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ENVIRONMENTAL EPIGENETICS (A CARDENAS AND A KUPSCO, SECTION EDITORS)

Cannabis Exposure During Critical Windows of Development:
Epigenetic and Molecular Pathways Implicated in Neuropsychiatric
Disease

Anna Smith1,2
& Farla Kaufman3

& Martha S. Sandy3 & Andres Cardenas1,2

# The Author(s) 2020

Abstract
Purpose of Review Cannabis exposure during critical windows of development may have intergenerational physiological con-
sequences disrupting epigenetic programming and marks. This review examines the literature relating to pre-gestational and
prenatal cannabinoid exposure and its effect on genes and molecular pathways related to the development of psychiatric disease.
Recent Findings Developmental cannabis exposure alters epigenetic processes with functional gene consequences. These include
potentially heritable alterations in genes andmolecular pathways critical for brain development and associated with autism spectrum
disorder (ASD), attention deficit hyperactivity disorder (ADHD), schizophrenia, addiction, and other psychiatric diseases.
Summary Cannabis consumption and mental health illness in adolescents and young adults are increasing in the United States
(U.S.), and recent studies suggest that cannabis consumption during critical periods of brain development could contribute to
mental health illness through epigenetic mechanisms. These findings warrant future studies and consideration by regulators and
health communicators.

Keywords Cannabis .Δ9-THC . Epigenetics . Prenatal exposure . DOHaD . DNAmethylation

Introduction

Cannabis (marijuana) is the most commonly used illicit psy-
choactive drug in the United States (U.S.) with an estimated
9.6% of the population aged 12 and older reporting use in the
past month [1]. States are increasingly legalizing both recrea-
tional and medicinal cannabis use [2]. The majority of new
users are under 18 years of age [3], and cannabis use has
increased among youth and teens since 2007 [4]. In addition,
pregnant women are increasingly using it to mitigate morning
sickness. In the U.S., between 2002–2003 and 2016–2017, the

adjusted prevalence of past-month cannabis use increased
from 3.4 to 7.0% among pregnant women overall and from
5.7 to 12.1% among pregnant women during the first trimester
[5]. A recent national survey suggested that the public percep-
tion of “great risk” from weekly cannabis use has dropped
from 50.4% in 2002 to 33.3% in 2014 [6]. Another recent
survey found that 81% of U.S. adults believe that cannabis
has at least one health benefit, such as use in pain manage-
ment, disease treatment, or relief of anxiety, stress, or depres-
sion. While 91% of U.S. adults also believe cannabis use has
at least one risk, including those associated with legal issues,
9% believe it has no risks, and the American public has an
overall favorable view of cannabis [7].

Cannabis is composed of over 400 chemicals, of which over
60 are cannabinoid compounds. The four major compounds
include Δ9-tetrahydrocannabinol (THC), cannabidiol (CBD),
Δ8-tetrahydrocannabinol, and cannabinol [8]. The major psy-
choactive cannabinoid in cannabis, THC, targets the
endocannabinoid (eCB) system, which regulates biological pro-
cesses involved in development and neuroplasticity [9]. It
mimics eCB action, exerting most of its effects via cannabinoid
receptors (CBR)s 1 and 2. CBR1 is one of the most abundant G
protein-coupled receptors in the adult brain, and it is localized in
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regions important in movement, cognition, attention, emotion,
and memory [10]. In animals, expression begins early in the
central nervous system (CNS) during embryonic development
[11–13]. One study found CBR1 expressed in the human fetal
brain at 20weeks, with high expression in the hippocampus and
amygdala [14]. In contrast, CBR2 is mainly expressed in im-
mune cells. Male mitotic germ cells also express a high level of
CBR2, whose activation promotes their differentiation and pro-
gresses spermatogenesis [15••]. During adolescence, the eCB
system continues to facilitate neurodevelopment through its
involvement in neuroplasticity and synaptic function. Levels
of CBRs fluctuate during adolescence and depend on the brain
region. For instance, there is a rapid, sustained increase in CBR
binding sites in the striatum that is reduced by half in early
adulthood [16], as well as high levels in limbic related regions
that gradually decrease by adulthood [17]. Tightly regulated
biosynthetic pathways ensure proper signaling throughout de-
velopment, and correct brain function depends heavily on the
temporal and spatial layout of the eCB system [18]. Thus, ex-
posure to THC, especially during critical windows of brain
development, has the potential to disrupt the tightly regulated
system.

Parallel to the increase in adolescent cannabis use, the per-
centage of adolescents and young adults experiencing certain
types of psychiatric disorders has risen in the United States
over the past decade, despite the lack of increase in adults [19].
In human studies, THC has been shown to disrupt the devel-
opment and function of the brain [20, 21], and in animals,
THC has been experimentally shown to lead to molecular
impairments that are heritable and extend into subsequent
generations [22], thus increasing the risk of offspring devel-
oping a psychiatric disease [23–26]. Three different routes of
multigenerational transmission have been summarized in a
prior review [27]; they include fetal programming (direct ef-
fect), germline transmission (direct effect), and behavioral or
social transfer (indirect effect). The first route is typical for
prenatal exposure, the second route is typical for pre-
gestational exposure, while the third route is typical for both.

In a recent commentary, which was published in response
to a study examining the epigenetic impact of cannabis use on
rat and human sperm [28••], the authors highlighted that the
epigenomic toxicology of cannabinoids should have priority
on the research agenda, especially considering the potential
transgenerational health implications [29]. A review published
in 2016 focused on the epigenetic effects of cannabis exposure
[22]. The authors noted that the majority of addiction-related
epigenetic neurobiological studies had targeted the adult
brain, while there was a dearth of literature on the potential
intergenerational impacts of cannabis [22]. Another article
published in 2018 provided an overview of the current data
regarding vulnerabilities of the developing brain to cannabi-
noid exposure during sensitive windows of development, es-
pecially with regard to epigenetic changes associated with

cannabis use [27]. Since that time, additional studies were
published that address research gaps and have the potential
to better inform clinical guidelines, preventative policy, and
public opinion related to cannabis use during specific time
points of the life course.

Heritable molecular impairments include epigenetic modifi-
cations, such as DNA methylation, histone modifications, and
changes in non-coding RNA (ncRNA), which regulate patterns
of gene expression by altering DNA accessibility and chroma-
tin structure [30]. DNA methylation occurs when a methyl
group is added at a cytosine nucleotide that precede guanines
(CpG dinucleotides), influencing DNA function by activating
or repressing transcriptional activity of a gene and by altering
chromatin accessibility and remodeling [30]. DNAmethylation
in the promoter region of a gene usually downregulates its
expression, while higher DNA methylation in a gene body
may promote expression of a gene. In most instances, DNA
methylation represses gene expression by preventing the bind-
ing of transcription factors, or recruiting proteins that bind to
methylated DNA [31]. Histones are large groups of protein
complexes that help DNA condense into chromatin. Histone
modifications include methylation and acetylation of lysine res-
idues on histone tails, which affect gene expression by altering
chromatin structure and accessibility [31]. In addition, ncRNA,
such as micro (mi)RNA and long non-coding (lnc)RNA, con-
trol DNA availability and transcription, regulate RNA process-
ing and splicing, and form a scaffold upon which layers of
DNA regulation are built [29, 32].

Some epigenetic modifications are passed down to offspring
through genomic imprinting (1% of mammalian genes), in
which offspring only inherit one working copy of a gene.
Imprinted genes are silenced via DNA methylation in either
the egg or sperm [33]. Other modifications are passed down
when genes escape epigenetic reprogramming, a process that
occurs during the formation of primordial germ cells and in the
early embryo soon after fertilization [34], in which genomic
potential resets and epigenetic memory is erased [35].

In this review, we provide an analysis of the recent litera-
ture relating to pre-gestational and prenatal cannabinoid expo-
sure and its effect on genes and molecular pathways. Along
with the studies discussed in the review, additional animal
studies are summarized in Tables 1 and 2, in which molecular
changes are observed in the F0 generation of adolescent brain
tissue [36–39, 40•, 41••, 42•].

Prenatal Exposure to Cannabis: Epigenetic
and Functional Alterations in Offspring Brain
Tissue

Since 2002, there has been an increase in pregnant women in
the U.S. reporting daily cannabis use, use in the past-month, as
well as an increase in the number of days during pregnancy

326 Curr Envir Health Rpt (2020) 7:325–342



Ta
bl
e
1

Su
m
m
ar
y
of

st
ud
ie
s
(f
ro
m

th
e
pa
st
10

ye
ar
s)
on

th
e
ef
fe
ct
of

pr
e-
ge
st
at
io
na
la
nd

pr
en
at
al
ca
nn
ab
is
ex
po
su
re

on
ge
ne
s
an
d
m
ol
ec
ul
ar

pa
th
w
ay
s
in

hu
m
an
s.
St
ud
ie
s
ar
e
in

re
ve
rs
e
or
de
r
ch
ro
no
lo
gi
ca
lly

by
pu
bl
ic
at
io
n
ye
ar

R
ef
er
en
ce

St
ud
y
de
si
gn

T
im

e
of

ex
po
su
re

C
el
lt
ar
ge
t

O
ut
co
m
e
an
d
pl
at
fo
rm

M
ai
n
fi
nd
in
gs

D
ev
el
op
m
en
ta
ls
ig
ni
fi
ca
nc
e

Sc
hr
ot
t

et
al
.

20
19
*

[7
2•
•]

C
ro
ss
-s
ec
tio

na
ls
tu
dy

n
=
24

m
al
e,
ad
ul
ts
ub
je
ct
s;

12
ca
nn
ab
is
us
er
s
an
d
12

co
nt
ro
ls

Pr
e-
co
nc
ep
tio

n
Sp

er
m

of
m
al
e

ad
ul
ts
ub
je
ct
s

H
um

an
co
nc
ep
ta
l

tis
su
e
(e
le
ct
iv
e

ab
or
tio

ns
)

F0
ge
ne
ra
tio

n

D
N
A
m
et
hy
la
tio

n
Q
ua
nt
ita
tiv

e
bi
su
lf
ite

py
ro
se
qu
en
ci
ng

m
R
N
A
tr
an
sc
ri
pt

ex
pr
es
si
on

•
M
et
hy
la
tio
n
of

D
LG

A
P
2
in
tr
on

7
w
as

in
ve
rs
el
y
co
rr
el
at
ed

w
ith

D
LG

A
P
2
m
R
N
A
ex
pr
es
si
on

in
hu
m
an

co
nc
ep
ta
l

br
ai
n
tis
su
e
(p
-t
re
nd

<
0.
01
).

•
T
he

in
ve
rs
e
re
la
tio
ns
hi
p
be
tw
ee
n
D
LG

A
P
2
ge
ne

m
et
hy
la
tio
n
an
d
m
R
N
A
tr
an
sc
ri
pt

ex
pr
es
si
on

w
as

ev
id
en
tf
or

bo
th

m
al
es

an
d
fe
m
al
es
,

bu
tt
hi
s
re
la
tio
ns
hi
p
w
as

si
gn
if
ic
an
to

nl
y
in

fe
m
al
es

(p
-t
re
nd

=
0.
00
6)
.

•
D
LG

A
P
2
is
in
vo
lv
ed

in
sy
na
ps
e
or
ga
ni
za
tio
n,

ne
ur
on
al
si
gn
al
in
g,
an
d
st
ro
ng
ly

im
pl
ic
at
ed

in
au
tis
m

sp
ec
tr
um

di
so
rd
er

(A
SD

).

G
er
ra et
al
.

20
18

[4
1•
•]

N
es
te
d
ca
se
-c
on
tr
ol

st
ud
y

n
=
13
6
su
bj
ec
ts
ag
es

18
–6
0
ye
ar
s;
40

ca
nn
ab
is
us
er
s
an
d
96

co
nt
ro
ls

Pr
e-
co
nc
ep
tio

n
Pe
ri
ph
er
al
w
ho
le

bl
oo
d
of

ad
ul
t

su
bj
ec
ts

F0
ge
ne
ra
tio

n

D
N
A
m
et
hy
la
tio

n
M
et
hy
la
te
d
D
N
A

im
m
un
op
re
ci
pi
ta
tio
n

(M
eD

IP
)-
qP

C
R

•
D
N
A
m
et
hy
la
tio

n
hi
gh
er

in
ca
nn
ab
is
us
er
s
co
m
pa
re
d
to

co
nt
ro
ls
ub
je
ct
s
in

ex
on

8
of

D
R
D
2
ge
ne

at
+
66
.7

kb
fr
om

tr
an
sc
ri
pt
io
n
st
ar
ts
ite

(T
SS

)
(p
=
0.
03
4)

an
d
C
pG

re
gi
on

at
+
3
kb

fr
om

T
SS

of
N
C
A
M
1
ge
ne

(p
=
0.
00
04
).

•
N
o
di
ff
er
en
ce

in
ca
nn
ab
is
us
er
s
co
m
pa
re
d
to

co
nt
ro
l

su
bj
ec
ts
in

D
N
A
m
et
hy
la
tio
n
at
A
N
K
K
1
−
0.
25

kb
,

D
R
D
2
−
0.
4
kb

an
d
+
0.
9
kb
,N

C
A
M
1
+
0.
4
kb
,

C
B
R
1
+
22
.3
1
kb
.

•
D
R
D
2
an
d
N
C
A
M
1
pl
ay

ce
nt
ra
lr
ol
e
in

do
pa
m
in
er
gi
c
pa
th
w
ay
.

•
In
cr
ea
se
d
m
et
hy
la
tio

n
of

D
R
D
2
an
d
N
C
A
M
1

m
ay

re
fl
ec
tl
ow

er
m
R
N
A
ex
pr
es
si
on
.

•
L
ow

er
av
ai
la
bi
lit
y
of

D
R
D
2
re
ce
pt
or
s
co
ul
d

un
de
rl
y
re
w
ar
d
de
fi
ci
tc
on
di
tio

n.
•
N
C
A
M
1
im

pl
ic
at
ed

in
de
ve
lo
pm

en
ta
l

fu
nc
tio
ns

an
d
ne
rv
ou
s
sy
st
em

m
ai
nt
en
an
ce
.

M
ur
ph
y

et
al
.

20
18
*

[2
8•
•]

C
ro
ss
-s
ec
tio

na
ls
tu
dy

n
=
24

m
al
e,
ad
ul
ts
ub
je
ct
s;

12
ca
nn
ab
is
us
er
s
an
d
12

co
nt
ro
ls

Pr
e-
co
nc
ep
tio

n
Sp

er
m

of
m
al
e

ad
ul
ts
ub
je
ct
s

F0
ge
ne
ra
tio

n

D
N
A
m
et
hy
la
tio

n
R
ed
uc
ed

re
pr
es
en
ta
tio

n
bi
su
lf
ite

se
qu
en
ci
ng

(R
R
B
S)

•
66
40

C
pG

si
te
s
di
ff
er
ed

(p
<
0.
05
)b

et
w
ee
n
ca
nn
ab
is
us
er
s

an
d
no
n-
us
er
s.

•M
aj
or
ity

of
C
pG

s
(7
8.
3%

)h
ad

lo
w
er
le
ve
ls
of
m
et
hy
la
tio
n

in
us
er
gr
ou
p.

•
D
G
LA

P
2
hy
po
m
et
hy
la
te
d
in

us
er
gr
ou
p.

•
M
ax
im

um
#
C
pG

si
te
s
di
ff
er
en
tia
lly

m
et
hy
la
te
d
fo
rg

iv
en

ge
ne

w
as

fo
r
A
ry
lH

yd
ro
ca
rb
on

R
ec
ep
to
r
R
ep
re
ss
or

(A
H
R
R
)
(9
4
C
pG

s
hy
po
m
et
hy
la
te
d
≥
10
%

am
on
g

us
er
s)
.

•
P
TG

1R
m
et
hy
la
tio
n
in
ve
rs
el
y
co
rr
el
at
ed

w
ith

Δ
9-
T
H
C

le
ve
l(
R
2
=
0.
83
9,
p
=
1.
97
e-
4)
.

•
In
cr
ea
se
d
C
SN

K
1E

m
et
hy
la
tio

n
as
so
ci
at
ed

w
ith

in
cr
ea
se
d

Δ
9-
T
H
C
(R

2
=
0.
68
6,
p
=
0.
00
3)
.

•
D
N
A
m
et
hy
la
tio
n
ch
an
ge
s
of

no
n-
im

pr
in
te
d

ge
ne
s
in

ga
m
et
es

ca
n
re
si
st
po
st
-f
er
til
iz
at
io
n

re
pr
og
ra
m
m
in
g
an
d
pe
rs
is
ti
n
so
m
at
ic
ce
lls

of
th
e
of
fs
pr
in
g,
in
cl
ud
in
g
th
e
br
ai
n.

•
D
G
LA

P
2
ge
ne

en
co
de
s
m
em

br
an
e
as
so
ci
at
ed

pr
ot
ei
n
in
vo
lv
ed

in
sy
na
ps
e
or
ga
ni
za
tio
n
an
d

si
gn
al
in
g
in

ne
ur
on
al
ce
lls

an
d
is
lin
ke
d
to

sc
hi
zo
ph
re
ni
a.

•
P
TG

1R
,w

hi
ch

en
co
de
s
th
e
Pr
os
ta
gl
an
di
n
I2

R
ec
ep
to
r
(a

po
w
er
fu
lv

as
od
ila
to
r)
,

as
so
ci
at
ed

w
ith

re
du
ce
d
sp
er
m

fe
cu
nd
ity
.

•
C
SN

K
1E

,w
hi
ch

en
co
de
s
th
e
C
as
ei
n
K
in
as
e
1

E
ps
ilo

n,
ph
os
ph
or
yl
at
es

ci
rc
ad
ia
n
cl
oc
k

pr
ot
ei
n
PE

R
2
an
d
is
im

pl
ic
at
ed

in
se
ns
iti
vi
ty

to
op
io
id
s.

Fr
an
sq
ue
t

et
al
.

20
17

[6
2•
]

N
es
te
d
ca
se
-c
on
tr
ol

st
ud
y

n
=
80
4
m
at
er
na
ls
ub
je
ct
s;

44
ca
nn
ab
is
us
er
s

an
yt
im

e
du
ri
ng

pr
eg
na
nc
y
an
d
76
0

no
n-
us
er

co
nt
ro
ls

Pr
en
at
al

B
uc
ca
lc
el
ls
of

ne
on
at
es

of
m
at
er
na
l

su
bj
ec
ts

F1
ge
ne
ra
tio

n

D
N
A
m
et
hy
la
tio

n
SE

Q
U
E
N
O
M

M
as
sA

R
R
A
Y

•
G
es
ta
tio

na
lc
an
na
bi
s
us
e
as
so
ci
at
ed

w
ith

in
cr
ea
se
d

m
et
hy
la
tio
n
at
on
e
C
pG

si
te
te
st
ed

in
D
R
D
4

(C
pG

.2
1.
22
.2
)
(β

+
1.
48
,9
5%

C
I:
0.
02
–2
.9
3,

p
=
0.
04
7)
.

•
A
tC

pG
.3
2,
w
ea
k
ev
id
en
ce

th
at
ge
st
at
io
na
lc
an
na
bi
s
is

as
so
ci
at
ed

w
ith

in
cr
ea
se
d
m
et
hy
la
tio

n
w
he
n
ad
ju
st
in
g

fo
r
ot
he
r
su
bs
ta
nc
e
us
e

(β
+
.6
7,
95
%

C
I:
−
0.
12
-1
.4
6,
p
=
0.
09
).

•
N
o
as
so
ci
at
io
ns

re
m
ai
ne
d
si
gn
if
ic
an
ta
ft
er

co
rr
ec
tio

n
fo
r

m
ul
tip

le
te
st
in
g
us
in
g
a
B
on
fe
rr
on
ic
or
re
ct
ed

si
gn
if
ic
an
ce

le
ve
lo

f
0.
00
26

gi
ve
n
th
e
19

C
pG

un
its

ex
am

in
ed
.

•
D
R
D
4
pl
ay
s
ke
y
ro
le
in

do
pa
m
in
e
si
gn
al
in
g

an
d
is
as
so
ci
at
ed

w
ith

dr
ug

us
e.

•
In
cr
ea
se
d
D
R
D
4
m
et
hy
la
tio
n
in

sa
liv

a
ha
s

be
en

as
so
ci
at
ed

w
ith

in
cr
ea
se
d
se
ve
ri
ty

of
A
D
H
D
sy
m
pt
om

s
in

ch
ild

re
n.

•
T
is
su
e
sp
ec
if
ic
ity

(u
si
ng

bu
cc
al
ce
lls

in
st
ea
d
of

br
ai
n
tis
su
e)

co
ul
d
ha
ve

co
nt
ri
bu
te
d
to

th
e

nu
ll
fi
nd
in
gs
.

D
iN
ie
ri

et
al
.

C
as
e-
co
nt
ro
ls
tu
dy

Pr
en
at
al

Fe
ta
lb

ra
in

sp
ec
im

en
s

G
en
e
ex
pr
es
si
on

(m
R
N
A
)

•
D
ec
re
as
ed

D
R
D
2
m
R
N
A
ex
pr
es
si
on

in
N
A
c
in

br
ai
n

sp
ec
im

en
s
w
ith

m
at
er
na
lc
an
na
bi
s
ex
po
su
re
(p

=
0.
00
3)
.

•
D
R
D
2
dy
sr
eg
ul
at
io
n
im

pl
ic
at
ed

in
ad
di
ct
io
n

ri
sk
.

327Curr Envir Health Rpt (2020) 7:325–342



that they report using cannabis [5]. Pregnant women report
using cannabis most frequently during the first trimester [5],
in order to mitigate morning sickness [43]. Studies have con-
firmed that THC readily crosses the placenta, distributes into
the fetal compartment, and crosses the fetal blood-brain barri-
er [44]. A handful of studies in both human subjects and
animal models have indicated that the embryonic nervous sys-
tem patterning is particularly susceptible to maternal cannabis
use [45–50]. Its use during pregnancy has been associated
with an increased risk of various cognitive, behavioral, and
neuropsychiatric defects [51, 52]. Use during pregnancy has
also been associated with an increased risk of preterm birth in
some studies [49, 50], as well as decreased birth weight [53,
54]. This section highlights recent studies that have examined
the epigenetic mechanisms by which prenatal cannabis expo-
sure increases the risk of postnatal psychiatric disease.

Human Evidence

Considering that maternal cannabis use during pregnancy is
associated with long-term adverse behavioral outcomes and
addiction vulnerability in offspring [44], it is possible that
epigenetic changes established in utero that affect dopaminer-
gic reward signaling are involved. The striatal dopamine sys-
tem, composed of medium spiny neurons enriched in canna-
binoid receptors, is implicated in the pathogenesis of neuro-
psychiatric disorders [55]. One study tested the neurobiology
underlying the risk of addiction vulnerability in humans by
examining mRNA expression in fetal brain specimens of the
putamen and nucleus accumbens (NAc), from mothers who
underwent elective abortions between 18 and 22 weeks of
gestation [55] (Table 1). Half of the fetal brain specimens were
those frommothers who had positive maternal self-report and/
or maternal urine that tested positive for THC and/or fetal
meconium positive for THC, while the other half had no can-
nabis exposure. Not only did fetuses exposed prenatally to
cannabis have decreased dopamine receptor D2 (DRD2)
mRNA levels in the NAc, compared to controls, but there
was also a dose response observed in which greater maternal
use was correlated with decreased DRD2 mRNA levels. In
contrast, there was no difference in DRD2 mRNA levels in
the putamen. There was also no difference in DRD1 mRNA
levels, or mRNA levels of the opioid neuropeptides
proenkephalin (PENK) and prodynorphin (PDYN) in the pu-
tamen or NAc, between the exposed and unexposed groups.
The NAc core and shell are important components of motor
and reward circuits, respectively [56], and disruptions in these
signaling pathways could lead to adverse psychiatric out-
comes [57].

Additional studies were conducted on the same fetal brain
specimens used in the study discussed above [55]. In these
analyses, decreasedDRD2mRNA levels were observed in the
amygdala basal nucleus of fetuses exposed prenatally toT
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cannabis compared to controls [58], which was consistent
with the reduced levels observed in the NAc [55]. In addition,
fetal brain specimens with maternal cannabis exposure had
reduced PENK expression in the caudal putamen, and PENK
mRNA levels were inversely correlated with amount of ma-
ternal cannabis intake during pregnancy [59]. Disruptions in
the opioid system during development contribute to the devel-
opment of psychiatric disorders [59, 60] and persist into adult-
hood, increasing vulnerability to opiate-seeking behavior [61].
Dysregulation of DRD2 is implicated in addiction risk and
other psychiatric disorders, and its alteration was a consistent
finding in the animal studies, as well as the human studies.

Another recent study evaluated whether prenatal cannabis
exposure is associated with DNA methylation of dopamine
receptor D4 (DRD4) promoter in buccal cells from the neo-
nates of maternal subjects with either cannabis or no cannabis
use anytime during pregnancy [62•] (Table 1). Buccal epithe-
lial cells have the same developmental origins as neuronal
cells, and prior studies provide support for buccal cells as a
proxy for neurodevelopmental phenotypes [63]. There was no
association between DNAmethylation at individual CpG sites
in DRD4 after correction for multiple testing. It is unclear if
the null findings were due to the relatively small sample size
(n = 804 maternal subjects), the tissue specificity, or a lack of
biological relevance [62•]. Certain genetic polymorphisms of
DRD4 increase risk of drug use and severity of ADHD symp-
toms in children, both of which have been associated with
cannabis exposure [64]. Future candidate gene studies should
examine the association between prenatal cannabis exposure
and epigenetic changes in DRD4 in brain or other target cells,
instead of the buccal cell proxy, as well as account for genetic
polymorphisms.

Animal Evidence

The study discussed above [55] that reported decreasedDRD2
mRNA levels in the NAc of cannabis-exposed gestation week
18–22 human fetuses also explored the mechanisms underly-
ing this decrease in studies in rats (Table 2). Pregnant rats were
exposed to THC and changes in NAcDrd2 gene expression in
offspring were evaluated at postnatal day 2 (PND2), a com-
parable point in brain development as that occurring in
humans during gestation weeks 18–22 [55, 58, 59]. A separate
cohort of male offspring was studied in adulthood (PND62),
in order to evaluate any long-term impairments induced by
prenatal THC exposure. Consistent with the cannabis-
exposed human fetuses, rats exposed to THC had about a
40% reduction in NAc Drd2 mRNA levels at PND2, com-
pared to unexposed control rats. This decrease persisted into
adulthood, with about a 30% reduction in NAc Drd2 mRNA
levels observed at PND62 in prenatally exposed rats, com-
pared to unexposed controls. There was no difference in

Drd2 mRNA levels, between the exposed and unexposed
groups, in the dorsal striatum [55].

In this study [55], the epigenetic mechanisms by which
Drd2 mRNA transcript expression was altered were evaluat-
ed. THC exposure significantly increased the repressive
dimethylated lysine 9 (2meH3K9) mark on histone H3 be-
tween − 1.8 kb (69% increase vs control) and − 3 kb (83%
increase vs control) upstream of the transcription start site
(TSS) in the Drd2 gene. It also decreased trimethylated lysine
4 (3meH3K4) on histone H3 across the analyzed genomic
fragment in the NAc of adult rats. Consistent with
3meH3K4 acting as a mark of transcriptional activity, its re-
duction was associated with decreased RNA polymerase II
(Pol II) at the TSS (+ 0.3 kb) and within the coding region(+
40 kb). Although no change in 2meH3K9 was observed at the
dopamine receptor D1 (Drd1) gene, there was reduced
3meH3K4 and decreased Pol II association at this locus, de-
spite the lack of alteration of Drd1 transcripts in the NAc
during adulthood. Decreased dopamine receptor binding sites
were also observed in the adult NAc in the THC-exposed rats,
compared to controls.

Pre-gestational Exposure to Cannabis:
Epigenetic and Functional Alterations
in Offspring Brain Tissue

There is some evidence in model animal studies that pre-
gestational exposure to cannabis also causes alterations that
can be passed down to offspring, even after years of cannabis
cessation. It is possible that epigenetic modifications mediate
the relationship between pre-gestational exposure to cannabis
and adverse psychiatric outcomes in offspring, especially
when cannabis exposure occurs during adolescence or early
adulthood.

Animal Evidence

A recent study evaluated the association between male rat
exposure to synthetic CBR1 agonist WIN 55212-2 (WIN)
during adolescence (compared to pre-gestational vehicle
[VEH] exposure) and global DNAmethylation in the prefron-
tal cortex (PFC) of their offspring. The offspring were also
subjected to unpredictable stress, variable stress, or no stress,
in order to examine the interaction between pre-gestational
WIN exposure and stress response [65•] (Table 2). Increased
global DNA methylation was observed in offspring with pre-
gestationalWIN exposure, compared to controls, regardless of
presence or absence of stress exposure. In addition, increased
DNAmethyltransferase (Dnmt)1mRNA levels were observed
in offspring with pre-gestational WIN exposure, compared to
unexposed controls in non-stressed animals only, while in-
creased Dnmt3mRNA levels were observed in offspring with
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pre-gestational WIN exposure, compared to unexposed con-
trols, regardless of presence or absence of stress exposure. It is
plausible that the increased global PFC DNA methylation ob-
served in animals with pre-gestational WIN exposure, as well
as in stressed animals, was mediated by the upregulation of
DNMT enzymes, since these are responsible for epigenetic
maintenance. The molecular alterations were consistent with
the observed phenotypes, as stress exposure induced anxiety-
like behavior in offspring with pre-gestational WIN exposure,
compared to controls without pre-gestational WIN exposure.
The epigenetic changes in the offspring could have been due
to direct epigenetic modifications on the sperm or testes, as
well as related to disruptions in the paternal endocannabinoid
system. This animal model supports a transgenerational epi-
genetic effect of cannabinoid exposure potentially altering
stress response in the offspring. However, global DNA meth-
ylation measurements lack gene specificity and therefore pro-
vide limited biological insights.

Another study in rats examined the association between
exposure to THC in male and female rats during adoles-
cence and differentially methylated regions (DMRs) in the
NAc of offspring using Enhanced Reduced Representation
Bisulfite Sequencing (ERRBS) [25] (Table 2). A total of
1027 DMRs, including 406 hypermethylated and 621
hypomethylated regions, were observed in exposed off-
spring, compared to unexposed controls with genes
enriched for cell membrane function, synaptic organiza-
tion, and receptor activity. The hypomethylated DMR in
the first coding exon of glutamate ionotropic receptor
NMDA type subunit 2A (Grin2a) was consistent with
Grin2a mRNA transcript expression differences observed
in another rat study by the same research group [24]
(Table 2). This is in line with the hypothesis that hypome-
thylation in gene bodies may lead to decreased gene
expression [66]. The Grin2a gene is involved in calcium
channel activity and ionotropic glutamate receptor activity
and mediates synaptic plasticity and transmission, with
impacts on addictive behavior [24, 67].

The same authors that observed reduced Grin2a mRNA
levels in the NAc also observed differential mRNA gene ex-
pression in different areas of the brain, depending on the time
of evaluation (adolescence versus adulthood) in rats pre-
gestationally exposed to THC [24] (Table 2). There was in-
creased Cbr1, Grin2a, and Gria2 mRNA expression in pre-
gestationally exposed rats, compared to controls at the adoles-
cent time point, while there was a decrease in mRNA expres-
sion of Cbr1, Drd2, Grin1, Grin2a, Gria1, and Gria2 in the
dorsal striatum in pre-gestationally exposed rats, compared to
controls, at the adult time point. The shift in mRNA expres-
sion from the adolescent to adult time point is consistent with
the transition from reward-oriented to habitual, compulsive
drug-taking that typifies progression from recreational drug
use to addiction disorder. The same study authors further

evaluated potential sex-specific effects and observed that
sex-specific mRNA expression patterns were present in both
the adolescent and adult brains [23] (Table 2). Overall, the
findings contribute to evidence that parental history of
germline THC exposure could possibly confer enhanced risk
for psychiatric disorders in the subsequent generation, as a
result of impaired epigenetic regulatory processes in relevant
genes and pathways.

One other study observed no changes in Drd2 mRNA
levels in the NAc of adult rats exposed pre-gestationally to
WIN and postnatally to morphine [68] (Table 2). The latter
study, however, found higher opioid receptor mu (Oprm)1
mRNA levels in WIN-exposed animals, compared to unex-
posed animals, following a morphine challenge. On the day of
the morphine challenge, animals pre-gestationally exposed to
WIN had an enhanced response to morphine, compared to
controls. TheOprm1 gene encodes at least three opioid recep-
tors in humans, and it is involved in dependence to drugs such
as nicotine, cocaine, and alcohol via its modulation of the
dopamine system. The study contributed to evidence that
pre-gestational cannabis could induce addiction vulnerability
in F1 offspring.

Pre-gestational Exposure to Cannabis:
Epigenetic and Functional Alterations
in Parental Sperm

Not only are epigenetic and functional alterations observed in
brain tissue of offspring with pre-gestational exposure to can-
nabis, but there is also evidence of epigenetic and functional
alterations in sperm of exposed individuals in the F0 genera-
tion, which could promote germline epigenetic inheritance in
future generations.

Human Evidence

In order to evaluate the impact of cannabis exposure during
adulthood on the spermmethylome, one study examined DNA
methylation in adult male subjects that had either cannabis or
no cannabis use [28••] (Table 1). Over 6000 CpG sites differed
between cannabis and non-cannabis users. Specifically, pros-
taglandin I2 receptor (PTGIR) methylation was inversely
correlated with THC level, while casein kinase 1 epsilon
(CSNK1E) methylation was associated with increased THC.
The PTGIR gene is associated with reduced sperm fecundity,
while CSNK1E phosphorylates period circadian regulator
(PER)2 and is implicated in sensitivity to opioids [67]. Discs-
Large Associated Protein (DGLAP)2was also hypomethylated
in the sperm of cannabis-exposed men, compared to controls
[28••]. The DGLAP2 gene encodes a membrane-associated
protein that is involved in synapse organization and signaling
in neuronal cells [67] and is linked to psychological and
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neurological disorders, such as schizophrenia [69]. It has also
been identified as an autism candidate gene [70, 71].While it is
biallelically expressed in the brain, only the paternal allele is
expressed in the testes due to imprinting [67].

Another recent study by Schrott et al. 2019 [72••] further
evaluated DNA methylation and mRNA transcript expres-
sion using the same study population as the study discussed
above [28••] (Table 1). They first validated the findings re-
lated to DLGAP2 in the study discussed above using quan-
titative bisulfite pyrosequencing, instead of reduced repre-
sentation bisulfite sequencing (RRBS) [28••], which showed
good agreement. The authors noted that it was one of 46
genes with more than 10 CpG sites showing altered DNA
methylation in the sperm of cannabis users, compared to
controls. They observed sperm hypomethylation of
DLGAP2 at 17 CpGs in exposed adult men, compared to
controls, in the RRBS assay. The differential DNA methyla-
tion was validated in DLGAP2 for nine CpG sites, plus an
additional site, in intron 7 in the pyrosequencing assay. They
further determined the functional association between DNA
methylation and mRNA transcript expression in human brain
tissue from terminated pregnancies, a relevant target tissue
for the expression of DLGAP2. In these human brain sam-
ples, methylation of DLGAP2 intron 7 was inversely corre-
lated with DLGAP2 mRNA expression and significant only
in females.

Animal Evidence

The same two studies in human sperm highlighted in the
preceding section also validated their findings using male,
sexually mature adult rat sperm from animals exposed to
THC, compared to unexposed controls. In the first study,
627 genes had altered DNA methylation associated with
THC exposure [28••] (Table 2). There were six overlapping
genes among the rat and human-exposed sperm, suggesting
that these two pathways may be targets of THC exposure
across species. Although the study focused on the F0 gener-
ation, some DNA methylation changes of non-imprinted
genes in gametes can resist post-fertilization reprogramming
and persist in the somatic cells of offspring [73]. Supporting
this hypothesis, the authors compared the 627 genes
exhibiting DMRs in the rat sperm [28••] to the 473 DMR
genes identified in the NAc of adult rats exposed to THC pre-
gestationally (compared to unexposed controls) in a study
discussed earlier in this review [25] (Table 2). They found
55 overlapping DMR genes between these two datasets with
significant enrichment, suggesting that THC-induced epige-
netic modifications in sperm cells could persist in somatic
cells. Important strengths of this study include some valida-
tion from similar observations in human sperm and in adult
rat brain tissue.

The same authors pooled data from a new set of sexually
mature rats that were given intravenous THC, with the set of
rats from Murphy et al. 2018 [28••] given oral THC, and
identified a region of Dlgap2 that showed differential methyl-
ation in eight CpG sites in sperm between exposed and control
groups. Hypomethylation at CpG site 2 was detected in the
NAc of pre-gestationally exposed offspring (F1 generation),
compared to controls, as well as in the sperm of the THC
exposed fathers, compared to controls [72••] (Table 2). The
study provided evidence of potential intergenerational inheri-
tance of epigenetic marks in Dlgap2, despite evidence from
the same study that it is not an imprint control region.

Finally, a recent study examined epigenetic and functional
alterations in sperm of sexually mature mice exposed to the
synthetic CBR2 agonist JWH-133. Not only did exposed
males have decreased sperm count, but their offspring dem-
onstrated impaired placental development and reduced
growth, compared to unexposed controls. This was accom-
panied by increased DNA methylation at the paternally
expressed imprinted genes Peg 10 and Plagl1 in sperm,
which was retained in the offspring placenta [15••].
Although the study highlights that overactivation of CBR2
can promote altered DNA methylation in sperm, which is
retained in embryonic tissue and may cause altered offspring
phenotypes, it could not confirm the precise effect that the
epigenetic alterations may have on offspring. However, con-
sidering that cannabis is made up of numerous cannabinoids
that could bind with CBR2, it adds to the body of evidence
that pre-gestational cannabis may promote epigenetic chang-
es in sperm cells that are functionally relevant in offspring.

Conclusion

Together, these findings suggest that pre-gestational and de-
velopmental cannabis exposure alters epigenetic processes
like DNA methylation and histone modifications with func-
tional consequences for gene expression. Fetal epigenetic pro-
gramming of genes and some molecular pathways are sugges-
tive of alterations in regions involved in the development of
autism spectrum disorder (ASD), attention deficit hyperactiv-
ity disorder (ADHD), schizophrenia, addiction, and other psy-
chiatric diseases.

The overall body of evidence is of high public health
relevance, as attitudes about cannabis use are changing in
favor of its use, especially in adolescents and young adults.
In the 2018 National Survey on Drug Use and Health, the
majority of people aged 12 or older perceived great risk of
harm from weekly use of cocaine or heroin (86.5% and
95.3%, respectively), while less than one third of people
(30.6%) aged 12 or older perceived great risk of harm from
weekly cannabis use [74]. The legal cannabis market is cap-
italizing on its popularity by implementing selective growing
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methods to boost psychoactive potency and to increase
profits [75]. In fact, over the last two decades, the average
THC content of cannabis has increased from four to 12%
[75]. Levels as high as 30% have recently been documented
in legal cannabis grown for recreational use [76].
Additionally, ease of delivery methods such as cannabis
vaping can increase its reach to younger groups.

According to the 2018 National Survey on Drug Use and
Health, more than a third of young adults aged 18 to 25
(34.8%) were past year users of cannabis, or about 11.8 mil-
lion young adults. A lower percentage of adults ages 26 years
or older reported using cannabis in the past year (13.3%),
compared to the young adult age group. However, the percent-
age of adults reporting use of cannabis in the past year was
higher than had been reported in surveys conducted between
2002 and 2016. About 3.1 million people aged 12 or older
used cannabis for the first time in the past 12 months, trans-
lating to about 8400 new cannabis users each day [74].

The main gaps in the literature are the lack of human stud-
ies on pre-gestational exposure to cannabis, as well as the lack
of studies examining the transgenerational effect of cannabis
exposure. Limitations in the body of literature examined in
this review include limited statistical power from low sample
sizes, limitations in exposure quantification in human studies,
and differences in dosage, timing of exposure, and tissue and
cell types analyzed for epigenetic endpoints. Human exposure
to cannabis is complex due to different delivery methods,
THC/CBD ratios, and timing of exposure during critical de-
velopmental periods (e.g., adolescence, pre-gestational, and
prenatal). However, studies that incorporated mixed study de-
signs that examined the effects of developmental cannabis
exposure on both animals and humans, or that compared find-
ings to other studies, found consistent epigenetic and function-
al gene changes between species and between studies [23–25,
28••, 55, 72••], which is rare in epigenetic studies. In addition,
significant effects were observed in cannabis-exposed sub-
jects in the majority of studies, despite low sample sizes.
Yet, publication bias could be an important driver. The field
would benefit from a large meta-analysis to increase power,
particularly from human studies to uncover novel epigenetic
biomarkers. The majority of experimental and epidemiologi-
cal studies have examined differences in DNA methylation.
Future studies should also incorporate the measurement of
histone modifications, changes in ncRNA, and persistence
over time in sperm, which could yield valuable information
in transgenerational studies [77].

Cannabis consumption and mental health illness in young
adults is increasing in the United States. Developmental can-
nabinoid exposure may increase the intergenerational risk of
psychiatric disease through epigenetic mechanisms. These
findings could be used by regulators and health communica-
tors to inform consumers of potential risks associated with
cannabis use during specific time points in the life course.
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