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In the frog Pelophylax esculentus, the endocannabinoid anandamide (AEA) modulates Gonadotropin
Releasing Hormone (GnRH) system in vitro and down-regulates steroidogenic enzymes in vivo. Thus,
male frogs were injected with AEA + SR141716A, a cannabinoid receptor 1 (CB1) antagonist, to evaluate
possible effects on GnRH and Kiss1/Gpr54 systems, gonadotropin receptors and steroid levels. In frog
diencephalons, AEA negatively affected both GnRH and Kiss1/Gpr54 systems. In testis, AEA induced the
expression of gonadotropin receptors, cb1, gnrh2 and gnrhr3 meanwhile reducing gnrhr2 mRNA and
Kiss1/Gpr54 proteins. Furthermore, aromatase (Cyp19) expression increased in parallel to testosterone
Endocannabinoids decrease and estradiol increase. In vitro treatment of testis with AEA revealed direct effects on Cyp19 and
Kisspeptin system induced the expression of the AEA-degrading enzyme Faah. Lastly, AEA effects on Faah were counter-
gnrhs acted by the antiestrogen IC1182780, indicating estradiol mediated effect.
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In conclusion, for the first time we show in a vertebrate that AEA regulates testicular activity through

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The release of hypothalamic Gonadotropin Releasing Hormone
(GnRH) triggers the discharge of pituitary gonadotropins [Lutei-
nizing Hormone (LH) and Follicle Stimulating Hormone (FSH)]
which in turn sustain the biosynthesis of sex steroids and the
progression of gametogenesis. Long-, short- and ultra-short-loop
feedbacks finely modulate the communication in hypothalamus
pituitary gonadal (HPG) axis (Chianese et al., 2011a; Everett, 2006;
Meccariello et al., 2014b; Pierantoni et al., 2002).

Kisspeptin system is one of the main gatekeeper of GnRH system
in the brain (Oakley et al., 2009; Pinilla et al., 2012). Kisspeptins are
a set of N-terminally truncated peptides belonging to the super-
family of RF-amide peptides that originate from the cleavage of a
145 amino acid precursor. Via the activation of the receptor Gpr54,
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kisspeptins have the ability to drive puberty onset in vertebrates
and sex steroid dependent feedback in mammals (Clarkson and
Herbison, 2009; Pinilla et al., 2012). Direct local effects of Kkiss-
peptins have been reported in non-mammalian and mammalian
testis (Meccariello et al., 2014b), with functions related to the
progression of germ cell differentiation (Chianese et al., 2015) as
well as to the modulation of GnRH and estradiol signaling in am-
phibians (Chianese et al., 2013a, 2015), to Leydig cell activity in
amphibians and mammals (Chianese et al., 2013a; Irfan et al., 2014;
Salehi et al., 2015) and to sperm functions in mouse, rhesus monkey
and humans (Hsu et al., 2014; Pinto et al., 2012).

By contrast, in vertebrates there is a general consensus con-
cerning the inhibitory effect exerted by endocannabinoids on the
reproductive physiology in both sexes (Battista et al., 2012; Bovolin
et al., 2014; Meccariello et al., 2014a; Wang et al., 2006). Endo-
cannabinoids, such as anandamide (N-arachidonoylethanolamine,
AEA) and 2-arachidonoylglycerol (2-AG), are lipid signaling mole-
cules that mimic some of the effects of A°-tetrahydrocannabinol
(THC), the main active compound in marijuana plant. Endocanna-
binoids negatively modulate gonadotropin discharge and steroid
biosynthesis in mammals (Battista et al., 2012; Cacciola et al., 2010;
Meccariello et al., 2014a; Pierantoni et al., 2009; Wang et al., 2006),
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with mechanisms supposed to be cannabinoid receptor 1 (CB1)
dependent (Wenger et al., 2001). In males, the most established
consequences of LH suppression by endocannabinoids are the
reduction of testosterone levels and the impairment of sperm
quality and functions (Meccariello, 2014a, 2014b; Wang et al.,
2006). However, upstream to gonadotropin regulation, the major-
ity of endocannabinoid actions are directly or indirectly regulated
by GnRH neurons within the hypothalamus (Maccarrone and
Wenger, 2005) in that the activation of CB1 suppresses the
release of GnRH in GT-1 cells and rat brain (Gammon et al., 2005;
Scorticati et al., 2004) or modulates the expression of gnrh
(Chianese et al., 2008, 2011b; Meccariello et al., 2008) and GnRH
receptors (gnrhrs) in both diencephalon (Chianese et al., 2011b) and
testis (Chianese et al., 2012, 2013b) in amphibians. Interestingly, the
fine modulation of the endogenous tone of AEA by fatty acid amide
hydrolase (FAAH) is the major checkpoint of endocannabinoid ac-
tivity in biological systems (Giang and Cravatt, 1997) and the
expression of FAAH is modulated by FSH and steroids in mouse
testis (Grimaldi et al., 2012; Rossi et al., 2007).

At present, there is no information about a functional crosstalk
between endocannabinoids and kisspeptins in the regulation of
testicular activity. Thus, we choose to elucidate this aspect in the
frog, Pelophylax esculentus (previously known as Rana esculenta), an
experimental animal model that has provided recognized deep
insights in the elucidation of evolutionarily conserved mechanisms
in comparative endocrinology (Chianese et al., 2011a). In this sea-
sonal breeder, gpr54 has been cloned and localized in testis
(Chianese et al., 2013a), whereas the administration of kisspeptin
10 (Kp10) at the onset of a new spermatogenic wave directly in-
duces the progression of spermatogenesis and modulates GnRH
testicular system (Chianese et al.,, 2015). An interesting interplay
between estradiol and Kp10 has also recently emerged. Indeed,
estradiol induces the expression of gpr54 and Kp10, in turn, induces
the expression of estrogen receptors era and erf (Chianese et al.,
2013a, 2015). Finally, a complete endocannabinoid system has
been characterized in frogs (Chianese et al., 2012; Cobellis et al.,
2006; Meccariello et al., 2006, 2007) and we have recently
demonstrated that in vivo, but not in vitro, the endocannabinoid
AEA has the ability to decrease the expression of cytochrome P450
17alpha-hydroxylase/17,20 lyase (cyp17) and 3(-hydroxysteroid
dehydrogenase/D-5-4 isomerase (33-hsd), key enzymes of steroido-
genesis (Chianese et al., 2014).

Here, in both diencephalon and testis, we have analyzed in vivo
the effects of AEA on the expression of: i) GnRH system, composed
of two ligands (GnRH1 and GnRH2) and three receptors (GnRHR1,
R2, R3) (Chianese et al., 2011b); ii) Gpr54 and kisspeptin, well-
known modulators of GnRH activity. We have also evaluated in
testis the expression of aromatase Cyp19 and measured intra-
testicular levels of testosterone and estradiol. Direct effects of
AEA on Cyp19 were studied by in vitro treatment and the possible
crosstalk between AEA and estradiol to regulate Faah expression
was assayed in testis. For the first time in a vertebrate species we
provide evidence that AEA modulates testis physiology via kiss-
peptin and estradiol activity.

2. Materials and methods

Experiments were performed under the guidelines established
in the National Institute of Health Guide for Care and Use of Labo-
ratory Animals and approved by Ministry of Education, University
and Research, Italy. The capture of frog from the wild and the
following treatments were approved by the Ministry of Health,
Directorate General of Veterinary Health and Food Safety.

2.1. Experimental procedures

2.1.1. Animals and tissue collection

P. esculentus male frogs were captured in February in the
neighborhood of Naples (Italy) and immediately sacrificed after
capture to gain testis for in vitro experiments or treated in vivo as
reported below. The animals were anaesthetized with ethyl-3-
aminobenzoate methanesulfonate salt (MS222, Sigma—Aldrich,
Milan, Italy) and euthanized by decapitation. Brains were dissected
as previously reported (Chianese et al., 2011b), diencephalons and
testes were quickly removed, flash frozen in liquid nitrogen and
stored at —80 °C until used for total RNA, protein or steroid
extraction.

2.1.2. In vivo AEA treatment

Male frogs (n = 10/treatment) were divided in three experi-
mental groups and injected in the dorsal sac with Krebs Ringer
bicarbonate buffer for amphibians (KRB) alone, (control group, C),
10~% M AEA (purchased from Sigma—Aldrich Corp., Milan, Italy) in
KRB (treatment group, AEA) and 10~8 M AEA + 10~7 M SR141716A
(SR, produced by Sanofi Research, Montpellier, France) — a selective
antagonist of CB1 also known as Rimonabant (Rinaldi-Carmona
et al.,, 1994) (combined treatment, AS). In the last treatment, frogs
were preliminarily injected with 10~7 M SR/KRB and after 30 min
animals were injected with 10-8 M AEA/KRB. Two h after injections,
diencephalons and testes were removed and stored at —80 °C. AEA
doses and incubation times were chosen on the basis of previous
experiments carried out in both rat (Scorticati et al., 2004) and frog
(Chianese et al., 2011b, 2012; Meccariello et al., 2008). Testes
collected from the animals used in this in vivo experiments were
previously used to assess the expression of cyp17 and 3(-hsd
(Chianese et al., 2014).

2.1.3. In vitro incubations of frog testis with AEA and 17§-estradiol
(E2)

Testes of male frogs (n = 5 animals/treatment) were quickly
removed, minced and treated for 1 h as follows: Krebs—Ringer bi-
carbonate buffer for amphibians (KRB) alone, control group, C; KRB/
1079 M AEA, treatment group, AEA; KRB/10~8 M SR for 30 min and
then KRB/10~° M AEA and 10~8 M SR for 1 h, treatment group, AS;
KRB/10~® M SR for 1 h, treatment group, SR; KRB/10™® M E,,
treatment group, E; KRB/10~> M 1C1182780, (ICl, Zeneca Pharma-
ceuticals, Macclesfield, UK), a high affinity estrogen receptor
antagonist, for 30 min and then KRB/10~® M E, and 10> M IC,
treatment group, EI; KRB/10~> M ICI for 30 min and then KRB/
1072 M AEA and 107> M ICI, treatment group, Al

E; and ICI doses and incubation times were chosen on the basis
of previous studies (Cobellis et al., 1999). After the treatments,
testes were stored at —80 °C and then processed for RNA extraction/
gPCR and protein extraction/Western blot analyses.

2.2. Preparation of complementary DNA (cDNA) and PCR analysis

2.2.1. Total RNA preparation

The extraction of total RNA from diencephalons (n = 5) and
testes (n = 5) was performed using Trizol Reagent (1 ml/
50—100 mg tissue) according to the manufacturer's instructions
(Life Technologies, Paisley, UK). To eliminate any genomic DNA
contaminations, 10 ug RNA samples were treated with 1 pl
Deoxyribonuclease (DNasel 10U/ul) (Amersham Pharmacia
Biotech) at 37 °C for 30 min. Total RNA purity and integrity were
determined by spectrophotometer analyses at 260/280 nm and by
agarose gel electrophoresis.
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2.2.2. cDNA synthesis

The reverse transcription of total RNA in cDNA was carried out
using 5 pg of total RNA, 0.5 pg of oligo dT(1g), 0.5 mM dNTP mix,
5 mM DTT, 1x first-strand buffer, 40U RNase Out and 200U Su-
perScript III RNaseH™ Reverse Transcriptase in a final volume of
20 pl, following the manufacturer's instructions (Life Technologies).
Total RNA not treated with reverse transcriptase was used as
negative control.

2.2.3. Cloning of lh receptor (lhr), fsh receptor (fshr) and cyp19 from
P. esculentus testis

To clone lhr, fshr and cyp19, 1 pl of diluted (1:5) cDNA was used
for standard PCR analysis in combination with 10 pmol of oligo-
nucleotide primers designed upon Rana rugosa nucleotide se-
quences (Maruo et al., 2008; Suda et al., 2011). The sizes of the
predicted amplificates were 254, 255 and 308 bp, for lhr, fshr and
cyp19, respectively. PCR conditions were: 94 °C, 5 min, 1 cycle;
94°C, 305,58 °C(or65°C),30s forcyp19 (or lhr/fshr), 72 °C, 30 s, 30
cycles; 72 °C, 7 min. PCR products were cloned in pGEM-T Easy
Vector (Promega Corp., Madison, WI), transformed into DH5a, high
efficiency competent cells and recombinant colonies were identi-
fied by blue/white color screening. Recombinant plasmids con-
taining cDNA fragments of the predicted sizes were extracted by
QIAprep Spin Miniprep kit (Qiagen, Valencia, CA) and the inserts
were sequenced on both strands by Primm Sequence Service
(Primm srl, Naples Italy).

Alignments, conducted by lAlign and ClustalW multiple align-
ments, revealed nucleotide identity of 93%, 98% and 95% against
R. rugosa lhr, fshr and cyp19 sequences, respectively. At protein level
amino acid identity was: 94% for Lhr, 99% for Fshr and 93% for
Cyp19 against R. rugosa sequences.

2.24. Quantitative real time RT PCR (qPCR)

All gRT-PCR were prepared in a final volume of 20 pl containing
1 pl of 1:5 diluted in water cDNA, 0.5 uM primers and 10 pl of SSo
Fast EvaGreen supermix (Bio-Rad). Assays were run twice in du-
plicates using the Mastercycler CFX-96 (Bio-Rad); a negative con-
trol in which cDNA was replaced by water was also included.
Relative expression of cb1, gnrh1, gnrh2, gnrhri, gnrhr2, gnrhr3, lhr,
fshr, gpr54 and cyp19, corrected for PCR efficiency [lhr, E: 105.4%, R%:
0.997, slope: —3.199; fshr, E: 108.8%, R* 0.999, slope: —3.127;
cyp19 E: 109.3%, R?: 0.998, slope: —3.118; references (Chianese
et al., 2011b, 2012, 2013a) for the others] was normalized toward
the reference gene fp1, accordingly to previous reports (Chianese
et al., 2011b, 2012) and quantified using the comparative Cq
method with the formula 2724, Assay included a melting curve
analysis for which all samples displayed single peaks for each
primer pair.

2.3. Protein analysis

2.3.1. Protein extraction

Protein extracts were prepared from frog diencephalons (n = 5)
and testes (n = 5). Tissues were homogenized in RIPA buffer (1x
PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) con-
taining protease inhibitors [0.5 mM phenylmethylsulfonylfluoride
(PMSF), 4 ug/ml leupeptine, 4 pg/ml chymostatin, 4 pg/ml pepstatin
A, and 5 pg/ml N-tosyl-i-phenylalanine chloromethyl ketone
(TPCK)]. The lysate was incubated on ice for 30 min. Supernatant
containing the cleared protein extract was collected after centri-
fugation at 10,000x g for 15 min at 4 °C. Protein concentration was
determined using the Lowry assay (Lowry et al., 1951).

2.3.2. Western blot analysis
Proteins (50 pg) were separated using the Mini-Protean precast

gels 4—20% (Bio-Rad) and transferred to polyvinylidene fluoride
filters by TransBlot Turbo Transfer System (Bio-Rad). To prevent
nonspecific binding, membranes were treated for 2 h with blocking
solution [5% non-fat powdered milk, 0.25% polyxyethylene sorbitan
monolaurate (Tween20)] in Phosphate Buffered Saline [(PBS),
80 mM NayHPOg4, 20 mM NaH;PO4, 100 mM NaCl, pH 7.6] and then
incubated with the primary antibody [rabbit polyclonal anti-Gpr54
raised against amino acids 141—342 mapping within an internal
region of Gpr54 of human origin, diluted 1:500 (sc-134499); goat
polyclonal anti-Cyp19 raised against a peptide mapping within an
internal region of Cyp19 of human origin, diluted 1:200 (sc-14244);
goat polyclonal anti-Kiss1 raised against a peptide mapping at the
C-terminus of Kiss1 of human origin, diluted 1:500 (sc-18134);
Santa Cruz Biotechnology, Inc., Milan, Italy. Rabbit polyclonal anti-
Faah raised against amino acids 561—579 of Faah of rat origin,
diluted 1:500 (no. 101600); Cayman Chemical, Ann Arbor, MI, USA]
in PBS 3% non-fat powdered milk solution overnight at 4 °C on an
orbital shaker. After washing three times in TBS/0.25% Tween20,
filters were incubated with 1:2000 horseradish peroxidase-
conjugated IgG (Dako Corp., Milan, Italy) in TBS 1% normal serum
(NSS; Dako Corp.) and then washed again. The immune complexes
were detected using the enhanced chemiluminescence Western
blotting detection system (ECL; Amersham Pharmacia Biotech)
following the manufacturer's instructions. In order to quantify
protein amount, the membranes, stripped at 60 °C for 30 min in
stripping buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5 mM
TrisHCL, pH 7.6), were reprobed with Erk2 (Extracellular regulated
kinase 2) antibody (rabbit polyclonal anti-Erk2 diluted 1:1000; sc-
154; Santa Cruz Biotechnology).

2.3.3. Antisera specificity

Specificity of Cyp19, Kiss1 and Faah antiserum was tested
through competition studies using the antibody previously pre-
absorbed for 18 h at 4 °C on an orbital shaker with a five-fold excess
of the corresponding blocking peptide [sc-14244-P, sc-18134 P and
no. 301600, respectively, in 500 pul of PBS, accordingly to manu-
facturer's instructions (Santa Cruz Biotechnology for Cyp19 and
Kiss1, Cayman Chemical for Faah)].

Instead, since no blocking peptide was available to check the
specificity of Gpr54 antiserum, Western blot analysis was carried
out by omitting primary antibody.

2.4. Steroid detection

2.4.1. Steroid extraction from testis

Testes (n = 5) were homogenized in 70% methanol and extrac-
ted with 2 x 7 ml diethyl ether. After drying, each extract was
dissolved in phosphate buffered saline (PBS 0.1 M, pH 7), 0.2%
gelatine for hormone determination (Pierantoni et al., 1984).

2.4.2. EIA assay

Intra-testicular 17p-estradiol and testosterone levels were
quantified using commercially available EIA kits according to the
directions provided by the manufacturer (Cayman, Florence, Italy
and DRG diagnostics GmbH, Germany, respectively). Kits were
competitive assays recommended for quantification of hormones
from tissue with a detection limit of approximately 20 pg/ml and
83 pg/ml, for 17B-estradiol and testosterone, respectively.

The intra- and inter-assay coefficients of variation were deter-
mined at multiple points to be 7.7% and 6.6%, 5.9% and 1.7%, for 178-
estradiol and testosterone, respectively. All determinations were
made in triplicate from each sample.
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2.5. Statistics

Quantitative PCR data were reported as normalized mean fold
expression + s.e.m. over value 1 arbitrarily assigned to control
group (reference sample). Western blot signals were scanned and
protein levels were plotted as quantitative densitometry analysis of
signals. Data were expressed as mean fold increase + s.e.m. over the
value 1 arbitrarily assigned to the sample that exhibits the lowest
protein/Erk2 ratio and are representative of three independent
experimental procedures.

ANOVA followed by the Duncan's test for multi-group compar-
ison was carried out to assess the significance of differences.

3. Results
3.1. AEA effects on cb1 and gnrh system in frog diencephalon

AEA treatment significantly stimulated cb1 expression (P < 0.01
vs. control group) (Fig. 1A) and inhibited those of gnrhs (Fig. 1B, C)
and gnrhrs in frog diencephalon (Fig. 1D—F) (P < 0.01 vs. control

group). Pre-treatment with SR141716A, a specific antagonist of CB1,
counteracted all the reported effects on gene expression.

3.2. AEA effects on Gpr54 and Kiss1 in frog diencephalon

Gpr54 mRNA decreased in AEA treated frogs (P < 0.01 vs. control
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group) (Fig. 2A). Interestingly, the profile of Gpr54 protein
expression was comparable to that of mRNA (P < 0.01 vs. control
group) (Fig. 2B). The pre-treatment with SR141716A returned both
Gpr54 mRNA and protein levels to that of control group (Fig. 2A, B).
In order to analyze Gpr54 antiserum specificity, a Western blot
analysis was carried out by omitting primary antibody. The previ-
ously observed signal completely disappeared (data not shown).

To validate a possible crosstalk between endocannabinoids and
kisspeptin system, we analyzed the effects of AEA treatment on
Kiss1 protein levels, as well. Remarkably, such a treatment signifi-
cantly decreased Kiss1 expression in frog diencephalon (P < 0.01 vs.
control group) (Fig. 2C). The specificity of Western blot signal was
determined by preabsorption of the antibody with a large excess
(five-fold excess) of the blocking peptide. Disappearance of the
predicted band of approximately 15 kDa band was used as criterion
of signal specificity to identify Kiss1 protein (Fig. 2C).

3.3. AEA effects on cb1, gnrh and kisspeptin systems in frog testis

As in the diencephalon, also in testis we observed the AEA
dependent increase of ch1 (P < 0.01 vs. control group) (Fig. 3A).

AEA treatment failed to have any effect on gnrh1, but induced
the expression of gnrh2 (P < 0.01 vs. control group) (Fig. 3B, C). No
effect was observed on gnrhr1 (Fig. 3D), whereas the expression
levels of gnrhr2 (Fig. 3E) and gnrhr3 (Fig. 3F) were significantly
lower and higher than those in control group, respectively
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Fig. 1. Effects of AEA treatment on the expression of cb1, gnrhs and gnrhrs in frog diencephalon. Quantitative PCR for cb1 (A), gnrh1 (B), gnrh2 (C), gnrhr1 (D), gnrhr2 (E) and gnrhr3
(F). AEA was injected in the dorsal sac of frogs collected in February. C, control group, diencephalons collected from frogs injected with KRB alone; AEA, diencephalons collected
from frogs injected with 1078 M AEA; AS, diencephalons collected from frogs injected with both 10~7 M SR141716A and 10~® M AEA. Data are reported as normalized mean fold
expression (n.fe.) + s.e.m. and are representative of three separate experiments at least. “a” indicates statistically significant differences among samples (P < 0.01).
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Fig. 2. Effects of AEA treatment on the expression of Gpr54 and Kiss1 in frog dien-
cephalon. Quantitative PCR for gpr54 (A); Western blot for Gpr54 in AEA treated frogs
(B); Western blot for Kiss1 in AEA treated frogs with the corresponding analysis of
signal specificity by reprobing the same filter with the Kiss1 antiserum preabsorbed
with a five-fold excess of the blocking peptide (C). Western blot signals were
normalized against Erk2. C, control group, diencephalons collected from frogs injected
with KRB alone; AEA, diencephalons collected from frogs injected with 10~ M AEA;
AS, diencephalons collected from frogs injected with both 107 M SR141716A and
108 M AEA. Quantitative PCR data are reported as normalized mean fold expression
(n.fe.) + s.e.m.; Western blot data are reported as mean fold increase (F.I.) + s.e.m. Data
are representative of three separate experiments at least. “a” indicates statistically
significant differences among samples (P < 0.01).
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(P <0.01).

The expression of Gpr54, both mRNA (Fig. 3G) and protein
(Fig. 3H), was lower in AEA injected animals (P < 0.01 vs. control
group). As in diencephalon, the signal completely disappeared by
omitting Gpr54 primary antibody (-Gpr54 Abl, Fig. 3H). Interest-
ingly, also in testis, AEA inhibited Kiss1 expression (P < 0.01 vs.
control group) (Fig. 3I).

All the reported AEA dependent effects were completely coun-
teracted by the pre-treatment with SR141716A (Fig. 3A—I).

3.4. AEA effects on gonadotropin receptors

To test the responsiveness of Sertoli and Leydig cells to endo-
cannabinoids, we analyzed the testicular expression of fshr and lhr
after AEA injection. Such a treatment induced the expression of
both receptors (Fig. 4A, B) (P < 0.01 vs. control group). This effect
was Cb1 mediated as it was completely counteracted by SR141716A.

3.5. Intra-testicular levels of testosterone and 17(-estradiol in AEA
treated frogs

Since the in vivo AEA treatment decreased the expression of
cypl7 and 3f-hsd, encoding key enzymes of steroidogenesis
(Chianese et al., 2014), we measured the intra-testicular levels of
both testosterone and 17B-estradiol after AEA injection by EIA
method. Via Cb1, AEA significantly inhibited testosterone produc-
tion and increased 173-estradiol levels (Table 1).

3.6. AEA effects on Cyp19 expression

Due to the above results, we evaluated the possible AEA
dependent regulation of Cyp19, also known as aromatase, the main
enzyme that catalyzes the transformation of androgens into
estrogens.

Quantitative PCR and Western blot analyses carried out on testis
of AEA injected frogs revealed the increase of Cyp19 mRNA (Fig. 5A)
and protein (Fig. 5B) (P < 0.01 vs. control group); such an effect was
completely counteracted by the treatment with SR141716A. The
specificity of Western blot signal was determined by preabsorption
of the antibody with a large excess (five-fold excess) of the blocking
peptide. Disappearance of the 58 kDa band was used as criterion of
signal specificity to identify Cyp19 protein (Fig. 5B).

In order to assess a direct effect on testis, the expression of
Cyp19 mRNA and protein was also analyzed in in vitro AEA treated
testis. Interestingly, such a treatment also caused a significant in-
crease of both Cyp19 mRNA (Fig. 5C) and protein (Fig. 5D) (P < 0.01
vs. control group). The combined treatment with SR141716A
completely returned Cyp19 levels to the control ones, whereas
treatment with SR141716A alone had no effect on Cyp19 mRNA vs.
control group (Fig. 5C, Inset).

3.7. AEA and 178-estradiol effects on Faah expression

With the intent that AEA or estradiol may regulate endo-
cannabinoid tone via Faah enzyme, we verified the effects of in vivo
and in vitro AEA treatments on Faah protein levels. The in vivo AEA
injection failed to have any effect on Faah (Fig. 6A); by contrast,
in vitro AEA treatment increased Faah expression (Fig. 6C) (P < 0.01
vs. control group). The specificity of Western blot signal was
determined by preabsorption of the antibody with a large excess
(five-fold excess) of the blocking peptide. Disappearance of the
approximately 63 kDa band was used as criterion of signal speci-
ficity to identify Faah protein (Fig. 6A).

Interestingly, such an increase was also observed after in vitro E;
treatment (Fig. 6B) (P < 0.01 vs. control group). Faah protein levels
returned to the control ones in the combined treatment AEA and
SR141716A (AS) (Fig. 6C), in SR141716A treatment (SR) alone
(Fig. 6D), as well as in E, and ICI treated group (EI) (Fig. 6B). Then,
we checked if AEA used estrogens to activate a self-control by
modulating Faah expression through a combined treatment with
AEA and ICI (Al). Interestingly, such a treatment reduced Faah levels
to control values (Fig. 6C).
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Fig. 3. Effects of AEA treatment on the expression of cb1, gnrhs, gnrhrs, Gpr54 and Kiss1 in frog testis. Quantitative PCR for cb1 (A), gnrh1 (B), gnrh2 (C), gnrhr1 (D), gnrhr2 (E), gnrhr3
(F) and gpr54 (G); Western blot for Gpr54 with the corresponding analysis of signal specificity by omitting primary antibody (H); Western blot for Kiss1 in AEA treated frogs with the
corresponding analysis of signal specificity by reprobing the same filter with the Kiss1 antiserum preabsorbed with a five-fold excess of the blocking peptide (I). Western blot signals
were normalized against Erk2. C, control group, testis collected from frogs injected with KRB alone; AEA, testis collected from frogs injected with 10~ M AEA; AS, testis collected
from frogs injected with both 107 M SR141716A and 10~® M AEA. Quantitative PCR data are reported as normalized mean fold expression (n.f.e.) + s.e.m.; Western blot data are
reported as mean fold increase + s.e.m. Data are representative of three separate experiments at least. “a” indicates statistically significant differences among samples (P < 0.01).
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Fig. 4. Effects of AEA treatment on the expression of gonadotrophin receptors in testis.
Fshr (A) and lhr (B) in frog testis evaluated by qPCR. C, control group, testis collected
from frogs injected with KRB alone; AEA, testis collected from frogs injected with
108 M AEA; AS, testis collected from frogs injected with both 10~7 M SR141716A and
10~® M AEA. Data are reported as normalized mean fold expression + s.e.m. (n.f.e.) and
are representative of three separate experiments at least. “a” indicates statistically
significant differences among samples (P < 0.01).

4. Discussion

In vertebrates, endocannabinoids and kisspeptins exert their
activity at multiple levels along the HPG axis. In fact, the lack of
kisspeptin signaling causes idiopathic hypogonadotropic hypo-
gonadism in humans and experimental animal models
(d'Angelmont de Tassigny et al., 2007; de Roux et al., 2003; Funes
et al., 2003; Seminara et al., 2003). In addition, the phenotype of
CB1 knockout (CB17/7) animals is characterized by the down-
regulation of the neuro-endocrine axis activity (Cacciola et al.,
2013a), the decrease of Leydig cell number (Cacciola et al., 2008),
the impairment of the acquisition of sperm motility (Cobellis et al.,
2010; Ricci et al.,, 2007) and the poor packaging of chromatin in
spermatozoa (Cacciola et al., 2013b; Chioccarelli et al., 2010). In the
hypothalamus, GnRH secreting neurones represent the direct
target of kisspeptin activity (Oakley et al., 2009). Nevertheless,
direct and indirect mechanisms have also been proposed to explain
the endocannabinoid dependent modulation of the release,
biosynthesis and signaling of GnRH (Battista et al., 2012; Bovolin
et al., 2014; Meccariello et al., 2014a; Pagotto et al., 2006). Consis-
tently, in amphibians, the transcriptional down-regulation of gnrhs
and the up-regulation of gnrhrs has been reported in the

Table 1
Intra-testicular testosterone (T) and estradiol (E) levels in AEA treated frogs.

Control (pg/mg tissue)  AEA (pg/mg tissue) SR + AEA (pg/mg tissue)

T 100.14 + 16.5
E 0.560 + 0.069

49.18 + 8.7
1.944 + 0.312™

88.56 + 7.1
0.709 + 0.228

**P < 0.01 vs. control group and animals pretreated with SR141716A.
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Fig. 5. Effects of AEA treatment on the expression of Cyp19. Quantitative PCR (A, C) and Western blot (B, D) analyses. The specificity of Western blot signals was evaluated by
reprobing the same filter with the Cyp19 antiserum preabsorbed with a five-fold excess of the blocking peptide. Western blot signals were normalized against Erk2 (B, D). C, control
group, testis collected from frogs injected with KRB alone; AEA, testis collected from frogs injected with 10~ M AEA (A, B) or in vitro treated testis with 10-° M AEA (C, D); SR, testis
in vitro treated with 10~ M SR141716A alone (C, inset); AS, testis collected from frogs injected with both 10~7 M SR141716A and 10~ M AEA (A, B) or in vitro treated testis with both
10-8 M SR141716A and 10~° M AEA (C, D). Quantitative PCR data are reported as normalized mean fold expression + s.e.m.; Western blot data are reported as mean fold
increase + s.e.m. Data are representative of three separate experiments at least. “a” indicates statistically significant differences among samples (P < 0.01).

diencephalon of male frogs incubated with AEA during the post-
reproductive period (Chianese et al., 2011b). Here, for the first
time in a vertebrate species, we suggest the involvement of kiss-
peptin activity in the AEA dependent modulation of GnRH circuitry
during the pre-reproductive period, when GnRH1 and GnRH2 are
released to sustain the onset of a new spermatogenetic wave (Di
Matteo et al.,, 1996; Fasano et al., 1993). In fact, in the dienceph-
alon the in vivo administration of AEA decreases the transcription
level of GnRH ligands and receptors, but also negatively affects
Gpr54 (both mRNA and protein) and Kiss1 protein levels. Gpr54 is
expressed in the forebrain and diencephalon of non-mammalian
and mammalian vertebrates, with morpho-functional relationship
and colocalization in GnRH secreting neurones in fish and mam-
mals (Lee et al., 2009; Oakley et al., 2009). In Xenopus laevis, Kiss-
peptin system is abundantly expressed in the brain, notably in the
hypothalamus (Lee et al., 2009). Nevertheless, the activity of Gpr54
has been detected in bullfrog hypothalamus and pituitary (Moon
et al, 2009) and in P. esculentus testis (Chianese et al., 2013a,
2015), as well.

Beside the receptor, present results confirm the presence of
Kiss1 protein in the brain of P. esculentus and add new insights in
the modulation of HPG axis. In fact, data suggest the existence of a
double route in the modulation of GnRH secreting neuron activity
by endocannabinoids: i) indirectly via the down-regulation of
kisspeptin neuron activity; ii) directly via the Cb1 dependent
down-regulation of gpr54 expression. Consistently, in P. esculentus
Cb1 immunoreactive fibers not only surround GnRH secreting
neurones, but 20% of GnRH secreting neurones coexpresses Cb1
(Meccariello et al., 2008). Evidences that in amphibians kisspeptins
may regulate GnRH release pre-synaptically at the level of the

median eminence have recently emerged (Oakley et al., 2009;
Tena-Sempere et al., 2012), but Gpr54 localization in GnRH
secreting neurons has never been investigated so far. Further ex-
periments will surely clarify this issue in the next future, but, at
present, as far as we are aware, this is the first report concerning the
possible interplay between endocannabinoid and kisspeptin sys-
tems in the modulation of hypothalamic GnRH activity under
physiological conditions. In fact, the only data available in literature
concern the endocannabinoid dependent decrease of serum LH
secretion in male rats under stress conditions via the transcrip-
tional down-regulation of kiss1 (Karamikheirabad et al., 2013).
Following AEA in vivo administration, the suppression of hy-
pothalamic Gpr54/gnrh system activity causes in the testis the
decrease of intratesticular testosterone levels, the transcriptional
increase of lhr and fshr mRNA, the modulation of the GnRH local
system and the decrease of Gpr54 (both mRNA and protein) as well
as Kiss1 protein levels. Leydig cells represent the first target of
endocannabinoids to have been discovered in testis (Wenger et al.,
2001) and in frog the transcription of either cb1 and N-acyl
phosphatidylethanolamine-specific phospholipase D, the enzyme
responsible for AEA biosynthesis, occurs in interstitial compart-
ment (Chianese et al., 2012). The decrease of testosterone levels
here reported well parallels with the decrease of cyp17 and 36-hsd
expression previously observed in in vivo but not in ex vivo AEA
treated testes (Chianese et al., 2014). Accordingly, the increased
transcription of gonadotropin receptors might represent a
compensatory mechanism due to gonadotropin depletion in order
to improve testis receptivity. Hence, the differential modulation of
gnrhs and gnrhrs here observed in testis fully parallels those pre-
viously reported in ex vivo testis in pre-reproductive period
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(Chianese et al., 2012), suggesting the existence of local and not
centrally mediated mechanisms. Steroidogenesis requires local
activity of GnRH whereas data concerning the involvement of
kisspeptin are quite controversial (Meccariello et al., 2014b), even if
in frog kisspeptin signaling is involved in the transcriptional up-
regulation of estrogen receptors era/f (Chianese et al., 2013a,
2015) and gpr54 is expressed in Leydig cells (Chianese et al.,
2013a). Furthermore, the intra-testicular production of Kkiss-
peptins in amphibians has not yet assessed so far, but here we
suggest that frog testis produces Kiss1 and we demonstrate that, via
Cb1, AEA decreases Kiss1 and Gpr54 levels suggesting a new
interesting aspect in the control of testis physiology.

Interestingly, in AEA injected animals, the decrease of intra-
testicular testosterone parallels the increase of both intra-
testicular estradiol and aromatase Cyp19 levels. Accordingly,
CB17/~ mice have low rate of testosterone secretion in vitro
(Wenger et al., 2001), low circulating testosterone and estradiol
levels (Cacciola et al., 2013a; Wenger et al., 2001) and low testicular
cyp19 expression (Cacciola et al., 2013a), confirming the need of
endocannabinoid signaling in testosterone into estradiol conver-
sion. All the effects observed at central and testicular level occur via
Cb1. In fact, not only a specific Cb1 antagonist restores the func-
tionality of HPG axis, but AEA induces the transcription of its own
receptors in both hypothalamus and testis (Chianese et al., 2011b,
2012).

Taking in account previous and present results, the activity of
AEA along the HPG axis may be exerted at multiple levels. Acting at
central level, AEA suppresses the hypothalamic activity of kiss-
peptin and GnRH system leading to the decrease of gonadal
testosterone production. Concomitantly, in testis the treatment

further suppresses testosterone levels by means of Cyp19 switch on
which in turn promotes the conversion of testosterone into estra-
diol. In amphibians, estrogens negatively feedback at hypothalamus
and pituitary in order to suppress gonadotropin discharge (Pavgi
and Licht, 1989, 1993); consistently, in mammals kisspeptin neu-
rons located in the arcuate nucleus are the main target of sex ste-
roid mediated negative feedback in males (Clarkson and Herbison,
2009; Pinilla et al,, 2012). Interestingly, in frogs, intragonadic
estradiol levels fully parallel the fluctuation of plasmatic estradiol
(Varriale et al., 1986). Thus, present data address for the first time
kisspeptin neurons as new upstream target of AEA activity in the
modulation of GnRH circuitry and in sex steroid dependent
feedbacks.

The increase of estradiol biosynthesis following AEA in vivo
administration well correlates to the direct AEA and estradiol ac-
tivity in testis here checked by in vitro treatments. Interestingly, the
modulation of AEA tone by FAAH is the major checkpoint of
endocannabinoid signaling in vertebrates and FAAH is the direct
target of estrogens in mammalian testis (Rossi et al., 2007). Present
data demonstrate that in vitro treatment with 17p-estradiol induces
the production of Faah protein and extend to a non-mammalian
vertebrate the estradiol dependent up-regulation of FAAH, thus
demonstrating the existence of evolutionarily conserved mecha-
nisms and confirming the deep contribute of non-mammalian
vertebrates in the discovery of highly conserved master systems
(Chianese et al., 2011a). In vitro AEA has also the ability to induce
the production of Faah protein and such an effect is fully counter-
acted by pre-treatment with ICI182780, further confirming estro-
gen mediated mechanisms in Faah biosynthesis (Grimaldi et al.,
2012). A part from estradiol effect on Faah, AEA has also direct
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effect on Cyp19 protein production (up-regulation observed in both
in vivo and in vitro treatments). In this respect we suggest a local
fine regulatory loop in the modulation of AEA tone in testis (see
graphical abstract). In fact, high AEA tone, via Cyp19, induces
estradiol biosynthesis with subsequent Faah production and AEA
decrease; low AEA tone inhibits testosterone aromatization into
estradiol with subsequent low production of Faah. Such a modu-
lation occurs in a time window critical for the upsurge of a new
spermatogenetic wave, a process that in amphibians just requires
estradiol signaling (Cobellis et al., 1999, 2002; Minucci et al., 1997;
Pierantoni et al., 2002), aromatase activity (Caneguim et al., 2013)
and local GnRH and kisspeptin system (Fasano et al, 1990; Chianese
et al., 2015; Cobellis et al., 2003).

In conclusion, we provide the first evidence that AEA regulates
the reproductive activity centrally acting through kisspeptin sys-
tem and in testis modulating its tone via the biosynthesis of
estradiol which in turn targets Faah protein.
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