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Δ9-tetrahydrocannabinol 
exposure during rat pregnancy 
leads to symmetrical fetal growth 
restriction and labyrinth-specific 
vascular defects in the placenta
Bryony V. Natale1,2, Katarina N. Gustin2, Kendrick Lee9,10, Alison C. Holloway   4, 
Steven R. Laviolette5,10, David R. C. Natale   1,2,3* & Daniel B. Hardy   6,7,8,9,10*

1 in 5 women report cannabis use during pregnancy, with nausea cited as their primary motivation. 
Studies show that (-)-△9–tetrahydrocannabinol (Δ9-THC), the major psychoactive ingredient in 
cannabis, causes fetal growth restriction, though the mechanisms are not well understood. Given the 
critical role of the placenta to transfer oxygen and nutrients from mother, to the fetus, any compromise 
in the development of fetal-placental circulation significantly affects maternal-fetal exchange and 
thereby, fetal growth. The goal of this study was to examine, in rats, the impact of maternal Δ9-THC 
exposure on fetal development, neonatal outcomes, and placental development. Dams received a daily 
intraperitoneal injection (i.p.) of vehicle control or Δ9-THC (3 mg/kg) from embryonic (E)6.5 through 22. 
Dams were allowed to deliver normally to measure pregnancy and neonatal outcomes, with a subset 
sacrificed at E19.5 for placenta assessment via immunohistochemistry and qPCR. Gestational Δ9-THC 
exposure resulted in pups born with symmetrical fetal growth restriction, with catch up growth by post-
natal day (PND)21. During pregnancy there were no changes to maternal food intake, maternal weight 
gain, litter size, or gestational length. E19.5 placentas from Δ9-THC-exposed pregnancies exhibited a 
phenotype characterized by increased labyrinth area, reduced Epcam expression (marker of labyrinth 
trophoblast progenitors), altered maternal blood space, decreased fetal capillary area and an increased 
recruitment of pericytes with greater collagen deposition, when compared to vehicle controls. Further, 
at E19.5 labyrinth trophoblast had reduced glucose transporter 1 (GLUT1) and glucocorticoid receptor 
(GR) expression in response to Δ9-THC exposure. In conclusion, maternal exposure to Δ9-THC 
effectively compromised fetal growth, which may be a result of the adversely affected labyrinth zone 
development. These findings implicate GLUT1 as a Δ9-THC target and provide a potential mechanism 
for the fetal growth restriction observed in women who use cannabis during pregnancy.

Over the last decade, cannabis use has progressively increased in pregnant women, in part due to the perception 
that its usage poses no risk in perinatal life1,2. In the United States, the rates of self-reported or screened cannabis 
use in pregnant mothers (18–24 years) varies from 6 to 22%, with some women admitting to daily use2,3. Of great 
concern is that cannabis use in pregnancy is more prevalent in young, urban, socially disadvantaged women4,5. 
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Three systematic reviews and meta-analyses have validated the relationship between maternal cannabis use and 
both low-birth weight and adverse neurodevelopmental outcomes6–10. These studies, however, are confounded by 
sociodemographic factors and that cannabis is often accompanied by use of other drugs6–10. To address the intrin-
sic limitations of those clinical studies, animal experiments have demonstrated that exposure of pregnant rodent 
dams to Δ9-THC, the major psychoactive component of cannabis, leads to placental dysfunction and low birth 
weight offspring11,12. This is alarming as the concentration of Δ9-THC in cannabis has steadily increased (from 
3 to 22%) over the last two decades, and animal studies indicate that Δ9-THC crosses the placenta with 10–28% 
of maternal concentrations detected in the fetal plasma, and 2–5 times higher concentrations in fetal tissues13,14.

To date, the underlying molecular mechanisms for Δ9-THC-induced placental insufficiency are not com-
pletely understood. The molecular targets of action for Δ9-THC in the placenta are the two G-coupled cannabi-
noid receptors, CB1R and CB2R, which are part of the endocannabinoid system that plays a role in fertilization, 
embryo implantation, and early placentation15,16. In mouse, intraperitoneal injection (i.p.) of 3–5 mg/kg Δ9-THC 
both cause reduced fetal birthweight12,17–19. At 5 mg/kg, fetal demise12 was reported, with altered placenta devel-
opment further described12,18. Specifically, placentae from exposed dams had an overall reduction in CB1R and 
CB2R expression in association with impaired placental angiogenesis, narrowing of maternal sinusoids and 
increased trophoblastic septa diameter in the labyrinth zone, while the junctional zone exhibited disordered 
spongiotrophoblast and fewer glycogen cells12,18. Conversely, the 3 mg/kg Δ9-THC dose did not lead to alter-
ations in maternal behavior or physical measures17,19 and yielded Δ9-THC serum concentrations (8.6–12.4 ng/
ml Δ9-THC) that are at the lower end of the range of that reported (i) in cannabis smokers (13–63 ng/ml from a 
7% Δ9-THC content cigarette) 0–22 hours post inhalation, and (ii) in aborted fetal tissues (4–287 ng/ml) from 
pregnant cannabis smokers20–22.

Fetal growth restriction can result from impaired placenta development23–25 and the association between 
intrauterine growth restriction (IUGR) and the subsequent development of type 2 diabetes, obesity and metabolic 
syndrome (MetS) is often referred to as the “fetal origins hypothesis”26–29. Compromised nutrition and metab-
olism, in development, induce adaptations suited for survival short-term, but can become maladaptive if there 
is a ‘mismatch’ to the predictive postnatal environment, leading to long-term metabolic disease in adulthood30. 
Clinical reports suggest that after fetal growth restriction, there is often a period of post-natal catch-up growth, 
which significantly increases the risk of metabolic disorders31–34. The pregnant rat is an excellent model in which 
to study fetal growth restriction, reciprocating both post-natal catch-up growth and the onset of MetS35–38. As 
such, the aim of the current rat study was to use a dose of Δ9-THC that reports serum Δ9-THC concentrations 
that are within range of cannabis smokers20–22 with no reported fetal demise in order to investigate whether 
maternal exposure would lead to fetal growth restriction and post-natal catch-up growth. Given that maternal 
nicotine exposure during gestation results in fetal growth restriction associated with placental insufficiency25, we 
sought to investigate whether structural or vascular defects in the placenta might also be occurring. Moreover, 
as fetal growth restriction can occur via impaired transport of key nutrients to the fetus39–45, we further charac-
terized the effects of Δ9-THC on the expression of the placental glucose transporter (GLUT1) and its upstream 
regulator, the glucocorticoid receptor (GR).

Results
Δ9-THC exposure in the rat does not affect maternal weight or food intake.  Pregnant rat dams 
received either daily doses of vehicle or Δ9-THC (3 mg/kg i.p.) from embryonic day 6.5 (E6.5) through E22. To 
evaluate maternal outcomes, gestational length, average food intake, pregnancy weight gain, litter size and live 
birth index were measured. In agreement with previous rodent studies12,19,46,47, daily administration of Δ9-THC 
to pregnant dams had no effect on maternal weight gain during pregnancy, or maternal food intake (Table 1). In 
addition, Δ9-THC (3 mg/kg i.p.) did not alter gestational length, litter size or live birth index similar to previous 
studies with maternal Δ9-THC exposure (Table 1)46,47.

Maternal Δ9-THC exposure results in symmetrical IUGR.  To determine the effect of Δ9-THC 
exposure on neonatal outcome, assessments included pup weight, and organ to body weight ratio (hallmarks of 
growth restriction) along with survival to post-natal day (PND)4. A small for gestational age (SGA) birth is <10th 
percentile for gestational age, or more than 2 standard deviations below the mean, while Intrauterine Growth 
Restriction (IUGR) refers to a reduction in expected fetal growth48, thus, not all IUGR births are SGA48–51.  
Further, growth restriction can be asymmetric, meaning there is first a restriction of weight, followed by length 

Maternal/Neonatal Outcome Measures Vehicle Δ9-THC p-value

Gestational Length (days) 21.6 ± 0.33 22 0.37

Average Food Intake: days 12–14 (g/day) 22.9 ± 0.7 19.1 ± 2 0.28

Average Food Intake: days 18–20 (g/day) 30.3 ± 1 27.4 ± 0.1 0.06

Pregnancy Weight Gain: GD6-GD22 (g) 118.2 ± 20 103.9 ± 11 0.56

Litter Size (n) 13.3 ± 0.6 11 ± 0.3 0.14

Live Birth Index (%) 100 96.7 ± 3 0.37

Pup Weight (g) 7.01 ± 0.11 6.6 ± 0.1 0.001

Survival to PND4 (%) 100 100 1

Table 1.  Maternal and neonatal outcome measurements.

https://doi.org/10.1038/s41598-019-57318-6
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with a “head sparing” effect51. This is the most common form of IUGR, and is seen with pre-eclampsia, hyper-
tension and uterine pathologies51,52. Symmetric growth restriction affects all growth parameters and affects the 
fetus in a uniform manner and can result in permanent neurological consequences. Symmetric growth restric-
tion is more often the result of genetic causes, intrauterine infections and maternal alcohol use51,52. At birth, the 
pups from Δ9-THC exposed pregnancies were growth restricted and weighed significantly less than the vehicle 
control pups (p = 0.001; Table 1). Moreover, in the Δ9-THC group, 2 out 8 dams had one pup that was small for 
gestational age (SGA) (<2 STD of mean body weight) while the vehicle group had none. Building on a previous 
study that identified that exposure to cannabis smoke lead to impaired fetal organ development53, PND1 neo-
nates were sacrificed to examine organ-to-body weight ratios and Δ9-THC pups exhibited a ~25% decrease in 
both liver-to-bodyweight ratio and brain-to-bodyweight ratio (p < 0.01), indicating symmetrical IUGR (Fig. 1). 
However, the reduced fetal size of the pups from the Δ9-THC exposed pregnancies did not affect survival to 
PND4 (Table 1).

Pups from Δ9-THC exposed pregnancies experience post-natal catch-up growth.  As we have 
previously demonstrated that post-natal catch up growth in the rat exacerbates the incidence of MetS54–56, the 
pups were evaluated to see if they might be at increased risk. At PND21, pups from the Δ9-THC exposed preg-
nancies had exhibited catch-up growth with no significant difference in weight, liver to weight ratio or brain to 
weight ratio (Fig. 1).

Placental weights increased at E19.5, with reduced fetal to placental weight ratio.  To explore 
whether changes in placental structure and composition may underlie the fetal growth restriction observed, a 
cohort of vehicle and Δ9-THC exposed pregnant dams were sacrificed at E19.5 and fetal and placental weights 
were evaluated. Similar to PND1, the litter size at E19.5 was not altered between vehicle and Δ9-THC exposed 
dams (Table 2), nor was the number of reabsorptions significantly different (Table 2). The fetal weights in both 
treatment groups were the same, suggesting that the overall growth restriction identified at birth, takes place after 
E19.5. The fetal to placental weight ratio can be used as a measure of placental efficiency57,58. The placentae from 
Δ9-THC exposed pregnancies were significantly larger than the placentae from vehicle control exposed dams 
(p < 0.001), causing the fetal to placental weight ratio to be reduced (p < 0.05, Table 2).

Figure 1.  Exposure to 3 mg/kg Δ9-THC during gestation leads to symmetrical fetal growth restriction followed 
by postnatal catch-up growth. (A) birth weight, (B) liver:body weight ratio at birth, and (C) brain: body weight 
ratio at birth. (D) body weight at 3 weeks, (E) liver:body weight ratio at 3 weeks, and (F) brain: body weight 
ratio at 3 week. Mean ± SEM, average weight/litter, N = 8 dams/group, Significance; Student’s t-test (*P < 0.05, 
**P < 0.001).

Fetal/Placental Outcome 
Measures Vehicle Δ9-THC p-value

Litter Size 8.2 ± 1.7 8.8 ± 2.1 0.82

Number of Reabsorptions 0.25 ± 0.25 2.2 ± 1.03 0.11

Fetal Weights (g) 1.7 ± 0.11 1.9 ± 0.1 0.17

Placental Weight (g) 0.46 ± 0.02 0.58 ± 0.02 0.0009

Fetal:Placental Weight Ratio 3.66 ± 0.14 3.19 ± 0.12 0.02

Table 2.  Fetal and placental outcome measurements at E19.5.

https://doi.org/10.1038/s41598-019-57318-6
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Structure and composition of trophoblast cells of the junctional zone were unaltered in pla-
centae from Δ9-THC exposed pregnancies.  To determine whether structural changes in the placenta 
contributed to the increase in placental weights, histological assessment of the placental layers was performed. 
There was no change in the relative size of the junctional zone (Fig. 2A) between the vehicle treated controls 
and Δ9-THC exposed groups. Furthermore, histological analysis revealed no difference in the junctional zone 
composition of glycogen trophoblast (Gly-T) or spongiotrophoblast (Sp-T) populations (Fig. 2B) that make up 
this layer. It is worth noting that while 3 mg/kg Δ9-THC i.p. in the rat did not alter these populations, in mice, 
pregnancy exposure of 5 mg/kg Δ9-THC i.p. reported junctional zone disorganization with reduced glycogen 
trophoblast and the spongiotrophoblast populations12. It is possible that the higher dose of Δ9-THC may be more 
toxic to the junctional zone trophoblast and that 3 mg/kg allows for junctional zone specific trophoblast survival, 
though it must be considered that it could be a difference between species.

Given that Gly-T in the junctional zone store glycogen and storage can be altered in placentae that are func-
tionally abnormal, we examined whether there was a greater accumulation of glycogen or aldohexoses in the 
placenta, as observed in other models of placental insufficiency59. PAS staining was performed on serial placental 
sections without and with diastase treatment to assess for the levels of total aldohexoses vs aldohexoses without 
glycogen, respectively. In the junctional zone of Δ9-THC placentae, diastase treatment confirmed that glycogen 
accumulated normally in glycogen trophoblast and that there was no difference in total aldohexoses between 
vehicle and treated placentae (Fig. 2C).

Figure 2.  Exposure to 3 mg/kg Δ9-THC during gestation has no measurable effect on junctional zone size 
or composition at E19.5. (A) Percentage of junctional zone area of total placenta. (B) Analysis of the glycogen 
trophoblast (Gly-T) and spongiotrophoblast (Sp-T) complement of the junctional zone. (C) Percentage of PAS 
staining in Gly-T in junctional zone. For junctional zone, 6-images/placenta were taken at 10x. Graphs present 
mean ± SEM.

https://doi.org/10.1038/s41598-019-57318-6
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Larger labyrinth layer, with a reduction in EPCAM+ labyrinth progenitors in placentae from 
Δ9-THC exposed dams.  Histological assessment of the placental layers revealed that the relative area of 
the labyrinth layer was increased in the placentae from Δ9-THC exposed dams (p < 0.05; Fig. 3A). It has been 
shown in the rat placenta that proliferation is highest in the labyrinth at E10-11 and has dropped to a basal 
level by E1660. At E19.5, proliferating cells are much less likely to be observed; however, as proliferation can be 
altered in response to placenta stress61, it was evaluated to see whether, the rate of proliferation, albeit low, was 
changed. The increased size was neither attributed to an increase in proliferation, as the number of Ki67+ nuclei 
was not altered (Fig. 3B), nor the number of sinusoidal trophoblast giant cells (S-TGCs) as there was no differ-
ence between treatment groups (Fig. 3B). Interestingly, the EPCAM+ trophoblast progenitor cells that give rise 
to the differentiated trophoblast of the labyrinth layer appeared fewer in the placentae exposed to Δ9-THC, and 
qPCR assessment, confirmed that Epcam expression was reduced (p = 0.04600) in response to exposure (Fig. 3C). 
To further investigate this finding and to determine if syncytiotrophoblast, which differentiate from EPCAM+ 
trophoblast precursors, were affected, we assessed the expression of Gcm1 by qPCR. Interestingly, Gcm1 expres-
sion was not altered by Δ9-THC exposure (Supplemental Fig. 1).

Following gestational Δ9-THC exposure, rat placentae exhibit vascular defects.  The labyrinth 
zone is the site of maternal-fetal exchange and alterations in vascular development are critical and can con-
tribute to fetal growth restriction. To explore whether the fetal growth restriction observed in Δ9-THC pups 
could be attributed to placental insufficiency, the fetal capillary network and maternal blood sinusoids within 
the labyrinth layer (herein referred to as fetal and maternal blood spaces, respectively), were assessed62–65. The 
assessment included: area of blood spaces as a percentage of the field of view; maternal to fetal blood space ratio 
and the perimeter to area ratio, all indicators of surface available for nutrient exchange. The maternal blood space 
area was increased (p < 0.0001) in response to Δ9-THC exposure, with the perimeter/area ratio of the maternal 
blood spaces reduced (p < 0.05; Fig. 4A). Furthermore, the fetal blood space area was reduced (p < 0.001) in the 
placentae from Δ9-THC exposed dams, with an increased fetal perimeter to area ratio (p < 0.05; Fig. 4B,D). 
Collectively, the maternal/fetal blood space ratio was increased in the labyrinth zone of Δ9-THC placentae 
(p < 0.0001; Fig. 4C).

With fetal blood space altered, components that contribute to blood space formation, structure, integrity and 
function were further evaluated. It is well established that pericytes associate with endothelial cells and wrap 
around the walls of the fetal capillaries in the placenta. In addition to providing structural support, they, along 

Figure 3.  Exposure to 3 mg/kg Δ9-THC during gestation leads to increased labyrinth layer area at E19.5 
compared to vehicle treatment, however with no associated increases in cell proliferation nor number of 
S-TGCs. (A) Percentage of labyrinth layer area of total placenta and representative images showing Iso-Lectin 
B4 staining in labyrinth. (B) Analysis of numbers of Ki67+ nuclei and S-TGC nuclei in the labyrinth layer. 
(C) Quantification of Epcam mRNA in rat placenta at E19.5 by qPCR (graph) and assessment of EPCAM 
protein expression by IHC in labyrinth layer. For labyrinth area, 6-images/placenta were taken at 10×, while 
for Ki67, S-TGC and Epcam assessment, 6-images/placenta were taken at 40×. Graphs present mean ± SEM. 
Significance; Student’s t-test (*P < 0.05). Scale bars = 500 uM in (A), 150 uM in (C).

https://doi.org/10.1038/s41598-019-57318-6
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with trophoblast and fetal endothelial cells contribute to the extracellular matrix (ECM) of the placenta and are 
suggested to play a role in vascular remodeling and maturation66. Immunohistochemistry (IHC) revealed that 
α-SMA+ labyrinth pericyte area was increased (p < 0.05; Fig. 5A) in the placentae from Δ9-THC exposed dams, 
when compared with vehicle treated controls. Collagen IV, an ECM component, was increased (p < 0.05; Fig. 5B), 
while laminin, another ECM component, was not significantly altered (Fig. 5C). Notably, there was increased PAS 
staining in the labyrinth zone of Δ9-THC placentae (p < 0.01) but given that diastase treatment did not affect this 
PAS staining, this is not attributed to an increase in glycogen storage (Fig. 5D). Likely, the increased PAS staining 
was reflective of changes to components of the ECM/basement membrane.

Δ9-THC exposure results in reduced GLUT1 and GR in vivo.  The placenta adapts its nutrient trans-
port system in response to the maternal environment. Glucose is the primary nutrient required for the growth 
of both the placenta and the fetus. The fetus is dependent on glucose uptake from maternal circulation across 
the interhemal membrane of the placenta by members of the facilitated glucose transporter family (GLUTs). 
GLUT1 is the primary glucose transporter and is highly expressed in the placenta throughout both rodent and 
human pregnancy45,67–69. As the primary glucose transporter, GLUT1 is regularly evaluated in several models of 
IUGR64,68,70–72. Thus, upon observation of fetal growth restriction and altered placental blood spaces in placen-
tae from Δ9-THC pregnancies, the expression of GLUT1 was evaluated. GLUT1 was not altered in the junc-
tional zone of placentae from Δ9-THC exposed dams; however, it was significantly reduced in the labyrinth layer 
(p < 0.05; Fig. 6A,B). A transgenic glucocorticoid receptor deficient mouse study has previously demonstrated 
that reduced placental GR expression is accompanied by a decrease in GLUT1, resulting in growth restricted 
pups73. As Δ9-THC has been shown to interact with glucocorticoid receptor (GR)74,75, and GR-signaling medi-
ates GLUT1 expression73,76, GR expression was evaluated in both placental zones. Interestingly, GR positive nuclei 
were reduced in the labyrinth layer of Δ9-THC placentae (p < 0.05), but not the junctional zone (Fig. 6C,D).

Δ9-THC exposure in human trophoblast results in reduced GLUT1 and GR, in vitro.  It is of para-
mount importance, when using animal models to study human pregnancy related pathology, to evaluate whether 
observations are of relevance to the human. BeWo cells were derived from a human choriocarcinoma and are well 
published as a model of human villous trophoblast77–79, and have been used as an in vitro model to examine the 
effects of Δ9-THC on placental function12,80–82. Thus BeWo cells were cultured with and without 15 µM Δ9-THC 
or its inactive metabolite, 11-COOH-THC, to explore the direct effects of Δ9-THC on GLUT1 expression. 15 µM 

Figure 4.  Exposure to 3 mg/kg Δ9-THC during gestation leads to increased maternal blood space to fetal blood 
space ratio in the labyrinth zone at E19.5 compared to vehicle treatment. (A) Percentage of maternal blood 
area and maternal blood space perimeter/area ratio in labyrinth zone. (B) Percentage of fetal blood area and 
fetal blood space perimeter/area ratio in labyrinth zone. (C) Maternal blood space to fetal blood space ratio in 
labyrinth zone. (D) Representative images of fetal blood spaces identified by Iso-Lectin B4 staining. 6-images/
placenta were taken at 40×. Graphs present mean ± SEM. Significance; Student’s t-test (*P < 0.05, **P < 0.01, 
***P < 0.001 ****P < 0.0001). Scale bar = 100 uM.

https://doi.org/10.1038/s41598-019-57318-6
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was chosen as the experimental dose based on studies, which determined equivalent doses to those found in the 
serum of cannabis users and did not affect cellular viability in BeWo cells12,80,82,83. Treatment with Δ9-THC led to 
decreases in the steady-state mRNA levels of GLUT1 and GR (p < 0.05), while the metabolite (11-COOH-THC) 
at an equimolar concentration, had no effect (Fig. 7A,B).

Discussion
Epidemiological studies link perinatal cannabis use with low birth weight outcomes, though little is known about 
whether Δ9-THC alone underlies the fetal growth restriction observed6–10. While this is not the first study to 
show that 3 mg/kg Δ9-THC causes fetal growth restriction, we do believe that it is the first study in rats to demon-
strate that this dose leads to symmetrical IUGR with post-natal catch up without any compromise to maternal 
outcomes. This is of significance as IUGR with post-natal catch up is a strong predictor of long-term metabolic 
disease53,84, thus, this may explain why Δ9-THC rat offspring exhibit long-term glucose intolerance85 and adverse 
neurobehavioural outcomes47,86–88. Further, building on the mouse study showing that at 5 mg/kg i.p. Δ9-THC 
placental pathology included both the junctional zone and the labyrinth layer, the current study in rat demon-
strates that a lower dose of 3 mg/kg i.p. induces only a labyrinth-specific alteration in maternal and fetal blood 
space with decreased labyrinth expression of the glucose transporter, GLUT1. Collectively, we believe that this 
model in the rat may prove useful for additional metabolic and placenta studies, as there is no fetal demise.

Increased placental weight has been observed in cannabis users and in mice exposed to cannabis smoke during 
pregnancy53,89, therefore it is possible that it is the Δ9-THC in cannabis that contributes to this reported increase, 
though it is worth noting that 5 mg/kg Δ9-THC i.p. led to decreased placental weights in the mouse12. This could 
be attributed to the noted loss of junctional zone trophoblast subtypes at that dose and may identify a population 
of trophoblast that are more susceptible to Δ9-THC. As the body of Δ9-THC and cannabis research gets larger, 

Figure 5.  Exposure to 3 mg/kg Δ9-THC during gestation leads to increased pericyte and collagen area 
in the labyrinth zone at E19.5 compared to vehicle treatment. (A) Percentage of αSMA+ pericytes area 
and representative IHC for aSMA staining in labyrinth zone. (B) Percentage of collagen IV staining and 
representative IHC for collagen IV staining in the labyrinth. (C) Percentage of laminin staining and 
representative IHC for laminin staining in the labyrinth. (D) Percentage of PAS staining and representative 
PAS images in the labyrinth. 6-images/placenta were taken at 40x, graphs represent mean ± SEM, Significance; 
Student’s t-test (*P < 0.05, ***P < 0.001). Scale bars in (A–C) = 120uM; in (D) = 30 uM.
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it will be important to recognize that dose, delivery method and species may contribute to differential results 
between studies.

Like other models of placental insufficiency that identify changes in the relative size of placental layers64,65,90, 
this study identifies that placentae from pregnancies exposed to Δ9-THC exhibited changes in the labyrinth 
layer, but not in the junctional zone. While proliferation at E19.5 was not the cause for the increased area of the 

Figure 6.  Exposure to 3 mg/kg Δ9-THC during gestation leads to decreased GLUT1 and GR exclusively in 
the labyrinth zone at E19.5 compared to vehicle treatment. (A) Percentage of GLUT1 area and representative 
IHC for GLUT1 in the labyrinth layer of placentae from vehicle and Δ9-THC exposed dams. (B) Percentage of 
GLUT1 area junctional zone. (C) Percentage of GR area and representative IHC for GR in the labyrinth layer 
of placentae from vehicle and Δ9-THC exposed dams. (D) Percentage of GR area in the junctional zone. For 
labyrinth layer, 6-images/placenta were taken at 40x, while for junction zone 6-images/placenta were taken at 
10x. Graphs present mean ± SEM, Significance; Student’s t-test (*P < 0.05). Scale bars = 30 uM. Arrows indicate 
positive staining for GR in (C).

Figure 7.  Δ9-THC decreases GLUT1 and GR in human BeWo trophoblast cells. Real-time qPCR of human 
BeWo cells treated with either vehicle, 15 µM Δ9-THC, or 15 µM 11-COOH-THC for 24 hours. Total RNA 
was extracted and reverse-transcribed to cDNA and normalized to GAPDH. All values were expressed as 
mean ± SEM (N = 6/group). Significant differences between treatment groups determined by 1-way ANOVA. 
Different letters represent means that are significantly different from one another according to Tukey’s post test 
(*P < 0.05, **P < 0.001).
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labyrinth layer from these pregnancies, there is the possibility that there was proliferation of trophoblast and 
endothelial cells at an earlier time in gestation, which may have contributed to the altered size. The increased 
area of the fetal blood space-associated α-SMA+ pericytes and the maternal blood space of the labyrinth may 
contribute to the larger labyrinth size in the placentae from Δ9-THC exposed dams. Those factors contributing 
to the labyrinth size likely also contribute to the increased placental weight. Further contributing to the heavier 
placental weight, it remains possible that the decidual zone was also larger (not assessed in the current study).

The decreased fetal blood space and increased maternal blood space created a 60% higher maternal to fetal 
blood space ratio in the placentae from Δ9-THC exposed pregnancies, suggestive of impaired nutrient trans-
port91. The changes in the ratio of maternal to fetal vascularity could be attributed to an overall defect in blood 
vessel formation given pregnant women who used cannabis at least once per month exhibited less expression of 
CD31 in the placenta, a marker of endothelial cells and thereby, indirectly, angiogenesis12,91. Moreover, treatment 
of pregnant mouse dams with 5 mg/kg i.p. also demonstrated narrow blood vessels and lower CD31 expression 
in the placenta, suggesting Δ9-THC may impair blood vessel formation18. Our current study identifies compro-
mised blood vessels at only 3 mg/kg i.p. and revealed pericytes and collagen deposition as potential contributors. 
The fetal blood space, while reduced in area exhibit increased fetal blood space perimeter/area ratio. Pericytes 
stabilize the endothelial lined fetal vasculature as they deposit basement membrane matrix66. Thus, it is notewor-
thy that the area of both pericytes and Collagen IV staining in the labyrinth of Δ9-THC exposed pregnancies 
was increased. Whether this implies that the vasculature in these placentae is hyper mature is not known. It is 
important to consider that the increased pericytes and collagen may contribute to the reduced fetal blood space 
observed. However, the underlying mechanisms promoting disproportionately higher maternal to fetal blood 
area in the labyrinth zone are elusive. It is tempting to speculate that the higher ratio in the placentae from 
Δ9-THC exposed dams could be a reflection of a lack of development of extensive branching of the fetal capillary 
network into the maternal blood spaces. As a result, the maternal blood spaces would appear smaller in vehi-
cle controls where normal branching had occurred when compared to placentae from Δ9-THC exposed dams. 
This could be a result of aberrant signaling between trophoblast, pericytes and endothelial cells in the labyrinth. 
Angiogenic signals, including Pdgfb and Vegfa are produced by these cells and are essential for development of 
the fetal capillary network in the labyrinth92–94. The specific roles of each cell type and how they interact is not well 
understood; however, it is likely to be important in understanding phenotypes like the one observed in this study.

Placental glucose transport is critical for proper fetal development and elegant studies in the human placenta 
have demonstrated that glucose transporter proteins (including GLUT1) facilitate a net glucose transfer from 
maternal circulation to the fetus95,96. In human pregnancy, GLUT1 is the primary placental glucose transporter, 
while both Glut1 and Glut3 mediate glucose transport in the late gestation rodent placenta. Given its localization 
at the site of maternal-fetal exchange in both the rodent and human, it is not surprising that fetal over-growth 
is associated with higher placental GLUT1 expression, while lower expression is linked to fetal growth restric-
tion68,97–99. Our studies revealed that exposure to Δ9-THC during gestation led to ~35% lower placental GLUT1 
expression in the labyrinth layer of the E19.5 rat placenta. The decrease in GLUT1 at this time point was con-
comitant with a decrease in the fetal to placental weight ratio but preceded the symmetrical growth restriction 
observed at parturition. Other models of placental insufficiency-induced fetal growth restriction have observed 
similar decrease in labyrinth expression of GLUT164. Previous in vivo studies have reported that Δ9-THC and 
other cannabinoids can alter glucose transport in the brain and adipose, however, to our knowledge, this study 
is the first to report a decrease in the placental glucose transporter, GLUT1100,101. Further, we demonstrated that 
GR, which is critical for the expression of placental GLUT1, was decreased specifically in the labyrinth layer of 
the Δ9-THC rat placenta73–75. Importantly, acute glucocorticoid elevation results in increased GR expression, 
however prolonged exposure leads to decreased GR (reviewed in102). As Δ9-THC is reported to increase circu-
lating cortisol/corticosterone levels103–106, we speculate that chronic maternal exposure to Δ9-THC may lead to 
increased maternal glucocorticoid release and ultimately decreased GR and GLUT1 expression. Future studies 
are warranted in trophoblast cells to further implicate this direct relationship. Alternatively, Δ9-THC has also 
been shown to bind the glucocorticoid receptor and therefore, may also act to cause a decrease in GR expression 
over time75. This theory is supported by our findings in human BeWo cells, in which Δ9-THC had direct effects 
to decrease steady-state levels of both GR and GLUT1 mRNA, whereas its metabolite, THC-COOH did not. 
Therefore, the Δ9-THC-induced decrease in GLUT1 may underlie the previously observed effects of Δ9-THC to 
decrease glucose transport in BeWo cells107. Further studies are warranted to examine whether GR and GLUT1 
expression is impaired in other fetal and neonatal organs. To confirm the functional role of diminished placental 
GLUT1 with Δ9-THC-induced fetal growth restriction, rescue experiments with over-expression of placental 
GLUT1 will be required to determine whether placental insufficiency and adverse neonatal outcomes could be 
reversed.

Based on the results in this study, the reduction in fetal growth are likely attributable to impaired placental 
function, however, as Δ9-THC has been shown to cross the placenta, it is worth considering that Δ9-THC bind-
ing to the CB1R/CB2R in the fetal liver and brain may also have an impact12,82,100,108. The current study is limited 
in its scope and independent studies will need to be conducted to evaluate the post-natal onset of MetS along with 
an in-depth evaluation of the placenta vascular pathology. The placenta assessment did not examine the timing 
of the onset of Δ9-THC, or the effect of Δ9-THC on interhemal membrane thickness, endothelial population, 
nor the expression of the cannabinoid receptors. An assessment of each of these factors, while beyond the scope 
of this study would significantly contribute to our global understanding of the effect of Δ9-THC on the placenta.

In summary, while clinical studies examining cannabis use in pregnancy on placental outcomes are con-
founded by socioeconomic status and other drug use, we have demonstrated that Δ9-THC alone during preg-
nancy can lead to placental insufficiency resulting in symmetric fetal growth restriction. Importantly, this 
can occur without alterations to fetal viability, litter size, or maternal weight gain. Moreover, we have identi-
fied that defects in fetal blood space area and GLUT1 expression specifically in the labyrinth zone, the site of 
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maternal-fetal exchange, likely underlies these defects in placental function. Given the strong links between 
placental-insufficiency, induced fetal growth restriction and metabolic disease risk, there is a great impetus to 
examine the short and long-term effects of gestational Δ9-THC exposure on the fetus/placenta and the affected 
offspring, respectively84. This is especially urgent considering the greater legal access to cannabis, rising Δ9-THC 
concentrations, and the perception by pregnant women that cannabis use poses no risk to the fetus109,110. As such, 
targeting the education of cannabis use during pregnancy among young, urban, socioeconomically disadvantaged 
women will be critical.

Materials and Methods
Animals and experimental paradigm.  All procedures were performed according to guidelines set by the 
Canadian Council on Animal Care with approval from the Animal Care Committee at The University of Western 
Ontario. Pregnant female Wistar rats (250 g) were purchased from Charles River (La Salle, St. Constant QC), 
shipped at E3, and left to acclimatize to environmental conditions of the animal care facility for three days. For 
the entire experimental procedure, dams and offspring were maintained under controlled lighting (12:12 L:D) 
and temperature (22 °C) with ad libitum access to food and water82. Dams were randomly assigned to receive a 
daily dose of vehicle (1:18 cremophor: saline i.p.) or Δ9-THC (3 mg/kg i.p) from E6.5 to E22 (N = 14 total, N = 8 
dams/group which delivered and N = 6 dams/group for E19.5 analysis). This dose and route of injection has been 
safely used during rat pregnancy in several studies12,17,19,25 and has also been demonstrated to not to alter mater-
nal bodyweight, male-female ratio, or litter size19. Δ9-THC treatment was initiated at E6.5 in this design since 
administration of the drug at earlier stages of pregnancy can induce spontaneous abortions111.

Maternal body weight and food consumption were monitored daily for the duration of the study to assess 
pregnancy weight gain, as previously described112. Dams were allowed to deliver normally. At birth (postnatal day 
1; PND1), pups were weighed and sexed, and litters were culled to 8, preferentially selecting 4 male and 4 female 
offspring, to ensure uniformity of litter size between treated and control litters. For each dam, gestation length, 
litter size, birth weight and the number of stillbirths were recorded. From these data the live birth index ([# of live 
offspring/# of offspring delivered]*100), and the proportion of pups, which were small for gestational age were also 
determined. At birth, liver and brain weights for culled pups were measured to calculate liver to bodyweight and 
brain to bodyweight ratios as an assessment of growth restriction. The remaining pups were used to calculate the 
percent survival to PND4 (as an indicator of neonatal health) and were sacrificed at 3 weeks to determine liver to 
bodyweight and brain to bodyweight ratios as indicators of postnatal catch-up growth.

At E19.5, a cohort of dams (N = 6 per group) was sacrificed for the determination of litter size, placental 
weight, fetal weight, and fetal:placental weight ratio. The number of resorptions/litter was also assessed. Placentae 
from both experimental cohorts were collected and fixed in 4% paraformaldehyde, followed by processing, 
embedding in paraffin and sectioning for histochemical analysis. In addition, placentae from both experimental 
cohorts were flash frozen in liquid nitrogen for RNA analysis.

Immunohistochemistry.  All histology was performed on 7 μm sections. All assessments (unless otherwise 
indicated) were performed on randomly selected slides from a minimum of 3 placentae per treatment group. 
Semi-quantitative assessment was performed blinded and repeated by a second person. Images were taken using 
an EVOS XL microscope (Life Technologies, USA). Staining was semi-quantitively assessed by measuring the 
area of positive stain as a fraction of the total tissue area as previously described64,90, unless otherwise specified.

Labyrinth and junctional zone size.  Iso-Lectin B4 staining was performed as previously published64,90 
and visualized as per manufacturer’s protocol, using DAB (DAKO, USA). Images were taken at low (4x objective) 
magnification and merged using Photoshop™ to show the entire placenta. Iso-Lectin B4 binds basement mem-
brane under the fetal endothelial cells that line the fetal blood space; thus, positive staining highlights the laby-
rinth zone. Using Image J, manual measurement of the areas of the labyrinth layer (as defined by the Iso-Lectin 
staining) and the junctional zone (as defined by parietal trophoblast giant cells, differentiating junctional zone 
from maternal decidua) was calculated64,65,90. The sizes of the junctional and labyrinth zones are reported as the 
percentage of the total placenta area.

Placental composition.  As a measure of junctional zone composition, glycogen and spongiotrophoblast 
assessment was performed using hematoxylin and eosin (H&E) stained images (10x objective). For each placenta, 
the respective areas of glycogen trophoblast and spongiotrophoblast were presented relative to junctional zone 
area. Within the labyrinth, as an assessment of placental vasculature, slides stained for Iso-Lectin B4 were used 
to assess maternal and fetal blood space with 6-images/placentae taken at high magnification (40x objective). 
All Iso-Lectin-positive blood spaces were identified as fetal capillaries, which are referred to as fetal blood space, 
while all Iso-Lectin negative blood spaces with an associated S-TGC (as identified by their large nuclei) were iden-
tified as maternal blood space; area and perimeter of both fetal and maternal blood space were measured using 
Photoshop/Image J, with area represented as a percentage of each field of view. Supporting the fetal capillaries are 
the pericytes, identified by αSMA and extracellular matrix components, including collagen and laminin. αSMA 
(ab5694; 1:200), Collagen IV (Abcam ab6585; 1:200) and Laminin (Abcam 11575; 1:200) immunohistochemical 
staining in the labyrinth was assessed using images (10x objective) with the area of positive staining presented as 
a percentage of the field of view. Sinusoidal Trophoblast Giant cells (S-TGC) line the maternal blood spaces. Thus, 
the area of S-TGC nuclei was measured and all positive nuclei with an area equal to or larger than the smallest 
S-TGC nuclei were counted as a positive S-TGC. The same technique was used to assess number of Ki67 (Abcam 
16667; 1:100) positive nuclei, as a measure of proliferation. GLUT1 (Abcam ab652; 1:300) and, GR (Proteintech 
24050-1-AP; 1:200) immunohistochemical staining was performed with labyrinth and junctional zone assess-
ment. Junctional zone assessment used images (10x objective), with the number of positive nuclei counted for 
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each GR image and area of positive stain measured for each GLUT1 image. Labyrinth assessment was performed 
in the same manner, however, 6 images/placenta were used (40x objective) so that clustered nuclei were not mis-
counted, as positive nuclei in the labyrinth had much closer proximity to one another than in the junctional zone. 
While PAS staining is used as a measure of glycogen and/or aldohexose content in the glycogen trophoblast of the 
junctional zone, in the labyrinth it more commonly identifies extracellular matrix. Staining was performed as per 
manufacturer’s protocol (Sigma, USA), both with and without diastase treatment on serial sections. 6-images/ 
placenta were taken (40x objective) in both the labyrinth and junctional zone, and positive staining was measured 
and presented as a percentage of area of field of view.

Cell Culture and Δ9-THC treatment.  To confirm that the effects of Δ9-THC on placental GLUT1 and 
GR expression were a direct effect, we tested the effects of Δ9-THC exposure on human BeWo cells in vitro. 
The BeWo cells have been widely used as an in vitro model for drug (i.e. Δ9-THC) studies12,80,113. As previously 
described82, cells (passages 8–18) were cultured in 75-cm2 flasks in F-12K Nutrient medium (Gibco) with 10% 
fetal bovine serum (Gibco) and 1% Penicillin/Streptomycin at 37 °C in 5% CO2 in air.

To test the effect of Δ9-THC on GLUT1 and GR expression, BeWo cells were plated on a 12-well plate 
with 2 × 105 cells per well in 1 mL of F-12K Nutrient medium and allowed to attach for 24 hours as previously 
described82. Briefly, following the 24-hour incubation period, media was removed and replaced with treatment 
media containing 15 μM of Δ9-THC (dissolved in final concentration of 0.1%(v/v) ethanol, Cayman Chemicals, 
Ann Arbor, MI) or 0.1%(v/v) ethanol (vehicle control). The 15 µM dose of Δ9-THC was chosen based on previous 
pharmacokinetic studies which determined equivalent doses to those found in the serum of cannabis users80,83. 
Additionally, BeWo cells were treated with 15 μM 11-COOH-THC (Sigma-Aldrich), the main metabolite of THC, 
to assess its potential effects on GLUT1 and GR expression. The 24-hour time-point allowed for detection of 
changes in the steady-state mRNA levels of placental target genes, as previously published82.

RNA isolation and real-time PCR analysis.  As we have previously published82, total RNA was 
extracted from frozen E19.5 placenta and BeWo cells using TRIzol reagent (Invitrogen) and chloro-
form (Sigma-Aldrich) in a standard TRIzol/chloroform extraction protocol as described by the manufac-
turer. Following precipitation, total RNA was collected from the pellet and dissolved in DEPC-treated water. 
Deoxyribonuclease I, Amplification Grade (Invitrogen) was added to the RNA to digest contaminating single- 
and double-stranded DNA. Four micrograms of RNA were reverse-transcribed to cDNA using random hex-
amers and Superscript II Reverse Transcriptase (Invitrogen). Primer sets directed against human GLUT1 
(Forward; 5′-GGACCTTCGATGAGATCGCT-3′ and Reverse; 5′-TCTTGTCACTTTGGCTGGCT-3′) and 
GR (Forward; 5′-GGACCACCTCCCAAACTCTG-3′ and Reverse; 5′-GCTGTCCTTCCACTGCTCTT-3) 
gene targets of interest were designed through National Center for Biotechnology Information’s primer 
designing tool and generated via Invitrogen Custom DNA Oligos. For rat placental real-time PCR analy-
sis, primer sets were targeted against Epcam1 (Forward; 5′-CGCAGCTCAGGAAGAATGTG-3′ and Reverse; 
5′-TGAAGTACACTGGCATTGACG-3′) and Gcm1 (Forward; 5′-CCCCAACAGGTTCCACTAGA-3′ and 
Reverse; 5′-AGGGGAGTGGTACGTGACAG-3′). Quantitative analysis of mRNA expression was performed 
via RT-PCR using fluorescent nucleic acid dye SsoFast EvaGreen supermix (BioRad) and BioRad CFX384 Real 
Time System. The cycling conditions were 95 °C for 10 min, followed by 43 cycles of 95 °C for 15 sec and 60 °C 
for 30 sec and 72 °C for 30 sec. The cycle threshold was set so that exponential increases in amplification were 
approximately level between all samples. Relative fold changes were calculated using the comparative cycle times 
(Ct) method, normalizing all values to the geometric mean of the housekeeping gene, human GAPDH (Forward; 
5′-AGGTCCACCACTGACACGTT-3′ and Reverse 5′GCCTCAAGATCATCAGCAAT-3′) or rat Gapdh 
(Forward; 5′-TAAAGAACAGGCTCTTAGCACA-3′ and 5′-AGTCTTGGAAATGGATTGTCTC-3). GAPDH 
was determined as a suitable housekeeping gene using algorithms from GeNorm, Normfinder, BestKeeper, and 
the comparative ΔCt method to place it as the most stable housekeeping gene from those tested (e.g. β-actin, 18 S 
ribosomal RNA)114–117. Given all primer sets had equal priming efficiency, the ΔCt values for each primer set were 
calibrated to the average of all control Ct values, and the relative abundance of each primer set compared with 
calibrator was determined by the formula 2ΔΔCt, in which ΔΔCt was the normalized value82.

Statistical analyses.  All statistical analyses were performed using GraphPad Prism 8 software. Results were 
expressed as means of normalized values ± SEM, and the threshold for statistical significance was set as P < 0.05. 
A sample size of 7–8 offspring (i.e., litter is the statistical unit) was used for all in vivo experiments, as this pro-
vided enough statistical power to detect significant differences in outcome measures. All cell culture experiments 
were performed in biological replicates of 3, where each replicate represents an independent experiment using a 
different frozen cell stock or passage number. For all maternal, fetal, and neonatal outcomes, IHC, and real-time 
PCR, Student’s unpaired t-tests were performed to assess significance (P < 0.05).

Received: 22 September 2019; Accepted: 20 December 2019;
Published: xx xx xxxx

References
	 1.	 Jarlenski, M. et al. Trends in perception of risk of regular marijuana use among US pregnant and nonpregnant reproductive-aged 

women. Am. J. Obstet. Gynecol. 217, 705–707, https://doi.org/10.1016/j.ajog.2017.08.015 (2017).
	 2.	 Young-Wolff, K. C. et al. Trends in Self-reported and Biochemically Tested Marijuana Use Among Pregnant Females in California 

From 2009-2016. Jama 318, 2490–2491, https://doi.org/10.1001/jama.2017.17225 (2017).
	 3.	 Richardson, G. A., Ryan, C., Willford, J., Day, N. L. & Goldschmidt, L. Prenatal alcohol and marijuana exposure: effects on 

neuropsychological outcomes at 10 years. Neurotoxicol Teratol. 24, 309–320, https://doi.org/10.1016/s0892-0362(02)00193-9 
(2002).

https://doi.org/10.1038/s41598-019-57318-6
https://doi.org/10.1016/j.ajog.2017.08.015
https://doi.org/10.1001/jama.2017.17225
https://doi.org/10.1016/s0892-0362(02)00193-9


1 2Scientific Reports |          (2020) 10:544  | https://doi.org/10.1038/s41598-019-57318-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 4.	 Beatty, J. R., Svikis, D. S. & Ondersma, S. J. Prevalence and Perceived Financial Costs of Marijuana versus Tobacco use among 
Urban Low-Income Pregnant Women. J. Addict. Res. Ther. 3, https://doi.org/10.4172/2155-6105.1000135 (2012).

	 5.	 Corsi, D. J., Hsu, H., Weiss, D., Fell, D. B. & Walker, M. Trends and correlates of cannabis use in pregnancy: a population-based 
study in Ontario, Canada from 2012 to 2017. Can. J. Public. Health 110, 76–84, https://doi.org/10.17269/s41997-018-0148-0 
(2019).

	 6.	 English, D. R., Hulse, G. K., Milne, E., Holman, C. D. & Bower, C. I. Maternal cannabis use and birth weight: a meta-analysis. 
Addiction 92, 1553–1560 (1997).

	 7.	 Gunn, J. K. et al. Prenatal exposure to cannabis and maternal and child health outcomes: a systematic review and meta-analysis. 
BMJ Open. 6, e009986, https://doi.org/10.1136/bmjopen-2015-009986 (2016).

	 8.	 Conner, S. N. et al. Maternal Marijuana Use and Adverse Neonatal Outcomes: A Systematic Review and Meta-analysis. Obstet. 
Gynecol. 128, 713–723, https://doi.org/10.1097/AOG.0000000000001649 (2016).

	 9.	 Metz, T. D. & Stickrath, E. H. Marijuana use in pregnancy and lactation: a review of the evidence. Am. J. Obstet. Gynecol. 213, 
761–778, https://doi.org/10.1016/j.ajog.2015.05.025 (2015).

	 10.	 Campbell, E. E. et al. Socioeconomic Status and Adverse Birth Outcomes: A Population-Based Canadian Sample. J. Biosoc. Sci. 50, 
102–113, https://doi.org/10.1017/S0021932017000062 (2018).

	 11.	 Vargish, G. A. et al. Persistent inhibitory circuit defects and disrupted social behaviour following in utero exogenous cannabinoid 
exposure. Mol. Psychiatry 22, 56–67, https://doi.org/10.1038/mp.2016.17 (2017).

	 12.	 Chang, X. et al. Suppression of STAT3 Signaling by Delta9-Tetrahydrocannabinol (THC) Induces Trophoblast Dysfunction. Cell 
Physiol. Biochem. 42, 537–550, https://doi.org/10.1159/000477603 (2017).

	 13.	 Hutchings, D. E., Martin, B. R., Gamagaris, Z., Miller, N. & Fico, T. Plasma concentrations of delta-9-tetrahydrocannabinol in dams 
and fetuses following acute or multiple prenatal dosing in rats. Life Sci. 44, 697–701 (1989).

	 14.	 Bailey, J. R., Cunny, H. C., Paule, M. G. & Slikker, W. Jr. Fetal disposition of delta 9-tetrahydrocannabinol (THC) during late 
pregnancy in the rhesus monkey. Toxicol. Appl. pharmacology 90, 315–321 (1987).

	 15.	 Pertwee, R. G. et al. International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid receptors and their ligands: 
beyond CB(1) and CB(2). Pharmacol. Rev. 62, 588–631, https://doi.org/10.1124/pr.110.003004 (2010).

	 16.	 Habayeb, O. M. et al. Plasma levels of the endocannabinoid anandamide in women–a potential role in pregnancy maintenance and 
labor? J. Clin. Endocrinol. Metab. 89, 5482–5487, https://doi.org/10.1210/jc.2004-0681 (2004).

	 17.	 Mato, S. et al. A single in-vivo exposure to delta 9THC blocks endocannabinoid-mediated synaptic plasticity. Nat. Neurosci. 7, 
585–586, https://doi.org/10.1038/nn1251 (2004).

	 18.	 Chang, X. et al. RhoA/MLC signaling pathway is involved in Delta(9)-tetrahydrocannabinol-impaired placental angiogenesis. 
Toxicol. Lett. 285, 148–155, https://doi.org/10.1016/j.toxlet.2017.12.031 (2018).

	 19.	 Tortoriello, G. et al. Miswiring the brain: Delta9-tetrahydrocannabinol disrupts cortical development by inducing an SCG10/
stathmin-2 degradation pathway. EMBO J. 33, 668–685, https://doi.org/10.1002/embj.201386035 (2014).

	 20.	 Falcon, M. et al. Maternal hair testing for the assessment of fetal exposure to drug of abuse during early pregnancy: Comparison 
with testing in placental and fetal remains. Forensic Sci. Int. 218, 92–96, https://doi.org/10.1016/j.forsciint.2011.10.022 (2012).

	 21.	 Klein, C. et al. Cannabidiol potentiates Delta(9)-tetrahydrocannabinol (THC) behavioural effects and alters THC pharmacokinetics 
during acute and chronic treatment in adolescent rats. Psychopharmacol. (Berl.) 218, 443–457, https://doi.org/10.1007/s00213-011-
2342-0 (2011).

	 22.	 Schwope, D. M., Karschner, E. L., Gorelick, D. A. & Huestis, M. A. Identification of recent cannabis use: whole-blood and plasma 
free and glucuronidated cannabinoid pharmacokinetics following controlled smoked cannabis administration. Clin. Chem. 57, 
1406–1414, https://doi.org/10.1373/clinchem.2011.171777 (2011).

	 23.	 Cross, J. C. et al. Genes, development and evolution of the placenta. Placenta 24, 123–130 (2003).
	 24.	 Hemberger, M., Hanna, C. W. & Dean, W. Mechanisms of early placental development in mouse and humans. Nat. Rev. Genet., 

https://doi.org/10.1038/s41576-019-0169-4 (2019).
	 25.	 Holloway, A. C. et al. Characterization of the adverse effects of nicotine on placental development: in vivo and in vitro studies. Am. 

J. Physiol. Endocrinol. Metab. 306, E443–456, https://doi.org/10.1152/ajpendo.00478.2013 (2014).
	 26.	 Barker, D. J. Fetal programming of coronary heart disease. Trends Endocrinol. Metab. 13, 364–368 (2002).
	 27.	 Barker, D. J. & Clark, P. M. Fetal undernutrition and disease in later life. Rev. Reprod. 2, 105–112 (1997).
	 28.	 Barker, D. J. P. The origins of the developmental origins theory. J. Intern. Med. 261, 412–417, https://doi.org/10.1111/j.1365-

2796.2007.01809.x (2007).
	 29.	 Barker, D. J. P., Bull, A. R., Osmond, C. & Simmonds, S. J. Fetal and placental size and risk of hypertension in adult life. Brit. Med. 

J. 301, 259–262 (1990).
	 30.	 Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20, https://doi.org/10.1093/bmb/60.1.5 (2001).
	 31.	 Cameron, N. & Demerath, E. W. Critical periods in human growth and their relationship to diseases of aging. Am. J. Phys. 

anthropology Suppl. 35, 159–184, https://doi.org/10.1002/ajpa.10183 (2002).
	 32.	 Barker, D. J. Fetal growth and adult disease. Br. J. Obstet. Gynaecol. 99, 275–276, https://doi.org/10.1111/j.1471-0528.1992.

tb13719.x (1992).
	 33.	 Tian, J. Y. et al. Birth weight and risk of type 2 diabetes, abdominal obesity and hypertension among Chinese adults. Eur. J. 

Endocrinol. 155, 601–607, https://doi.org/10.1530/eje.1.02265 (2006).
	 34.	 Tian, J. et al. Contribution of birth weight and adult waist circumference to cardiovascular disease risk in a longitudinal study. Sci. 

Rep. 7, 9768, https://doi.org/10.1038/s41598-017-10176-6 (2017).
	 35.	 Rueda-Clausen, C. F. et al. Hypoxia-induced intrauterine growth restriction increases the susceptibility of rats to high-fat diet-

induced metabolic syndrome. Diabetes 60, 507–516, https://doi.org/10.2337/db10-1239 (2011).
	 36.	 Bieswal, F. et al. The importance of catch-up growth after early malnutrition for the programming of obesity in male rat. Obes. 

(Silver Spring) 14, 1330–1343, https://doi.org/10.1038/oby.2006.151 (2006).
	 37.	 Gonzalez-Rodriguez, P. et al. Alterations in expression of imprinted genes from the H19/IGF2 loci in a multigenerational model of 

intrauterine growth restriction (IUGR). Am. J. Obstet. Gynecol. 214, 625 e621–625 e611, https://doi.org/10.1016/j.ajog.2016.01.194 
(2016).

	 38.	 Blondeau, B. et al. Exposure in utero to maternal diabetes leads to glucose intolerance and high blood pressure with no major 
effects on lipid metabolism. Diabetes Metab. 37, 245–251, https://doi.org/10.1016/j.diabet.2010.10.008 (2011).

	 39.	 Winterhager, E. & Gellhaus, A. Transplacental Nutrient Transport Mechanisms of Intrauterine Growth Restriction in Rodent 
Models and Humans. Front. Physiol. 8, 951, https://doi.org/10.3389/fphys.2017.00951 (2017).

	 40.	 Gerretsen, G., Huisjes, H. J. & Elema, J. D. Morphological changes of the spiral arteries in the placental bed in relation to pre-
eclampsia and fetal growth retardation. Br. J. Obstet. Gynaecol. 88, 876–881, https://doi.org/10.1111/j.1471-0528.1981.tb02222.x 
(1981).

	 41.	 Khong, T. Y., De Wolf, F., Robertson, W. B. & Brosens, I. Inadequate maternal vascular response to placentation in pregnancies 
complicated by pre-eclampsia and by small-for-gestational age infants. Br. J. Obstet. Gynaecol. 93, 1049–1059, https://doi.
org/10.1111/j.1471-0528.1986.tb07830.x (1986).

	 42.	 Prada, J. A. & Tsang, R. C. Biological mechanisms of environmentally induced causes of IUGR. Eur. J. Clin. Nutr. 52(Suppl 1), 
S21–27; discussion S27–28 (1998).

https://doi.org/10.1038/s41598-019-57318-6
https://doi.org/10.4172/2155-6105.1000135
https://doi.org/10.17269/s41997-018-0148-0
https://doi.org/10.1136/bmjopen-2015-009986
https://doi.org/10.1097/AOG.0000000000001649
https://doi.org/10.1016/j.ajog.2015.05.025
https://doi.org/10.1017/S0021932017000062
https://doi.org/10.1038/mp.2016.17
https://doi.org/10.1159/000477603
https://doi.org/10.1124/pr.110.003004
https://doi.org/10.1210/jc.2004-0681
https://doi.org/10.1038/nn1251
https://doi.org/10.1016/j.toxlet.2017.12.031
https://doi.org/10.1002/embj.201386035
https://doi.org/10.1016/j.forsciint.2011.10.022
https://doi.org/10.1007/s00213-011-2342-0
https://doi.org/10.1007/s00213-011-2342-0
https://doi.org/10.1373/clinchem.2011.171777
https://doi.org/10.1038/s41576-019-0169-4
https://doi.org/10.1152/ajpendo.00478.2013
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1093/bmb/60.1.5
https://doi.org/10.1002/ajpa.10183
https://doi.org/10.1111/j.1471-0528.1992.tb13719.x
https://doi.org/10.1111/j.1471-0528.1992.tb13719.x
https://doi.org/10.1530/eje.1.02265
https://doi.org/10.1038/s41598-017-10176-6
https://doi.org/10.2337/db10-1239
https://doi.org/10.1038/oby.2006.151
https://doi.org/10.1016/j.ajog.2016.01.194
https://doi.org/10.1016/j.diabet.2010.10.008
https://doi.org/10.3389/fphys.2017.00951
https://doi.org/10.1111/j.1471-0528.1981.tb02222.x
https://doi.org/10.1111/j.1471-0528.1986.tb07830.x
https://doi.org/10.1111/j.1471-0528.1986.tb07830.x


13Scientific Reports |          (2020) 10:544  | https://doi.org/10.1038/s41598-019-57318-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 43.	 Gaccioli, F. & Lager, S. Placental Nutrient Transport and Intrauterine Growth Restriction. Front. Physiol. 7, 40, https://doi.
org/10.3389/fphys.2016.00040 (2016).

	 44.	 Baschat, A. A. Pathophysiology of fetal growth restriction: implications for diagnosis and surveillance. Obstet. Gynecol. Surv. 59, 
617–627, https://doi.org/10.1097/01.ogx.0000133943.54530.76 (2004).

	 45.	 Lager, S. & Powell, T. L. Regulation of nutrient transport across the placenta. J. Pregnancy 2012, 179827, https://doi.
org/10.1155/2012/179827 (2012).

	 46.	 Walters, D. E. & Carr, L. A. Perinatal exposure to cannabinoids alters neurochemical development in rat brain. Pharmacol. 
Biochem. Behav. 29, 213–216, https://doi.org/10.1016/0091-3057(88)90300-0 (1988).

	 47.	 Campolongo, P. et al. Perinatal exposure to delta-9-tetrahydrocannabinol causes enduring cognitive deficits associated with alteration 
of cortical gene expression and neurotransmission in rats. Addict. Biol. 12, 485–495, https://doi.org/10.1111/j.1369-1600.2007.00074.x 
(2007).

	 48.	 Sharma, D., Shastri, S. & Sharma, P. Intrauterine Growth Restriction: Antenatal and Postnatal Aspects. Clin. Med. Insights Pediatr. 
10, 67–83, https://doi.org/10.4137/CMPed.S40070 (2016).

	 49.	 de Jong, C. L., Gardosi, J., Dekker, G. A., Colenbrander, G. J. & van Geijn, H. P. Application of a customised birthweight standard 
in the assessment of perinatal outcome in a high risk population. Br. J. Obstet. Gynaecol. 105, 531–535, https://doi.
org/10.1111/j.1471-0528.1998.tb10154.x (1998).

	 50.	 Alberry, M. & Soothill, P. Management of fetal growth restriction. Arch. Dis. Child. Fetal Neonatal Ed. 92, F62–67, https://doi.
org/10.1136/adc.2005.082297 (2007).

	 51.	 Lin, C. C., Su, S. J. & River, L. P. Comparison of associated high-risk factors and perinatal outcome between symmetric and 
asymmetric fetal intrauterine growth retardation. Am. J. Obstet. Gynecol. 164, 1535–1541; discussion 1541–1532, https://doi.
org/10.1016/0002-9378(91)91433-w (1991).

	 52.	 Mammaro, A. et al. Hypertensive disorders of pregnancy. J. Prenat. Med. 3, 1–5 (2009).
	 53.	 Benevenuto, S. G. et al. Recreational use of marijuana during pregnancy and negative gestational and fetal outcomes: An 

experimental study in mice. Toxicology 376, 94–101, https://doi.org/10.1016/j.tox.2016.05.020 (2017).
	 54.	 Sohi, G., Revesz, A. & Hardy, D. B. Nutritional mismatch in postnatal life of low birth weight rat offspring leads to increased 

phosphorylation of hepatic eukaryotic initiation factor 2 alpha in adulthood. Metabolism 62, 1367–1374, https://doi.org/10.1016/j.
metabol.2013.05.002 (2013).

	 55.	 Oke, S., Sohi, G. & Hardy, D. B. Postnatal catch-up growth leads to higher p66Shc and mitochondrial dysfunction. Reproduction, 
https://doi.org/10.1530/REP-19-0188 (2019).

	 56.	 Sohi, G., Barry, E. J., Velenosi, T. J., Urquhart, B. L. & Hardy, D. B. Protein restoration in low-birth-weight rat offspring derived 
from maternal low-protein diet leads to elevated hepatic CYP3A and CYP2C11 activity in adulthood. Drug. Metab. disposition: 
Biol. fate Chem. 42, 221–228, https://doi.org/10.1124/dmd.113.053538 (2014).

	 57.	 Wilson, M. E. & Ford, S. P. Comparative aspects of placental efficiency. Reprod. Suppl. 58, 223–232 (2001).
	 58.	 Hayward, C. E. et al. Placental Adaptation: What Can We Learn from Birthweight:Placental Weight Ratio? Front. Physiol. 7, 28, 

https://doi.org/10.3389/fphys.2016.00028 (2016).
	 59.	 Kawakami, T. et al. Prolonged endoplasmic reticulum stress alters placental morphology and causes low birth weight. Toxicol. Appl. 

pharmacology 275, 134–144, https://doi.org/10.1016/j.taap.2013.12.008 (2014).
	 60.	 Peel, S. & Bulmer, D. Proliferation and differentiation of trophoblast in the establishment of the rat chorio-allantoic placenta. J. 

Anat. 124, 675–687 (1977).
	 61.	 Natale, B. V. et al. Sca-1 identifies a trophoblast population with multipotent potential in the mid-gestation mouse placenta. Sci. 

Rep. 7, 5575, https://doi.org/10.1038/s41598-017-06008-2 (2017).
	 62.	 Adamson, S. et al. Interactions between Trophoblast Cells and the Maternal and Fetal Circulation in the Mouse Placenta. 

Developmental Biol. 250, 358–373, https://doi.org/10.1006/dbio.2002.0773 (2002).
	 63.	 Watson, E. D. & Cross, J. C. Development of structures and transport functions in the mouse placenta. Physiol. (Bethesda) 20, 

180–193 (2005).
	 64.	 Natale, B. V. et al. Reduced Uteroplacental Perfusion Pressure (RUPP) causes altered trophoblast differentiation and pericyte 

reduction in the mouse placenta labyrinth. Sci. Rep. 8, 17162, https://doi.org/10.1038/s41598-018-35606-x (2018).
	 65.	 Albers, R. E. et al. Trophoblast-Specific Expression of Hif-1alpha Results in Preeclampsia-Like Symptoms and Fetal Growth 

Restriction. Sci. Rep. 9, 2742 (2019).
	 66.	 Stratman, A. N., Malotte, K. M., Mahan, R. D., Davis, M. J. & Davis, G. E. Pericyte recruitment during vasculogenic tube assembly 

stimulates endothelial basement membrane matrix formation. Blood 114, 5091–5101, https://doi.org/10.1182/blood-2009-05-222364 
(2009).

	 67.	 Sakata, M. et al. Increase in human placental glucose transporter-1 during pregnancy. Eur. J. Endocrinol. 132, 206–212, https://doi.
org/10.1530/eje.0.1320206 (1995).

	 68.	 Das, U. G., Sadiq, H. F., Soares, M. J., Hay, W. W. Jr. & Devaskar, S. U. Time-dependent physiological regulation of rodent and ovine 
placental glucose transporter (GLUT-1) protein. Am. J. Physiol. 274, R339–347 (1998).

	 69.	 Illsley, N. P. Glucose transporters in the human placenta. Placenta 21, 14–22, https://doi.org/10.1053/plac.1999.0448 (2000).
	 70.	 Lesage, J. et al. Maternal undernutrition during late gestation-induced intrauterine growth restriction in the rat is associated with 

impaired placental GLUT3 expression, but does not correlate with endogenous corticosterone levels. J. Endocrinol. 174, 37–43 
(2002).

	 71.	 Langdown, M. L. & Sugden, M. C. Enhanced placental GLUT1 and GLUT3 expression in dexamethasone-induced fetal growth 
retardation. Mol. Cell. Endocrinol. 185, 109–117 (2001).

	 72.	 Huang, X. et al. Identification of placental nutrient transporters associated with intrauterine growth restriction and pre-eclampsia. 
BMC genomics 19, 173, https://doi.org/10.1186/s12864-018-4518-z (2018).

	 73.	 Hahn, T. et al. Placental glucose transporter expression is regulated by glucocorticoids. J. Clin. Endocrinol. Metab. 84, 1445–1452 
(1999).

	 74.	 Eldridge, J. C. & Landfield, P. W. Cannabinoid interactions with glucocorticoid receptors in rat hippocampus. Brain Res. 534, 
135–141, https://doi.org/10.1016/0006-8993(90)90123-s (1990).

	 75.	 Eldridge, J. C., Murphy, L. L. & Landfield, P. W. Cannabinoids and the hippocampal glucocorticoid receptor: recent findings and 
possible significance. Steroids 56, 226–231, https://doi.org/10.1016/0039-128x(91)90038-w (1991).

	 76.	 Kipmen-Korgun, D. et al. Triamcinolone up-regulates GLUT 1 and GLUT 3 expression in cultured human placental endothelial 
cells. Cell Biochem. Funct. 30, 47–53, https://doi.org/10.1002/cbf.1817 (2012).

	 77.	 Orendi, K., Gauster, M., Moser, G., Meiri, H. & Huppertz, B. The choriocarcinoma cell line BeWo: syncytial fusion and expression 
of syncytium-specific proteins. Reproduction 140, 759–766, https://doi.org/10.1530/REP-10-0221 (2010).

	 78.	 Liu, F., Soares, M. J. & Audus, K. L. Permeability properties of monolayers of the human trophoblast cell line BeWo. Am. J. Physiol. 
273, C1596–1604, https://doi.org/10.1152/ajpcell.1997.273.5.C1596 (1997).

	 79.	 Wice, B., Menton, D., Geuze, H. & Schwartz, A. L. Modulators of cyclic AMP metabolism induce syncytiotrophoblast formation in 
vitro. Exp. Cell Res. 186, 306–316, https://doi.org/10.1016/0014-4827(90)90310-7 (1990).

	 80.	 Khare, M., Taylor, A. H., Konje, J. C. & Bell, S. C. Delta9-tetrahydrocannabinol inhibits cytotrophoblast cell proliferation and 
modulates gene transcription. Mol. Hum. Reprod. 12, 321–333, https://doi.org/10.1093/molehr/gal036 (2006).

https://doi.org/10.1038/s41598-019-57318-6
https://doi.org/10.3389/fphys.2016.00040
https://doi.org/10.3389/fphys.2016.00040
https://doi.org/10.1097/01.ogx.0000133943.54530.76
https://doi.org/10.1155/2012/179827
https://doi.org/10.1155/2012/179827
https://doi.org/10.1016/0091-3057(88)90300-0
https://doi.org/10.1111/j.1369-1600.2007.00074.x
https://doi.org/10.4137/CMPed.S40070
https://doi.org/10.1111/j.1471-0528.1998.tb10154.x
https://doi.org/10.1111/j.1471-0528.1998.tb10154.x
https://doi.org/10.1136/adc.2005.082297
https://doi.org/10.1136/adc.2005.082297
https://doi.org/10.1016/0002-9378(91)91433-w
https://doi.org/10.1016/0002-9378(91)91433-w
https://doi.org/10.1016/j.tox.2016.05.020
https://doi.org/10.1016/j.metabol.2013.05.002
https://doi.org/10.1016/j.metabol.2013.05.002
https://doi.org/10.1530/REP-19-0188
https://doi.org/10.1124/dmd.113.053538
https://doi.org/10.3389/fphys.2016.00028
https://doi.org/10.1016/j.taap.2013.12.008
https://doi.org/10.1038/s41598-017-06008-2
https://doi.org/10.1006/dbio.2002.0773
https://doi.org/10.1038/s41598-018-35606-x
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1530/eje.0.1320206
https://doi.org/10.1530/eje.0.1320206
https://doi.org/10.1053/plac.1999.0448
https://doi.org/10.1186/s12864-018-4518-z
https://doi.org/10.1016/0006-8993(90)90123-s
https://doi.org/10.1016/0039-128x(91)90038-w
https://doi.org/10.1002/cbf.1817
https://doi.org/10.1530/REP-10-0221
https://doi.org/10.1152/ajpcell.1997.273.5.C1596
https://doi.org/10.1016/0014-4827(90)90310-7
https://doi.org/10.1093/molehr/gal036


1 4Scientific Reports |          (2020) 10:544  | https://doi.org/10.1038/s41598-019-57318-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 81.	 Pattillo, R. A. & Gey, G. O. The establishment of a cell line of human hormone-synthesizing trophoblastic cells in vitro. Cancer Res. 
28, 1231–1236 (1968).

	 82.	 Lojpur, T. et al. Delta9-Tetrahydrocannabinol leads to endoplasmic reticulum stress and mitochondrial dysfunction in human 
BeWo trophoblasts. Reprod. Toxicol. 87, 21–31, https://doi.org/10.1016/j.reprotox.2019.04.008 (2019).

	 83.	 Cherlet, T. & Scott, J. E. Tetrahydrocannabinol (THC) alters synthesis and release of surfactant-related material in isolated fetal 
rabbit type II cells. Drug. Chem. Toxicol. 25, 171–190, https://doi.org/10.1081/dct-120003258 (2002).

	 84.	 Barker, D. J. The fetal and infant origins of adult disease. BMJ 301, 1111, https://doi.org/10.1136/bmj.301.6761.1111 (1990).
	 85.	 Gillies, R. S. et al. In Utero Exposure of Delta-9-Tetrahydrocannabinol Causes Placental Insufficiency and Alters Pancreas 

Development in the Neonatal Female Offspring Leading to Impaired Glucose Tolerance in Adulthood. Placenta 83, e27–e28 
(2019).

	 86.	 Moreno, M., Trigo, J. M., Escuredo, L., Rodriguez de Fonseca, F. & Navarro, M. Perinatal exposure to delta 9-tetrahydrocannabinol 
increases presynaptic dopamine D2 receptor sensitivity: a behavioral study in rats. Pharmacol. Biochem. Behav. 75, 565–575, 
https://doi.org/10.1016/s0091-3057(03)00117-5 (2003).

	 87.	 Trezza, V. et al. Effects of perinatal exposure to delta-9-tetrahydrocannabinol on the emotional reactivity of the offspring: a 
longitudinal behavioral study in Wistar rats. Psychopharmacol. (Berl.) 198, 529–537, https://doi.org/10.1007/s00213-008-1162-3 
(2008).

	 88.	 Newsom, R. J. & Kelly, S. J. Perinatal delta-9-tetrahydrocannabinol exposure disrupts social and open field behavior in adult male 
rats. Neurotoxicol Teratol. 30, 213–219, https://doi.org/10.1016/j.ntt.2007.12.007 (2008).

	 89.	 Carter, R. C. et al. Alcohol, Methamphetamine, and Marijuana Exposure Have Distinct Effects on the Human Placenta. Alcohol. 
Clin. Exp. Res. 40, 753–764, https://doi.org/10.1111/acer.13022 (2016).

	 90.	 Kenchegowda, D., Natale, B., Lemus, M. A., Natale, D. R. & Fisher, S. A. Inactivation of maternal Hif-1alpha at mid-pregnancy 
causes placental defects and deficits in oxygen delivery to the fetal organs under hypoxic stress. Developmental Biol. 422, 171–185, 
https://doi.org/10.1016/j.ydbio.2016.12.013 (2017).

	 91.	 Lacko, L. A. et al. Altered feto-placental vascularization, feto-placental malperfusion and fetal growth restriction in mice with Egfl7 
loss of function. Development 144, 2469–2479, https://doi.org/10.1242/dev.147025 (2017).

	 92.	 Chen, D. B. & Zheng, J. Regulation of placental angiogenesis. Microcirculation 21, 15–25, https://doi.org/10.1111/micc.12093 
(2014).

	 93.	 Holmgren, L., Claesson-Welsh, L., Heldin, C. H. & Ohlsson, R. The expression of PDGF alpha- and beta-receptors in 
subpopulations of PDGF-producing cells implicates autocrine stimulatory loops in the control of proliferation in cytotrophoblasts 
that have invaded the maternal endometrium. Growth Factors 6, 219–231, https://doi.org/10.3109/08977199209026929 (1992).

	 94.	 Kaufmann, P., Mayhew, T. M. & Charnock-Jones, D. S. Aspects of human fetoplacental vasculogenesis and angiogenesis. II. 
Changes during normal pregnancy. Placenta 25, 114–126, https://doi.org/10.1016/j.placenta.2003.10.009 (2004).

	 95.	 Taricco, E. et al. Effects of gestational diabetes on fetal oxygen and glucose levels in vivo. BJOG 116, 1729–1735, https://doi.
org/10.1111/j.1471-0528.2009.02341.x (2009).

	 96.	 Shin, B. C. et al. Immunolocalization of GLUT1 and connexin 26 in the rat placenta. Cell tissue Res. 285, 83–89 (1996).
	 97.	 Acosta, O. et al. Increased glucose and placental GLUT-1 in large infants of obese nondiabetic mothers. Am. J. Obstet. Gynecol. 

212(227), e221–227, https://doi.org/10.1016/j.ajog.2014.08.009 (2015).
	 98.	 Luscher, B. P. et al. Placental glucose transporter (GLUT)-1 is down-regulated in preeclampsia. Placenta 55, 94–99, https://doi.

org/10.1016/j.placenta.2017.04.023 (2017).
	 99.	 Takata, K., Kasahara, T., Kasahara, M., Ezaki, O. & Hirano, H. Localization of erythrocyte/HepG2-type glucose transporter 

(GLUT1) in human placental villi. Cell tissue Res. 267, 407–412 (1992).
	100.	 Silvestri, C. & Di Marzo, V. The endocannabinoid system in energy homeostasis and the etiopathology of metabolic disorders. Cell 

Metab. 17, 475–490, https://doi.org/10.1016/j.cmet.2013.03.001 (2013).
	101.	 Miederer, I. et al. Effects of tetrahydrocannabinol on glucose uptake in the rat brain. Neuropharmacology 117, 273–281, https://doi.

org/10.1016/j.neuropharm.2017.02.011 (2017).
	102.	 Oakley, R. H. & Cidlowski, J. A. Homologous down regulation of the glucocorticoid receptor: the molecular machinery. Crit. Rev. 

Eukaryot. Gene Expr. 3, 63–88 (1993).
	103.	 Cservenka, A., Lahanas, S. & Dotson-Bossert, J. Marijuana Use and Hypothalamic-Pituitary-Adrenal Axis Functioning in Humans. 

Front. Psychiatry 9, 472, https://doi.org/10.3389/fpsyt.2018.00472 (2018).
	104.	 D’Souza, D. C. et al. The psychotomimetic effects of intravenous delta-9-tetrahydrocannabinol in healthy individuals: implications 

for psychosis. Neuropsychopharmacology 29, 1558–1572, https://doi.org/10.1038/sj.npp.1300496 (2004).
	105.	 King, G. R. et al. Altered brain activation during visuomotor integration in chronic active cannabis users: relationship to cortisol 

levels. J. Neurosci. 31, 17923–17931, https://doi.org/10.1523/JNEUROSCI.4148-11.2011 (2011).
	106.	 Ranganathan, M. et al. The effects of cannabinoids on serum cortisol and prolactin in humans. Psychopharmacol. (Berl.) 203, 

737–744, https://doi.org/10.1007/s00213-008-1422-2 (2009).
	107.	 Araujo, J. R., Goncalves, P. & Martel, F. Modulation of glucose uptake in a human choriocarcinoma cell line (BeWo) by dietary 

bioactive compounds and drugs of abuse. J. Biochem. 144, 177–186, https://doi.org/10.1093/jb/mvn054 (2008).
	108.	 Ramirez-Lopez, M. T. et al. Exposure to a Highly Caloric Palatable Diet during the Perinatal Period Affects the Expression of the 

Endogenous Cannabinoid System in the Brain, Liver and Adipose Tissue of Adult Rat Offspring. PLoS one 11, e0165432, https://
doi.org/10.1371/journal.pone.0165432 (2016).

	109.	 ElSohly, M. A. et al. Changes in Cannabis Potency Over the Last 2 Decades (1995-2014): Analysis of Current Data in the United 
States. Biol. Psychiatry 79, 613–619, https://doi.org/10.1016/j.biopsych.2016.01.004 (2016).

	110.	 Bayrampour, H., Zahradnik, M., Lisonkova, S. & Janssen, P. Women’s perspectives about cannabis use during pregnancy and the 
postpartum period: An integrative review. Prev. Med. 119, 17–23, https://doi.org/10.1016/j.ypmed.2018.12.002 (2019).

	111.	 Dinieri, J. A. & Hurd, Y. L. Rat models of prenatal and adolescent cannabis exposure. Methods Mol. Biol. 829, 231–242, https://doi.
org/10.1007/978-1-61779-458-2_14 (2012).

	112.	 De Long, N. E. et al. Antenatal exposure to the selective serotonin reuptake inhibitor fluoxetine leads to postnatal metabolic and 
endocrine changes associated with type 2 diabetes in Wistar rats. Toxicol. Appl. pharmacology 285, 32–40, https://doi.org/10.1016/j.
taap.2015.03.006 (2015).

	113.	 Repo, J. K., Pesonen, M., Mannelli, C., Vahakangas, K. & Loikkanen, J. Exposure to ethanol and nicotine induces stress responses 
in human placental BeWo cells. Toxicol. Lett. 224, 264–271, https://doi.org/10.1016/j.toxlet.2013.10.032 (2014).

	114.	 Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal 
control genes. Genome Biol. 3, RESEARCH0034, https://doi.org/10.1186/gb-2002-3-7-research0034 (2002).

	115.	 Andersen, C. L., Jensen, J. L. & Orntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: a model-
based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. 
Cancer Res. 64, 5245–5250, https://doi.org/10.1158/0008-5472.CAN-04-0496 (2004).

	116.	 Pfaffl, M. W., Tichopad, A., Prgomet, C. & Neuvians, T. P. Determination of stable housekeeping genes, differentially regulated 
target genes and sample integrity: BestKeeper–Excel-based tool using pair-wise correlations. Biotechnol. Lett. 26, 509–515, https://
doi.org/10.1023/b:bile.0000019559.84305.47 (2004).

	117.	 Silver, N., Best, S., Jiang, J. & Thein, S. L. Selection of housekeeping genes for gene expression studies in human reticulocytes using 
real-time PCR. BMC Mol. Biol. 7, 33, https://doi.org/10.1186/1471-2199-7-33 (2006).

https://doi.org/10.1038/s41598-019-57318-6
https://doi.org/10.1016/j.reprotox.2019.04.008
https://doi.org/10.1081/dct-120003258
https://doi.org/10.1136/bmj.301.6761.1111
https://doi.org/10.1016/s0091-3057(03)00117-5
https://doi.org/10.1007/s00213-008-1162-3
https://doi.org/10.1016/j.ntt.2007.12.007
https://doi.org/10.1111/acer.13022
https://doi.org/10.1016/j.ydbio.2016.12.013
https://doi.org/10.1242/dev.147025
https://doi.org/10.1111/micc.12093
https://doi.org/10.3109/08977199209026929
https://doi.org/10.1016/j.placenta.2003.10.009
https://doi.org/10.1111/j.1471-0528.2009.02341.x
https://doi.org/10.1111/j.1471-0528.2009.02341.x
https://doi.org/10.1016/j.ajog.2014.08.009
https://doi.org/10.1016/j.placenta.2017.04.023
https://doi.org/10.1016/j.placenta.2017.04.023
https://doi.org/10.1016/j.cmet.2013.03.001
https://doi.org/10.1016/j.neuropharm.2017.02.011
https://doi.org/10.1016/j.neuropharm.2017.02.011
https://doi.org/10.3389/fpsyt.2018.00472
https://doi.org/10.1038/sj.npp.1300496
https://doi.org/10.1523/JNEUROSCI.4148-11.2011
https://doi.org/10.1007/s00213-008-1422-2
https://doi.org/10.1093/jb/mvn054
https://doi.org/10.1371/journal.pone.0165432
https://doi.org/10.1371/journal.pone.0165432
https://doi.org/10.1016/j.biopsych.2016.01.004
https://doi.org/10.1016/j.ypmed.2018.12.002
https://doi.org/10.1007/978-1-61779-458-2_14
https://doi.org/10.1007/978-1-61779-458-2_14
https://doi.org/10.1016/j.taap.2015.03.006
https://doi.org/10.1016/j.taap.2015.03.006
https://doi.org/10.1016/j.toxlet.2013.10.032
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1023/b:bile.0000019559.84305.47
https://doi.org/10.1023/b:bile.0000019559.84305.47
https://doi.org/10.1186/1471-2199-7-33


1 5Scientific Reports |          (2020) 10:544  | https://doi.org/10.1038/s41598-019-57318-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This work was supported by an operating grant from the Women’s Developmental Council (LHSC) to DBH and 
the Canadian Institutes of Health Research (CRU-163023 to DBH, PJT-155981 to ACH, MOP-123329 to DRCN). 
KNG was supported by the Ledell Family Research Scholarship.

Author contributions
S.R.L. contributed to the design of the animal experiments and in the preparation and dosing of vehicle and 
Δ9-THC in vivo. A.C.H. played a role in the design of the animal experiments and in the analysis of pregnancy 
outcomes (Tables 1–2, Fig. 1). K.L. implemented the animal protocol (e.g. animal injections) and collection of 
tissues (Tables 1–2, Figs. 1–6). D.B.H. contributed to the conception and design of the experiments, measurement 
and preparation of Fig. 7. B.V.N. and K.N.G. completed placental assessments and analysis of data which 
contributed to Figs. 1–6. B.V.N. and D.R.C.N. interpreted placental data with contributions from D.B.H. B.V.N. 
wrote the manuscript with contributions from D.B.H. and D.R.C.N.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-57318-6.
Correspondence and requests for materials should be addressed to D.R.C.N. or D.B.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-019-57318-6
https://doi.org/10.1038/s41598-019-57318-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Δ9-tetrahydrocannabinol exposure during rat pregnancy leads to symmetrical fetal growth restriction and labyrinth-specific vascular defects in the placenta.
	Citation of this paper:
	Authors

	Δ9-tetrahydrocannabinol exposure during rat pregnancy leads to symmetrical fetal growth restriction and labyrinth-specific  ...
	Results

	Δ9-THC exposure in the rat does not affect maternal weight or food intake. 
	Maternal Δ9-THC exposure results in symmetrical IUGR. 
	Pups from Δ9-THC exposed pregnancies experience post-natal catch-up growth. 
	Placental weights increased at E19.5, with reduced fetal to placental weight ratio. 
	Structure and composition of trophoblast cells of the junctional zone were unaltered in placentae from Δ9-THC exposed pregn ...
	Larger labyrinth layer, with a reduction in EPCAM+ labyrinth progenitors in placentae from Δ9-THC exposed dams. 
	Following gestational Δ9-THC exposure, rat placentae exhibit vascular defects. 
	Δ9-THC exposure results in reduced GLUT1 and GR in vivo. 
	Δ9-THC exposure in human trophoblast results in reduced GLUT1 and GR, in vitro. 

	Discussion

	Materials and Methods

	Animals and experimental paradigm. 
	Immunohistochemistry. 
	Labyrinth and junctional zone size. 
	Placental composition. 
	Cell Culture and Δ9-THC treatment. 
	RNA isolation and real-time PCR analysis. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Exposure to 3 mg/kg Δ9-THC during gestation leads to symmetrical fetal growth restriction followed by postnatal catch-up growth.
	Figure 2 Exposure to 3 mg/kg Δ9-THC during gestation has no measurable effect on junctional zone size or composition at E19.
	Figure 3 Exposure to 3 mg/kg Δ9-THC during gestation leads to increased labyrinth layer area at E19.
	Figure 4 Exposure to 3 mg/kg Δ9-THC during gestation leads to increased maternal blood space to fetal blood space ratio in the labyrinth zone at E19.
	Figure 5 Exposure to 3 mg/kg Δ9-THC during gestation leads to increased pericyte and collagen area in the labyrinth zone at E19.
	Figure 6 Exposure to 3 mg/kg Δ9-THC during gestation leads to decreased GLUT1 and GR exclusively in the labyrinth zone at E19.
	Figure 7 Δ9-THC decreases GLUT1 and GR in human BeWo trophoblast cells.
	Table 1 Maternal and neonatal outcome measurements.
	Table 2 Fetal and placental outcome measurements at E19.


