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Fatty acid amide hydrolase deficiency limits
early pregnancy events
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Synchronized preimplantation embryo development and passage through the oviduct into the uterus are pre-
requisites for implantation, dysregulation of which often leads to pregnancy failure in women. Cannabinoid/
endocannabinoid signaling via cannabinoid receptor CB1 is known to influence early pregnancy. Here we pro-
vide evidence that a critical balance between anandamide synthesis by N-acylphosphatidylethanolamine-selec-
tive phospholipase D (NAPE-PLD) and its degradation by fatty acid amide hydrolase (FAAH) in mouse embryos
and oviducts creates locally an appropriate “anandamide tone” for normal development of embryos and their
oviductal transport. FAAH inactivation yielding higher anandamide or experimentally induced higher can-
nabinoid [(-)-A’-tetrahydrocannabinol] levels constrain preimplantation embryo development with aberrant
expression of Cdx2, Nanog, and Oct3/4, genes known to direct lineage specification. Defective oviductal embryo
transport arising from aberrant endocannabinoid signaling also led to deferred on-time implantation and poor
pregnancy outcome. Intercrossing between wild-type and Faah7~ mice rescued developmental defects, not ovi-
ductal transport, implying that embryonic and maternal FAAH plays differential roles in these processes. The
results suggest that FAAH is a key metabolic gatekeeper, regulating on-site anandamide tone to direct preim-
plantation events that determine the fate of pregnancy. This study uncovers what we believe to be a novel regula-

tion of preimplantation processes, which could be clinically relevant for fertility regulation in women.

Introduction

Preimplantation embryo development consists of successive cleav-
age of the fertilized egg, leading to the formation of a morula,
which undergoes compaction before differentiation to a blastocyst
with cavitation. Another critical event that occurs in parallel is the
timely transport of embryos from the oviduct into the uterus. In
mice, embryos at the late morula or early blastocyst stage enter the
uterus, where they develop and differentiate to achieve implanta-
tion competency, escape from zonae pellucidae, and implant into
receptive uteri. Thus, normal oviductal embryo transport is pre-
requisite for on-time implantation. Oviductal embryo retention
resulting from a dysfunctional regulation of the process may lead
to tubal pregnancy or pregnancy failure in women (1). An emerg-
ing concept in embryo development and implantation is the role
of anandamide (N-arachidonoylethanolamine [AEA]), an endog-
enously produced cannabinoid-like lipid mediator termed endo-
cannabinoid (2-4). It binds to and activates 2 classical G protein
(Gi/o)-coupled cell-surface cannabinoid receptors, cannabinoid
receptor type 1 (CB1) and CB2 (5, 6). Our previous studies have
established in mice that both preimplantation mouse embryos
and oviducts are targets of cannabinoid/endocannabinoid sig-
naling (7, 8). This signaling could be dependent on the status of
cannabinoid receptors or ligands. We have previously shown that
intervention of normal CB1 function leads to defective develop-
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ment of preimplantation embryos and their oviductal transport,
leading to compromised pregnancy outcome (8,9). We also showed
that while anandamide at low levels induces blastocyst activation
by activating MAPK signaling, it at higher levels inhibits blasto-
cyst activation for implantation by blocking Ca?* signaling via CB1
(10). These findings led us to speculate that under normal physi-
ological settings, a basal “anandamide tone” imparts an appropri-
ate CB1 function that is crucial to early pregnancy events. How-
ever, whether this anandamide tone is present and critical to these
events in vivo and, if so, the underlying mechanism by which this
tone is established in a tissue and region-specific manner during
early pregnancy remain unknown.

Anandamide biosynthesis primarily results from hydrolysis of a
phospholipid precursor, N-acylphosphatidylethanolamine (NAPE),
in the cell membrane by a NAPE-selective phospholipase D (NAPE-
PLD), while its degradation is catalyzed by fatty acid amide hydro-
lase (FAAH) (11). The cloning of Nape-pld and Faah, which encode
these enzymes (12, 13), respectively, has opened a way to study anan-
damide biosynthesis and degradation in vivo. We surmised that these
2 key steps regulate anandamide levels during early pregnancy. Indeed,
our results showing coordinated expression of NAPE-PLD and FAAH
in the mouse oviduct and preimplantation embryos suggest that
there is a physiological anandamide tone for normal development
of preimplantation embryos and their timely homing into uterus
for implantation. Our genetic and pharmacological studies provide
strong evidence that FAAH is a major player in these events.

Results
Exposure to (-)-N-tetrabydrocannabinol causes retarded development and
oviductal retention of embryos. We previously observed that an exag-
gerated CB1 signaling by methanandamide, an anandamide ana-
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Figure 1

Impact of marijuana exposure on oviductal transport, early embryo development, and implantation in wild-type mice. (A) Number of mice with
oviductal embryo retention per total number of mice examined on day 4 of pregnancy. (B) Percentage of embryos recovered from oviducts or
uteri. (C) Differential distribution of morulae and blastocysts among drug-treated groups. Statistical significance between treatment groups was
evaluated using unpaired 1-tailed Student’s t test (*P < 0.01). (D) TUNEL analysis in blastocysts upon maternal exposure to THC in vivo. Images
shown depict FITC-labeled apoptotic cells as green, propidium iodide—labeled nuclei as red, and merge as yellow (scale bar: 20 um). (E and F)
Implantation in mice receiving different drug treatments. Implantation sites (I1S) were visualized by the blue-dye method on day 5 mid-morning.
Numbers within the bars in E indicate the number of mice with implantation sites per total number of mice examined. The results show that while
THC, the most psychoactive component of marijuana, but not the inactive CBD and CBN, derails oviductal embryo transport, retards preim-
plantation embryo development, induces apoptosis in blastocysts, and blocks implantation in wild-type mice, SR141716 (SR1, a selective CB1
antagonist) largely reduces the detrimental effects of THC exposure. Veh, vehicle.

log, disrupts normal development and oviductal journey of pre-
implantation embryos (8). Since marijuana is still one of the most
widely used illicit drugs in the world (14, 15), and often by preg-
nant women (16), we explored the pathophysiological relevance
of exposure to herbal cannabinoids during early pregnancy in
mice. We tested the effects of (-)-A°-tetrahydrocannabinol (THC),
cannabidiol (CBD), or cannabinol (CBN) on preimplantation
embryo development and implantation in wild-type mice. These
compounds were chosen since THC is the primary psychoactive
component of marijuana (17) that elicits cannabinoid signaling
primarily via cannabinoid receptors, while CBD (the biosynthetic
precursor of THC) and CBN (an oxidation product of THC) are
considered nonpsychoactive cannabinoids and have low affinity
for CB1 (18-20). Pregnant females were continuously infused with
the specific drugs via miniosmotic pumps from day 1 of pregnancy
until sacrificed. The daily dose of each drug was 5 mg/kg body
weight (BW). As shown in Figure 1, when examined mid-morning
of day 4, all of the mice treated with THC showed oviductal reten-
tion of embryos with asynchronous development, while none of
the mice treated with either vehicle, CBD, or CBN showed these
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effects (Figure 1, A-C). Embryos recovered from mice receiving
THC treatment also showed signs of apoptosis (Figure 1D). We
speculated that these developmentally retarded embryos eventually
fail to implant in the uterus. Thus, we next examined implantation
in the wild-type mice receiving THC, CBD, or CBN on days 1-4. An
increased localized endometrial vascular permeability at the site of
the blastocyst is one of the early markers of implantation (21) and
can be monitored by an intravenous injection of a blue dye (Chica-
go blue B) solution, which specifies implantation sites as distinct
blue bands along the uterus (21, 22). When examined on day 5,
most of the mice (7 of 8) exposed to THC failed to show any sign
of implantation (blue bands) with recovery of unimplanted blas-
tocysts, whereas mice treated with vehicle, CBD, or CBN showed
normal implantation (Figure 1, E and F). The adverse effects of
THC on these events were markedly improved by administration
of SR141716, a selective CB1 antagonist, with THC (Figure 1, A-C
and E), suggesting that the detrimental effects of THC are largely
mediated via CB1. These findings reinforce the idea that during
normal pregnancy, locally produced endocannabinoids elicit an
“endocannabinoid tone” conducive to synchronous development
Volume 116 ~ Number 8
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Figure 2

Expression of Nape-pld and Faah in the oviduct and preimplantation embryos. (A) Spatiotemporal expression profiles of Nape-pld and Faah
mRNA in the oviduct on days 1-4 (D1-4) of pregnancy. The results show that Nape-pld and Faah are expressed in a cell- and region-specific
manner in the mouse oviduct during the preimplantation period. Higher levels of Nape-pld were detected in the oviduct epithelium at the isthmus
region but much lower levels in the ampullary region. In contrast, Faah was primarily expressed in the epithelium at the ampullary region, with
lower expression in the isthmus. Scale bar: 25 um. (B and C) Cell-specific expression of Nape-pld and Faah mRNA and protein expression in
preimplantation embryos. The results show that NAPE-PLD and FAAH are differentially expressed in the preimplantation embryos. While NAPE-
PLD was expressed at all stages of preimplantation embryos, from fertilized 1-cell embryos to blastocysts, FAAH was expressed upon activation
of the embryonic genome at the 2-cell stage and beyond. NAPE-PLD protein was detected in both nuclei and cytoplasm by this commercially
available antibody. FAAH protein was detected in the cytoplasm and was primarily localized to outside cells in morulae and blastocysts. Images
depict TRITC-labeled antigens as red, SYTO-13-labeled nuclei as green, and merge as yellow (scale bar: 50 um). RT-cont, RNA without RT

reaction; Pr-cont, primer control.

and timely journey of embryos through the oviduct for on-time
implantation, whereas an exposure to exogenous cannabinoid
ligands such as THC swamps this endocannabinoid tone, leading
to early pregnancy failure.

NAPE-PLD and FAAH are expressed in a spatiotemporal manner in
oviducts on days 1-4 of pregnancy. If regulated anandamide signaling
is critical to normal development of embryos and their oviductal
transport, it is important to know how appropriate levels of anan-
damide are locally produced. We performed in situ hybridization
experiments to examine Nape-pld and Faah expression in the oviduct
during early pregnancy. As shown in Figure 2A, we observed an
interesting expression pattern. In general, higher levels of Nape-pld
expression were detected in the oviduct epithelium at the isthmus
region as compared with much lower levels in the ampullary region.
In contrast, Faah was expressed at higher levels in the epithelium at
the ampullary region, with lower levels in the isthmus. This region-
specific inverse expression profile of Nape-pld and Faah suggests
that a spatiotemporal coordination of anandamide synthesis and
degradation is conducive to preimplantation embryo development
and timely transport of developing embryos in the oviduct.

NAPE-PLD and FAAH are expressed in preimplantation embryos. To
explore the embryonic contribution to regulating anandamide
2124
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levels during early pregnancy, we performed RT-PCR followed by
Southern hybridization to examine Nape-pld and Faah expression
in preimplantation embryos. As shown in Figure 2B, Nape-pld was
expressed in embryos at all stages, from fertilized 1-cell embryos
to blastocysts, whereas Faah was first detected in 2-cell embryos
with the onset of embryonic genome activation, and its expression
was dramatically upregulated at the morula and blastocyst stages.
These observations indicate that preimplantation embryos also
have the machinery to synthesize and hydrolyze anandamide in a
developmental stage-specific manner.

Using immunofluorescence, we further observed that preim-
plantation embryos at all stages expressed NAPE-PLD, whereas
FAAH protein was expressed in embryos beyond the 2-cell stage
(Figure 2C); this is consistent with their mRINA expression. Inter-
estingly, NAPE-PLD was localized in both the cytoplasm and
nucleus, although the significance of nuclear localization of
NAPE-PLD in preimplantation embryos is not clear at this time.
It is worth noting that FAAH is mostly expressed in outer cells of
morulae and the trophectoderm (Tr) of blastocysts. Since lower
anandamide levels are beneficial for blastocyst differentiation and
implantation as opposed to higher levels, which are detrimen-
tal to these processes (10, 23), the observation of increasing and
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FAAH deficiency increases oviductal anandamide levels, leading to tubal retention and retarded embryo development in mice. (A) Oviductal
levels of anandamide were significantly increased in Faah- mice during early pregnancy. (B) Number of mice with oviductal embryo retention
per total number of mice examined on day 4 of pregnancy. (C) Percentage of embryos recovered from oviducts or uteri. (D and E) Asynchro-
nous development of embryos in Faah~- mice. The results show that higher levels of oviductal anandamide are correlated with oviductal reten-

tion of embryos and retarded embryo development in Faah~- mice. Stat

istical analysis was performed using unpaired 1-tailed Student’s t test

(*P < 0.05). Scale bar: 100 um. Mo, morula; BI, blastocyst; M, male; F, female.

localized expression of FAAH in morulae and blastocysts suggests
that FAAH-mediated anandamide degradation functions as a pro-
tective mechanism against any deleterious effects from excessive
anandamide production.

FAAH deficiency elevates anandamide levels in oviducts during early preg-
nancy. To provide genetic evidence regarding FAAH’s function in
early pregnancy, we measured anandamide levels in both wild-type
and Faah~~ mouse oviducts (n = 3-6; each assay included oviducts
pooled from 10-15 mice) on days 1-4 of pregnancy using reverse-
phase positive-ion electrospray ionization/high-performance liquid
chromatography/tandem mass spectrometry (ESI-HPLC-MS-MS)
assay as previously described (8, 24). As shown in Figure 3A, an over-
all significantly increased oviductal anandamide level was observed
in the absence of FAAH, suggesting that FAAH is indeed one of the
primary enzymes that regulates anandamide turnover. It was also
interesting to note that the oviduct contains much higher levels of
anandamide than the brain, reinforcing the idea that anandamide
signaling is important during early pregnancy.

FAAH deficiency or inhibition derails oviductal embryo transport.
Since aberrant cannabinoid signaling impairs oviductal embryo
transport, observation of increased oviductal anandamide lev-
els in the absence of FAAH led us to examine the consequence
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of FAAH deficiency on timely journey of embryos from oviducts
into uteri. When examined on day 4 mid-morning, a considerable
number (10 of 18) of Faah”/~ mice showed oviductal retention of
embryos, as opposed to none of the wild-type mice (Figure 3, B
and C). Moreover, when pregnant wild-type females were treated
with a selective FAAH inhibitor, URB597 (cyclohexyl carbamic acid
3'-carbamoyl-biphenyl-3-yl ester) (25), at a daily dose of 1 mg/kg
BW on days 1-3, 75% of them (9 of 12) showed oviductal reten-
tion of embryos when examined on day 4 mid-morning (Figure 4,
B and C). This impaired oviductal embryo transport in wild-type
females is apparently due to substantially increased anandamide
levels upon FAAH inhibition (Figure 4A). These findings provide
genetic and pharmacological evidence that FAAH is at least one of
the determinants for creating appropriate levels of anandamide
conducive to normal embryo passage from the oviduct into the
uterus during early pregnancy. In addition, we also observed that
an enhanced anandamide signaling by genetic ablation of FAAH or
its pharmacological inhibition leads to asynchronous early embryo
development in vivo (Figure 3, D and E, and Figure 4D), supporting
the hypothesis that regulated anandamide signaling is critical to
normal preimplantation development. It is interesting to note that
the normal development of embryos, but not their defective ovi-
ciorg Volume 116  Number 8
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Figure 4

Elevated anandamide signaling by pharmacological inhibition of FAAH causes impaired oviductal embryo transport in wild-type mice. (A) FAAH
inhibition by its selective inhibitor URB597 (URB) increased oviductal levels of anandamide in pregnant wild-type females. Pregnant wild-type
females received subcutaneous injection of URB597 at a dose of 1 mg/kg BW on days 1-3, and oviductal tissues were collected after treated
females were sacrificed 3 hours after the last drug administration. (B) Number of mice with embryos retained in the oviduct per total number
of mice examined. (C) Percentage of embryos recovered from oviducts or uteri of mice with different treatments. (D) Differential distribution
of morulae and blastocysts among the drug-treated groups. Oviductal retention of embryos with impaired growth was noted in wild-type mice
via silencing of FAAH activity by the selective inhibitor URB597, which was substantially restored when mice were cotreated with URB597 and
SR141716. Statistical significance between treatment groups was evaluated using unpaired 1-tailed Student’s t test (*P < 0.05).

ductal transport, was restored by mating Faah7~ females with wild-
type males, generating all heterozygous embryos (Figure 3, B-E).
Moreover, the adverse effects of genetic or pharmacological inter-
ference of FAAH function were substantially improved after CB1
function was attenuated by SR141716 (Figure 3, B-E, and Figure 4,
B-D). These results suggest that impaired preimplantation events
arising from FAAH silencing were primarily the result of enhanced
anandamide/CB1 signaling but apparently not due to other FAAH-
hydrolysable amides, including oleamide, palmitoylethanolamide,
and oleoylethanolamide (26). Collectively, the results suggest that
FAAH plays a critical role in regulating appropriate anandamide
levels for normal development of embryos and their oviductal
transport. Since successful implantation absolutely depends on
synchronous development of embryos to the blastocyst stage prior
to implantation, our next objective was to examine the develop-
mental status of preimplantation embryos in Faah~~ females.
FAAH deficiency impairs normal embryo development. We compared
the in vivo developmental potential of early embryos in the pres-
ence or absence of FAAH. As shown in Table 1, we observed delayed
and asynchronous development of preimplantation embryos in

Table 1
Developmental stages of embryos on days 2.5—4 of pregnancy

Day Genotype No. of mice No. of total
examined with embryos embryos 2-Cell 3-Cell
25 WT 12 93 0 2 (2%)
Faah~ 10 67 9(13%) 18 (27%)
3 WT 15 130
Faah~- 9 70
4 WT 36 334
Faah—- 29 253

Faah~~ females when recovered from oviducts on days 2.5 and 3
of pregnancy and from both oviducts and uteri on day 4. On day 2
midnight (day 2.5), while most embryos (94%) recovered from preg-
nant wild-type females were at the 4-cell stage, only about 58% of
embryos from Faah”/~ mice were at the 4-cell stage, with increased
numbers at the 2- and 3-cell stages (Table 1). In the morning of
day 3, about 14% and 72% of wild-type embryos recovered were
at the 12- and 8-cell stages, respectively. In contrast, none of the
embryos recovered from Faah~~ females were at the 12-cell stage,
and only about 40% of them were at the 8-cell stage, resulting in
an increased population of 4- and 6-cell embryos (Table 1). On
day 4 mornings, about 91% of wild-type embryos were blastocysts
compared with only about 59% of Faah”~ embryos at the blasto-
cyst stage; a considerable number of Faah~~ embryos were at the
morula stage (Table 1). These morulae were apparently viable and
normal and showed no sign of apoptosis by TUNEL assay (data
not shown), unlike those exposed to sustained levels of THC.

Cell lineage—specific marker genes are aberrantly expressed in Faah
mutant embryos. Preimplantation embryo development involves
the transition of totipotent fertilized eggs to blastocysts with the

Stage of embryo development, no. (%)

4-Cell 6-Cell 8-Cell 12-Cell  Morula  Blastocyst
87 (94%) 4 (4%)
39(58%) 1(2%)
5 (4%) 3(10%) 94 (72%) 18 (14%)
7(10%) 35(50%) 28 (40%) 0
0 30 (9%) 304 (91%)
7(3%) 97 (38%) 149 (59%)

Wild-type or Faah- embryos were recovered by flushing oviducts at midnight on day 2.5, at 10 am on day 3, or by flushing both oviducts and uteri at 10
am on day 4 of pregnancy. Developmental stages were determined under a stereo dissecting microscope. Mice without fertilized eggs were excluded

from the experiments.
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pluripotent inner cell mass (ICM) and the Tr, the progenitor of
trophoblast cells. To explore the underlying cause of the defective
embryo growth in the absence of FAAH, we examined the expres-
sion profiles of Cdx2, Nanog, and Oct3/4, known key transcription
factors involved in lineage specification in early embryos (27-33).
In wild-type embryos, Cdx2 was first detected in 8-cell embryos
(data not shown), but its expression was selectively upregulated in
outer cells of morulae on day 3.5 of pregnancy. In contrast, Nanog
was prominently expressed in a subset of inner cells of morulae,
with Oct3/4 being expressed in all cells (Figure SA). With the trans-
formation of morulae into early blastocysts on the morning of day
4, Cdx2 expression was substantially upregulated, with restricted
localization to Tr cells. However, Nanog was detected primarily
in ICM cells, while Oct3/4 was still detected in both cell types in
early blastocysts (Figure 5B). With the progression of blastocyst
expansion and maturation, Oct3/4 expression was substantially
downregulated in Tr cells, with sustained high levels in ICM cells
(Figure 5C). These contrasting expression profiles of Cdx2, Nanog,
and Oct3/4 in late preimplantation embryos are consistent with
the previous assertion that coordinated interactions of these
transcription factors ensure normal lineage segregation during
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Figure 5

Expression of Cdx2, Nanog, and
Oct3/4 is aberrant in Faah-defi-
cient morulae (A) and early (B)
and late blastocysts (C). Confocal
immunofluorescence shows Cdx2
expression (pink) in outer cells of
morulae and in Tr cells of wild-type
blastocysts. In contrast, Nanog
(red) was clearly detected in a sub-
set of inner cells of morulae and
primarily in the ICM of blastocysts.
While Oct3/4 (green) was detect-
ed in all cells of wild-type morulae
(D3.5) and early blastocysts (D4),
the expression was downregu-
lated in Tr cells, with sustained
expression in ICM cells in late
expanded blastocysts (D4.25). In
contrast, the expression patterns
of Cdx2, Nanog, and Oct3/4 in
Faah~- embryos were aberrant.
Unlike in wild-type embryos, Cdx2
expression was barely detected in
Faah~- morulae, but the expres-
sion in asynchronously developing
mutant morulae and blastocysts
on day 4 morning was compa-
rable to that of wild-type embryos.
While the expression of Nanog
and Oct3/4 was observed in most
cells in Faah”- morulae, it was
selectively downregulated in ICM
cells, with sustained higher levels
in Tr cells in mutant blastocysts in
a stage-dependent manner (scale
bar: 25 um).

blastocyst formation (27-33). Therefore, we speculated that asyn-
chronous development of Faah mutant embryos in vivo could be
due to dysregulated expression of these genes. Indeed, we observed
aberrant expression patterns of Cdx2, Nanog, and Oct3/4 in the
mutant embryos. For example, unlike in wild-type embryos, Cdx2
expression was barely detected in many Faah~~ embryos even at
the morula stage on day 3.5, but this expression in slow-growing
Faah- morulae and blastocysts on day 4 became comparable to
that of wild-type embryos (Figure 5, A and B). Surprisingly, the
expression of Nanog was not only observed in most cells in many
of the Faah-null morulae (Figure 5A), its expression was conversely
downregulated in ICM cells, with sustained higher levels in Tr cells
in both early and late blastocysts (Figure 5, B and C). Moreover,
while the expression of Oct3/4 in Faah”/~ morulae and early blasto-
cysts showed a similar pattern to that observed in wild-type embry-
os (Figure 5, A and B), its expression was maintained at relatively
higher levels in Tr cells, with remarkable decreases in ICM cells of
late blastocysts (Figure 5C). These findings provide evidence that
enhanced anandamide signaling resulting from FAAH deficiency
induces a deferred Cdx2 expression in soon-to-be Tr cells and ecto-
pic expressions of both Nanog and Oct3/4 in Tr cells. Collectively,
Volume 116 2127
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Table 2
FAAH deficiency causes failure of on-time implantation in mice

Genotype No. of mice  No. of mice No.of  No. of embryos
examined with IS (%) IS recovered
WT 8 8 (100%) 74+03 N/A
Faah~- 7 2 (28%) 70£1.0 24A
Faah~-+ SR141716 13 10 (77%) 6.6+0.2 19

Both wild-type and Faah- mice mated with males of the same genotype were exam-
ined for implantation sites (IS) at midnight on day 4 of pregnancy by intravenous injec-
tion of Chicago blue dye solution. If no implantation site was noted, uteri were flushed
to recover any unimplanted embryos. Mice without fertilized eggs were excluded from
the experiments. Implantation failure was noted in a large portion of Faah--

mice and was substantially corrected by the selective CB1 antagonist SR141716.
ATwenty-nine percent (7 of 24) of embryos recovered from the mice showing no IS
were morulae; the rest of the embryos was blastocysts. N/A, not applicable. The val-

Recent evidence points toward a new concept that
a short delay in on-time implantation leads to poor
pregnancy outcome (35-38). Our finding of a deferred
window of implantation due to the loss of FAAH pro-
voked us to further address whether these impaired
preimplantation events in Faah”~ females impact the
success of term pregnancy. As shown in Table 3, com-
promised pregnancy outcome with reduced litter size
was frequently observed in plug-positive Faah”~ mice
mated with either Faah”~ or wild-type males. More-
over, the birth weights of mutant offspring were sig-
nificantly lower when compared with those of wild-
type pups or pups born to mutant mothers mated with
wild-type males. This restricted in utero fetal growth
in Faah-null females may partially account for lower

ues are expressed as mean + SEM.

the results suggest that one cause of asynchronous embryo devel-
opment in the absence of FAAH is aberrant expression of these
lineage-specific genes.

FAAH deficiency impairs on-time implantation, leading to subfertility.
Observations of asynchronous development of early embryos with
aberrant gene expression and their impaired oviductal transport
into uteri of Faah~~ mice led us to speculate that loss of FAAH
defers the normal window of implantation. Thus, we compared
the status of implantation in the wild-type and mutant mice. In
mice, the initiation of embryo attachment with the uterine luminal
epithelium occurs on day 4.5 of pregnancy (34). We observed that
all wild-type mice (8 of 8) examined on day 4.5 showed an average of
7.4 implantation sites per mouse, whereas only 2 of 7 (28%) Faah™~
mice showed implantation (Table 2). A considerable number of
unimplanted embryos were recovered from those mutant females
without any sign of implantation (blue bands), and 29% of recov-
ered embryos were at the morula stage (Table 2), further providing
evidence for asynchronous embryo development in the absence of
FAAH. However, it seems that these slow-growing embryos eventu-
ally form blastocysts and implant beyond the normal window of
implantation, since an increased number of Faah~~ females showed
implantation on day 5 mid-morning, but with much reduced endo-
metrial vascular permeability (data not shown). This deferred on-
time implantation in Faah-null females was substantially corrected
by the selective CB1 antagonist SR141716 (Table 2), suggesting that
enhanced anandamide/CB1 signaling derails the preimplantation
processes, thus shifting the window of implantation.

Table 3
FAAH deficiency frequently leads to pregnancy failure in mice

BWs of adult Faah~~ mice (8-week-old) compared with

wild-type mice at similar ages (female: 20.3 + 0.3 g ver-

sus 22.4 + 0.4 g; male: 25.4 + 0.5 g versus 27.6 £ 0.5 g).
In addition, it was also noted that pregnant Faah”~ females had
parturition 8-12 hours earlier than wild-type females (Table 3),
although determining the cause of this will require further investi-
gation. Nonetheless, the high incidence of compromised pregnan-
cy with reduced litter size and preterm labor in Faah-null females
are clinically relevant, since reduced peripheral FAAH activity is
associated with spontaneous abortion in women (39, 40).

Discussion

The efficacy of the endocannabinoid system is regulated at differ-
ent levels, according to: the status of the cannabinoid receptors
as well as the levels of endocannabinoid ligands that depend on
their synthesis, uptake, and breakdown. We provide here genetic,
molecular, pharmacological, and physiological evidence that the
degrading enzyme FAAH is a key regulator of anandamide signal-
ing, which directs various preimplantation events, prerequisites
for successful pregnancy outcome. We also show that both embry-
os and oviducts are endowed with the machinery to regulate local
anandamide levels conducive to preimplantation processes. While
our previous studies have shown a critical role of CB1 during early
pregnancy, the present study reveals that a tight regulation of
anandamide levels to produce an optimal endocannabinoid tone
is as critical as the receptor in directing preimplantation process-
es. That the endocannabinoid system has key roles during preg-
nancy is clearly evident from our observations of compromised
implantation events resulting from alterations in CB1 function
or anandamide status.

Genotype No. of plug- No. of mice with Gestation Litter size Fetal birth
positive mice term pregnancy (%) length (d) wt (mg)
WT (female) x WT (male) 63 60 (95%) 20.1+0.1 82+0.2 1,577 £ 22
Faah~- (female) x Faah~- (male) 76 50 (66%) 19.7 £+ 0.1A 45+0.3A 1,447 £ 207
Faah~ (female) x WT (male) 49 39 (80%) 19.6 £ 0.1A 6.0+£0.27 1,540 + 368

Plug-positive wild-type or Faah-- female mice mated with wild-type or Faah mutant males were observed for delivery of pups at term, and the gestation period,
litter size, and fetal birth weight were recorded. Compromised pregnancy with reduced litter size was noted in a considerable number of Faah~- females when
mated with either Faah- or wild-type males. The birth weights of mutant pups were also significantly lower when compared with those of wild-type pups or
pups born to mutant mothers mated with wild-type males. In addition, Faah~- females had parturition 8—12 hours earlier than wild-type females. Statistical
analysis was performed by unpaired 1-tailed Student’s t test (mean + SEM). AP < 0.005 compared with wild-type. BP < 0.05 compared with Faah-null mice.
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Increasing evidence suggests that anandamide synthesis via
NAPE-PLD and its release from cells occur only when and where
it is needed in vivo (41). This on-demand nature of anandamide
signaling under physiological conditions largely depends on its
rapid clearance by intracellular FAAH (13, 42). Our observation of
stage- and region-specific contrasting expression profiles of Nape-
pld and Faah in the oviduct suggests that anandamide synthesis
and degradation occur in an on-demand manner to create appro-
priate signaling for normal fertilization in the oviduct ampulla
with lower anandamide levels and then for timely transport of
developing embryos through the isthmus into the uterine lumen
with relatively higher anandamide levels. There is evidence that a
gradient of anandamide signaling in the fallopian tube is physi-
ologically relevant to normal sperm function required for fertiliza-
tion in humans (43). This is consistent with the observation that
sperm cells express CB1, NAPE-PLD, and FAAH (44-47). It is not
yet clear whether anandamide signaling machinery is present in the
cumulus-oocyte complex; our preliminary results in mice show that
this complex expresses NAPE-PLD but not CB1 (data not shown).
However, the role of anandamide originating from this complex in
modulating sperm function and fertilization cannot be ruled out.

The on-demand model of anandamide signaling in early preg-
nancy is supported by the findings of asynchronous development
of preimplantation embryos and their impeded oviductal trans-
port upon genetic or pharmacological silencing of FAAH function.
These defects were primarily due to enhanced anandamide signal-
ing via CB1, but not other FAAH-sensitive amides, since treatment
with a selective CB1 antagonist largely restored the normal pre-
implantation events. Aberrant expression of cell lineage-specific
genes Cdx2, Nanog, and Oct3/4 in Faah mutant embryos suggests
that asynchronous and impeded growth occurs due to defec-
tive and/or delayed cell lineage specification. The observation of
aberrant cell lineage-specific gene expression in developmentally
asynchronous embryos with locally elevated anandamide levels in
oviducts of Faah”/~ mice is significant and suggests that endocan-
nabinoid signaling has a role in cell lineage specification during
early development. However, this aberrant gene expression does
not appear to be totally detrimental to subsequent development,
since many Faah mutant embryos develop to term fetuses, albeit at
a compromised frequency.

Our present findings have high clinical importance, since
embryo retention in the fallopian tube is a significant cause of
ectopic pregnancy in women, the incidence of which has markedly
increased during the past decade (48). In addition, our observation
of similar defects of preimplantation events and pregnancy failure
in mice exposed to excessive THC raises concern that the adverse
effects of maternal use of marijuana on offspring could be seeded
very early in pregnancy.

Our present investigation presents what we believe to be novel
information: that FAAH serves as a metabolic gatekeeper for the
regulation of on-site anandamide levels in order to maintain anin
vivo endocannabinoid tone conducive to normal development of
preimplantation embryos and their on-time homing into uterus.
The evidence that anandamide is beneficial to alleviating pain,
cancer, neurodegeneration, and anxiety has heightened interest
and efforts to develop FAAH inhibitors as novel therapeutic agents
for treating these conditions (25, 49-51). However, our findings
raise the issue of the risk involved in interfering with FAAH func-
tion in terms of female fertility, especially in women of reproduc-
tive age, versus its benefits in treating pathological disorders. In
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fact, downregulation of FAAH function in peripheral lymphocytes
is associated with early pregnancy loss in women (39, 40). There is
now evidence that a single nucleotide polymorphism in the human
FAAH gene leads to reduced FAAH expression and activity in lym-
phocytes (52) and is strongly associated with problem drug use
(53). It remains to be seen whether the incidence of early reproduc-
tive disorders, such as ectopic pregnancy and miscarriages, is asso-
ciated with FAAH gene polymorphism or mutation in humans.
Since variations in anandamide and CB1 functions are observed
in mice on different genetic backgrounds (54, 55), it is hoped that
future studies will determine whether our present findings in Faah
mutant mice on the C57BL/6] background are sustained or altered
in mice with different genetic makeup.

Methods

Animals. Faab-deficient mice on a C57BL/6] genetic background were gen-
erated as previously described (42). Adult wild-type and Faah~~ mice were
housed at Vanderbilt University Animal Care Facility according to NIH
and institutional guidelines for laboratory animals. The animal protocol
was approved by the Vanderbilt Institutional Animal Care and Use Com-
mittee. PCR analysis of tail genomic DNA determined the genotypes. The
postnatal growth patterns of Faah-null and wild-type mice appeared to be
comparable, although the BWs of null offspring at birth or at the age of 8
weeks were lower than those of wild-type mice at similar ages. Females were
mated with fertile males of the same strain to induce pregnancy; the day
that the vaginal plug was first observed was considered day 1 of pregnancy.
Preimplantation embryos at the 1-cell, 2-cell, 4-cell, 8-cell, morula, and blas-
tocyst stages were collected by flushing the oviduct and uterus as appropri-
ate. Embryos at these stages were pooled from several mice and were stored
in a small volume of PBS at -80°C until used for RT-PCR or fixed in 4%
paraformaldehyde in 0.1 M PBS (pH 7.4) for immunofluorescence stain-
ing. Oviducts on days 1-4 of pregnancy were processed for anandamide
measurement and in situ hybridization.

In vivo delivery of drugs. THC, CBD, and CBN were obtained from Nation-
al Institute on Drug Abuse. These drugs were dissolved in propylene glycol
and delivered at a constant rate via miniosmotic pumps (ALZET; DURET
Corp.) to study their effects on embryo development, oviductal transport,
and implantation in wild-type mice. Pumps loaded with each drug were
placed subcutaneously under the back skin in plug-positive wild-type
mice on day 1 afternoon, and delivery continued until sacrifice. The daily
dose of each drug was calculated to be 5 mg/kg BW. This dose was chosen
based on earlier studies (56-58) and our initial results. To prevent rapid
metabolism of infused drugs by cytochrome P450 enzymes, experimental
mice receiving the cannabis compounds were injected twice daily with 0.1
ml of clotrimazole in sesame oil (12.5 mg/kg BW). The control group of
mice (vehicle-treated) received a similar treatment of clotrimazole. Another
group of plug-positive wild-type mice received subcutaneous injection of
URBS97 (a selective FAAH inhibitor) dissolved in triolein/ethanol (4:1) at
a dose of 1 mg/kg BW on days 1-3. The control group of mice received the
same vehicle. To determine whether the effects are mediated by CB1, wild-
type females were treated with SR141716 (a selective CB1 antagonist) at
a concentration of 4 mg/kg BW on days 1-3 along with THC or URBS97.
Faah-null females also received a similar treatment of SR141716 to exam-
ine the effects of compromised CB1 signaling. Mice were sacrificed on days
4-5 of pregnancy. On day 4 morning, oviducts and uterine horns were sep-
arately flushed with Whitten’s medium to recover embryos. The stage of
development and morphological appearance of embryos were determined
under a dissecting microscope. Embryos were subjected to TUNEL assay to
determine the apoptosis status. Implantation sites on days 4.5 and S were
determined by an intravenous injection of 0.1 ml of 1% Chicago blue B
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dye solution. Uteri without implantation sites were flushed with Whitten’s
medium to recover embryos. Mice withour fertilized eggs were excluded
from the experiments.

Analysis of anandamide. Oviduct specimens (50-60 mg) were pooled
separately from 10-15 pregnant wild-type or Faah”~ mice in each group
(n =3-6) and were assayed for anandamide as previously described (8).

In situ hybridization. Frozen sections (10 um) were hybridized with
35S-labeled cRNA probes for mouse Nape-pld or Faah as described previously
(34). Sections hybridized with sense probes served as negative controls and
showed no positive signals.

RT-PCR analysis of Nape-pld and Faah mRNAs. Nape-pld and Faah mRNAs
in the preimplantation embryos of different development stages was ana-
lyzed by RT-PCR followed by Southern hybridization as described previ-
ously (7). In brief, total RNAs from mouse brain and 100 mouse embryos
at each stage were isolated using TRIZoL Reagent (Invitrogen). One micro-
gram total RNA from brain or 25% of the embryonic RNA was reverse-tran-
scribed using respective antisense primers for Nape-pld or Faah genes and
then subjected to PCR reaction. The amplified product was electropho-
resed on agarose gels (1.5%), blotted, and analyzed by Southern hybridiza-
tion. Experimental and control groups were analyzed simultaneously.

Immunofluorescence staining. To localize NAPE-PLD, FAAH, Oct3/4,
Nanog, and Cdx2 in embryos at different stages of development,
immunofluorescence images were captured in a Zeiss LSM 510 confocal
scanning laser microscope as described previously (10). Antibodies spe-
cific to NAPE-PLD (0.5 ug/ml; Cayman Chemical), FAAH (0.5 ug/ml; cus-
tom made), Oct3/4 (1 ug/ml; Abcam), Nanog (1 ug/ml; R&D Systems),
and Cdx2 (1 ug/ml; BioGenex) and secondary antibodies conjugated with
FITC, TRITC, or CyS dyes (Jackson ImmunoResearch Laboratories Inc.)
were used to detect immunofluorescence signaling. SYTO13 green fluo-

rescence dye (Invitrogen) was used for nuclear staining.

—_

Apoptosis assays. The apoptosis status in preimplantation embryos after
exposure to THC was examined with a TUNEL procedure according to
the manufacturer’s protocol (Upstate USA Inc.). In brief, after fixing in 4%
paraformaldehyde in 0.1 M PBS (pH 7.4), embryos were treated with 0.1%
Tween-20/PBS solution and incubated with a reaction mixture containing
biotin-dUTP and terminal deoxynucleotidyl transferase for 60 minutes.
Fluorescein-conjugated avidin was applied to the sample, which was then
incubated in the dark for 30 minutes. After washing, embryos were coun-
terstained with propidium iodide. The apoptosis signals were visualized
and photographed in a Zeiss LSM 510 confocal scanning laser microscope
as described previously (10).
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