examine how
overexpression of these three genes may impact cognitive
outcomes and/or placental function. While rodent and human
placentae share similarities (i.e., hemochorial structure) [79],

they exhibit some fundamental differences [80]. To evaluate
translational relevance, we treated BeWo cells with THC, lead-
ing to significant alterations in the expression of four genes
(FURIN, EIF5, RPS10, and IQGAP1) previously altered in
the THC-exposed rodent placentae. This lends further support
that THC can alter the expression of these genes associated
with SCZ in the human placenta [35, 36]. Furthermore,
treatment with THC led to decreased RPS10 mRNA which
is reciprocal of what was observed in the rodent model. The
variations observed in expression patterns between these two
models could be attributed to the difference in exposure time
to THC or the heterogeneity of cell types seen in the rodent
placenta models that were not present in the BeWo model.
Despite these differences, these results indicate that THC
exposure in either the rat or human placenta can alter genes
that are associated with SCZ, supporting the hypothesis that
gestational THC exposure can increase the risk of SCZ in
offspring.

Interestingly, recent studies in pregnant non-human pri-
mates have also found that prenatal THC negatively impacts
placental function [81] and can alter DNA methylation in
genes associated with autism [82] that are related to the
SCZ-associated genes found to be differentially expressed
in the rodent and human placenta models in this study
(i.e., IQGAP1 and VPS33B). The findings in the non-human
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primate model demonstrate the effect of THC on the placenta
and the overlap of effects between several species’ models.
Furthermore, these studies further imply that the risk of SCZ
and other neurological disorders (i.e., autism) may originate in
utero.

To follow up with changes in the identified THC-altered
placental markers associated with SCZ, long-term neurobe-
havioral outcomes and brain gene expression patterns fol-
lowing prenatal THC exposure were investigated using PPI
testing in adult rat offspring. This behavioral testing is of
particular clinical interest as this test can be performed in
humans, and those with SCZ exhibit a decrease in %PPI
[25]. After PPI testing, both male and female adult offspring
exposed to prenatal THC exhibited a decrease in %PPI. These
findings align with what has been seen in the prenatal i.p. THC
injection model [22] and clinical studies that show an increase
in onset of psychotic-like behavior at a similar age equivalent
(young adulthood) [20].

The THC-induced decrease in PPI combined with both
placental insufficiency and altered placental expression in this
study further establishes the role of the placenta–brain axis
with regard to disturbances in the placenta, potentially acting
as a predictor for developing neurodevelopmental disorders
later in life. When we examined the placental-SCZ genes in the
postnatal Hipp and PFC at PND70, notably four genes (Furin,
Rccd1, Rps10, and Vps33b) exhibited increased steady-state
mRNA levels in THC-exposed rat offspring concurrent with
the observed decrease in PPI. The increase in the expression of
these four genes aligns with what was previously observed in
the THC-exposed placentae. Developmentally, this suggests
that THC can elicit similar effects in the placenta and brain
that could lead to an increased risk of developing SCZ.

To investigate if the genes altered in the rodent brain were
also changed in a human brain model, patient-derived cerebral
organoids from SCZ or control cell lines were treated with
THC during a period of time (day 3–30) that would model
early development (first trimester) [56]. Once again, treatment
with THC increased the relative transcript levels of FURIN,
in both SCZ and control cell lines after THC exposure. In
addition, levels of IQGAP1 and RCCD1 relative transcript
abundance were differentially altered in response to THC,
depending on whether they came from a SCZ cell line or a
control cell line. This suggests that those who have a genetic
risk of SCZ may be differently affected by prenatal THC expo-
sure. Collectively, the results obtained from both the animal
brain model and the human cerebral organoid model indicate
that the differential gene expression associated with SCZ in
the placenta overlaps with changes in gene expression in the
postnatal brain. Further research is warranted to determine
how alterations in the expression of these specific genes may
influence brain function and how THC may mechanistically
influence their expression and relation to SCZ-like outcomes
in offspring.

Although the THC-induced genes identified in this study
have been implicated in other neuronal models of SCZ, the
neurobiological function of many of these genes and their
specific contribution to SCZ pathophysiology remain poorly
characterized. Among the identified genes, FURIN has been
the most extensively characterized. FURIN is a protein-
cleaving enzyme that is required to activate certain important
neurotrophins (i.e., BDNF) [83] that have implications in
SCZ. Thus, disruption to this enzyme can have poor effects
on neuropsychiatric outcomes [84]. Despite accumulating

evidence implicating FURIN dysregulation in SCZ, the precise
molecular mechanisms by which altered FURIN expression
contributes to SCZ pathogenesis and symptomology remain
unclear [84–86].

This study presents several limitations. The first stems from
the variability and limited sample size inherent to patient-
derived organoid models. Due to samples being derived from a
human population, substantial inter-sample genetic variability
remains. Such heterogeneity inevitably contributes to variabil-
ity in the organoid outcomes observed, thereby constraining
the generalizability of our results. Additionally, the organoid
results were limited in statistical power, therefore, preventing
this work from analyzing sex as a variable in this experiment.
Finally, it should be stated that the human organoids were
exposed to a lower concentration of THC (100 nM) than
the concentration of THC we have used in this study and
previously in BeWo cells [50]. This was to account for the
longer exposure time of THC in the organoid model. A lower
dose was selected based on the previous literature [56] to
maintain cell viability.

Future work may want to investigate placental markers of
SCZ that are independent of FGR in different in vitro and
ex vivo models after THC exposure, since this work focused
on FGR-related transcription changes. Moreover, single-cell
RNA-sequencing would facilitate investigating multiple SCZ-
genes that may be independent of FGR while also providing
details about the cell types most affected by THC. Addition-
ally, future research should pursue the function of the genes
that found to be altered in both the brain and placenta. Cur-
rently, some of these differentially expressed genes are not well
understood, such as RCCD1. If the exact function of these
genes can be characterized in both the placenta and brain,
this may further uncover the precise mechanisms linking how
gestational THC exposure contributes to the etiology of SCZ
in postnatal life.

To investigate these markers in a clinical context, future
studies using larger randomized control studies are war-
ranted to investigate if these placental SCZ-associated gene
expressions are found in placentae from human pregnancies
after cannabis exposure. However, there may be several
confounding variables, including socioeconomic status and
poly-substance use (i.e., tobacco, alcohol [87, 88]). In
addition, given some of the SCZ biomarkers identified (i.e.,
Vps33b, Eif5, Rps10, Furin, and Atp5mk) impact protein
secretion, they could also be measured in umbilical cord blood
as a clinical biomarker of SCZ risk.

In conclusion, this study demonstrated that prenatal THC
exposure in rodents can lead to alteration of gene expres-
sion in established prioritized human markers of SCZ in the
placentae, culminating in FGR offspring which exhibit poor
neurobehavioral outcomes (e.g., decreased %PPI). Several of
these genes were confirmed to be altered in human placen-
tal cells. Additionally, the rodent model demonstrated some
sex-specific effects whereby mRNA transcript changes after
prenatal THC were more male-specific in the adult brain and
more female-specific in the placentae. This is of particular
interest as SCZ is slightly more common in males, and they
demonstrate more severe cognitive symptoms [89]. Moreover,
in the THC-exposed (i) Hipp and PFC, and (ii) THC-treated
human control and SCZ organoids, a subset of the placental
markers was also altered, implicating these markers may play
a role in the developmental origins of SCZ. Of the genes exam-
ined in this study, FURIN is of particular interest as all THC
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models led to an increase in the relative mRNA transcript
abundance of this gene. This may serve as a promising clinical
biomarker in the placenta to identify those at greatest risk of
SCZ early in life.
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