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Endocannabinoids are natural lipids able to bind to cannabinoid and vanilloid receptors. Their biological
actions at the central and peripheral level are under the tight control of the proteins responsible for their
synthesis, transport and degradation. In the last few years, several reports have pointed out these lipid
mediators as critical signals, together with sex hormones and cytokines, in various aspects of animal
and human reproduction. The identification of anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
in reproductive cells and tissues of invertebrates, vertebrates and mammals highlights the key role
played by these endogenous compounds along the evolutionary axis. Here, we review the main actions
of endocannabinoids on female and male reproductive events, and discuss the interplay between them,
steroid hormones and cytokines in regulating fertility. In addition, we discuss the involvement of
endocannabinoid signalling in ensuring a correct chromatin remodeling, and hence a good DNA quality,
in sperm cells.

� 2012 Elsevier Ireland Ltd. All rights reserved.
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1. The endocannabinoid system (ECS) and reproduction: an
overview

Growing evidence has been accumulating to show the central
role of the endocannabinoid system (ECS) in controlling reproduc-
tive functions in mammals and humans, demonstrating that the
precise and orchestrated steps, which follow one another to guaran-
tee a successful pregnancy, are under the supervision of this endog-
enous system (Bari et al., 2010; Karasu et al., 2010; Maccarrone,
2009; Wang et al., 2006). The ECS, already present in primordial
organisms, includes anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), their main molecular targets (cannabinoid receptors type-1
(CB1) and type-2 (CB2), vanilloid receptor (TRPV1), and the synthe-
sizing- and hydrolyzing-enzymes, as well as a putative transporter,
involved in their metabolism. Endocannabinoids (eCBs) are released
from membrane phospholipid precursors through the activation of
specific phospholipases (Ahn et al., 2008), that are in turn activated
‘‘on demand’’. Although AEA synthesis may occur via multiple bio-
synthetic pathways (Leung et al., 2006; Liu et al., 2006; Simon and
Cravatt, 2006, 2008, 2010; Ueda et al., 2010b), the most prominent
route starts from a transacylation by a Ca2+-dependent N-acyltrans-
ferase (NAT) to produce N-arachidonoyl-phosphatidylethanol-
amine (NArPE) (Jin et al., 2007), which is subsequently converted
into AEA through the activity of a specific phospholipase D (NAPE-
PLD) (Okamoto et al., 2004). Similarly, the formation of 2-AG
involves a rapid hydrolysis of inositol phospholipids by a specific
phospholipase C (PLC) to generate diacylglycerol (DAG), which is
then converted into 2-AG by an sn-1-DAG lipase (DAGL) (Bisogno
et al., 2003). After re-uptake through a purported specific trans-
porter, called endocannabinoid membrane transporter (EMT)
(Kaczocha et al., 2009), eCBs signalling is terminated by hydrolysis
due to two fatty acid amide hydrolases (FAAH and FAAH-2) (Cravatt
et al., 1996; Wei et al., 2006) and to N-acylethanolamine-hydrolyz-
ing acid amidase (NAAA) (Tsuboi et al., 2005; Ueda et al., 2010a).
These hydrolases break the amide bond of AEA to release arachi-
donic acid (AA) and ethanolamine (EtNH2). 2-AG, on the other hand,
is cleaved into AA and glycerol by a specific monoacylglycerol lipase
(MAGL) and by FAAH (Dinh et al., 2002; Ho et al., 2002). All ECS ele-
ments are schematically depicted in Fig. 1. Nowadays, these ele-
ments have been identified in the central and peripheral nervous
system and with a resultant anatomical map of their distribution,
which has enabled a better understanding of the physiological func-
tions of the ECS in mammalian reproduction. In this context, AEA
has been found in female reproductive fluids (Schuel et al., 2002)
and in plasma, where high levels of AEA are required at ovulation
(El-Talatini et al., 2009b), whereas low levels are necessary to
achieve successful pregnancy (Fonseca et al., 2010b; Habayeb
et al., 2004; Taylor et al., 2010). In addition, AEA, its metabolic
enzymes and receptors have been demonstrated in human endome-
trium (Horne et al., 2008), ovary (El-Talatini et al., 2009a), and
during the stages of embryo development (Paria and Dey, 2000),
implicating AEA as a fertility signal in folliculogenesis, preovulatory
follicle maturation, oocyte maturity and ovulation (El-Talatini et al.,
2009a). Analogously, ECS has also been identified in seminal plasma
(Schuel et al., 2002), male reproductive tissues (Gye et al., 2005),
Leydig and Sertoli cells (Cacciola et al., 2008a; Maccarrone et al.,
2003c; Rossi et al., 2007) and in male germ cells (Cacciola et al.,
2008b; Maccarrone et al., 2003c, 2005; Ricci et al., 2007; Rossato,
2008; Rossi et al., 2007; Schuel et al., 1991) from spermatogonia
to mature spermatozoa (Grimaldi et al., 2009), both in mammalian
and non-mammalian organisms (Cobellis et al., 2006; Cottone et al.,
2008; Schuel et al., 1991). The role of 2-AG is still under investiga-
tion, even though it has been recently measured in mesometrial de-
cidua, suggesting the existence of a regulatory tone for 2-AG in
uterine remodelling (Fonseca et al., 2010a). With regards to male
fertility it has been reported that mouse epididymal spermatozoa,
in their transit from caput to cauda, are in close contact with
decreasing concentrations of 2-AG (Cobellis et al., 2010). Some wo-
men smoking marijuana have fertility problems, higher risks of
embryotoxicity or reduced birth rates; the consumption of Cannabis
in men decreases the quality of sperm and negatively affects their
reproductive health (Bari et al., 2011).

1.1. ECS and mammalian fertility

Consistently, available data shows that the aberrant ECS impairs
pregnancy, embryo development, sperm motility and that, under
physiological conditions, eCBs signalling is involved in various fe-
male and male reproductive events (from oogenesis to oviductal
transport, implantation, pregnancy and labour, sperm/oocyte
interaction and the capacitation process) suggesting a crucial role
for eCBs in the regulation of early and late phases of fertility (Bari
et al., 2011). Data reported in animal and human studies show that
tightly regulated endogenous AEA content is associated with a suc-
cessful implantation, which is the result of an intimate ‘‘cross-talk’’
between the active blastocyst and the receptive uterus (Maccar-
rone, 2009). In fact, low AEA levels have been detected during
the implantation window in women with successful pregnancy
after in vitro fertilization (IVF) treatment (El-Talatini et al.,
2009b) and in women with normal menstrual cycles (Habayeb
et al., 2004), as well as in the mouse receptive uterus on day 4 of
pseudopregnancy as compared to its levels in the non-receptive
uterus on days 5 and 6 of pseudopregnancy (Schmid et al., 1997).
Data obtained from women, who underwent spontaneous miscar-
riage in the first trimester of gestation, have shown a decreased
AEA hydrolase activity and expression in peripheral lymphocytes
(Maccarrone et al., 2000b), and low expression levels of NAPE-
PLD and FAAH in human placenta (Trabucco et al., 2009). This
accumulated evidence therefore supports the concept of detrimen-
tal effects caused by high AEA levels for a normal pregnancy
outcome. In addition, low AEA content is required during tropho-
blast growth, differentiation and invasion (Fonseca et al., 2009;
Sun et al., 2010), and during the spontaneous onset of labour in
opposition to elevated plasma AEA levels in women with incipient
preterm labour (Nallendran et al., 2008, 2010). Although the func-
tional role of AEA during the latest stages of parturition is still
undefined (Nallendran et al., 2010), it has been speculated that
maternal AEA up-regulates CB1 expression in placenta of



Fig. 1. Schematic representation of the best characterized elements of the endocannabinoid system. N-arachidonoyl-ethanolamine (AEA) is produced by a two-step
mechanism through the activity of N-acyltransferase (NAT, not shown) and NAPE-specific phospholipase D (NAPE-PLD), which releases AEA and phosphatidic acid. The
biological actions of AEA are terminated by its cellular uptake through a purported endocannabinoid membrane transporter (EMT), followed by intracellular degradation by
fatty acid amide hydrolase (FAAH) to ethanolamine (EtNH2) and arachidonic acid (AA). 2-Arachidonoylglycerol (2-AG) is also released from membrane lipids through the
activity of diacylglycerol lipase (DAGL), and can be hydrolyzed by a cytosolic monoacylglycerol lipase (MAGL) that releases glycerol and AA. The transport of 2-AG across the
cell membrane may be mediated by the same EMT that takes up AEA, or by other membrane carriers. Both AEA and 2-AG trigger several signal transduction pathways by
acting at their targets, CB1, CB2 and purported CB3 receptors. AEA, but not 2-AG, also binds intracellularly to TRPV1, which is the natural target of capsaicin, the pungent
ingredient of hot chili peppers.
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non-labouring patients, in order to guarantee gonadotropin release
and to keep uterine quiescence (Acone et al., 2009). On the other
hand, CB1 downregulation is required in the placenta when
patients get close to delivery. Concerning male fertility, high AEA
levels are responsible for decreasing sperm motility and viability,
and the induction of apoptosis in Sertoli cells, the latter are in
charge of providing nutrients during sperm development. There-
fore, AEA metabolizing enzymes, especially FAAH, are fundamental
to ensure proper AEA levels to avoid severe impairment of fertility
signals networks. It has been demonstrated that cb1 and cb2
knock-out mice suffer pregnancy loss (Sun and Dey, 2008; Wang
et al., 2004) and CB1 deficiency results in embryo retention in the
oviduct for an extended period, and hence in ectopic pregnancy
and reduced fertility of cb1�/� mice (Wang et al., 2004). Instead,
the correct expression of CB1 ensures also a normal oviduct-to-
uterus transport of embryos. Interestingly, while embryonic CB1

contributes to normal embryo development and oviductal CB1 di-
rects the timely transport of embryos, CB2 seems to be involved
only in embryo development (Wang and Dey, 2005). Female mice
lacking CB2 do not present embryos correctly hatched to the
implantation sites (Wang et al., 2004). Since CB2 is expressed in
the embryonic stem cells, but not in trophectoderm-derived tro-
phoblast stem cells, it is conceivable that CB2 plays a role in spec-
ifying pluripotent inner cell mass (ICM) cell lineage during
blastocyst formation (Sharov et al., 2003). The fertilizing ability
of sperm and the sperm-oocyte interaction depend on AEA binding
to either CB or TRPV1 receptors. In fact, experimental data on boar
sperm demonstrated that AEA, by a CB1-mediated mechanism,
inhibits the capacitation-induced acrosome reaction, whereas the
activation of TRPV1 reduces spontaneous acrosome reaction, thus
preventing ‘‘out of place’’ acrosomal enzymes (Maccarrone et al.,
2005). In addition, TRPV1 drives sperm-oocyte fusion, as evaluated
by the progesterone-enhanced hamster egg penetration test
(Francavilla et al., 2009). All these observations, reported in Table
1, suggests that aberrant eCBs signalling, either silenced or
enhanced, impairs embryo transport and sperm motility, and high-
light the major role of eCBs on male and female reproduction. It is
worth mentioning that the ability of the ECS elements to critically
regulate embryo implantation and development or to coordinate
the capacitation process, is part of a more complex network which
includes sex hormones and cytokines.

1.2. ECS and non mammalian fertility

Although mammalian models and human specimens are mainly
used in the investigation of the ECS in reproduction, the ECS has also
been identified in cells and reproductive organs of non-mammalian
vertebrates, like teleosts and amphibians (Cacciola et al., 2008b; Cot-
tone et al., 2008). Sea urchin sperm are the most studied to explore
the stimulation–secretion coupling mechanism, and the first evi-
dence on the inhibitory effect of AEA in reducing sperm fertilizing
ability was obtained using Strongylocentrotus purpuratus sperm
(Schuel et al., 1991). These data were supported by the discovery
of AEA-metabolizing enzymes in the ovaries of Paracentrotus lividus
(Bisogno et al., 1997). In line with this, a putative role of eCBs in reg-
ulating sea urchin embryogenesis and echinoderm development has
been recently proposed (Buznikov et al., 2010). In fact, an AEA endog-
enous tone, measured in 8–16 cell embryos and in mid-
blastula two stage, increased in several species of sea urchins, show-
ing a trend similar to that in early mouse embryos, zebrafish and
frogs. Moreover, its teratogenic action in sea urchins was found to
depend on the embryo stage. Since the presence CB receptors in
orthologs is still debatable (Elphick and Egertová, 2005; Elphick
et al., 2003; Matias et al., 2005), it remains to be clarified whether
any of the candidate receptors, identified in silico, might act as
eCBs-binding receptor in developing sea urchins and sperm
(Cacciola et al., 2008b). Strong evidence on the primary function of
CB1 in controlling sperm motility came from the frog, Rana esculenta,
where CB1 protein has been detected in the testis during the annual
reproductive cycle and its role has been demonstrated during the



Table 1
Main biological actions mediated by cannabinoid and vanilloid receptors in female
and male reproductive events.

Receptor Effects on male fertility Effects on female
reproduction

CB1 Control of sperm viability and
acquisition of motility

Transport of embryos from
uterus to oviduct

Modulation of energy metabolism Embryo survival or
programmed death

Inhibition of ZP–induced AR Embryo implantation and
development

Control of adult Leydig cell
number

Immunoregulation of
gestation
Placentation
Labour

CB2 Induction of spermatogenesis Embryo development
Regulation of sperm motility
speed

Blockade of trophoblast cell
proliferation

Anti-apoptotic effect in Sertoli
cells

AR = Acrosome reaction; ZP = Zona pellucida.
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dilution mechanism that allows the acquisition of spermatozoa
motility. Recently, it has been reported that a functional 2-AG gradi-
ent along the epididymis promotes sperm start-up by releasing sper-
matozoa from the inhibition exerted by CB1 activation, and controls
sperm potential to become motile during its voyage in the epididy-
mis (Cobellis et al., 2010). In the following sections we will discuss
the existing relationships between ECS and the other components
involved in the control of reproductive events, and will focus on
the evolutionary aspects of regulatory mechanisms.
2. ECS regulation in reproductive events: evolutionary aspects

The ECS is an ancient system, well-characterized in mammalian
and non-mammalian vertebrates. Nevertheless there is evidence of
ECS activity also occurs in invertebrates (Buznikov et al., 2010;
Fasano et al., 2009; McPartland et al., 2006). Since the discovery
of D9-tetrahydrocannabinol (D9-THC), many groups have reported
on the effects of this compound in several invertebrate animal
models. For instance, in the protozoan Tetrahymena pyriformis,
D9-THC affects cell division; in the lobster it affects neurotransmit-
ter release and in the sea urchin, an Echinodermata, it inhibits fer-
tilizing ability of sperm cells (Fasano et al., 2009 and references
inside; Schuel et al., 1991). Recently, evidence has emerged for
eCBs production in molluscs, sea urchins and starfish (Buznikov
et al., 2010; Fasano et al., 2009 and references inside). By contrast,
the search for CB receptor orthologs in invertebrate genomes has
been carried out without any success in both insects and nema-
todes; similarly, data obtained in molluscs are still questionable.
Although the search of CB1/CB2 in sea urchins has been negative,
candidate TRPV1 orthologs have recently been identified in
S. purpuratus genome (Buznikov et al., 2010). Molecular cloning
of CB receptors orthologs has produced positive results in the sea
squirt, Ciona intestinalis, an urochordates, and in the amphioxus,
Branchiostoma floridae, a cephalochordate; in vertebrates, a partial
or complete molecular characterization of the ECS has been pro-
vided from fishes to birds and mammals, with duplication of CB1

or CB2 receptor genes found in fishes (Fasano et al., 2009 and ref-
erences inside). To date, an elegant approach to assess the phyloge-
netic history of the ECS, has been carried out by McPartland and
coworkers (2006). This group suggests an ECS evolution from the
searching of functional orthologs in the genomes of twelve organ-
isms that spanned the phylogenetic ‘‘Tree of Life’’ (McPartland
et al., 2006). The heterogeneous distribution of the ECS in inverte-
brates, vertebrates and mammals is reported in Table 2, where a
differential origin of ligands, receptors and enzymes is evidenced.
In fact, such authentic analysis has documented that functional
TRPV1 and GPR55 receptors are limited to mammals; CB2 and
DAGLb are limited to vertebrates; MAGL and COX2-like enzymes
are limited to chordates; CB1-like receptors and DAGLa are limited
to bilaterian animals; NAPE-PLD is limited to the opisthokonta
(animalia and fungi), and FAAH is limited to eukaryotes. Besides
evolutional conflicting data on the ECS, this comparative approach
has been recognized to yield a deep insight on adaptative phenom-
ena that lead to evolutionary track, besides providing information
on physiological mechanisms that build general models. In this re-
spect, the use of mammalian and non-mammalian experimental
models provided useful indications on the functional aspects of
the ECS in reproduction.
3. ECS and reproductive hormones

Reproductive functions, from gamete formation to lactation, are
under neuroendocrine control and require a tight crosstalk be-
tween the hypothalamus, pituitary and gonads. It is well-known
that both cannabinoids and eCBs interfere with neuroendocrine
control of reproductive functions in animal models and marijuana
smokers, in that they affect gonadotropin [luteinizing hormone
(LH) and follicle-stimulating hormone (FSH)] production, gonadic
steroid production (testosterone in males, estradiol and progester-
one in females), spermatogenesis, ovulation, the menstrual cycle,
embryo development and implantation, as well as sexual behav-
iour (Murphy et al., 1998; Pagotto et al., 2006; Wang et al., 2006).
3.1. The cross-talks between ECS and pituitary hormones

At the central level, a consensus opinion is that both cannabi-
noids and eCBs negatively modulate male and female gonadotro-
pin discharge by inhibiting the release of hypothalamic
gonadotropin-releasing hormone (GnRH). Thus, they may perturb
reproductive functions through a direct or indirect action upon
GnRH secreting neurons. For instance, D9-THC inhibits the activity
of the neuronal system facilitating GnRH release, such as
norepinephrine and glutamate, and stimulates the activity of the
neuronal systems able to inhibit GnRH, through dopamine,
c-aminobutyric acid (GABA), endogenous opioid peptides and
corticotrophin-releasing hormone, well-known signals involved
in stress response (Murphy et al., 1998; Pagotto et al., 2006; Wang
et al., 2006). Thus, the current view considers D9-THC, AEA and 2-
AG as retrograde signals that, by acting at the pre-synaptic level via
CB1, inhibit the release of specific neurotransmitters. The hypothal-
amus contains fewer eCBs-binding sites than other areas of the
central nervous system (CNS), and receptor concentration differs
in the hypothalamic nuclei (Tsou et al., 1998). In the brain, eCBs
activity has mostly been due to CB1 activation, since only recently
CB2 and TRPV1 have been localized in neurons (Cristino et al.,
2006; Gong et al., 2006). Nevertheless, profiling neurotransmitter
receptor expression in mouse GnRH secreting neurons reveals
CB2 expression in diestrous adult females (Todman et al., 2005),
and CB1/TRPV1 co-localization has been reported in mouse hypo-
thalamic paraventricular nucleus (Cristino et al., 2006). Recently,
an interesting study from Farkas and coworkers explained eCBs-
mediated GnRH inhibition via GABAergic fibers in male mice (Far-
kas et al., 2010). GnRH-secreting neurons tonically release 2-AG in
presynaptic fissure, which in turn activates CB1 receptors located
on GABAergic afferents, in tight relationship with GnRH neurons.
The activation of CB1 inhibits spontaneous GABA release, while
postsynaptic GABA receptors (GABAA and GABAB), located on
GnRH-secreting neurons, are not activated; as a consequence,
GnRH is not released (Farkas et al., 2010). Since the inhibitory
effect of AEA on GnRH-secreting neurons is reversed by estrogens



Table 2
ECS elements in invertebrates, vertebrates and mammals.

ECS
elements

Invertebrates
Vertebrates

Mammals

NAPE-
PLD

U U U

FAAH U U U

DAGL � U U

MAGL � U U

CB1 �
U Branchiostoma floridae

U U

CB2 � U U

TRPV1 �
U Srongylocentrotus
purpuratus

U U

U = present; � = absent.
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(Scorticati et al., 2004), it is not considered that neuronal systems
other than GABAergic transmission might modulate GnRH-secret-
ing activity via eCBs. Differential effects of AEA and 2-AG on LH and
prolactin (PRL) secretion have recently been reported in mice. 2-AG
is able to suppress LH in wild-type, but not in cb1�/� mice while
AEA decreases both LH and PRL in the same animals, indicating
that receptors other than CB1 are involved in this signalling path-
way (Olàh et al., 2008). Therefore, a TRPV1-mediated AEA effect
on LH and PRL secretion has been suggested in cb1�/� mice (Olàh
et al., 2008); this effect should be exerted at the hypothalamic
level, since the pituitary does not express TRPV1. Such an intricate
neuronal network can be even more complex, as also stress and
food intake, well-known processes under eCBs control (Pagotto
et al., 2006), interfere with GnRH secretion. In addition, a GnRH-
inhibiting hormone (GnIH), able to inhibit gonadotropin synthesis
and secretion through actions on GnRH-secreting neurons and
gonadotrophs, and able to modulate sexual behaviour, has recently
been identified in amphibians, fishes, birds, sheep, rodents, prima-
tes (Kriegsfeld et al., 2006; Tsutsui et al., 2000, 2010). Interestingly,
stress suppresses GnRH secretion through the activation of GnIH in
male rats (Kirby et al., 2009). GnRH activity has also been shown to
be regulated by the kisspeptin system, that is conserved within the
CNS. Kisspeptin (the product of kiss1 gene) has a direct stimulatory
effect on GnRH neurons via its GPR54 receptor (Oakley et al., 2009).
The hypothalamus fails to drive adequate secretion of gonadotro-
pins, when mutations in kiss1 or GPR54 genes occur, a pathological
condition known as hypogonadism. Kisspeptin-secreting neurons
are located within the hypothalamus of several mammalian and
non-mammalian species, and provide direct excitatory input to
GnRH neurons possessing GPR54 (Tsutsui et al., 2010). Lastly, the
kisspeptin system modulates GnRH release in a steroid-dependent
fashion (Oakley et al., 2009 for review). An intriguing question is
what is the possible involvement of ECS in GnIH/kisspeptin/GnRH
crosstalk? In lower vertebrates both hypothalamic GnRH and CB1

signalling have been described (Cottone et al., 2008; Meccariello
et al., 2008), but here the scenario is more intricate than in rodents,
because in lower vertebrates (and also in birds and in humans),
multiple forms of GnRH have been detected, and each species pos-
sesses at least two GnRH isoforms. To date, mammalian GnRH (also
named GnRH-I) is clearly involved in gonadotropin discharge and
is the only form detected in rodents; chicken GnRH (also named
GnRH-II) mostly expressed in the hindbrain, is widely distributed
among vertebrates and is often associated to the modulation of
sexual behaviour; salmon GnRH (also named GnRH-III) is mostly
expressed in the telencephalon of fishes (Kah et al., 2007 for
review). CB1 has been mapped in the forebrain of adult teleosts
(Carassius aurata and Pelvicachromis pulcher) and anuran amphibi-
ans (Xenopus laevis and Rana esculenta) (Cottone et al., 2003, 2005;
Meccariello et al., 2008; Valenti et al., 2005), as well as in zebrafish
and Xenopus laevis embryos (Lam et al., 2006; Migliarini et al.,
2006), and similarities with CB1 distribution in mammals have
emerged (Tsou et al., 1998). Besides the involvement in sensory
integrative activities like the olfactory processes in amphibians,
and food response in bony fishes, eCBs interfere with neuroendo-
crine machinery. In fact, in Carassius auratus and Pelvicachromis
pulcher CB1 and GnRH-III share a topographical co-distribution in
basal telencephalon and anterior preoptic area (Cottone et al.,
2008); the latter is the encephalic area mainly involved in the con-
trol of reproductive functions. In amphibians, the same areas and
the septum of the telencephalon share colocalization of GnRH-I
and CB1 proteins (Cottone et al., 2008; Meccariello et al., 2008). A
morpho-functional relationship between GnRH-I and CB1 has been
described in the male frog, Rana esculenta, brain. As reported in
male mice (Farkas et al., 2010) and also in Rana esculenta male
forebrain a number of CB1-containing cell bodies and terminals,
together with GnRH-I immunostained nerve cells and fibres, are
codistributed. Colocalization is observed in 20% of the GnRH-I
immunopositive neurons, and GnRH-positive nerve fibres close to
CB1 neurons have also been observed (Meccariello et al., 2008).
At the molecular level, mRNA and protein profiles of CB1 and
GnRH-I are opposite in frog diencephalon during the annual sexual
cycle (Chianese et al., 2008; Meccariello et al., 2008). GnRH-I/CB1
coexpression in a subset of hypothalamic neurons raises the possi-
bility that eCBs might influence GnRH release directly from GnRH
neurosecretory terminals. As reported in male and female rats
(Scorticati et al., 2004), incubation of male frog diencephalons with
AEA decreases the expression of GnRH-I mRNA; such an effect is
mediated by CB1, since pretreatment with SR141716A, the specific
CB1 antagonist also known as rimonabant (Rinaldi-Carmona et al.,
1994), prevents AEA-induced GnRH-I mRNA down-regulation. In
turn, treatment with buserelin, a GnRH long-lasting analogue
inhibits the synthesis of GnRH-I mRNA and induces an increase
of CB1 transcription (Meccariello et al., 2008). Therefore, enhanced
eCBs biosynthesis in frog forebrain might be suggested, and a self-
negative modulation of GnRH neuronal activity might be exerted
via CB1. Immortalized GT1 neurons are both a source and target
of eCBs; in vitro they produce and secrete 2-AG and AEA, are able
to take up and degrade eCBs, and possess CB1 and CB2, whose acti-
vation leads to the inhibition of pulsatile GnRH release (Gammon
et al., 2005). Nevertheless, such observations have not been con-
firmed in vivo, although GnRH-secreting neurons are close to can-
nabinergic fibers and scantly express CB1 (Gammon et al., 2005).
Stimulation of milk production and maintenance of lactation after
pregnancy are under PRL control. At the central level, D9-THC/eCBs
interfere with pituitary PRL production, acting on tubero-infundib-
ular dopaminergic neurons that are known to exert inhibitory
effects on pituitary PRL release (Fernández-Ruiz et al., 1997;
Murphy et al., 1998). In normal cycling female rats, the plasma
PRL response to eCBs depends on the stage of the estrous cycle
(Bonnin et al., 1993). Intracerebroventricular injections of AEA
suppress PRL release in male rats and have little effect in ovariec-
tomized (OVX) female rats but by contrast, treatment of OVX rats
with estrogens increases PRL levels and reverses the inhibitory
effect of AEA on PRL release (Scorticati et al., 2003). Since AEA
injection differentially affects dopamine turnover in males and
females, a sex-dependent mechanism has been suggested. In male
rats such an effect is mediated through CB1 activation in dopami-
nergic neurons of mediobasal hypothalamus; in female rats AEA
likely acts as a modulator of the neuronal system involved in the
decrease of the inhibitory control of PRL release (Scorticati et al.,
2003). Still controversial is the direct activity of eCBs on the pitu-
itary, based on the demonstration of gene expression, specific
binding and immunoreactivity for CB1, as well as of putative eCBs



6 N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14
biosynthetic enzymes in the pituitary pars distalis (Gonzales et al.,
1999, 2000; Lynn and Herkenham, 1994; Murphy et al., 1998;
Wenger et al., 1999). For example, D9-THC induces PRL release
and increases cyclic adenosine monophosphate (cAMP) levels in
primary rat pituitary cell (Rodriguez de Fonseca et al., 1999); sim-
ilarly, in rats AEA exhibits differential effects on the in vitro secre-
tion of LH, PRL, corticotrophin (ACTH) and growth hormone (GH)
from the anterior pituitary (Wenger et al., 2000). CB1 has been de-
tected in the pituitary pars distalis of several species, from amphib-
ians to humans (Cesa et al., 2002; Fernández-Ruiz et al., 1997;
Gonzales et al., 2000; Pagotto et al., 2001; Wenger et al., 1999; Yas-
uo et al., 2010a,b) but its cellular localization is quite different
among species. For instance, in amphibians CB1 immunolabelling
is detected in lactotroph, gonadotroph and thyrotroph, but not in
corticotroph, cells (Cesa et al., 2002); in rats CB1 maps to lactotroph
and LH-secreting cells (Wenger et al., 1999), and only in cortico-
troph and folliculo-stellate cells in humans (Yasuo et al., 2010b).
CB1 receptor expression in rat pituitary is higher in males than in
females. In females, it is dependent on the phase of the ovarian cy-
cle, being highest on the second day of diestrus and lowest on es-
trus. In addition, AEA content fluctuates in female pituitary, with
the highest levels detected in the estrus and lowest on the first
day of diestrous and proestrous. AEA profile in the female hypo-
thalamus during the ovarian cycle is opposite to that observed in
pituitary. CB1 expression depends on steroids, since it is reduced
in both orchidectomized male and estradiol-replaced OVX female
rats (Gonzáles et al., 2000). Recently, in mammals an important
role for the pars tuberalis has been shown within the neuroendo-
crine networks of the hypothalamus–hypophysis system; this
brain area is located between the median eminence, the pituitary
portal vessels and the pituitary pars distalis. A retrograde pathway,
from the pars tuberalis to the hypothalamus, is crucial for photope-
riodic response of gonads in birds and mammals (Nakao et al.,
2008; Unfried et al., 2009; Yasuo et al., 2010a). Beside melatonin
in mammals such a pathway involves the thyrotropin b-subunit,
which activates enzymes controlling the local concentration of
thyroid hormones in the third ventricle, and hence GnRH release
(Unfried et al., 2009; Yasuo et al., 2010c). The pars tuberalis is also
a key station for the anterograde signalling toward the pituitary,
and eCBs are included among tuberalins, the messengers supposed
to be secreted from the pars tuberalis to target the pituitary pars
distalis (Yasuo et al., 2010c). In fact, in both hamsters and humans,
pars tuberalis produces high levels of 2-AG and low levels of AEA,
N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA),
and expresses NAPE-PLD, DAGL, FAAH and MAGL, while the pitui-
tary pars distalis possesses CB1 (Yasuo et al., 2010b, 2010c). Addi-
tionally, DAGL increases 2-AG production in the pars tuberalis of
hamsters kept under long-day conditions (Yasuo et al., 2010c).

3.2. ECS-hormone interactions in the sexual behavior

Many experiments indicate that eCBs act as modulators of sex-
ual behaviour in vertebrates, including humans. The influence of
cannabis intake on sexual behaviour and arousability appears to
be dose-dependent in both men and women, although women
are far more consistent in reporting facilitatory effects. Further-
more, evidence from non-human primates indicates somewhat
more beneficial than debilitating effects of cannabinoids on female
sexual perceptivity and receptivity, while suggesting predomi-
nantly detrimental effects on male sexual motivation and erectile
function (Gorzalka et al., 2010). To illustrate this, it is known that
the facilitatory effects of D9-THC on sexual receptivity in female
rats require the cross-talk between CB1, membrane progesterone
receptor and dopamine D1B receptor (Mani et al., 2001). In
rough-skinned newts, Taricha granulosa, the cannabinoid agonist
levonantradol inhibits both newt spontaneous locomotor activity
and courtship clasping behavior, in a dose-dependent fashion
(Soderstrom et al., 2000). In addition, the rapid suppression of male
sex behaviour in response to acute stress or elevated corticoste-
rone concentration, involves activation of eCB signalling in the
hindbrain and alters sexual behaviour by modulating the excitabil-
ity of medullary circuits (Coddington et al., 2007). GnRH/GnRHII
act as neuromodulators in the hindbrain, affects sexual behaviour
via GnIH but the possibility of additional networks involving eCBs
cannot be excluded.

3.3. The involvement of ECS at the level of gonadal physiology

At the gonadal level, an intricate crosstalk between eCBs and
hormones (gonadotropins and steroids) is involved in the control
of several activities. In men and rodents, chronic use of cannabi-
noids decreases testosterone production and secretion, depresses
spermatogenesis, and reduces the weight of testes and accessory
reproductive organs (Wang et al., 2006). Serum LH and testoster-
one levels, as well as in vitro basal secretion of testosterone, are sig-
nificantly decreased in cb1�/� mice. AEA, in turn, suppresses LH
and testosterone secretion in wild-type mice, but it is ineffective
in knockout animals (Wenger et al., 2001). The localization of
eCB receptors and metabolic enzymes in germinal cells (Grimaldi
et al., 2009; Gye et al., 2005; Maccarrone et al., 2003a; Rossi
et al., 2007), and the presence of CB1 in Leydig cells and its associ-
ation with testosterone secretion (Wenger et al., 2001) confirm the
importance of eCBs in testis endocrinology (Maccarrone and
Wenger, 2005). Nevertheless, the presence of few adult Leydig cells
in cb1�/� mice may explain in vitro the lower basal testosterone
secretion in cb1�/� testes compared with wild-type counterparts,
and points to eCBs as potential modulators of Leydig cell prolifer-
ation (Cacciola et al., 2008a). In fact, during the first wave of sper-
matogenesis, spatiotemporal localization of CB1 protein in rat testis
interstitium negatively correlates with cell division of adult Leydig
cells, measured as bromodeoxyuridine uptake. Experiments on se-
rial sections clearly demonstrate that mitotic immature Leydig
cells do not possess CB1; by contrast, immature non-mitotic Leydig
cells are CB1 immunopositive. A link between testicular steroido-
genesis and CB1 has also been postulated in vertebrates other than
mammals. In Rana esculenta, a seasonal breeder, CB1 is expressed
all over the annual sexual cycle with the highest expression in
November and March, thus correlating with plasma and intrates-
ticular testosterone levels (Meccariello et al., 2006). Furthermore,
CB1 mRNA is detected by in situ hybridization in the interstitium
(Meccariello, unpublished observations). An intriguing question is
whether the dose-dependent antiapoptotic effect of FSH upon Ser-
toli cells is highly related to the endogenous AEA content? Imma-
ture Sertoli cells are the major source of testicular estrogens; FSH
induces estradiol production by Sertoli cells through enhancement
of P450-aromatase transcription, the enzyme involved in the
switch from androgens to estrogens (McDonald et al., 2006). In
mice, Sertoli cells have the biochemical machinery to produce,
bind, transport and degrade eCBs at various developmental stages
(Maccarrone et al., 2003c; Rossi et al., 2007). Until the establish-
ment of the blood testis barrier, FSH exerts proliferative effects
on Sertoli cells, whereas, AEA induces their apoptosis via activation
of TRPV1 (Maccarrone et al., 2003c). Interestingly, treatment of
Sertoli cells with FSH enhances the activity and the expression of
FAAH, whereas it does not affect the enzymes that synthesize
AEA and 2-AG, nor the levels of CB2 and TRPV1 receptors (Rossi
et al., 2007). An increase in FAAH activity reduces endogenous lev-
els of AEA, thus protecting Sertoli cells against its pro-apoptotic po-
tential. An interesting mechanism involving protein kinase A (PKA)
and aromatase activity has been suggested for FAAH stimulation
by FSH (Maccarrone et al., 2003c; Rossi et al., 2007). Indeed, FSH-
dependent PKA activation might lead to the activation of accessory
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proteins able to induce FAAH activity; on the other hand, P450-
aromatase, converting testosterone to estradiol, could directly
activate FAAH transcription, because an estrogen responsive ele-
ment (ERE) has been found in the promoter of murine FAAH gene
(Waleh et al., 2002).

Deleterious effects of eCBs on female reproduction, from ovula-
tion to arrest of implantation and growth, are well-known and
have been reviewed elsewhere (Battista et al., 2008; Sun and
Dey, 2008; Tsou et al., 1998; Wang et al., 2006). For instance, in
female rats intraperitoneal administration of D9-THC in the after-
noon of proestrus prevents the pre-ovulatory surge of both LH
and FSH, thus blocking ovulation which in rabbits treated with
D9-THC prior to mating, the coitus-induced LH surge and subse-
quent ovulation are blocked. In rhesus monkeys and humans, D9-
THC has inhibitor effects on LH surge and ovulation in the follicular
and pre-ovulatory phases. Nevertheless, drug tolerance with the
restoration of normal cycles has been reported in both monkeys
and women who were long-term marijuana users (Murphy et al.,
1998; Wang et al., 2006). In women AEA tone changes during the
menstrual cycle; a peak of plasma AEA occurs at ovulation and pos-
itively correlates with estradiol and gonadotropin levels, suggest-
ing that FSH and LH may be involved in the regulation of AEA
content (El-Talatini et al., 2010). Consistently, during the luteal
phase FAAH activity increases in lymphocytes (Lazzarin et al.,
2004). AEA is produced in the human ovary under hormonal con-
trol and plays a role in folliculogenesis, preovulatory follicle matu-
ration, oocyte maturation and ovulation (Fonseca et al., 2010b),
processes which are all driven by well-known reproductive hor-
mone cycling. Immunohistochemical analysis of normal human
ovaries indicates that ECS components are widely expressed in
the ovarian medulla and cortex, with more intense CB2 than CB1

immunoreactivity in the granulosa cells of primordial, primary,
secondary and tertiary follicles, as well as in corpus luteum and
corpus albicans. Instead, FAAH and NAPE-PLD are only found in
growing secondary and tertiary follicles and corpora lutea and alb-
icantes (El-Talatini et al., 2009a). High levels of AEA adversely
affect embryo development and implantation thought to be via
CB1 activation, whereas low levels of AEA promote embryonic
growth and differentiation (Sun and Dey, 2008; Wang et al.,
2006). Moreover FAAH activity, by modulating AEA levels, is piv-
otal to make the uterus receptive for pregnancy. Consistently,
FAAH activity changes in mouse uterus during the estrous cycle
(Klinger et al., 2006), and ovarian steroids like estradiol and pro-
gesterone are negative modulators of it (Battista et al., 2008;
Maccarrone et al., 2000a), once again confirming a tight crosstalk
between eCBs and sex hormones. All data reported above are sum-
marized in Table 3.

4. ECS and reproductive cytokines

Although it has long been known that ovarian steroids regulate
implantation, their actions are largely mediated through a number
of other regulatory molecules. It has been demonstrated that sev-
eral cytokines play functional roles during the establishment of
pregnancy, including the development of uterine receptivity (i.e.,
decidualization and changes in luminal and glandular epithelium),
and the control of trophoblast adhesion and invasion. Cytokines
are produced by various cells of the immune and hematopoietic
systems, and exert a widespread regulation of cellular functions
like proliferation and differentiation. They act by binding to surface
receptors which lead to the initiation of various signal transduction
pathways. Endometrial epithelial, stromal or decidual cells, as well
as trophoblast cells and subsets of leukocytes (specifically, macro-
phages and natural killer (NK) cells), represent a source of cyto-
kines in the uterus of various species. The correct establishment
of a hormone-cytokine network is a key-element to guarantee a
successful pregnancy (Klein et al., 2004). Peripheral T lymphocytes
produce type-1 helper (Th1) and type-2 helper (Th2) cytokines,
which have opposite effects on trophoblast growth. In fact, the
pro-fertility Th2 cytokines (interleukin (IL)-3, IL-4 and IL-10) are
important for the timing of blastocyst implantation and successful
pregnancy, by promoting trophoblast growth either directly or
indirectly through the inhibition of NK cell activity, and the
stimulation of natural suppressor cells. On the other hand, the anti-
fertility Th1 cytokines (IL-2, IL-12 and interferon-c, INF-c) impair
gestation, by causing a direct damage to the trophoblast, by
stimulating NK cells and by enhancing tumor necrosis factor-a
(TNF-a) secretion by macrophages. Peripheral T lymphocytes also
produce leukemia inhibitory factor (LIF), which is known among
the IL-6 family to be critical for implantation in mammals (Ahima
and Flier, 2000; Maccarrone and Wenger, 2005). The precise mech-
anisms regulating LIF production remain to be elucidated, but
several findings strengthen the idea that LIF release during the
secretory phase of the menstrual cycle is probably dependent on
tightly regulated local micro-environments, and any defects in
local networks may result in fetal loss (Paiva et al., 2009). Further
work is required to establish which factors are more critical, since
they may provide an opportunity for manipulation of the environ-
ment during the ‘‘window of implantation’’. The biological actions
of eCBs in reproductive events may occur not only by altering the
physiological crosstalk with sex hormones, but also through a di-
rect/indirect modulation of the immune system. In fact, accumu-
lated evidence confirms the involvement of the ECS in the
modulation of immune response in various cell-types, their effect
on cytokine networks, on the induction of apoptosis in immune
cells, and on the downregulation of innate and adaptive immune
response (Klein et al., 2004; Tanasescu and Costantinescu, 2010).
eCBs have also been demonstrated to increase the production of
IL-1, -4, -6 and -10 (Derocq et al., 2000; Kishimoto et al., 2004),
or to inhibit the release of TNF-a and IFN-c-mediated Th1 response
in human lymphocytes (Cencioni et al., 2010), suggesting that they
may have a opposite effects on cytokine secretion depending on
the nature of the pro-inflammatory stimulus, or on the type of cells
(Tanasescu and Costantinescu, 2010). In this context, it should be
recalled that high circulating levels of AEA inhibit the release of
LIF from blood cells in a CB1-dependent manner, resulting in preg-
nancy failure and embryo death. It has been demonstrated that IL-
4 and IL-10 enhance FAAH activity, whereas IL-2 and IL-12 act as
FAAH inhibitors, leading to a decrease or an increase of AEA levels,
respectively. Therefore, defective FAAH in peripheral blood has
been proposed as a diagnostic marker of human infertility (Mac-
carrone and Finazzi-Agrò, 2004). In line with this, a recent study
has demonstrated that a blood level of AEA above a certain thresh-
old is nearly 100% predictive of miscarriage in women at risk (Hab-
ayeb et al., 2008), corroborating the concept that FAAH is a critical
‘‘sensor’’ of reproductive abnormalities in human female fertility
(Maccarrone and Finazzi-Agrò, 2004). Also mammalian spermato-
genesis is strictly controlled by estrogens, which are produced
mainly by Sertoli cells and by FSH, that is a member of the glyco-
protein hormone family (Rossi et al., 2007). Immune signals, such
as the anti-inflammatory transforming growth factor b (TGFb), or
the pro-inflammatory TNF-a, may also take part in the orchestra-
tion of gametogenesis and in early germ cell differentiation in
invertebrates and mammals (Chaves-Pozo et al., 2008; O’Bryan
and Hedger, 2008). Different molecular pathways are triggered
during the formation, maintenance and differentiation of germ
cells. Among these TGFb signalling is highly conserved throughout
the six hundred million years of evolution, and is required for fer-
tility from insects to mammals (Loveland and Hime, 2005). TGFb is
critical for spermatogenesis and its disruption causes formation of
testicular tumors, thus an important goal remains to ascertain
what regulates TGFb expression and what, in turn, is regulated



Table 3
eCBs and reproductive hormones.

Tissue eCBs and reproductive hormones

Hypothalamus eCBs downregulate GnRH transcription and release via direct/indirect action on GnRH secreting neurons
Estradiol reverses AEA inhibitory effect on GnRH release
GnRH agonists increase CB1 transcription
eCBs reduce PRL through dopaminergic activation of tuberoinfundibular neurons; estradiol reverses AEA inhibitory effect on PRL release
eCBs increase ACTH and corticosterone, by activating the parvocellular part of PVN

Pituitary No effect of eCBs on FSH, either in vivo or in vitro
eCBs reduce LH both in vivo and in vitro
eCBs reduce PRL in vitro
eCBs increase ACTH in vitro in a CB1 independent fashion
Steroid-dependent CB1 expression

Testis eCBs reduce testosterone
FSH enhances FAAH activity in Sertoli cells

Ovary eCBs reduce estradiol
Uterus Estradiol and progesterone reduce FAAH

GnRH = gonadotropin-releasing hormone; PRL = prolactin; ACTH = corticotrophin; PVN = paraventricular nucleus; FSH = follicle-stimulating hormone; LH = luteinizing
hormone.
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by its signalling. Incidentally, cells treated with D9-THC increase
TGFb mRNA (Teixeria et al., 2010), whereas TGFb protein decreases
after treatment with a specific CB1 receptor antagonist in cirrhotic
rats (Teixeria-Clerc et al., 2006), or by a genetic or pharmacological
inactivation of CB1 receptors in liver fibrosis (Yang et al., 2007).
Although there is not proof yet of a direct connection between eCBs
and cytokines in male fertility, we cannot rule out that AEA and
congeners interfere with the control of sperm maturation and pro-
duction, by modulating the release of other signalling molecule,
and/or by affecting transduction pathways that normally regulate
fertility processes (Table 4).

5. Chromatin remodeling: a new target for ECS

Chromatin remodeling controls genome functioning by altering
the local dynamics of chromatin, primarily by regulating DNA
accessibility and compactness. This mechanism depends on epige-
netic modifications such as DNA methylation, histone acetylation
and methylation, incorporation of histone variants, nucleosome
remodeling and/or microRNA activity (Kouzarides, 2007). In con-
trast to oocytes, which maintain a chromatin structure more similar
to somatic cells, male germ cells show an impressive chromatin
remodeling (Miller et al., 2010), and emerging evidence shows that
the sperm nucleus no longer has a limited developmental role
(Johnson et al., 2011). Indeed, during spermiogenesis, round sper-
matids reorganize nuclear chromatin and differentiate into mature
elongated cells (mature spermatids or spermatozoa), that carry a
tightly packaged chromatin. Depending on the species, histones
(somatic or somatic-like) or specific sperm nuclear basic proteins
(SNBP) carry out this packaging (Eirìn-Lòpez and Ausiò, 2009). As
yet, there is no clear correspondence between the taxonomy of ani-
mal species and the type of SNBP found in their sperm. However,
chromatin packaging specifically characterizes male gametes and
reflects the principal aim of this cell: to preserve DNA and to pro-
vide an undamaged genome for fertilization. The specific patterns
by which sperm chromatin is packed vary widely among different
species. Some species exchange histones with SNBP precursors,
later processed into mature proteins; others directly replace
Table 4
ECS and reproductive cytokines.

Cytokine Cell/tissue ECS target

IL-2 and IL-12 T lymphocytes FAAH
IL-4 and IL-10 T lymphocytes FAAH
TGFb Liver CB1
histones with mature SNBP (Kurtz et al., 2009). Fishes and birds
replace somatic histones with protamines (PRM) (Oliva and Dixon,
1991), that are specific SNBP characterized by high percentage of
arginine residues (or arginine and cysteine residues in mammals)
(Carrel et al., 2007). A complicated mechanism condenses chroma-
tin in mammals, and requires several steps. Firstly, when cells enter
the meiotic prophase, somatic histones are replaced by testis-spe-
cific (TH2B, TH2A, TH3, H1t) or testis-enriched (H2AX, H1a) histone
variants (Churikov et al., 2004), which organize a less stable nucle-
osome compared with nucleosomes containing canonical histones
(Gaucher et al., 2010). This step creates specific chromatin domains
characterized by quickly-disassembling nucleosomes and by a new
‘‘histone code’’, both facilitating histone replacement (Gaucher
et al., 2010; Govin et al., 2004). Indeed, histones are displaced
through a DNA-binding competition mechanism that involves: (1)
transient replacement by transition proteins (TNP1–4 in mice, rats,
boars, bulls, men; the best characterized are TNP1 and TNP2), and
(2) final TNP-to-PRM exchange (PRM1 in rats; PRM1 and PRM2 in
stallions and mice; PRM4, in humans) (Gaucher et al., 2010; Rous-
seaux et al., 2005). It has been demonstrated that TNP1 has impor-
tant DNA-nucleosome core destabilizing properties, because it
decreases the melting temperature of DNA and relaxes DNA in
nucleosomal core particles in vitro (Singh and Rao, 1988). In con-
trast, TNP2 seems to be a DNA-condensing protein (Kundu and
Rao, 1996). In mice, hyperacetylation of histone tails (step 8–11
spermatids) relaxes DNA-nucleosome interactions, and precedes
and overlaps TNP1/TNP2 presence at the nuclear level (step
10-early 15 spermatids). In combination with transient DNA
strand-breaks and histone proteolysis, hyperacetylation facilitates
histone displacement, which ends at step 13 spermatids (Rous-
seaux et al., 2005). Chromatin condensation begins during step
12–13 of spermiogenesis, with a thickening of chromatin fibers
and uniform condensation in the anterior-to-posterior direction,
that corresponds to the anterocaudal disappearance of the acetyla-
tion signal, and to the direction of TNPs deposition. It has been
hypothesized that core-histones could be displaced in their acety-
lated state (Hazzourri et al., 2000). Phosphorylation and dephos-
phorylation of TNP and PRM trigger their nuclear translocation,
ECS effect Reference

Decreased activity Maccarrone et al. (2003a,b,c)
Increased activity Maccarrone et al. (2003a,b,c)
Increased binding Teixeira et al. (2010), Yang et al. (2007)
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their binding to DNA and eventually chromatin condensation
(Dadoune, 2003; Sassone-Corsi, 2005). Morphological events of this
global chromatin re-organization have been described in mamma-
lian and non-mammalian species (Kurtz et al., 2009), and key-
factors are emerging at each step (Carrel et al., 2007).

5.1. Chromatin remodeling in germ cells and spermatids

Recently, eCBs have been pointed out as new actors of this pro-
cess, thus revealing a new biological activity for these lipid media-
tors in male germ cells (Chioccarelli et al., 2010), in keeping with
previous data in human keratinocytes (Paradisi et al., 2008). In-
deed, either Tnp2 (mRNA and protein) levels or histone displace-
ment are affected by cb1 gene deletion in both heterozygous
(cb1+/�) and homozygous (cb1�/�) mice (Chioccarelli et al., 2010).
Complementary experiments carried out in vivo on wild-type and
cb1+/� mice, and in vitro on wild-type mice testis, also show that
AEA is able to act locally and to modulate Tnp2 by increasing mRNA
levels through CB1. It has been hypothesized that testicular AEA,
rather than 2-AG (Chioccarelli et al., 2010), produced by Sertoli
cells (Maccarrone et al., 2003c) and/or by spermatids (Grimaldi
et al., 2009), might act on spermatids themselves. Indeed, it is con-
ceivable that AEA may act as a paracrine/autocrine factor on sper-
matids via CB1, by regulating Tnp2 mRNA transcription (Zhao et al.,
2001) or stability (Yu et al., 2005). Both hypotheses are particularly
attractive. Tnp1/2 and Pmr1/2 mRNAs are synthesized and stored
for some days in spermatids, and are then translated, implying a
timely controlled process of haploid-regulated transcription and
translation. Transcriptional regulation depends on potentiation of
genes via association with nuclear matrix attachment regions
(MARs) (Martins et al., 2004), DNA methylation, and/or binding
of trans-acting factors to promoter regions like TATA-box protein
(TBP), cAMP response element modulator (CREM), and Y-box pro-
teins (Carrel et al., 2007). DNA methylation is generally known to
decrease gene expression, and histone deacetylase (HDAC) is
responsible for part of this repressive effect. It has been demon-
strated that treatment of human keratinocytes with agents known
to inhibit DNA methylation promotes their differentiation
(Maccarrone et al., 2003b and references therein), and that AEA
is able to reverse this effect by enhancing DNA methyl-transferase
(DNMT) activity (Paradisi et al., 2008). In particular, AEA decreases
keratinocyte-differentiating gene expression by increasing DNA
methylation through a p38, and to a lesser extend p42/44, mito-
gen-activated protein kinase (MAPK)-dependent pathway
triggered by CB1 (Paradisi et al., 2008; Pasquariello et al., 2009).
In mouse, Pmr1, Pmr2 and Tnp2 genes are clustered on chromo-
some 16 and, contrary to the usual paradigm, they are fully meth-
ylated when actively transcribed (Choi et al., 1997). Interestingly,
in human testis DNMT1 is restricted to male germ cells (pachytene
spermatocytes and round spermatids), and infertile patients show-
ing round spermatid maturation arrest also show a specific DNMT1
loss in round spermatids (Omisanjo et al., 2007). Moreover, the
promoter region of transition proteins and protamines contains a
cAMP response element (CRE), and the CREM-activator isoform
tau (CREMs (Foulkes et al., 1992, 1993) regulates the haploid
expression of several post-meiotic genes, including the TNP and
PRM families (Carrel et al., 2007). Altogether, these data suggest
that CB1 may target Tnp2 transcription rather than its degradation,
by regulating either DNA methylation (Paradisi et al., 2008) or
cAMP production (Howlett, 2005). In mice, in vitro experiments
have demonstrated that AEA upregulates Tnp2 through a
CB1-PKA/PKC pathway, thus embracing the hypothesis that epige-
netic modifications drive the cAMP-dependent CREMs recruitment
to the Tnp2 promoter region (see the hypothetical model in Fig. 2).
Indeed, CREMs expression (primarily via a cAMP-FSH modulated
pathway) and activity (via subcellular localization of the
cAMP-dependent coactivator ACT) are both dependent on PKA
(Hogeveen and Sassone-Corsi, 2006; Kotaja et al., 2005; Monaco
et al., 1995). CREMs appears to directly influence the fate of sper-
matids, since crem-null mice display a complete block of spermatid
differentiation at the first step of spermiogenesis (Blendy et al.,
1996; Nantel et al., 1996). To date, it is not clear how the
‘‘FSH-signal’’ internalized in Sertoli cells is transduced into germ
cells, in order to induce CREMs expression and/or activity.
Although the existence of FSH receptors on germ cells remains
an unsolved question (Baccetti et al., 1998), AEA might be a not-
yet characterized ‘‘communicating factor’’ released by Sertoli cell
to talk to spermatids. Indeed, Sertoli cells are able to produce
and hydrolyze AEA (Maccarrone et al., 2003c), and the expression
of their FAAH is regulated by FSH through an estrogen-mediated
pathway (Rossi et al., 2007). Therefore, it is conceivable that (1)
FSH-induced estrogens might control local AEA levels through
FAAH, and that (2) AEA, produced by Sertoli cells, might regulate
Tnp2 expression in spermatids via CB1. Accordingly, it has been re-
ported that estrogens, directly or indirectly, influence chromatin
remodeling which, in turn, primarily promotes the nuclear shape
of spermatids. It has been demonstrated that aromatase-null mice
(ArKO) do not complete elongation of spermatids (Robertson et al.,
1999), and gonadotropin-deficient hpg mice treated with estro-
gens, or with a selective ERa agonist, restore meiosis progression
and produce haploid spermatid with elongated nuclei (Allan
et al., 2010; Ebling et al., 2000). In addition, some data support tes-
tosterone/estrogen involvement in TP/PMR expression (Aleem
et al., 2004, 2006) and in chromatin condensation. The latter obser-
vation is particularly interesting, because cb1�/� male mice,
besides showing inefficient histone displacement, also produce
spermatozoa with uncondensed chromatin and damaged DNA
(Chioccarelli et al., 2010). It is conceivable that chromatin conden-
sation and DNA damage are secondary effects related to disrupted
histone displacement, rather than to Tnp2 decrease. Indeed, cb1�/�

male mice show high percentage of spermatozoa retaining his-
tones, a phenotype that seems to be independent of Tnp2 decrease.
In fact, although Tnp2 transcript decreases by �50% in both cb1�/�

and cb1+/�, histone displacement and all chromatin quality indexes
examined are highly reduced in cb1�/� as compared with cb1+/�

animals (Chioccarelli et al., 2010). Therefore, cb1 loss causes a dou-
ble alteration: decrease of Tnp2 mRNA levels and, through a TNP2-
independent mechanism, reduction of histone displacement.
Accordingly, Meistrich and coworkers (1992) have demonstrated
that Tnp2-null mutation does not affect histone removal. In mice,
main events promoting histone displacement are phosphorylation
of histone H1t (Sarg et al., 2009) and hyperacetylation of hystone
H4. The latter process has been studied in germ cells of several spe-
cies (Kurtz et al., 2009; Meistrich et al., 1992) and is largely con-
served during evolution. Because of CB1 presence in spermatids
of several species (Pierantoni et al., 2009), it is conceivable that
eCBs may regulate chromatin packaging in vertebrates. Species
characterized by chromatin packaging through histones have rela-
tively low levels of acetylation. Indeed, in species where chromatin
is packaged through SNBPs or PRMs, a massive acetylation has
been observed (Hazzourri et al., 2000; Kurtz et al., 2009). Probably,
acetylation of specific lysines, within the N-terminal domain of H4,
reduces binding of nucleosomes to DNA, thus leading to chromatin
relaxation. This event exposes DNA to binding to more basic pro-
teins (i.e., SNBP/PRM or TP-PRM), or to condensation-promoting
factors (Pivot-Pajot et al., 2003), overall resulting in histone dis-
placement/replacement and/or in the next chromatin condensa-
tion (Pivot-Pajot et al., 2003). Interestingly, in trout testis it has
been demonstrated that hyperacetylation of H4 in condensing
spermatids occurs exactly at the same four lysine residues that
lead to transcription-associated acetylation (Christensen et al.,
1984). Therefore, CB1 might regulate both Tnp2 transcription and



Fig. 2. CB1 regulates Tnp2 transcription and histone displacement in mouse round and elongating spermatids, respectively. The scheme describes an hypothetical model in
which some of the factors involved in both events are potential targets of CB1 (in white). Covalent modifications relax chromatin and, in round spermatids, drive the cAMP-
dependent CREMt recruitment to the Tnp2 promoter region (left), while in elongating spermatids they facilitate histone displacement through a DNA-binding competition
mechanism involving TNP1 and TNP2 (right). It is possible that factors and enzymes may work in combination in a multiprotein complex, in order to relax chromatin and
bring about distinct downstream events (transcription and histone displacement).

10 N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14
histone displacement occurring in spermatids, probably through
acetylation. An hypothetical model is depicted in Fig. 2. This
hypothesis is in keeping with the emerging idea that a unique
machinery, using different combinations of the same multiprotein
complexes, may act to remodel chromatin and, therefore, to drive
gene expression or packaging (Strahl and Allis, 2000).
6. Conclusions

In this review, we have summarized the current knowledge of
the cross-talks between eCBs, steroid hormones and cytokines in
female and male fertility, along the evolutionary axis. The available
data suggest a tight control of this network of signals for successful
implantation and pregnancy maintenance in invertebrates, verte-
brates and mammals. They also support the view that the endoge-
nous tone of eCBs, and in particular of AEA, needs to be tightly
controlled in a proper spatio-temporal sequence, in order to allow
successful implantation and pregnancy maintenance. In this con-
text, any substance able to reduce AEA content, by modulating
the activity of its metabolic enzymes (i.e., by down-regulating
AEA synthesis through NAPE-PLD, and/or more importantly AEA
degradation by FAAH), holds the promise to become a useful fertil-
ity enhancer. FAAH is indeed the key-regulator of AEA levels
in vivo, and has been shown to direct several pre-implantation
events, from the development of the fertilized egg to its oviductal
transport. In humans AEA levels in blood inversely correlate with
FAAH activity in peripheral lymphocytes, and interestingly FAAH
activity and expression are under the control of Th1/Th2 cytokines
and leptin, as well as of sex hormones like progesterone and estro-
gen. It remains to be established if and to what extent the epige-
netic control of faah gene expression, e.g. through DNA
methylation or histone acetylation, can contribute to the modula-
tion of enzyme activity by cytokines and/or steroids. Taken
together, FAAH and AEA assays in peripheral blood cells (easily
accessible for routine immunochemical analyses such as enzyme-
linked immunosorbent assay, ELISA) hold the promise to become
useful in predicting the outcome of assisted and natural reproduc-
tion in pregnant women. Thus, it is highly advisable that public
and/or private funding agencies support research efforts aimed at
improving our understanding of fertility defects, so that human
reproductive potential may be restored, and then preserved against
(environmental) insults. Once the value of ‘‘natural’’ reproduction
is re-established, our reliance on assisted reproduction technolo-
gies could diminish, and appreciation of the underlying mecha-
nisms and safety be improved. On a final note, it seems
noteworthy that the interplay between different signals demon-
strated in reproductive events, and kept along the evolutionary
axis, might also take place in other body organ/system, for instance
in the brain during neuroinflammation. In this case, eCBs control
neurotransmission through a tight exchange of information with
cytokines released from the microglia, and with neurosteroids act-
ing on neurons (Rossi et al., 2010). If crosstalks between cytokines,
steroid hormones and eCBs have a more general validity, the les-
sons learned from investigations into reproductive defects might
have a broader interest, opening up avenues to novel therapeutics
able to combat several central and peripheral human diseases.

Acknowledgements

This investigation was supported by Fondazione TERCAS (Grant
2009-2012 to M.M.), and by UK Medical Research Council (Grant
2008-2010 to J.C.K. and M.M.).

References

Acone, G., Trabucco, E., Colacurci, N., Cobellis, L., Mackie, K., Meccariello, R., Cacciola,
G., Chioccarelli, T., Fasano, S., Pierantoni, R., Cobellis, G., 2009. Low type I
cannabinoid receptor levels characterize placental villous in labouring delivery.
Placenta 30, 203–205.

Ahima, R.S., Flier, J.S., 2000. Leptin. Annu. Rev. Physiol. 62, 413–437.
Ahn, K., McKinney, M.K., Cravatt, B.F., 2008. Enzymatic pathways that regulate

endocannabinoid signaling in the nervous system. Chem. Rev. 108, 1687–1707.



N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14 11
Aleem, M., Padwal, V., Choudhari, J., Balasinor, N., Parte, P., Gill-Sharma, M., 2004.
Cyproterone acetate affects gene expression in the testis of adult male rat.
Contraception 71, 379–391.

Aleem, M., Padwal, V., Choudhari, J., Balasinor, N., Parte, P., Gill-Sharma, M., 2006.
Estradiol affects androgen-binding protein expression and fertilizing ability of
spermatozoa in adult male rats. Mol. Cell Endocrinol. 253, 1–13.

Allan, C.M., Couse, J.F., Simanainen, U., Spaliviero, J., Jimenez, M., Rodriguez, K.,
Korach, K.S., Handelsman, D.J., 2010. Estradiol induction of spermatogenesis is
mediated via an estrogen receptor-{alpha} mechanism involving
neuroendocrine activation of follicle-stimulating hormone secretion.
Endocrinology 151, 2800–2810.

Baccetti, B., Collodel, G., Costantino-Ceccarini, E., Eshkol, A., Gambera, L., Moretti, E.,
Strazza, M., Piomboni, P., 1998. Localization of human follicle-stimulating
hormone in the testis. FASEB J. 12, 1045–1054.

Bari, M., Battista, N., Pirazzi, V., Maccarrone, M., 2011. The manifold actions of
endocannabinoids on female and male reproductive events. Front Biosci. 16,
498–516.

Battista, N., Pasquariello, N., Di Tommaso, M., Maccarrone, M., 2008. Interplay
between endocannabinoids, steroids and cytokines in the control of human
reproduction. J. Neuroendocrinol. 20, 82–89.

Bisogno, T., Ventriglia, M., Milone, A., Mosca, M., Cimino, G., Di Marzo, V., 1997.
Occurrence and metabolism of anandamide and related acyl-ethanolamides in
ovaries of the sea urchin Paracentrotus lividus. Biochim. Biophys. Acta 1345,
338–348.

Bisogno, T., Howell, F., Williams, G., Minassi, A., Cascio, M.G., Ligresti, A., Matias, I.,
Schiano-Moriello, A., Paul, P., Williams, E.J., Gangadharan, U., Hobbs, C., Di
Marzo, V., Doherty, P., 2003. Cloning of the first sn1-DAG lipases points to the
spatial and temporal regulation of endocannabinoid signaling in the brain. J.
Cell. Biol. 63, 463–468.

Blendy, J.A., Kaestner, K.H., Weinbauer, G.F., Nieschlag, E., Schütz, G., 1996. Severe
impairment of spermatogenesis in mice lacking the CREM gene. Nature 380,
162–165.

Bonnin, A., Ramos, J.A., Rodríguez de Fonseca, F., Cebeira, M., Fernández-Ruiz, J.J.,
1993. Acute effects of delta 9-tetrahydrocannabinol on tuberoinfundibular
dopamine activity, anterior pituitary sensitivity to dopamine and prolactin
release vary as a function of estrous cycle. Neuroendocrinology 58, 280–286.

Buznikov, G.A., Nikitina, L.A., Bezuglov, V.V., Francisco, M.E., Boysen, G., Obispo-
Peak, I.N., Peterson, R.E., Weiss, E.R., Schuel, H., Temple, B.R., Morrow, A.L.,
Lauder, J.M., 2010. A putative ‘pre-nervous’ endocannabinoid system in early
echinoderm development. Dev. Neurosci. 32, 1–18.

Cacciola, G., Chioccarelli, T., Mackie, K., Meccariello, R., Ledent, C., Fasano, S.,
Pierantoni, R., Cobellis, G., 2008a. Expression of type-1 cannabinoid receptor
during rat postnatal testicular development. Possible Involvement in adult
Leydig cell differentiation. Biol. Reprod. 79, 758–765.

Cacciola, G., Chioccarelli, T., Ricci, G., Meccariello, R., Fasano, S., Pierantoni, R.,
Cobellis, G., 2008b. The endocannabinoid system in vertebrate male
reproduction: a comparative overview. Mol. Cell Endocrinol. 286, S24–30.

Carrel, D.T., Emery, B.R., Hammound, S., 2007. Altered protamine expression and
diminuished spermatogenesis: what is the link? Human Reprod. Update 13,
313–327.

Cencioni, M.T., Chiurchiù, V., Catanzaro, G., Borsellino, G., Bernardi, G., Battistini, L.,
Maccarrone, M., 2010. Anandamide suppresses proliferation and cytokine
release from primary human T-lymphocytes mainly via CB2 receptors. PLoS
One 5, e8688.

Cesa, R., Guastalla, A., Cottone, E., Mackie, K., Beltramo, M., Franzoni, M.F., 2002.
Relationships between CB1 cannabinoid receptors and pituitary endocrine cells in
Xenopus laevis: an immunohistochemical study. Gen. Comp. Endocrinol. 25, 17–24.

Chaves-Pozo, E., Liarte, S., Fernández-Alacid, L., Abellán, E., Meseguer, J., Mulero, V.,
García-Ayala, A., 2008. Pattern of expression of immune-relevant genes in the
gonad of a teleost, the gilthead seabream (Sparus aurata L.). Mol. Immunol. 45,
2998–3011.

Chianese, R., Cobellis, G., Pierantoni, R., Fasano, S., Meccariello, R., 2008. Non-
mammalian vertebrate models and the endocannabinoid system: relationships
with gonadotropin-releasing hormone. Mol. Cell. Endocrinol. 286, S46–S51.

Chioccarelli, T., Cacciola, G., Altucci, L., Lewis, S.E.M., Simon, L., Ricci, G., Ledent, C.,
Meccariello, R., Fasano, S., Pierantoni, R., Cobellis, G., 2010. Cannabinoid
receptor 1 influences chromatin remodeling in mouse spermatide by affecting
contento f ransition protein 2 mRNA and histone displacement. Endocrinology
151, 5017–5029.

Choi, Y.C., Aizawa, A., Hecht, N.B., 1997. Genomic analysis of the mouse protamine
1, protamine 2, and transition protein 2 gene cluster reveals hypermethylation
in expressing cells. Mamm. Genome 8, 317–323.

Christensen, M.E., Rattner, J.B., Dixon, G.H., 1984. Hyperacetylation of histone H4
promotes chromatin decondensation prior to histone replacement by
protamines during spermatogenesis in rainbow trout. Nucl. Acids Res. 12,
4575–4592.

Churikov, D., Zalenskaya, I.A., Zalensky, A.O., 2004. Male germline-specific histones
in; mouse and man. Cytogenet. Genome Res. 105, 203–214.

Cobellis, G., Cacciola, G., Scarpa, D., Meccariello, R., Chianese, R., Franzoni, M.F.,
Macie, K., Pierantoni, R., Fasano, S., 2006. Endocannabinoid system in frog and
rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase
activity in male germ cells. Biol. Reprod. 75, 82–89.

Cobellis, G., Ricci, G., Cacciola, G., Orlando, P., Petrosino, S., Cascio, M.G., Bisogno, T.,
De Petrocellis, L., Chioccarelli, T., Altucci, L., Fasano, S., Meccariello, R.,
Pierantoni, R., Ledent, C., Di Marzo, V., 2010. A gradient of 2-
arachidonoylglycerol regulates mouse epididymal sperm cell start-up. Biol.
Reprod. 82, 451–458.

Coddington, E., Lewis, C., Rose, J.D., Moore, F.L., 2007. Endocannabinoids mediate the
effects of acute stress and corticosterone on sex behavior. Endocrinology 148,
493–500.

Cottone, E., Salio, C., Conrath, M., Franzoni, M.F., 2003. Xenopus laevis CB1
cannabinoid receptor: molecular cloning and mRNA distribution in the
central nervous system. J. Comp. Neurol. 464, 487–496.

Cottone, E., Forno, S., Campantico, E., Guastalla, A., Viltono, L., Mackie, K., Franzoni,
M.F., 2005. Expression and distribution of CB1 cannabinoid receptors in the
central nervous system of the African cichlid fish Pelvicachromis pulcher. J.
Comp. Neurol. 485, 293–303.

Cottone, E., Guastalla, A., Mackie, K., Franzoni, M.F., 2008. Endocannabinoids affect
the reproductive functions in teleosts and amphibians. Mol. Cell. Endocrinol.
286, S41–S45.

Cravatt, B.F., Giang, D.K., Mayfield, S.P., Boger, D.L., Lerner, R.A., Gilula, N.B., 1996.
Molecular characterization of an enzyme that degrades neuromodulatory fatty-
acid amides. Nature 384, 83–87.

Cristino, L., De Petrocellis, L., Pryce, G., Baker, D., Guglielmotti, V., Di Marzo, V., 2006.
Immunohistochemical localization of cannabinoid type 1 and vanilloid
transient receptor potential vanilloid type 1 receptors in the mouse brain.
Neuroscience 139, 1405–1415.

Dadoune, J.P., 2003. Expression of mammalian spermatozoal nucleoproteins.
Microsc. Res. Tech. 61, 56–75.

Derocq, J.M., Jbilo, O., Bouaboula, M., Segui, M., Clere, C., Casellas, P., 2000. Genomic
and functional changes induced by the activation of the peripheral cannabinoid
receptor CB2 in the promyelocytic cells HL-60. Possible involvement of the CB2
receptor in cell differentiation. J. Biol. Chem. 275, 15621–15628.

Dinh, T.P., Freund, T.F., Piomelli, D., 2002. A role for monoglyceride lipase in 2-
arachidonoylglycerol inactivation. Chem. Phys. Lipids 121, 149–158.

Ebling, F.J., Brooks, A.N., Cronin, A.S., Ford, H., Kerr, J.B., 2000. Estrogenic induction of
spermatogenesis in the hypogonadal mouse. Endocrinology 141, 2861–2869.

Eirín-López, J.M., Ausió, J., 2009. Origin and evolution of chromosomal sperm
proteins. Bioassays 31, 1062–1070.

Elphick, M.R., Satou, Y., Satoh, N., 2003. The invertebrate ancestry of
endocannabinoid signalling: an orthologue of vertebrate cannabinoid
receptors in the urochordate Ciona intestinalis. Gene 302, 95–101.

Elphick, M.R., Egertová, M., 2005. The phylogenetic distribution and evolutionary
origins of endocannabinoid signalling. Handb. Exp. Pharmacol. 168, 283–297.

El-Talatini, M.R., Taylor, A.H., Elson, J.C., Brown, L., Davidson, A.C., Konje, J.C., 2009a.
Localisation and function of the endocannabinoid system in the human ovary.
PLoS One 4, e4579.

El-Talatini, M.R., Taylor, A.H., Konje, J.C., 2009b. Fluctuation in anandamide levels
from ovulation to early pregnancy in in-vitro fertilization-embryo transfer
women and its hormonal regulation. Hum. Reprod. 24, 1989–1998.

El-Talatini, M.R., Taylor, A.H., Konje, J.C., 2010. The relationship between plasma
levels of the endocannabinoid, anandamide, sex steroids, and gonadotrophins
during the menstrual cycle. Fertil. Steril. 93, 1989–1996.

Farkas, I., Kalló, I., Deli, L., Vida, B., Hrabovszky, E., Fekete, C., Moenter, S.M.,
Watanabe, M., Liposits, Z., 2010. Retrograde endocannabinoid signaling reduces
GABAergic synaptic transmission to Gonadotropin-Releasing Hormone neurons.
Endocrinology 151, 5818–5829.

Fasano, S., Meccariello, R., Cobellis, G., Chianese, R., Cacciola, G., Chioccarelli, T.,
Pierantoni, R., 2009. The endocannabinoid system: an ancient signaling
involved in the control of male fertility. Ann. NY Acad. Sci. 1163, 112–124.

Fernández-Ruiz, J.J., Muñoz, R.M., Romero, J., Villanua, M.A., Makriyannis, A., Ramos,
J.A., 1997. Time course of the effects of different cannabimimetics on prolactin
and gonadotrophin secretion: evidence for the presence of CB1 receptors in
hypothalamic structures and their involvement in the effects of
cannabimimetics. Biochem. Pharmacol. 53, 1919–1927.

Fonseca, B.M., Correia-da-Silva, G., Taylor, A.H., Konje, J.C., Bell, S.C., Teixeira,
N.A., 2009. Spatio-temporal expression patterns of anandamide-binding
receptors in rat implantation sites: evidence for a role of the
endocannabinoid system during the period of placental development.
Reprod. Biol. Endocrinol. 7, 121.

Fonseca, B.M., Correia-da-Silva, G., Taylor, A.H., Lam, P.M., Marczylo, T.H., Bell, S.C.,
Konje, J.C., Teixeira, N.A., 2010a. The endocannabinoid 2-arachidonoylglycerol
(2-AG) and metabolizing enzymes during rat fetoplacental development: a role
in uterine remodelling. Int. J. Biochem. Cell Biol. 42, 1884–1892.

Fonseca, B.M., Correia-da-Silva, G., Taylor, A.H., Lam, P.M., Marczylo, T.H., Konje, J.C.,
Bell, S.C., Teixeira, N.A., 2010b. N-acylethanolamine levels and expression of
their metabolizing enzymes during pregnancy. Endocrinology 151, 3965–3974.

Foulkes, N.S., Mellström, B., Benusiglio, E., Sassone-Corsi, P., 1992. Developmental
switch of CREM function during spermatogenesis: from antagonist to activator.
Nature 355, 80–84.

Foulkes, N.S., Schlotter, F., Pévet, P., Sassone-Corsi, P., 1993. Pituitary hormone FSH
directs the CREM functional switch during spermatogenesis. Nature 362, 264–267.

Francavilla, F., Battista, N., Barbonetti, A., Vassallo, M.R., Rapino, C., Antonangelo, C.,
Pasquariello, N., Catanzaro, G., Barboni, B., Maccarrone, M., 2009.
Characterization of the endocannabinoid system in human spermatozoa and
involvement of transient receptor potential vanilloid 1 receptor in their
fertilizing ability. Endocrinology 150, 4692–4700.

Gammon Jr, C.M., Freeman, G.M., Xie, W., Petersen, S.L., Wetsel, W.C., 2005.
Regulation of gonadotropin-releasing hormone secretion by cannabinoids.
Endocrinology 146, 4491–4499.



12 N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14
Gaucher, J., Reynoird, N., Montellier, E., Boussouar, F., Rousseaux, S., Khochbin, S.,
2010. From meiosis to postmeiotic events: the secrets of histone disappearance.
FEBS J. 277, 599–604.

Gong, J.P., Onaivi, E.S., Ishiguro, H., Liu, Q.R., Tagliaferro, P.A., Brusco, A., Uhl, G.R.,
2006. Cannabinoid CB2 receptors: immunohistochemical localization in rat
brain. Brain Res. 1071, 10–23.

González, S., Manzanares, J., Berrendero, F., Wenger, T., Corchero, J., Bisogno, T.,
Romero, J., Fuentes, J.A., Di Marzo, V., Ramos, J.A., Fernández-Ruiz, J., 1999.
Identification of endocannabinoids and cannabinoid CB(1) receptor mRNA in
the pituitary gland. Neuroendocrinology 70, 137–145.

González, S., Bisogno, T., Wenger, T., Manzanares, J., Milone, A., Berrendero, F., Di
Marzo, V., Ramos, J.A., Fernández-Ruiz, J.J., 2000. Sex steroid influence on
cannabinoid CB(1) receptor mRNA and endocannabinoid levels in the anterior
pituitary gland. Biochem. Biophys. Res. Commun. 270, 260–266.

Gorzalka, B.B., Hill, M.N.S., Chang, C.H., 2010. Male–female differences in the effects
of cannabinoids on sexual behavior and gonadal hormone function. Hormones
Behavior. 58, 91–99.

Govin, J., Caron, C., Lestrat, C., Rousseaux, S., Khochbin, S., 2004. The role of histones
in chromatin remodelling during mammalian spermiogenesis. Eur. J. Biochem.
271, 3459–3469.

Grimaldi, P., Orlando, P., Di Sena, S., Lolicato, F., Petrosino, S., Bisogno, T., Geremia, R.,
De Petrocellis, L., Di Marzo, V., 2009. The endocannabinoid system and pivotal
role of the CB2 receptor in mouse spermatogenesis. Proc. Natl. Acad. Sci. USA
106, 11131–11136.

Gye, M.C., Kang, H.H., Kang, H.J., 2005. Expression of cannabinoid receptor 1 in
mouse testes. Arch. Androl. 51, 247–255.

Habayeb, O.M., Taylor, A.H., Evans, M.D., Cooke, M.S., Taylor, D.J., Bell, S.C., Konje,
J.C., 2004. Plasma levels of the endocannabinoid anandamide in women a
potential role in pregnancy maintenance and labor? J. Clin. Endocrinol. Metab.
89, 5482–5487.

Habayeb, O.M., Taylor, A.H., Finney, M., Evans, M.D., Konje, J.C., 2008. Plasma
anandamide concentration and pregnancy outcome in women with threatened
miscarriage. JAMA 299, 1135–1136.

Hazzourri, M., Pivot-Pajot, C., Faure, A.K., Usson, Y., Pellettier, R., Sele, B., Khochbin,
S., Rousseaux, S., 2000. Regulated iperacetylation of core histones during mouse
spermatogenesis: involvement of histone deacetylases. Eur. J. Cell Biol. 79, 950–
960.

Ho, S.Y., Delgado, L., Storch, J., 2002. Monoacylglycerol metabolism in human
intestinal Caco-2 cells: evidence for metabolic compartmentation and
hydrolysis. J. Biol. Chem. 277, 1816–1823.

Hogeveen, K.N., Sassone-Corsi, P., 2006. Regulation of gene expression in post-
meiotic male germ cells: CREM-signalling pathways and male fertility. Hum.
Fertil. 9, 73–79.

Horne, A.W., Phillips, J.A., Kane, N., Lourenco, P.C., McDonald, S.E., Williams, A.R.,
Simon, C., Dey, S.K., Critchley, H.O., 2008. CB1 expression is attenuated in
Fallopian tube and decidua of women with ectopic pregnancy. PLoS One 3,
e3969.

Howlett, A.C., 2005. Cannabinoid receptor signaling. Handb. Exp. Pharmacol. 168,
53–79.

Jin, X.H., Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T., Ueda, N., 2007. Discovery
and characterization of a Ca2+-independent phosphatidylethanolamine N-
acyltransferase generating the anandamide precursor and its congeners. J. Biol.
Chem. 282, 3614–3623.

Johnson, G.D., Lalancette, C., Linnemann, A.K., Leduc, F., Boissonneault, G., Krawetz,
S.A., 2011. The sperm nucleus: chromatin, RNA, and the nuclear matrix.
Reproduction 141, 21–36.

Kaczocha, M., Glaser, S.T., Deutsch, D.G., 2009. Identification of intracellular carriers
for the endocannabinoid anandamide. Proc. Natl. Acad. Sci. USA 106, 6375–
6380.

Kah, O., Lethimonier, C., Somoza, G., Guilgur, L.G., Vaillant, C., Lareyre, J.J., 2007.
GnRH and GnRH receptors in metazoa: a historical, comparative, and evolutive
perspective. Gen. Comp. Endocrinol. 153, 346–364.

Karasu, T., Marczylo, T.H., Maccarrone, M., Konje, J.C., 2010. The role of sex steroid
hormones, cytokines and the endocannabinoid system in female fertility. Hum.
Rep Update 17, 347–361.

Kirby, E.D., Geraghty, A.C., Ubuka, T., Bentley, G.E., Kaufer, D., 2009. Stress increases
putative gonadotropin inhibitory hormone and decreases luteinizing hormone
in male rats. Proc. Natl. Acad. Sci. USA 106, 11324–11329.

Kishimoto, S., Kobayashi, Y., Oka, S., Gokoh, M., Waku, K., Sugiura, T., 2004. 2-
Arachidonoylglycerol, an endogenous cannabinoid receptor ligand, induces
accelerated production of chemokines in HL-60 cells. J. Biochem (Tokyo) 135,
517–524.

Klein, T.W., Newton, C., Larsen, K., Chou, J., Perkins, I., Lu, L., Nong, L., Friedman, H.,
2004. Cannabinoid receptors and T helper cells. J. Neuroimmunol. 147, 91–94.

Klinger, F.G., Battista, N., De Felici, M., Maccarrone, M., 2006. Stage-variations of
anandamide hydrolase activity in the mouse uterus during the natural oestrus
cycle. J. Exp. Clin. Assist. Reprod. 3, 3.

Kotaja, N., Macho, B., Sassone-Corsi, P., 2005. Microtubule-independent and protein
kinase A-mediated function of kinesin KIF17b controls the intracellular
transport of activator of CREM in testis (ACT). J. Biol. Chem. 280, 31739–31745.

Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128, 693–
705.

Kriegsfeld, L.J., Mei, D.F., Bentley, G.E., Ubuka, T., Mason, A.O., Inoue, K., Ukena, K.,
Tsutsui, K., Silver, R., 2006. Identification and characterization of a
gonadotropin-inhibitory system in the brains of mammals. Proc. Natl. Acad.
Sci. USA. 103, 2410–2415.
Kundu, T.K., Rao, M.R., 1996. Zinc dependent recognition of a human CpG island
sequence by the mammalian spermatidal protein TP2. Biochemistry 35, 15626–
15632.

Kurtz, K., Saperas, N., Ausio, J., Chiva, M., 2009. Spermiogenic nuclear protein
transitions and chromatin condensation. Proposal for an ancestral model of
nuclear spermiogenesis. J. Exp. Zool. Mol. Dev. Evol. 312, 149–163.

Lam, C.S., Rastegar, S., Strähle, U., 2006. Distribution of cannabinoid receptor 1 in
the CNS of zebrafish. Neuroscience 138, 83–95.

Lazzarin, N., Valensise, H., Bari, M., Ubaldi, F., Battista, N., Finazzi-Agrò, A.,
Maccarrone, M., 2004. Fluctuations of fatty acid amide hydrolase and
anandamide levels during the human ovulatory cycle. Gynecol. Endocrinol.
18, 212–218.

Leung, D., Saghatelian, A., Simon, G.M., Cravatt, B.F., 2006. Inactivation of N-acyl
phosphatidilethanolamine phospholipase D reveals multiple mechanisms for
the biosynthesis of endocannabinoids. Biochemistry 45, 4720–4726.

Liu, J., Wang, L., Harvey-White, J., Osei-Hyiaman, D., Razdan, R., Gong, Q., Chan, A.C.,
Zhou, Z., Huang, B.X., Kim, H.Y., Kunos, G., 2006. A biosynthetic pathway for
anandamide. Proc. Natl. Acad. Sci. USA 103, 13345–13350.

Loveland, K.L., Hime, G., 2005. TGFbeta superfamily members in spermatogenesis:
setting the stage for fertility in mouse and Drosophila. Cell Tissue Res. 322, 141–
146.

Lynn, A.B., Herkenham, M., 1994. Localization of cannabinoid receptors and
nonsaturable high-density cannabinoid binding sites in peripheral tissues of
the rat: implications for receptor-mediated immune modulation by
cannabinoids. J. Pharmacol. Exp. Ther. 268, 1612–1623.

Maccarrone, M., De Felici, M., Bari, M., Klinger, F., Siracusa, G., Finazzi-Agrò, A.,
2000a. Down-regulation of anandamide hydrolase in mouse uterus by sex
hormones. Eur. J. Biochem. 267, 2991–2997.

Maccarrone, M., Valensise, H., Bari, M., Lazzarin, N., Romanici, C., Finazzi-Agrò, A.,
2000b. Relation between decreased anandamide hydrolase concentrations in
human lymphocytes and miscarriage. Lancet 355, 1326–1329.

Maccarrone, M., Bari, M., Di Rienzo, M., Finazzi-Agrò, A., Rossi, A., 2003a.
Progesterone activates fatty acid amide hydrolase (FAAH) promoter in human
T lymphocytes through the transcription factor Ikaros. Evidence for a
synergistic effect of leptin. J. Biol. Chem. 278, 32726–32732.

Maccarrone, M., Di Rienzo, M., Battista, N., Gasperi, V., Guerrieri, P., Rossi, A.,
Finazzi-Agrò, A., 2003b. The endocannabinoid system in human keratinocytes.
Evidence that anandamide inhibits epidermal differentiation through CB1
receptor-dependent inhibition of protein kinase C, activation protein-1, and
transglutaminase. J. Biol. Chem. 278, 33896–33903.

Maccarrone, M., Cecconi, S., Rossi, G., Battista, N., Paeselli, R., Finazzi-Agrò, A., 2003c.
Anandamide activity and degradation are regulated by early postnatal aging
and follicle-stimulating hormone in mouse Sertoli cells. Endocrinology 144, 20–
28.

Maccarrone, M., Finazzi-Agrò, A., 2004. Anandamide hydrolase: a guardian angel of
human reproduction? Trends Pharmacol. Sci. 25, 353–357.

Maccarrone, M., Barboni, B., Paradisi, A., Bernabò, N., Gasperi, V., Pistilli, M.G., Fezza,
F., Lucidi, P., Mattioli, M., 2005. Characterization of the endocannabinoid system
in boar spermatozoa and implications for sperm capacitation and acrosome
reaction. J. Cell Sci. 118, 4393–4404.

Maccarrone, M., Wenger, T., 2005. Effects of cannabinoids on hypothalamic and
reproductive function. Handb. Exp. Pharmacol. 168, 555–571.

Maccarrone, M., 2009. Endocannabinoids and reproductive endocrinology. Curr.
Opin. Investig. Drugs 10, 305–310.

Mani, S.K., Mitchell, A., O’Malley, B.W., 2001. Progesterone receptor and dopamine
receptors are required in Delta 9-tetrahydrocannabinol modulation of sexual
receptivity in female rats. Proc. Natl. Acad. Sci. USA 98, 1249–1254.

Martins, R.P., Ostermeier, G.C., Krawetz, S.A., 2004. Nuclear matrix interactions at
the human protamine domain: a working model of potentiation. J. Biol. Chem.
279, 51862–51868.

Matias, I., McPartland, J.M., Di Marzo, V., 2005. Occurrence and possible biological
role of the endocannabinoid system in the sea squirt Ciona intestinalis. J.
Neurochem. 93, 1141–1156.

McDonald, C.A., Millena, A.C., Reddy, S., Finlay, S., Vizcarra, J., Khan, S.A., Davis, J.S.,
2006. Follicle-stimulating hormone-induced aromatase in immature rat Sertoli
cells requires an active phosphatidylinositol 3-kinase pathway and is inhibited
via the mitogen-activated protein kinase signaling pathway. Mol. Endocrinol.
20, 608–618.

McPartland, L.M., Mathias, I., Di Marzo, V., Grass, M., 2006. Evolutionary origins of
the endocannabinoid system. Gene 370, 64–74.

Meccariello, R., Chianese, R., Cacciola, G., Cobellis, G., Pierantoni, R., Fasano, S., 2006.
Type-1 cannabinoid receptor expression in the frog, Rana esculenta, tissues: a
possible involvement in the regulation of testicular activity. Mol. Reprod. Dev.
73, 551–558.

Meccariello, R., Franzoni, M.F., Chianese, R., Cottone, E., Scarpa, D., Donna, D.,
Cobellis, G., Guastalla, A., Pierantoni, R., Fasano, S., 2008. Interplay between the
endocannabinoid system and GnRH-I in the forebrain of the anuran amphibian
Rana esculenta. Endocrinology 149, 2149–2158.

Meistrich, M.L., Trostle-Weige, P.K., Lin, R., Bhatnagar, Y.M., Allis, C.D., 1992. Highly
acetylated H4 is associated with histone displacement in rat spermatids. Mol.
Reprod. Dev. 31, 170–181.

Migliarini, B., Marucci, G., Guelfi, F., Carnevali, O., 2006. Endocannabinoid system in
Xenopus laevis development: CB1 receptor dynamics. FEBS Lett. 580, 1941–1945.

Miller, D., Brinkworth, M., Iles, D., 2010. Paternal DNA packaging in spermatozoa:
more than the sum of its parts? DNA, histones, protamines and epigenetics.
Reproduction 139, 287–301.



N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14 13
Monaco, L., Foulkes, N.S., Sassone-Corsi, P., 1995. Pituitary follicle-stimulating
hormone (FSH) induces CREM gene expression in Sertoli cells: involvement in
long-term desensitization of the FSH receptor. Proc. Natl. Acad. Sci. USA 92,
10673–10677.

Murphy, L.L., Muñoz, R.M., Adrian, B.A., Villanúa, M.A., 1998. Function of
cannabinoid receptors in the neuroendocrine regulation of hormone
secretion. Neurobiol. Dis. 5, 432–446.

Nakao, N., Ono, H., Yamamura, T., Anraku, T., Takagi, T., Higashi, K., Yasuo, S., Katou,
Y., Kageyama, S., Uno, Y., Kasukawa, T., Iigo, M., Sharp, P.J., Iwasawa, A., Suzuki,
Y., Sugano, S., Niimi, T., Mizutani, M., Namikawa, T., Ebihara, S., Ueda, H.R.,
Yoshimura, T., 2008. Thyrotrophin in the pars tuberalis triggers photoperiodic
response. Nature 452, 317–322.

Nallendran, V., Taylor, A.H., Lam, P.M., Bell, S.C., Taylor, D.J., Konje, J.C., 2008. Plasma
anandamide levels increase during labour induction and appear to delay labour
progression. Reprod. Sci. 15, 109A–110A.

Nallendran, V., Lam, P.M., Marczylo, T.H., Bankart, M.J., Taylor, A.H., Taylor, D.J.,
Konje, J.C., 2010. The plasma levels of the endocannabinoid, anandamide,
increase with the induction of labour. BJOG 117, 863–869.

Nantel, F., Monaco, L., Foulkes, N.S., Masquilier, D., LeMeur, M., Henriksén, K.,
Dierich, A., Parvinen, M., Sassone-Corsi, P., 1996. Spermiogenesis deficiency and
germ-cell apoptosis in CREM-mutant mice. Nature 380, 159–162.

Oakley, A.E., Clifton, D.K., Steiner, R.A., 2009. Kisspeptin signaling in the brain.
Endocr. Rev. 30, 713–743.

O’Bryan, M.K., Hedger, M.P., 2008. Inflammatory networks in the control of
spermatogenesis: chronic inflammation in an immunologically privileged
tissue? Adv. Exp. Med. Biol. 636, 92–114.

Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T., Ueda, N., 2004. Molecular
characterization of a phospholipase D generating anandamide and its
congeners. J. Biol. Chem. 279, 5298–5305.

Oláh, M., Milloh, H., Wenger, T., 2008. The role of endocannabinoids in the
regulation of luteinizing hormone and prolactin release. Differences between
the effects of AEA and 2AG. Mol. Cell Endocrinol. 286, S36–S40.

Oliva, R., Dixon, G.H., 1991. Vertebrate protamine genes and histone-to-protamine
replacement reaction. Prog. Nucleic Acid Res. Mol. Biol. 40, 25–94.

Omisanjo, O.A., Biermann, K., Hartmann, S., Heukamp, L.C., Sonnack, V., Hild, A.,
Brehm, R., Bergmann, M., Weidner, W., Steger, K., 2007. DNMT1 and HDAC1
gene expression in impaired spermatogenesis and testicular cancer. Histochem.
Cell Biol. 127, 175–181.

Pagotto, U., Morsicano, G., Fezza, F., Theodoropoulou, M., Grübler, Y., Stalla, J.,
Arzberger, T., Milone, A., Losa, M., Di Marzo, V., Lutz, B., Stalla, G.K., 2001.
Normal human pituitary gland and pituitary adenomas express cannabinoid
receptor type 1 and synthesize endogenous cannabinoids: first evidence for a
direct role of cannabinoids on hormone modulation at the human pituitary
level. J. Clin. Endocrinol. Metab. 86, 2687–2696.

Pagotto, U., Marsicano, G., Cota, D., Lutz, B., Pasquali, R., 2006. The emerging role of
the endocannabinoid system in endocrine regulation and energy balance.
Endocrine Rev. 27, 73–100.

Paiva, P., Menkhorst, E., Salamonsen, L., Dimitriadis, E., 2009. Leukemia inhibitory
factor and interleukin-11: critical regulators in the establishment of pregnancy.
Cytokine Growth Factor Rev. 20, 319–328.

Paradisi, A., Pasquariello, N., Barcaroli, D., Maccarrone, M., 2008. Anandamide
regulates keratinocyte differentiation by inducing DNA methylation in a CB1
receptor-dependent manner. J. Biol. Chem. 283, 6005–6012.

Paria, B.C., Dey, S.K., 2000. Ligand-receptor signaling with endocannabinoids in
preimplantation embryo development and implantation. Chem. Phys. Lipids
108, 211–220.

Pasquariello, N., Oddi, S., Malaponti, M., Maccarrone, M., 2009. Regulation of gene
transcription and keratinocyte differentiation by anandamide. Vitam. Horm. 81,
441–467.

Pierantoni, R., Cobellis, G., Meccariello, R., Cacciola, G., Chianese, R., Chioccarelli, T.,
Fasano, S., 2009. CB1 activity in male reproduction: mammalian and
nonmammalian animal models. Vitam. Horm. 81, 367–387.

Pivot-Pajot, C., Caron, C., Govin, J., Vion, A., Rousseaux, S., Khochbin, S., 2003.
Acetylation-dependent chromatin reorganization by BRDT, a testis-specific
bromodomain-containing protein. Mol. Cell Biol. 23, 5354–5365.

Ricci, G., Cacciola, G., Altucci, L., Meccariello, R., Pierantoni, R., Fasano, S., Cobellis, G.,
2007. Endocannabinoid control of sperm motility: the role of epididymus. Gen.
Comp. Endocrinol. 153, 320–322.

Rinaldi-Carmona, M., Barth, F., Hèaulme, M., Shire, D., Calandra, B., Congy, C.,
Martinez, S., Maruani, J., Nèliat, G., Caput, D., Ferrara, P., Sobrie, P., 1994.
SR141716A, a potent and selective antagonist of the brain cannabinoid receptor.
FEBS Lett. 350, 240–244.

Robertson, K.M., O‘Donnell, L., Jones, M.E.E., Meachem, S.J., Boon, W.C., Fisher, C.R.,
Graves, K.H., McLaqchlan, R.I., Simpson, E.R., 1999. Impairment of
spermatogenensis in mice lacking a functional aromatase (cyp. 19) gene. Proc.
Natl. Acad. Sci. USA 96, 7986–7991.

Rodríguez de Fonseca, F., Wenger, T., Navarro, M., Murphy, L.L., 1999. Effects of
delta9-THC on VIP-induced prolactin secretion in anterior pituitary cultures:
evidence for the presence of functional cannabinoid CB1 receptors in pituitary
cells. Brain Res. 841, 114–122.

Rossato, M., 2008. Endocannabinoids, sperm functions and energy metabolism. Mol.
Cell. Endocrinol. 286, S31–S35.

Rossi, G., Gasperi, V., Paro, R., Barsacchi, D., Cecconi, S., Maccarrone, M., 2007.
Follicle-stimulating hormone activates fatty acid amide hydrolase by protein
kinase A and aromatase-dependent pathways in mouse primary Sertoli cells.
Endocrinology 148, 1431–1439.
Rossi, S., Bernardi, G., Centone, D., 2010. The endocannabinoid system in the
inflammatory and neurodegenerative processes of multiple sclerosis and of
amyotrophic lateral sclerosis. Exp. Neurol. 224, 92–102.

Rousseaux, S., Caron, C., Govin, J., Lestrat, C., Faure, A.K., Khochbin, S., 2005.
Establishment of male-specific epigenetic information. Gene 345,
139–153.

Sarg, B., Chwatal, S., Talasz, H., Lindner, H.H., 2009. Testis-specific linker histone H1t is
multiply phosphorylated during spermiogenesis. J. Biol. Chem. 284, 3610–3618.

Sassone-Corsi, P., 2005. Transcription factors governing male fertility. Andrologia
37, 228–229.

Schmid, P.C., Paria, B.C., Krebsbach, R.J., Schmid, H.H.O., Dey, S.K., 1997. Changes in
anandamide levels in mouse uterus are associated with uterine receptivity for
embryo implantation. Proc. Natl. Acad. Sci. USA 94, 4188–4192.

Schuel, H., Chang, M.C., Berkery, D., Schuel, R., Zimmerman, A.M., Zimmerman, S.,
1991. Cannabinoids inhibit fertilization in sea urchins by reducing the
fertilizing capacity of sperm. Pharmacol. Biochem. Behav. 40, 609–615.

Schuel, H., Burkman, L.J., Lippes, J., Crickard, K., Forester, E., Piomelli, D., Giuffrida, A.,
2002. N-acylethanolamines in human reproductive fluids. Chem. Phys. Lipids
121, 211–227.

Scorticati, C., Mohn, C., De Laurentiis, A., Vissio, P., Fernández Solari, J., Seilicovich,
A., McCann, S.M., Rettori, V., 2003. The effect of anandamide on prolactin
secretion is modulated by estrogen. Proc. Natl. Acad. Sci. USA 100,
2134–2139.

Scorticati, C., Fernández-Solari, J., De Laurentiis, A., Mohn, C., Prestifilippo, J.P.,
Lasaga, M., Seilicovich, A., Billi, S., Franchi, A., McCann, S.M., Rettori, V., 2004.
The inhibitory effect of anandamide on luteinizing hormone-releasing hormone
secretion is reversed by estrogen. Proc. Natl. Acad. Sci. USA 101, 11891–11896.

Sharov, A.A., Piao, Y., Matoba, R., Dudekula, D.B., Qian, Y., VanBuren, V., Falco, G., Martin,
P.R., Stagg, C.A., Bassey, U.C., Wang, Y., Carter, M.G., Hamatani, T., Aiba, K., Akutsu,
H., Sharova, L., Tanaka, T.S., Kimber, W.L., Yoshikawa, T., Jaradat, S.A., Pantano, S.,
Nagaraja, R., Boheler, K.R., Taub, D., Hodes, R.J., Longo, D.L., Schlessinger, D., Keller, J.,
Klotz, E., Kelsoe, G., Umezawa, A., Vescovi, A.L., Rossant, J., Kunath, T., Hogan, B.L.,
Curci, A., D’Urso, M., Kelso, J., Hide, W., Ko, M.S., 2003. Transcriptome analysis of
mouse stem cells and early embryos. PLoS Biol. 1, E74.

Simon, G.M., Cravatt, B.F., 2006. Endocannabinoid biosynthesis proceeding through
glycerophospho-N-acyl ethanolamine and a role for alpha/beta-hydrolase 4 in
this pathway. J. Biol. Chem. 28, 26465–26472.

Simon, G.M., Cravatt, B.F., 2008. Anandamide biosynthesis catalyzed by the
phosphodiesterase GDE1 and detection of glycerophospho-N-acyl
ethanolamine precursors in mouse brain. J. Biol. Chem. 283, 9341–9349.

Simon, G.M., Cravatt, B.F., 2010. Characterization of mice lacking candidate N-acyl
ethanolamine biosynthetic enzymes provides evidence for multiple pathways
that contribute to endocannabinoid production in vivo. Mol. Biosyst. 6, 1411–
1418.

Singh, J., Rao, M.R., 1988. Interaction of rat testis protein, TP, with nucleosome core
particle. Biochem. Int. 17, 701–710.

Soderstrom, K., Leid, M., Moore, F.L., Murray, T.F., 2000. Behavioral,
pharmacological, and molecular characterization of an amphibian
cannabinoid receptor. J. Neurochem. 75, 413–423.

Strahl, B.D., Allis, C.D., 2000. The language of covalent histone modifications. Nature
403, 41–45.

Sun, X., Dey, S.K., 2008. Aspects of endocannabinoid signaling in periimplantation
biology. Mol. Cell Endocrinol. 286, 3–11.

Sun, X., Xie, H., Yang, J., Wang, H., Bradshaw, H.B., Dey, S.K., 2010. Endocannabinoid
signaling directs differentiation of trophoblast cell lineages and placentation.
Proc. Natl. Acad. Sci. USA 107, 16887–16892.

Tanasescu, R., Constantinescu, C.S., 2010. Cannabinoids and the immune system: an
overview. Immunobiology 215, 588–597.

Taylor, A.H., Amoako, A.A., Bambang, K., Karasu, T., Gebeh, A., Lam, P.M., Marzcylo,
T.H., Konje, J.C., 2010. Endocannabinoids and pregnancy. Clin. Chim. Acta 411,
921–930.

Teixeira-Clerc, F., Julien, B., Grenard, P., Tran Van Nhieu, J., Deveaux, V., Li, L.,
Serriere-Lanneau, V., Ledent, C., Mallat, A., Lotersztajn, S., 2006. CB1
cannabinoid receptor antagonism: a new strategy for the treatment of liver
fibrosis. Nat. Med. 12, 671–676.

Teixeira, D., Pestana, D., Faria, A., Calhau, C., Azevedo, I., Monteiro, R., 2010.
Modulation of adipocyte biology by d(9)-tetrahydrocannabinol. Obesity 18,
2077–2085.

Todman, M.G., Han, S.K., Herbison, A.E., 2005. Profiling neurotransmitter receptor
expression in mouse gonadotropin-releasing hormone neurons using green
fluorescent protein-promoter transgenics and microarrays. Neuroscience 132,
703–712.

Trabucco, E., Acone, G., Ma renna, A., Pierantoni, R., Cacciola, G., Chioccarelli, T.,
Macie, K., Fasano, S., Colacurci, N., Meccariello, R., Cobellis, G., Cobellis, L., 2009.
Endocannabinoid system in first trimester placenta: low FAAH and high CB1
expression characterize spontaneous miscarriage. Placenta 30, 516–522.

Tsou, K., Brown, S., Sañudo-Peña, M.C., Mackie, K., Walker, J.M., 1998.
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat
central nervous system. Neuroscience 83, 393–411.

Tsuboi, K., Sun, Y.X., Okamoto, Y., Araki, N., Tonai, T., Ueda, N., 2005. Molecular
characterization of N-acylethanolamine-hydrolyzing acid amidase, a novel
member of the choloylglycine hydrolase family with structural and functional
similarity to acid ceramidase. J. Biol. Chem. 280, 11082–11092.

Tsutsui, K., Saigoh, E., Ukena, K., Teranishi, H., Fujisawa, Y., Kikuchi, M., Ishii, S.,
Sharp, P.J., 2000. A novel avian hypothalamic peptide inhibiting gonadotropin
release. Biochem. Biophys. Res. Commun. 275, 661–667.



14 N. Battista et al. / Molecular and Cellular Endocrinology 355 (2012) 1–14
Tsutsui, K., Bentley, G.E., Kriegsfeld, L.J., Osugi, T., Seong, J.Y., Vaudry, H., 2010.
Discovery and evolutionary history of gonadotrophin-inhibitory hormone and
kisspeptin: new key neuropeptides controlling reproduction. J.
Neuroendocrinol. 22, 716–727.

Ueda, N., Tsuboi, K., Uyama, T., 2010a. N-acylethanolamine metabolism with special
reference to N-acylethanolamine-hydrolyzing acid amidase (NAAA). Prog Lipid
Res. 49, 299–315.

Ueda, N., Tsuboi, K., Uyama, T., 2010b. Enzymological studies on the biosynthesis of
N-acylethanolamines. Biochim. Biophys. Acta 1801, 1274–1285.

Unfried, C., Ansari, N., Yasuo, S., Korf, H.W., von Gall, C., 2009. Impact of melatonin
and molecular clockwork components on the expression of thyrotropin beta-
chain (Tshb) and the Tsh receptor in the mouse pars tuberalis. Endocrinology
150, 4653–4662.

Valenti, M., Cottone, E., Martinez, R., De Pedro, N., Rubio, M., Viveros, M.P., Franzoni,
M.F., Delgrado, M.J., Di Marzo, V., 2005. The endocannabinoid system in the
brain of Carassius auratus and its possible role in the control of food intake. J.
Neurochem. 95, 662–672.

Waleh, N.S., Cravatt, B.F., Apte-Deshpande, A., Terao, A., Kilduff, T.S., 2002.
Transcriptional regulation of the mouse fatty acid amide hydrolase gene.
Gene 291, 203–210.

Wang, H., Guo, D., Wang, D., Kingsley, P.J., Marnett, L.J., Das, S.K., DuBois, R.N., Dey,
S.K., 2004. Aberrant cannabinoid signaling impairs oviductal transport of
embryos. Nat. Med. 10, 1074–1080.

Wang, H., Dey, S.K., 2005. Lipid signaling in embryo implantation. Prostagland. Lipid
Mediat. 77, 84–102.

Wang, H., Dey, S.K., Maccarrone, M., 2006. Jekyll and Hyde: two faces of
Cannabinoid signaling in male and female fertility. Endocrine Rev. 27,
427–448.

Wei, B.Q., Mikkelsen, T.S., McKinney, M.K., Lander, E.S., Cravatt, B.F., 2006. A second
fatty acid amide hydrolase with variable distribution among placental
mammals. J. Biol. Chem. 281, 36569–36578.
Wenger, T., Fernández-Ruiz, J.J., Ramos, J.A., 1999. Immunocytochemical
demonstration of CB1 cannabinoid receptors in the anterior lobe of the
pituitary gland. J. Neuroendocrinol. 11, 873–878.

Wenger, T., Jamali, K.A., Juaneda, C., Bascsy, E., Tramu, G., 2000. The endogenous
cannabinoid, anandamide regulates anterior pituitary secretion in vitro.
Addiction Biol. 5, 59–64.

Wenger, T., Ledent, C., Csernus, V., Gerendai, I., 2001. The central cannabinoid
receptor inactivation suppresses endocrine reproductive functions. Biochem.
Biophys. Res. Commun. 284, 363–368.

Yang, Y.Y., Lin, H.C., Huang, Y.T., Lee, T.Y., Hou, M.C., Wang, Y.W., Lee, F.Y., Lee, S.D.,
2007. Effect of chronic CB1 cannabinoid receptor antagonism on livers of rats
with biliary cirrhosis. Clin. Sci. 112, 533–542.

Yasuo, S., Koch, M., Schmidt, H., Ziebell, S., Bojunga, J., Geisslinger, G., Korf, H.W.,
2010a. An endocannabinoid system is localized to the hypophysial pars
tuberalis of Syrian hamsters and responds to photoperiodic changes. Cell
Tissue Res. 340, 127–136.

Yasuo, S., Unfried, C., Kettner, M., Geisslinger, G., Korf, H.W., 2010b. Localization of
an endocannabinoid system in the hypophysial pars tuberalis and pars distalis
of man. Cell Tissue Res. 342, 273–281.

Yasuo, S., Yoshimura, T., Ebihara, S., Korf, H.W., 2010c. Photoperiodic control of TSH-
beta expression in the mammalian pars tuberalis has different impacts on the
induction and suppression of the hypothalamo–hypopysial gonadal axis. J.
Neuroendocrinol. 22, 43–50.

Yu, Z., Raabe, T., Hecht, N.B., 2005. MicroRNA Mirn122a reduces expression of the
posttranscriptionally regulated germ cell transition protein 2 (Tnp2) messenger
RNA (mRNA) by mRNA cleavage. Biol. Reprod. 73, 427–433.

Zhao, M., Shirley, C.R., Yu, E., Mohapatra, B., Zhang, Y., Unni, E., Deng, J.M., Arango,
N., Terry, N.H.A., Weil, M.M., Russell, L.D., Behringer, R.R., Meistrich, M.L., 2001.
Targeted disruption of the transition protein 2 gene affects sperm chromatin
structure and reduces fertility in mice. Mol. Cell Biol. 21, 7243–7255.


	The role of endocannabinoids in gonadal function and fertility  along the evolutionary axis
	1 The endocannabinoid system (ECS) and reproduction: an overview
	1.1 ECS and mammalian fertility
	1.2 ECS and non mammalian fertility

	2 ECS regulation in reproductive events: evolutionary aspects
	3 ECS and reproductive hormones
	3.1 The cross-talks between ECS and pituitary hormones
	3.2 ECS-hormone interactions in the sexual behavior
	3.3 The involvement of ECS at the level of gonadal physiology

	4 ECS and reproductive cytokines
	5 Chromatin remodeling: a new target for ECS
	5.1 Chromatin remodeling in germ cells and spermatids

	6 Conclusions
	Acknowledgements
	References


