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ABSTRACT: Marijuana is a preparation of the flower, as well as the leaves
and seeds, of the plant Cannabis sativa. Marijuana has been used for medicinal
and recreational purposes for thousands of years due to its psychoactive
effects including euphoria, sedation, and analgesia. Although it has been
suspected for decades that marijuana has adverse effects on female fertility,
the underlying molecular mechanism was not clear. The discovery of
cannabinoid receptors and endocannabinoids has advanced studies if
cannabinoid signaling. Since then, numerous studies have been published
on cannabinoid signaling in female reproductive events, including
preimplantation embryo development, oviductal embryo transport, embryo
implantation, placentation, and parturition. This review focuses on various
aspects of endocannabinoid signaling in female fertility.
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I. ENDOCANNABINOID SYSTEM

Although marijuana has been used for thousands of years,
research on cannabinoids did not begin until the discovery of
the major psychoactive component of marijuana, A’-tetrahy-
drocannabinol (A’ THC)." Later, cannabinoid-like compounds
were identified in vivo, collectively named endocannabinoids.
The two most studied endocannabinoids are N-arachidonoy-
lethanolamine (also known as anandamide, AEA) and 2
arachidonoylglycerol (2-AG).>™* Both AEA and 2-AG are
produced on demand, although 2-AG levels are much higher
than those of AEA.> A’-THC and endocannabinoids exert their
function by targeting two major G protein-coupled cannabinoid
receptors, brain-type CNR1, encoded by Cnrl,%” and spleen-
type CNR2, encoded by Cnr2.* CNRI is abundantly expressed
in the central nervous system, but further studies showed that
CNRI is also present in other peripheral tissues, albeit at lower
levels. In contrast, CNR2 is mostly expressed in immune
cells.”™"" In addition to CNR1 and CNR2, it has also been
shown that GPRS5'>" and the transient receptor potential
vanilloid 1 (TRPV1)'* are capable of mediating some function
of cannabinoids/endocannabinoids.

Levels of endocannabinoids in vivo are tightly regulated by
enzymes for endocannabinoid synthesis and degradation. AEA
is derived from the precursor N-acyl phosphatidylethanolamine
(NAPE), but studies on knockout mice suggest that AEA can
be generated via multiple enzymatic pathways,">'¢ involving
NAPE-hydrolyzing phospholipase D (Nape-pld),"”** a/p-
hydrolase 4 (Abh4)," and a protein tyrosine phosphatase,
Ptpn22.%° Tt is, however, widely accepted that degradation of
AEA is mainly mediated by a membrane-bound fatty acid amide
hydrolase (FAAH) to ethanolamine and arachidonic acid
(AA)*"** and that FAAH is critical for regulating both the
magnitude and duration of AEA s.ignaling.23 In addition, FAAH

-4 ACS Publications  © 2012 American Chemical Society

349

is capable of hydrolyzing other fatty acid amides, including 2-
AG.

2-AG is produced by the cleavage of its precursor lipid
molecule, diacylglycerol (DAG), by a membrane-bound snl-
diacylglycerol lipase (DAGL),** which exists in vivo in two
different isoforms, DAGLa and DAGLS. 2-AG is degraded to
AA and glycerol by either FAAH or a membrane-associated
serine hydrolase, monoacylglycerol lipase (MAGL).*®

The endocannabinoid system is not limited to the
components described above, but other endogenous ligands
as well as numerous synthetic agonists and antagonists can
target cannabinoid receptors. These compounds can also
orthosterically or allosterically interact with other non-CB
receptors.26

Il. ENDOCANNABINOID SIGNALING IN THE MOUSE
FEMALE REPRODUCTIVE SYSTEM

Fertilization, preimplantation embryo development, oviductal
embryo transport, implantation, decidualization, placentation,
and finally parturition are all critical events for the success of
pregnancy. These events involve sperm, eggs, fertilized
embryos, oviducts, and the uterus. This review discusses
various aspects of the endocannabinoid system from
preimplantation embryo development to parturition, in the
context of the uterine environment.
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occurs when a sperm fuses with an egg in the oviduct;*”*® the
fertilized egg is now called an embryo. After fertilization, the
embryo undergoes several rounds of successive mitotic cell
divisions spanning a 2-cell through 16-cell stage, ultimately
forming a ball of compacted cells termed morula. At the morula
stage, the embryo starts migrating toward the uterine lumen. As
the morula gradually moves through the uterotubal junction
and enters into the uterus, a small cavity (blastocoel) starts
appearing within the embryo, marking the beginning of the
blastocyst stage. A blastocyst consists of the outer layer of
trophectoderm (TE) cells and the inner cell mass (ICM).>*°

In preimplantation mouse embryos, CNRI1 expression is
present from late 2-cell stage to blastocyst stage. In the
blastocyst, CNR1 is primarily expressed in the trophectoderm.
In contrast, CNR2 is expressed in embryos from 1-cell through
the blastocyst stage, but in the latter stage, CNR2 expression is
primarily restricted to the ICM.*' In the oviduct and uterus,
only CNR1, but not CNR2, is detected.**** In addition to the
presence of these two receptors, FAAH and NAPE-PLD are
also present in the preimplantation embryos from the 2-cell
stage to the blastocyst stage. FAAH is mainly detected in the
outer cell layers of morula and in the trophectoderm of
blastocysts.

On-time preimplantation embryo development is critical to
achieving an implantation-competent blastocyst, and it requires
finely tuned endocannabinoid signaling. For example, preim-
plantation embryo development becomes derailed with higher
levels of cannabinoid/endocannabinoid signaling. The develop-
ment of 2-cell embryos to blastocysts was shown to be arrested
at high levels of AEA, 2-AG, A°-THC, or a synthetic
cannabinoid agonist WIN55212-2.>"** Moreover, blastocysts
treated with high levels of AEA had a reduced number of TE
cells, and blastocyst zona-hatching became sluggish.*>*® The
adverse effects of high level cannabinoid/endocannabinoid
signaling was attenuated by SR141716A and AM251 (CNR1
selective antagonists), but not by SR144528 (a CNR2 specific
antagonist). These results were further confirmed by the
observation that a CNR2 agonist, AM663, failed to affect
embryo development.** Collectively, higher levels of cannabi-
noid signaling via CNR1 inhibit normal embryo development.

Complete sequestration of CNRI1-mediated signaling causes
developmental arrest of embryos. The generation of Cnrl and
Cnr2 null mice provided useful tools to study the effects of loss-
function of cannabinoid signaling. Cnrl ~~ and Cnrl™~/
Cnr2™/~ females were mated with males of the same genotype,
and embryos from their oviduct/uteri were collected and
examined. The null embryos, recovered from oviducts on day 3
and from uteri on day 4 of pregnancy, showed retarded growth
compared with embryos derived from wild-type (WT)
females.®” This abnormal embryo development may be the
consequence of oviductal and/or embryonic Cnrl deficiency.
Observations that heterozygous embryos recovered from
Cnrl1™~ females mated with WT males showed normal embryo
development™ indicating that embryonic CNRI, but not
maternal CNR1, directs appropriate embryo development.*®
These findings suggest that either silenced or augmented
CNRI signaling leads to abnormal embryo development. These
results provide evidence that tightly regulated levels of
cannabinoid/endocannabinoid signaling under normal physio-
logical conditions is conducive to normal development. This
was further supported by the fact that trophoblast outgrowth in
vitro was promoted at a low level (7 nM) but became retarded
at higher levels (28 nM) of AEA¥
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Although Cnr2™~ embryos showed some aberrant develop-
ment,>” CNR2’s localization in the ICM,* but not TE cells,*!
suggests that CNR2-mediated cannabinoid signaling has a
different biological function compared to that mediated by
CNRI. Thus, it is possible that CNR2 plays a role in ICM
development.

Collectively, normal preimplantation embryo development
requires appropriate endocannabinoid signaling. The growth
and differentiation of TE cells is regulated by CNR1 mediated
cannabinoid/endocannabinoid signaling.

Endocannabinoid Signaling and Oviductal—Uterine
Embryo Transport. In mice, embryos develop within the
oviduct until day 3 of pregnancy. Thereafter, embryos at the
late morula stage start migrating toward the uterine lumen,
forming blastocysts therein on day 4. Coordinated oscillation of
the cilia on the oviductal epithelia and muscle contractions are
required for the normal passage through the oviduct into the
uterine lumen. Failure of this passage through the oviductal—
uterine junction results in embryo retention. Preimplantation
embryos thus retained within the oviduct can transform into
blastocysts and remain viable for some time. In humans, the
entrapped embryos can implant in the fallopian tube, and leads
to tubal pregnancy in women, which is fatal in many
occasions.*>* Therefore, normal and timely oviductal transport
of the embryo is critical to on-time and normal implantation.

In the mouse oviduct, mRNA of Cnrl, but not Cnr2, is
detected, and levels of AEA are higher than those in the mouse
brain.** Notably, Faah levels are lower in the oviduct isthmus
compared to levels in the ampullary region, whereas Nape-pld
shows the reverse pattern, being higher in the isthmus.***
These observations suggest that there is a gradient of AEA
levels in the oviduct.

Normal oviductal transport of embryos is disturbed in the
absence of maternal CNRI. Studies using Cnrl™~ females
mated with WT males showed that fewer embryos were
recovered from Cnrl™~ uteri on the morning of day 4 of
pregnancy. Given the fact that Cnr1*/~ embryos have normal
preimplantation development in Cnrl1™~ oviducts, it suggests
that the failure of embryos to enter the uterine lumen is related
to the absence of Cnrl.>*3” In addition, the observation that
Cnrl™~/Cnr2™~, but not WT or Cnr2™~, mice also have
similar oviductal retention of embryos suggests that normal
oviductal transport requires CNR1 but not CNR2. The fact
that CnrI™~ embryos are morphologically healthy in Cnrl™~
uteri on day 4 of pregnancy indicates that maternal Cnrl
deficiency causes embryo retention. Reciprocal embryo transfer
experiments further confirmed that CNRI is critical for
appropriate transport of embryos through the oviduct; only
Cnrl1™~ recipients displayed oviductal retention of embryos,
irrespective of embryonic genotypes.” Additionally, normal
oviductal transport in WT mice was disrupted by treatment
with a CNR1 specific blocker, while CNR2 antagonists had no
effect.”> Higher cannabinoid signaling also affects oviductal
embryo transport. Faah™~ mice with higher oviductal AEA
levels than those in WT oviducts have similar oviductal
retention of embryos. Moreover, WT mice exposed to A’ THC
or methanandamide (a stable AEA analogue) phenocopied
Faah™~ mice with oviductal transport defects, which was
rescued by CNRI antagonist treatment.**

All these results lend additional support to the hypothesis
that either higher or lower endocannabinoid signaling adversely
affects female reproduction in mice since normal oviductal
transportation is disrupted in either absence of cannabinoid
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signaling in Cnr1™~ mice or high cannabinoid signaling in
Faah™" mice. Previous studies have shown that it is the wave
of oviductal muscle movement that sends the embryos into the
uterus and that this movement is regulated by the sympathetic
nervous system.* Circular muscles relax upon activation of 2
adrenergic receptors (/32-AR), while they contract on activation
of al adrenergic receptors (@1-AR). The alternant stimulation
of these two receptors makes a wave of muscle movement,
which propels embryos from the oviduct to the uterus.
However, under exposure of the antagonist of either receptor,
the oviduct cannot help move embryos to the uterus.***” The
fact that CNRI1 is colocalized with #2-AR/a1-AR indicates that
endocannabinoid signaling may influence oviductal muscle
movement through the regulation of adrenergic signaling. It
was shown that oviductal adrenergic nerve terminals released
more noradrenaline in Cnrl™~ than in WT females and that
higher noradrenaline levels activated @1-AR to keep the smooth
muscle in a contractile tone. This effect can be counterbalanced
by administration of isoproterenol, a J2-AR agonist, which
restored normal embryo transport in Cnrl™~ mice.”® In WT
mice, treatment of methanandamide decreased the release of
noradrenaline, and it was blocked by a CNRI specific
antagonist. Similarly, circular muscles maintained a relaxation
phase in Faah™~ mice, where AEA levels were higher than in
WT mice.** In conclusion, either higher or silenced
endocannabinoid signaling disrupts the balance between
muscular contraction and relaxation, impairs normal wave
movement through the oviduct, and consequently derails
normal oviductal transport of embryos.

Endocannabinoid Signaling and Implantation. Normal
embryo development and on time arrival in the uterus are all
preparations for the next critical step in pregnancy:
implantation. Implantation can occur only when the blastocyst
becomes implantation-competent and the uterus achieves the
receptive phase.*® A reciprocal interaction between the
blastocyst and receptive uterus initiates the attachment of the
blastocyst trophectoderm with the uterine luminal epithelium at
night on day 4 of pregnancy.48_51 In mice, uterine receptivity
can be achieved when the uterus is exposed to estrogen after
24—48 h of progesterone (P,) priming. The window of uterine
receptivity is transient and lasts only for about 24 h. If
implantation occurs beyond the normal window, there is an
adverse ripple effect throughout the course of gestation, leading
to a compromised pregnancy outcome. However, the gene
network that confers uterine receptivity and on-time
implantation is far from clear.

Endocannabinoids AEA and 2-AG, as well as their putative
receptor CNRI, are present in the mouse uterus. Although the
levels of 2-AG are about 200-fold higher than AEA in
periimplantation uteri, both showed similar patterns with
higher levels at the interimplantation site and lower levels at the
implantation site. The expression patterns of NAPE-PLD and
FAAH explain how the gradients of AEA and 2-AG are created.
Higher levels of Nape-pld mRNA and NAPE-PLD activity are
found in interimplantation sites, whereas both mRNA and
protein levels are lower in implantation sites.*? In contrast,
FAAH expression and activity are higher at implantation sites.
This inverse relationship is evident for MAGL and DAGL«a in
that DAGLa levels are higher in interimplantation sites on days
5 and 7 of pregnancy where MAGL levels are low. Conversely,
DAGLa levels are lower in implantation sites with higher levels
of MAGL.** Similar phenotype was also observed in humans in
that FAAH expression is highest in midsecretory stroma, while
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levels of NAPE-PLD are lower in secretory glands.”> These
results suggest that lower levels of AEA and CNRI are
beneficial for implantation.

It was shown that uteri in the receptive phase had lower
levels of AEA compared with uteri in nonreceptive phase.*® In
agreement with this result, higher levels of Nape-pld mRNA
and NAPE-PLD activity was found in nonreceptive uteri,
whereas higher levels of FAAH were observed in the receptive
uteri.*>>* AEA levels are also critical in preparing embryos for
implantation. High levels of AEA or other synthetic
cannabinoids inhibited blastocyst zona-hatching, while low
levels of AEA accelerated trophoblast differentiation and
outgrowth in culture.*"***¢ To minimize exposure to
endocannabinoid signaling, the expression of CNRI is
downregulated in the blastocyst approaching implantation.
For example, WT blastocysts collected from the uterus on the
morning of day 4 of pregnancy had higher levels of AEA
binding compared with blastocysts recovered in the evening of
day 4 prior to the attachment reaction, suggesting that
regulated signaling by AEA is beneficial for the implantation
competency of blastocysts.”” In the same vein, immunohis-
tochemistry experiments showed that CNR1 expression was
much lower in activated blastocysts than dormant blasto-
cysts.>”>> In addition, some evidence suggests that the
implanting blastocyst influences the uterine AEA levels in a
reciprocal way. The implanting blastocysts decreased Nape-pld
expression and upregulated Faah levels by releasing a lipid
“BAAH activator”.*>* In humans, women with elevated
peripheral AEA levels also had a higher rate of spontaneous
pregnancy loss.***” In addition, women who had undergone
IVF/ICSI embryo transfer and had successful pregnancy
showed significant decreases in plasma AEA levels on the day
of embryo transfer compared with that of oocyte retrieval.>® All
these results point toward one concept: that appropriate and
regulated endocannabinoid signaling in both the blastocyst and
uterus is required for the establishment of uterine receptivity
and implantation competency of blastocysts.

The mechanism by which cannabinoid/endocannabinoid
signaling regulates preimplantation embryo function is still not
clear. Some evidence indicates that AEA induced stimulatory
and inhibitory effects are mediated by ERK and Ca®* signaling
pathways in blastocysts. AEA at a low concentration (7 nM)
activates ERK signaling via CNR1, whereas AEA at a higher
concentration (28 nM) fails to activate ERK but instead inhibits
Ca®* mobilization.>® These results demonstrate that endocan-
nabinoids at different concentrations are capable of regulating
various signaling pathways to exert distinct biological functions.

The intensity of endocannabinoid signaling is tightly
regulated by spatiotemporal expression patterns of the key
synthetic/hydrolytic enzymes and cannabinoid receptors. This
orchestration is essential since endocannabinoids at only
normal physiological levels are conducive to early pregnancy
events, including implantation. Gene expression studies and
genetically engineered mouse models have shown that
endocannabinoid signaling is one of the key players in directing
the process of implantation, although the exact molecular
signature of this signaling in embryo—uterine interaction is not
clearly understood.

Endocannabinoid Signaling and Placentation. In mice,
placentation begins once the peak phase of decidualization
ended in order to establish maternal—fetal circulation. The
embryonic trophectoderm, after making contact with the
uterine stroma, forms primary trophoblast giant cells (TGC).
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The polar trophectoderm, adjacent to the ICM, forms the
extraembryonic ectoderm and ectoplacental cone (EPC). The
EPC and extraembryonic ectoderm cells are major contributors
to the placenta. The placenta is the only connection between
the mother and fetus in eutherians, and its functions include the
exchange of oxygen, nutrients, and waste products between the
two entities. Most exchanges occur in the labyrinth layer of the
placenta, consisting of mainly syncytiotrophoblasts, which is
derived from EPC and the ectoderm. The spongy layer is also
derived from EPC and extraembryonic ectoderm cells and
provides structural support for the labyrinth layer. Most cells in
the spongy layer are spongiotrophoblast cells (SPT), which are
separated from maternal cells by TGC cells.*® All of the TGC,
SPT, syncytiotrophoblast, and other trophoblast cells are
derived from trophoblast stem (TS) cells in the trophectoderm.
To execute its physiological function, the placenta requires an
appropriate population and distribution of different trophoblast
cells. Any aberration in trophoblast differentiation compromises
normal placentation.

The endocannabinoid system is present in midgestational
placentas. Two endocannabinoids, AEA and 2-AG, are detected
in murine placentas. It has been shown that AEA levels were
elevated in Faah™~ placentas but not Cnrl™~ placentas,
reinforcing the idea that FAAH is a major regulator of AEA
status in mice. The placenta also has detectable levels of
mRNAs for metabolic enzymes (Faah, Nape-pld, Magl, and
Dagla) and cannabinoid receptors (Cnrl and Trpvl).
Immunohistochemistry results have provided evidence that
FAAH and CNRI1 are expressed in the EPC on day 10 of
pregnancy and the SPT layer later on day 14.% In addition,
studies in various mammals, including rats and humans,
indicate that the endocannabinoid system is present in those
placentas.’’~* CNR1 and FAAH were identified in amniotic
epithelial cells, chorionic cytotrophoblasts,®" and syncytiotro-
phoblasts®> in humans. To better understand the role of the
endocannabinoid signaling in placentation, Cnrl and Faah null
mice were used.

Placentation was found to be compromised in Cnrl™/~
females. Cnrl™/~ females have a higher rate of embryo loss
and lower placental weights on days 12 and 14 of pregnancy
compared with those of WT mice. In Faah™~ females, the
resorption rate starts to rise from day 14. These results suggest
that both high and low endocannabinoid signaling compro-
mises normal pregnancy events at midgestation, although the
augmented signaling does not initiate pregnancy loss until late
midgestation.®

It was found that in the absence of Cnrl, the development of
the SPT layer is retarded. For example, the expression of
Tpbpa, a marker gene of SPT, is much reduced in Cnrl™~
placentas on day 10 of pregnancy. However, Pl1 expression, a
marker of TGC cells, is comparable in WT and Cnrl™/~
placentas. Aberrant endocannabinoid signaling has adverse
effects on the proliferation of trophoblast progenitor cells in the
EPC, which later differentiate into SPT cells. Proliferation of
Cnrl™~ trophoblast progenitor cells was much reduced, while
Faah™ trophoblast progenitor cells showed modest reduction
in proliferation. These results are in agreement with results of
in vitro experiments using TS cells. Proliferation of Cnrl™~/
Cnr2”~ and Faah™~ TS cells was remarkably sluggish
compared to WT TS cells because of reduced activated AKT
levels. Additionally, WT TS cells treated with methanandamide
(7 nM) proliferated at a faster rate, but this was attenuated by a
CNRI selective antagonist, suggesting that CNRI mediated
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endocannabinoid signaling regulates TS cell proliferation.*”
The results show that CNR1 mediated signaling via the PI3K-
AKT pathway is important for appropriate TS cell proliferation.
It is interesting to note that AEA also prevented BeWo
trophoblast cell proliferation in a dose-dependent manner in
humans and that elevated plasma AEA levels also increased the
risk factor for first trimester miscarriages.”

Interestingly, compromised development of the SPT layer is
also attributed to the biased TS cell differentiation under
aberrant endocannabinoid signaling. Secondary TGCs are
differentiated from precursor cells present in the EPC and
later in the SPT layer. Mash2 prevents trophoblast precursor
cells from differentiating into secondary TGCs,** whereas
Handl promotes differentiation into TGCs.*® Mash2 ex-
pression was shown to be much reduced in Faah™~ and
Cnr1™/~ placentas, indicating that Faah™~ and Cnrl™/~
trophoblast precursor cells are more prone to differentiate
into TGCs. These results were confirmed by the observation
that the SPT marker Tpbpa was much lower in Cnrl™~/
Cnr2™/~ than in WT TS cells after spontaneous differentiation
of TS cells. Moreover, reciprocal embryo transfer experiments
between Cnr1™~ and WT mice showed that it is the embryonic
Cnrl deficiency that causes this biased trophoblast cell
differentiation.’” To further study the acute role of CNRI
during midgestation, WT females were treated with
SR141716A on days 8 and 9 of pregnancy, when placentation
is initiated. Further experiments showed that SRI141716A
treatment greatly reduced the number of SPT cells in WT
placentas. In conclusion, regulated endocannabinoid signaling is
required for maintaining appropriate TS cell proliferation:
abnormal CNRI signaling suppresses differentiation of TS cells
into SPT cells but promotes differentiation to TGCs.

During placentation, some trophoblast cells invade the
maternal decidual zone and reshape the maternal blood vessels
to direct enough blood flow to support embryonic growth.®®
Thus, trophoblast cell invasiveness is critical for successful
placentation in establishing maternal—fetal circulation and
exchanges. The invasion of glycogen trophoblast cells (GTC)
into the decidua basalis is an indicator of trophoblast
invasiveness. In WT females, an abundant number of GTC
invaded into the decidual basalis; however, only a sporadic
number of them with shallow invasion was found beyond the
TGC border in Cnrl™~ mice.* These results suggest that the
invasive capacity of trophoblast cells is compromised in the
absence of CNRI. Collectively, aberrant CNRI1-mediated
endocannabinoid signaling inhibits TS cell proliferation,
differentiation into SPT cells, and trophoblast invasiveness,
leading to defective placentation and pregnancy loss in the
midgestational stage.

Endocannabinoid Signaling and Parturition. Parturi-
tion is the last encounter between the mother and fetus that
leads to the birth of offspring. In humans, a pregnancy that lasts
about 37 to 42 weeks is considered to be full term. A pregnancy
with less than 37 weeks of gestational age is considered
preterm, when a baby is not mature enough to allow normal
postnatal survival. Preterm birth accounts for 10% of neonatal
mortality worldwide.”” In developed countries, neonatal death
decreases due to reduced infections and other causes of
neonatal death, but the exact cause of preterm birth still
remains unsolved. Therefore, preterm birth becomes the
leading cause of neonatal mortality in developed countries
and accounts for 25% of neonatal mortality in the U.S.°®
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It was observed that genetic loss of Cnrl, but not Cnr2, leads
to preterm birth and lower birth weight. Previous reports
showed that P, withdrawal and a decreased P, versus estradiol
(E,) ratio determines the parturition timing in rodents.*” In
Cnrl1™~ mice, 175-HSD, a key enzyme for estrogen biosyn-
thesis, along with 20a-HSD, essential for metabolic conversion
of P, to an inactive metabolite, were substantially increased in
Cnrl™~ ovaries, and consequently, the P,/E, ratio decreased
from day 16 of pregnancy. In fact, P, supplement on day 18 of
pregnancy restored normal parturition in Cnr1™~ mice,
confirming that a decreased P,/E, ratio is a cause of preterm
labor in Cnrl™/~ females.”” In summary, CNRI1 deficiency
induces preterm birth in mice by altering normal P, and
estrogen levels. Although the underlying causes of preterm
birth remain largely unknown, endocannabinoid signaling may
play a role in parturition events.

lll. CLOSING REMARKS

The endocannabinoid system is being discovered in many more
organs, where it plays multiple physiological roles, depending
on the organ. In female reproduction, the endocannabinoid
system is found in different creatures from sea urchin to
humans. Its conserved expression spanning different animals
indicates that endocannabinoid signaling plays a key role in
female reproduction. Studies in genetically manipulated mouse
models showed that finely tuned endocannabinoid signaling in
both the blastocyst and uterus is required for normal pregnancy
events (Figure 1) since either silenced or elevated endocanna-
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Figure 1. Cannabinoid/endocannabinoid signaling impacts various
pregnancy events. Either silenced or augmented cannabinoid/
endocannabinoid signaling disturbs pregnancy events including
preimplantation embryo development, oviductal embryo transport,
implantation, placentation, and parturition. The impact on decidual-
ization is yet to be determined.

binoid signaling causes multiple defects during pregnancy
(Table 1). Mouse models with the deletion of various genes
within the endocannabinoid system are subfertile, suggesting
that endocannabinoid signaling functions either as a regulatory
rather than decisive determinant or that deficiency of this
signaling is compensated for by other signaling pathways. Since
genetic backgrounds and diets influence reproductive pheno-
types in gene deleted mice,”" it would be interesting to see if
the genetic background of mice and diet composition impact
fertility phenotypes following a mutation of a gene in the
endocannabinoid pathway. Nonetheless, almost all pregnancy
events are regulated by endocannabinoid signaling, and in most
cases, optimal outcomes can only be achieved under normal
physiological endocannabinoid levels. Either silenced or
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Table 1. Observed Adverse Effects of Either Silenced or
Augmented Cannabinoid/Endocannabinoid Signaling
during Pregnancy in Mice

cannabinoid signaling

silenced optimal augmented
pregnancy events Cnrl™~ W1 Faah™~
embryo retarded normal retarded
development
oviductal embryo  retention on time retention
transport
blastocyst conducive to impediment to
competency competency competency
uterine receptivity ~ suboptimal receptive suboptimal
fetoplacental retarded/ healthy retarded/
development resorption resorption
parturition preterm full term

enhanced endocannabinoid signaling derails these processes.
This is a trait of endocannabinoid signaling that provides a
route for medical manipulation in each pregnancy event.
However, the in-depth mechanism by which endocannabinoid
signaling exerts its role is still not clear. In addition, it would be
interesting to study the mechanism behind how lower and
higher cannabinoid signaling generates similar phenotypes.
Further studies on endocannabinoid signaling with respect to
female reproduction will generate new molecular mechanisms
governing pregnancy events.
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