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Endocannabinoids are lipid mediators, enzymatically synthesized and hydrolyzed, that
bind cannabinoid receptors. Together with their receptors and metabolic enzymes, they
form the “endocannabinoid system” (ECS). Anandamide (AEA) and 2-arachidonoylglyc-
erol (2-AG) are the main endocannabinoids studied in testis. In this study, using the first
wave of spermatogenesis as an in vivo model to verify the progressive appearance of
germ cells in seminiferous tubules [i.e., spermatogonia, spermatocytes, and spermatids],
we analyzed the expression of the main enzymes and receptors of ECS in rat testis. In
particular, the expression profile of the main enzymes metabolizing AEA and 2-AG as
well as the expression of cannabinoid receptors, such as CB1 and CB2, and specific
markers of mitotic, meiotic, and post-meiotic germ cell appearance or activities have
been analyzed by RT-PCR and appropriately correlated. Our aim was to envisage a
relationship between expression of ECS components and temporal profile of germ cell
appearance or activity as well as among ECS components. Results show that expres-
sion of ECS components is related to germ cell progression. In particular, CB2 and
2-AG appear to be related to mitotic/meiotic stages, while CB1 and AEA appear to be
related to spermatogonia stem cells activity and spermatids appearance, respectively.
Our data also suggest that a functional interaction among ECS components occurs in
the testis. Indeed, in vitro-incubated testis show that AEA-CB2 activity affects negatively
monoacylglycerol-lipase levels via upregulation of CB1 suggesting a CB1/CB2-mediated
relationship between AEA and 2-AG. Finally, we provide the first evidence that CB1 is
present in fetal gonocytes, during mitotic arrest.

Keywords: testis, endocannabinoid system, spermatogenesis, germ cells, CB1, CB2

INTRODUCTION

Spermatogenesis is a complex biological process including proliferation, meiosis, and differentiation
of germ cells, from spermatogonia (SPG) stem cells to spermatozoa (SPZ). The proliferation phase
starts during the embryonic development (1). In rat, proliferating primordial germ cells reach the
genital ridges at 10.5 days post coitum (dpc). They colonize the differentiating gonad and, triggered
by the testicular microenvironment (2-4), start proliferating to give rise to gonocytes. Proliferation
ends at 18.5 dpc, when gonocytes enter G1/GO0 mitotic arrest (5). At 3 days post partum (dpp), gono-
cytes resume the cell cycle and, after DNA synthesis, are blocked in G2 phase. On 4-5 dpp, germ

Frontiers in Endocrinology | www.frontiersin.org 1

May 2018 | Volume 9 | Article 269


https://www.frontiersin.org/Endocrinology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2018.00269&domain=pdf&date_stamp=2018-05-29
https://www.frontiersin.org/Endocrinology/archive
https://www.frontiersin.org/Endocrinology/editorialboard
https://www.frontiersin.org/Endocrinology/editorialboard
https://doi.org/10.3389/fendo.2018.00269
https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gilda.cobellis@unicampania.it
https://doi.org/10.3389/fendo.2018.00269
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00269/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00269/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00269/full
https://loop.frontiersin.org/people/101532
https://loop.frontiersin.org/people/533279
https://loop.frontiersin.org/people/4002
https://loop.frontiersin.org/people/96508
https://loop.frontiersin.org/people/26365
https://loop.frontiersin.org/people/124348
https://loop.frontiersin.org/people/21208

Migliaccio et al.

ECS and Germ Cells

cells migrate toward the basement of seminiferous tubules and
enter mitosis establishing the initial pool of unipotent SPG stem
cells (5). This self-renewal activity produces undifferentiated
SPG (i.e., proSPG) which differentiate (commitment in type Al
SPG) and proliferate (A1-A4-B SPG) before starting meiosis as
spermatocytes (SPC) (around 10-12 dpp). Spermatids (SPT) are
produced (around 26 dpp), then they differentiate in SPZ (around
45 dpp) through a dramatic reorganization involving both the
nuclear and cytoplasmic compartments (6, 7).

Spermatogenesis is finely regulated by various hormones and
factors that act through endocrine, autocrine, and paracrine
pathways (8, 9-20). Among these, endogenous cannabinoids
(i.e., endocannabinoids) are lipid mediators emerging as
modulators of spermatogenesis (21-25) and reproduction
(26-28). The endocannabinoids are produced “on demand”
from membrane phospholipids. They bind and activate type-1
(CB1) and type-2 (CB2) cannabinoid receptors (29, 30) mimick-
ing some effects of A9-tetrahydrocannabinol, the psychoactive
component of the Cannabis sativa. Arachidonoylethanolamine
(i.e., anandamide, AEA), and 2-arachidonoylglycerol (2-AG) are
the main endocannabinoids identified in vertebrates (31, 32);
their synthesis is mainly catalyzed by NAPE-hydrolyzing phos-
pholipase D (NAPE-PLD) (33) and sn-1-DAG-lipase (DAGL)
(34), respectively. Their degradation is controlled by two
specific enzymes: the fatty acid amide hydrolase (FAAH) that
preferentially degrades AEA (2-AG at less extent) while the
monoacylglycerol-lipase (MAGL) hydrolyzes 2-AG (35, 36).
The biosynthetic/hydrolyzing enzyme balance regulates the
endocannabinoid content determining the appropriate “tone,”
which is critical for many physiological processes (37, 38),
including reproduction (39, 40). Receptors, endocannabinoid
membrane transporter, ligands, and their metabolic enzymes
form the “endocannabinoid system” (ECS) (41).

Many studies have been carried out to analyze expression
and function of ECS in the male reproductive tract (42-51). The
components of this system have been identified in mammalian
and non-mammalian testes, in somatic and germ cells, from
SPG to SPZ (21, 43, 44, 46, 49-56). CBI has been localized in
differentiating/mature adult Leydig cells, in SPT and SPZ and it
seems to be positively related to (i) steroidogenesis (20-22, 56)
and differentiation (49) of Leydig cell, (ii) chromatin remodeling
(7, 57) of SPT, and (iii) maturation and quality of SPZ (44, 46, 47,
51, 52, 54, 55, 58). Interestingly, in rat testis, a weak and stage-
specific expression of CB1 has been observed in Sertoli cells
(22, 49) when SPT appear in seminiferous tubules. Study about
CB1 activity in these cells is lacking. CB2 is highly expressed in
murine SPG and SPC (a weak signal appears in SPT), and also in
Sertoli cells isolated from 7, 16, and 18 dpp old mouse (43, 50).
Data obtained from mice show that CB2, autocrinally activated by
2-AG, has a role in SPG proliferation and meiotic entry (50, 59).
Indeed, 2-AG levels are high in SPG and dramatically decrease
in SPC and round SPT (50). On the contrary, AEA levels mainly
remain unchanged in germ cells, from SPG-to-SPT. However,
Leydig and Sertoli cells contain AEA (21, 43). In Sertoli cells,
a complete biochemical machinery to transport/degrade and
to bind AEA via CB2 is present (43). AEA shows pro-apoptotic
effects on Sertoli cells. Lower levels of AEA correlate with Sertoli

cell age and higher levels of FAAH suggesting a protective and
pro-survival role of FAAH in these cells (48).

In this study, using the first wave of spermatogenesis as an
in vivo model to study the progressive appearance of germ cells
in seminiferous tubules (i.e., SPG, SPC, and SPT), we analyzed
the expression of the main enzymes and receptors of ECS in rat
testis. Our aim was to study the expression ECS components
in testis during progressive appearance germ cells and to find a
relationship between expression of ECS components and germ
cell activity (i.e., mitosis, meiosis, SPT-SPZ differentiation).

MATERIALS AND METHODS

Experimental Animals

Experiments were approved by the Italian Ministry of Education
and the Italian Ministry of Health. All methods and all animal
procedures were performed in accordance with the relevant
guidelines and regulations by National Research Council’s for
Care and Use of Laboratory Animals (NIH Guide).

Sprague-Dawley rats (Rattus norvegicus, from Charles River
Laboratories, Lecco, Italy) and mice (Mus musculus) genetically
deleted of CB1 in heterozygous conditions (CB1*~), provided by
Prof. Ledent [knock out has been obtained by replacing the first
233 codons of CB1 gene with PGK-Neo cassette (60)], were kept
in aroom with controlled temperature (22 + 2°C), ventilation, and
lighting (12-hlight/dark cycles) and were maintained on a standard
pellet diet with free access to water. Male and female heterozygous
CB1 mice will be bred on a CD1 background (Charles River
Laboratories, Lecco, Italy) to expand colony, then used to generate
WT and CB1*/~ male mice available for in vitro experiments.

Pregnant rats were sacrificed at 19.5 dpc and fetal testes from
male embryos (n = 4) were collected and fixed for immunohis-
tochemistry. Male rats were killed at 1, 7, 14, 21, 27, 31, 35, 41,
60 and 90 dpp and testes rapidly removed, frozen on dry ice, and
properly stored for RT-PCR analyses. At least three animals/age
were analyzed and at least one testis/animal separately processed
for RT-PCR analysis.

Adult (6-8 months) male mice CB1*~ were killed by CO,
asphyxia, and testes processed for in vitro tissue incubation. Each
experimental analysis included at least three testis/experimental
group from different animals, and each testis/animal was sepa-
rately analyzed.

Total RNA Preparation

Total RNA was isolated from rat testes using TRIZOL® Reagent
(Invitrogen Life Technologies, Paisley, UK) according to the manu-
facturer’s reccommendations. To remove potential contamination
of genomic DNA, RNA aliquots (10 ug) were treated with 2 U
DNase (RNase-free DNase I, Ambion, Thermo Fisher Scientific,
MA, USA) according to the manufacturer’s recommendations.
Purity and integrity of RNA samples were determined as previ-
ously reported (61).

RT-PCR Analysis

Semi-quantitative RT-PCR is a specific technique although less
sensitive as compared with Real Time PCR. This allows one

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 269


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Migliaccio et al.

ECS and Germ Cells

to appreciate gene expression differences, just when these are
evident and stable. Using RNA from whole testis, we consider
this method to robustly run correlation tests of gene expression.
To reinforce our methodological choice, we currently compared
our data with those reported by Grimaldi characterizing ECS
components in isolated mouse germ cells (50).

As already reported (49), total RNA (2 pg) was used to synthe-
size cDNA in 20 pl mix containing: 0.5 pg oligo dT, 10 mM dNTP,
0.01 M DTT, 1x first strand buffer (Invitrogen Life Technologies,
Paisley, UK), 40 U RNase Out (Invitrogen Life Technologies,
Paisley, UK),200 U SuperScript-III RNaseH-Reverse Transcriptase
(Invitrogen Life Technologies, Paisley, UK). As a negative control,
total RNA (2 pg) was incubated in the previous mix without add-
ing Reverse Transcriptase enzyme (RT— cDNA sample). PCR was
carried out using 2 ul cDNA and 10 pmol of the appropriate prim-
ers in a PCR mix [0.2 mM dNTP, 1x PCR buffer (Invitrogen Life
Technologies), 1.5 mM MgCl, 1.25 U Taq Polymerase (Invitrogen
Life Technologies, Paisley, UK)], using an Applied Biosystem
Thermocycler. Possible residual genomic DNA was evaluated
using Actin primers by RT— cDNA amplification (at 35 circles)
while possible contamination among samples was excluded using
samples prepared with 1 pl water (H,O samples, negative control)
in place of cDNA. Except for CB1 gene, primers were specifically
designed on different exons (i.e., amplicons would span an intron if
genomic DNA was amplified). Their sequences and PCR program
are reported in Table 1. Each cDNA was amplified in duplicate
or triplicate, in three independent experiments, and analyzed
by electrophoresis on an agarose gel. Signals were quantified by
densitometry analysis and graphed as optical density (OD) values
normalized relatively to Actin (normalized OD values) amplified
at 25 circles by excluding the saturation phase.

The genotype of CB1*'~ testes was verified by PCR analysis of
genomic DNA using specific primers for neomycin-cassette and
CB1 gene (Table 1).

Immunocytochemistry (ICC)

Testes from 14.5 and 19.5 dpc rat embryos and 90 dpp rat were
fixed overnight in Bouin’s solution and embedded in paraffin
using standard procedures, as previously described (38, 62).
Microtome sections (5-pm thick) were stained with hematoxylin
& eosin or incubated overnight with primary antibody solution
[rabbit anti-human N-terminus CB1; diluted 1:500 (63)], rabbit
anti-human NAPE-PLD (diluted 1:100 #10305, Cayman, MI,
USA), rabbit anti-rat FAAH (diluted 1:500; #101600, Cayman,
MI, USA), rabbit anti-rat MAGL (diluted 1:100, #24701, Abcam,
Cambridge, UK) in 0.01 M PBS, 1% Triton-X100, 10% BSA (49).
Immunoreactivity was revealed using the avidin-biotin complex
system and H,O,/DAB (3,3’-diaminobenzidine-tetrahydrochlo-
ride) as substrate/chromogen. The specificity of immunoreaction
has already been demonstrated (27, 28, 49, 51) and here routinely
checked by omitting primary antibody. Sections were observed
under a light microscope (Leica CTR500) and images captured
using a high resolution digital camera (Leica DC300F).

Correlation Curves
Data of gene expression (normalized OD values, from three to
five independent RT-PCR analyses) concerning ECS components

TABLE 1 | Primer sequences (S: sense; AS: antisense), annealing temperature
(Tm) and cycles number used to analyse testicular levels of Nape-pld, Faah,
Magl, Dagl, Cb1, Cb2, Cxcl12, MIh3, Hsp70t, and Actin mRNA by RT-PCR.

Gene primers  Sequences 5'-3’ Tm (°C) No. Product size
cycles (bp)

Neomycin S gatccagaacatcaggtagg 56 35 521

Neomycin AS aaggaagggtgagaacagag

*Cb1 S catcatcacagatttctatgtac 56 35 366

*Cb1 AS gaggtgccaggagggaacc

Nape-pld S agatggctgataatggagaa 56 35 463

Nape-pld AS ttctecteccaccagte

Faah S ggaagtgaacaaagggacca 60 35 220

Faah AS actgacattggcggcagceat

Dagl S cacgaggcctgctccctgaa 60 35 218

Dagl AS gtgagccagacgatgeccac

Magl S ggtcaatgcagacggacagt 64 35 303

Magl AS atggagtggcccaggaggaa

Cb1S atcctagatggecttgcaga 56 35 300

Cb1 AS taaagttctccccacactgga

Cb2 S ggcagcgtgaccatgacctt 60 35 406

Cb2 AS gacgtgaggttggccaagac

Cxcl12 S ccagtcagcctgagctac 58 35 235

Cxcl12 AS gtctactggaaagtcctttg

Mih3 S gactaagagtattgtggagg 58 35 213

MIh3 AS gcacactgaaatggcagct

Hsp70t S ggtgatgagggtctgaag 52 35 421

Hsp70t AS gggtgggggtgtgaaaac

Actin S ctettecagecttecttect 60 25 298

Actin AS ctgettgctgatccacatc

In table are also indicate primer sequences for neomycin-cassette and CB1 gene (*) used
for genotyping CB1+~ mice. Product size indicate base pairs of the ampilified fragments.

(Nape-pld, Faah, Dagl, Magl, Cbl, Cb2 mRNA, as well as Dagl/
Magl ratio mRNA, here used as index of intra-testicular 2-AG
levels) and germ cell activity markers [chemokine (C-X-C motif)
ligand 12 (Cxcl12); mutL homolog 3 (MIh3); and a mouse testis-
specific heat shock 70 protein (Hsp70t) mRNA] were conveniently
compared, within specific time frames of the first spermatogenic
wave, using the Excel built-in distribution functions available in
Microsoft Office. The “r” value was considered to establish the
test significance. The range —1 < r < 1 established negative or
positive correlation.

In Vitro Testes Incubations and Western

Blot Analysis

Anandamide and AM630 (6[6-iodo-2-methyl-1-[2-(4-morpholi-
nyl)ethyl]-1H-indol-3-yl] (4-methoxyphenyl)-methanone), a selec-
tive CB2 inverse agonist, were obtained from Sigma-Aldrich (Milan,
Italy). Both drugs were of the purest analytical grade and each were
dissolved in ethanol (i.e,, AEA) or dimethylsulfoxide (DMSO; i.e.,
AM630) according to the manufacturer’s instructions.

CB1*~ testes with a feeble notch in tunica albuginea (n = 3
or 4 for experimental group) were incubated in PBS (6 ml) for
90 min with vehicle (0.015% ethanol plus 0.05% DMSO accord-
ing to relative compound concentrations; control group) or with
AEA (1 pM) £ AM630 (10 uM). Ethanol (0.0015%) and DMSO

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 269


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Migliaccio et al.

ECS and Germ Cells

(0.05%) were added in each experimental group. AM630 was
always added 30 min before AEA at a concentration useful to
affect CB2 activity as previously reported in cell cultures and
in vitro testis (57, 64, 65) as well as in in vivo mice (59). Each
testis/experimental group was separately homogenized in RIPA
buffer [PBS, pH 7.4, 10 mM dithiothreitol, 0.02% sodium azide,
0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, in the
presence of protease inhibitors (10 pg/ml of leupeptin, aprotinin,
pepstatin A, chymostatin, and 5 ug/ml of TPCK)], as already
reported (54) and analyzed by Western blot. Briefly: proteins
(90 ug) were separated by SDS-PAGE (10% acrylamide) and trans-
ferred to polyvinylidene difluoride membrane (GE Healthcare)
at 280 mA for 2.5 h at 4 C. Membrane was cut at 50-kDa level.
The upper and lower filters were treated for 3 h with blocking
solution [5% nonfat milk, 0.25% Tween-20 in Tris-buffered saline
(TBS, pH 7.6)] and then separately incubated overnight, at 4°C
in TBS-milk buffer (TBS pH 7.6, 3% nonfat milk) with different
primary antibody [MAGL, diluted 1:500, code ab24701 from
Abcam, Cambridge, UK; ERK1/2, diluted 1:1,000, code sc-154
from Santa Cruz Biotechnology, Inc., Heidelberg, Germany;
CB1 C-terminal (46), diluted 1:1,000]. After washing in 0.25%
Tween20-TBS, filters were incubated with 1:1,000 horseradish
peroxidase-conjugated rabbit IgG (Dako Corp., Milan, Italy) in
TBS-milk buffer and then washed again. The immune complexes
were detected using the enhanced chemiluminescence-Western
blotting detection system (Amersham ECL Western Blotting
Detection Reagent, cod: RPN2106, GE Healthcare). Signals were
quantified by densitometry analysis, adjusted relatively to ERK1/2
levels and graphed as OD fold change (mean + SEM).

The specificity of immunoreaction has already been demon-
strated (27, 28, 49, 51) and here routinely checked by omitting
primary antibody (data not shown).

Statistical Analysis

Student’s t-test or ANOVA followed by Duncan’s test for multi-
group comparison were performed, where appropriate, to
evaluate the significance of differences. Data were expressed as
the mean + SEM.

RESULTS

Analysis of ECS Components During the
First Wave of Spermatogenesis

The presence of ECS components has been investigated in rat
testis by RT-PCR analyses. In particular, the expression profile
for Faah, Nape-pld, Magl, Dagl, and Cb2 mRNA has been analyzed
from 7 to 60 dpp. The expression of Cb1I in rat testis during the
first spermatogenic wave has already been investigated by our
group (49) and here just analyzed during perinatal period.

Results show that Faah, Nape-pld, Magl, Dagl, and Actin were
constantly present in rat testis from 7 to 60 dpp. The Figure 1A
shows one band of the predicted size for each transcript (see
specific amplicons in Table 1). The Figure 1B shows representa-
tive agarose gel image of RT+ (testes from 90 dpp rats) and RT—
(testes from 7 to 60 dpp rats) cDNA analyzed by PCR using actin
primers.

Densitometry analysis of signals, normalized relatively to
Actin, and graphed relatively to temporal profile of germ cells
appearance or activities (Figure 1C), revealed specific fluctua-
tions of gene expression (Figure 1D). At 7 dpp, Faah and Nape-pld
were poorly expressed. Thereafter, Faah mRNA progressively and
significantly increased up to 60 dpp (p < 0.01). Nape-pld mRNA
was low with no significant increase from 7 to 21 dpp. Later,
a significant increase was observed at 27 dpp (p < 0.01) with
a progressive higher expression from 31 dpp forward. Interestingly,
Faah mRNA was constantly higher when compared with Nape-
pld suggesting that Faah expression was mainly activated during
the spermatogenic wave to downregulated intra-testicular AEA
levels, except to 7 and 41 dpp when matching Nape-pld/Faah
mRNA values were observed suggesting intra-testicular increase
of AEA. Dagl mRNA levels were high at 7-21 dpp and drastically
reduced from 27 to 60 dpp (p < 0.01). Vice versa, Magl mRNA
levels were low at 7-21 dpp and a progressive higher expression
was observed from 27 dpp forward (p < 0.01), suggesting few
intra-testicular 2-AG.

The presence of CB1 in fetal testis was studied by ICC at
14.5 and 19.5 dpc during proliferation and mitotic G1 arrest of
germ cells, while the fluctuations of Cbl and Cb2 mRNA were
analyzed, using RT-PCR, during early post-natal period (from 1
to 14 dpp) and during all the spermatogenic wave (from 7 to 60
dpp), respectively.

In fetal testis, CB1 was absent at 14.5 dpc and present at 19.5
dpc. The protein was specifically related to gonocytes (Figure 2A).
Specificity of immunoreactions has already been demonstrated
and here checked again by omitting the primary antibody.

Transcripts for Cbl, Cb2, and Actin mRNA were present in
testis. A single band of the predicted size for each transcript
(see specific amplicons in Table 1) was obtained (upper panels
Figures 2B,C). Densitometry analysis of signals, normalized
relatively to Actin, revealed fluctuations of gene expression
specifically related to each receptor (lower panels Figures 2B,C).
Cbl mRNA was more highly expressed at 7 dpp (a vs b, p < 0.01)
as compared to 1 and 14 dpp (Figure 2B). Cb2 mRNA was feebly
present at 7 dpp. Except to 41 dpp, its expression significantly and
steadily increased from 7 to 60 dpp (different letters p < 0.01),
with higher increases from 27 dpp onward (Figure 2C). The
Figure 2D shows representative agarose gel image of RT+ (testes
from 90 dpp rats) and RT— (testes from 1 to 60 dpp rats) cDNA
analyzed by PCR using Actin primers.

Germ Cell Progression During the

First Wave of Spermatogenesis

Specific molecular markers related to proliferation (66),
meiosis (67), and differentiation (68) of germ cells were
evaluated by RT-PCR analysis and conveniently correlated to
ECS component expression during specific time frame of the
first spermatogenetic wave. In particular, Cxcl/12 was used as
marker of SPG stem cell pool maintenance activity (2-14 dpp);
MIh3 and a mouse testis-specific Hsp70t, were used as mark-
ers of appearance and presence of SPC (7-27 dpp) and SPT
(21-60 dpp), respectively. Actin was analyzed as housekeeping
gene. Figure 3 shows (i) representative images of RT-PCR
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A dpp

Mk 7 14 21 27 31 35 4160

Mape-pld (463bp)

Faah (220bp)

Dagl(218bp)

Magl (303bp)

Actin (298bp)

B RT+ RT-

Mk €0 7 14 21 27 31 35 41 60 H30

Actin (298bp)

FIGURE 1 | RT-PCR analysis of the main AEA and 2-arachidonoylglycerol metabolizing enzymes in rat testis during the first wave of spermatogenesis.
Representative images of RT-PCR analyses showing Nape-pld, Faah, Dagl, Magl, and Actin mRNA expression in rat testes from 7 to 60 days post partum (dpp) (A).
Representative agarose gel image of RT + cDNA (testes from 90 dpp rats), RT— cDNA (testes from 7 to 60 dpp rats) and water (H.0) analyzed by PCR using actin
primers (B). Gene expression was quantified by densitometry analysis and graphed relatively to germ cells appearance or activities (C). Values for Nape-pld, Faah,
Dagl, and Magl signals were normalized against Actin and are expressed as OD values (D). All data are expressed as the mean + SEM. Different letters indicate
statistically significant differences (p < 0.01). Abbreviations: SPG, spermatogonia; SPC, spermatocytes; SPT, spermatids; SPZ, spermatozoa; Aunai, undifferentiated-
SPG; Ai-As, differentiating type-As-As SPG; In, differentiating intermediate-SPG; B, differentiating type-B SPG; PI, preleptotene SPC; L, leptotene SPC; Z, zygotene
SPC; eP, early pachytene SPC; IP, late pachytene SPC; M,, secondary SPC; R, round SPT; E, elongated SPT; SR, self-renewal; C, commitment.
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analyses, (ii) graphs relative to densitometry analyses of signals
(Figures 3A-C, upper panels), and (iii) appropriate correlation
curves (Figures 3A-C, lower panels).

RT-PCR analysis confirmed the presence of Cxcl12, Mih3,
Hsp70t, and Actin mRNA as expected during the time frames
specifically examined (i.e., mitotic, meiotic, differentiation
phases). A single band of the predicted size for each transcript
(see specific amplicons in Table 1) was obtained (upper panels
Figures 3A-C). Densitometry analysis of signals, normalized
relatively to Actin, revealed fluctuations of expression specifically
related to each gene.

Cxcl12 mRNA was significantly higher at 7 dpp (p < 0.01)
when compared with 1 and 14 dpp (Figure 3A, upper panels).
The expression profiles of Cxcl-12 and Cbl from 1 to 14 dpp

were positively and significantly correlated (r = 0.67, p < 0.05;
Figure 3A lower panel).

At 7 dpp, MIh3 mRNA was absent. This first appeared at 14
dpp and increased steadily over the time (Figure 3B, upper pan-
els). The expression profiles of MIh3 and Cb2, from 7 to 27 dpp,
were positively and significantly correlated (r = 0.94, p < 0.01;
Figure 3B, lower panel).

Hsp70t mRNA was absent at 21 dpp. It first appeared at 31
dpp and its expression levels increased progressively over time
(Figure 3C, upper panels). The correlation analyses show that
the expression profiles of Hsp70t, from 21 to 60 dpp, correlated
positively and significantly with those of Nape, Faah, and Magl
(0.9 < r < 1, p <0.01) and negatively with the Dagl/Magl mRNA
ratio (r = —0.87) (Figure 3C, lower panels).
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Correlation Analyses Among ECS

Components

Data on gene expression for Nape-pld, Faah, Dagl, Magl, and Cb2,
from 21 to 60 dpp, have been used for correlation studies. Results
show that the expression profiles of Nape-pld, Magl, and Cb2
mRNA were positively and significantly correlated each other’s
(0.88 < r < 0.96; p < 0.01; Figures 4A-C). No significant correla-
tion was found when the analysis was carried out using Faah or
Dagl mRNA profiles (data not show).

Localization of ECS Components in
Germ Cells

The expression of ECS components in germ cells has been ana-
lyzed in rat testis by ICC, using testis from 90 dpp rat. In particu-
lar, have been analyzed NAPE-PLD, FAAH, and MAGL proteins.
ICC analysis show NAPE-PLD, FAAH, and MAGL proteins in
Leydig cells (Figure 5). In tubular compartment, NAPE-PLD was
feebly present in Sertoli cells and highly expressed in SPT and SPZ
(Figure 5A). FAAH was present in germ cells, from preleptotene
and pachytene SPC (,.SPC and »SPC) to round (r) and elongated
(e) SPT (Figure 5B) while MAGL (Figure 5C) was feebly present
in Sertoli cells associated to round SPT (stage IX/X), and in
early condensing SPT (inset). Higher immunolocalization was
observed in elongating SPT (eSPT).

Functional Interaction Among ECS

Components

Testes from mice null of CB1 gene in heterozygous conditions
(CB1*~) were used as model tissue of low levels of CB1 to verify
responsiveness of expression of CB1 and MAGL proteins to AEA/
CB2 activity. Testes CB1*/~ were incubated with vehicle or AEA, in
presence/absence of AM630, a selective inverse agonist for CB2,
and processed to quantify CB1 and MAGL proteins by Western
blot analysis. Results are reported in Figure 6. Densitometry
analysis of signals show that AEA significantly (p < 0.05)
increased CB1 protein levels (Figure 6B) in comparison to
control group, while a negative effect was observed (p < 0.01)
on MAGL protein levels (Figure 6C). Both AEA-induced effects
were efficiently counteracted by AM630 with different levels of
statistical significance (p < 0.05 and p < 0.01).

DISCUSSION

The presence of ECS components has been investigated in rat
testis during the first wave of spermatogenesis, from 7 to 60 dpp,
to analyze the fluctuations of enzymes and receptors with respect
to mitotic, meiotic, and post-meiotic germ cells. The expression
profiles of the main enzymes metabolizing AEA and 2-AG (i.e.,
Faah, Nape-pld, Magl, Dagl), as well as the expression of CB
receptors (Cbl, Cb2) and specific markers of germ cell presence
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or activity have been analyzed by RT-PCR and appropriately
correlated.

Results showed detailed fluctuations of gene expression. Faah
and Nape-pld were poorly expressed at 7 dpp. Thereafter, Faah
progressively and significantly increased up to 60 dpp while Nape-
pld increased later, starting from 27 dpp. These data suggested
that Faah expression was related to germ cell progression from
SPG-to-SPT, while Nape-pld expression was more specifically
related to SPT appearance. The high levels of Faah in SPC and
SPT (mRNA and/or protein), when compared with SPG, have
already been demonstrated in both frog and mouse (46, 50) and
here confirmed by ICC analysis. Interestingly, Faah was consist-
ently higher as compared with Nape-pld, except at 7 and 41 dpp,
when similar Nape-pld/Faah mRNA levels were observed. This
suggested that, during spermatogenesis progression, Faah was
constantly expressed to control intra-testicular AEA levels, and
that peaks of AEA specifically occurred in the testis during early
and later phases of spermatogenesis. However, the expression
profile of Dagl and Magl clearly showed that early phases of sper-
matogenesis required high intra-testicular 2-AG levels. Vice versa,
lower amounts of 2-AG were necessary later. Accordingly, data
from isolated mouse germ cells demonstrate that SPG produce
more 2-AG due to the higher Dagl and lower Magl expression

(both mRNA and protein) when compared with meiotic and
post-meiotic cells (50). In agreement, ICC analysis show that
testis from rat at 90 dpp expressed MAGL in Leydig cells and
appeared in tubular compartment later during spermatogenesis
in Sertoli cells and SPT.

The expression profile of CB1 in rat testis, already investigated
by our group during the first wave of spermatogenesis (49), was
here analyzed in fetal and post-natal testis, with respect to gonocyte
activity during their mitotic arrest (i.e., in G1 phase) and prolif-
erative resumption. More specifically, we immunolocalized CB1
protein in fetal testis during proliferation (14.5 dpc) and mitotic
arrest in G1 phase (19.5 dpc) of gonocytes, then we studied testicu-
lar fluctuations of Cb1 mRNA in post-natal testis, during the cell
cycle arrest (1 dpp), mitotic resumption (7 dpp), and meiotic entry
(14 dpp). The expression of Cxcl12 (66) and MIh3 (67) was used
to specifically define the activity of the SPG stem cell pool main-
tenance and the appearance of SPC, respectively. In addition, we
studied the expression profile of Cb2, from 7 to 60 dpp, using Hsp70t
(68) to specifically define SPT appearance from 21 dpp forward.

Data reported here show that CB1 was present in the testis
at 19.5 dpc. The protein was exclusively localized in gonocytes.
The lack of signals at 14.5 dpc, suggested that CB1 protein was
functionally related to mitotic G1 arrest of germ cells (5) confirm-
ing the cytostatic activity of CB1 observed in Leydig cells (39). In
agreement with data from mouse and rat (45, 49), the gene expres-
sion analysis carried out on post-natal testis revealed that Cbl
mRNA levels were low at 1 and 14 dpp and high at 7 dpp. Indeed,
Cb1 profile well correlated with Cxcl12 profile and both matched
specifically with post-natal fluctuations of AEA metabolizing
enzymes suggesting that CB1 and a weak intra-testicular AEA rise
were related to germ cell mitotic resumption. More specifically, the
significant correlation of Cb1 with Cxcl12 suggested a potential
involvement of CB1 in SPG stem cell pool maintenance activity
(i.e., self-renewal activity and/or the relative commitment).
However, Cb1 mRNA decreased at 14 dpp when type-A SPG were
present in the testis and proliferating to become SPC. Interestingly,
the impressive Cb1 decrease was associated with the appearance of
MIih3 which expression increased in correlation with Cb2 and in
presence of high Dagl and low Magl mRNA levels. This suggests
that SPG proliferation and meiotic entry required the presence
of CB2 and high levels of 2-AG. In agreement, Grimaldi and
coworkers demonstrated that CB2 is highly expressed in mouse
SPG, and its activation, likely via 2-AG, promotes meiotic entry
(50). However, during later stages of spermatogenesis, at 27
dpp, the expression of ECS components changed drastically, in
concomitance with the appearance of SPT. Indeed, the expression
profile of Hsp70t demonstrated that SPT appeared between 21
and 31 dpp enriching progressively the germinal compartment.
Simultaneously, a significant and gradual increase of Nape-pld and
Magl was observed suggesting that, when in the testis post-meiotic
germ cells are present (49), these cells might be or support the AEA
source and play a key role in 2-AG degradation.

Data obtained in mouse show that SPT produce appreciable
amount of AEA and that 2-AG is more efficiently synthesized in
SPG when compared with SPC and SPT (50). Consistently, SPT
result also to be the main producers of Magl, among germ cells
(50). To verify these data in our animal model, we carried out
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FIGURE 5 | Immunocytochemistry analyses of endocannabinoid system components in testis from rat at 90 days post partum. Immunolocalization of NAPE-PLD
(A), fatty acid amide hydrolase (B), and monoacylglycerol-lipase (C) proteins in interstitial and tubular compartments. Asterisks indicate immunopositive cells.
Specificity of reaction was checked by omitting the primary antibody (D). Scale bar: 50 pm; inset scale bar: 10 pm.

correlation analyses within the appropriate time frame, 21-60
dpp. Results showed that Nape-pld, Faah, and Magl fluctuations
correlated positively with Hsp70t expression. In agreement, ICC
analysis confirm higher expression of NAPE-PLD and FAAH pro-
teins from round to elongated SPT, while MAGL feebly appeared
in early condensing SPT and Sertoli cells and higher expressed
in elongating SPT. A negative relation was observed when Dagl/
Magl mRNA ratio, here used as indirect index of intra-testicular
2-AG levels, was correlated to expression of Hsp70t. The expres-
sion profiles of Nape-pld, Magl, and Cb2 were positively correlated
each other. We concluded that the appearance of SPT was directly
or indirectly responsible of AEA synthesis and 2-AG hydrolysis.
Studies carried out on murine isolated germ cells and immature
mouse demonstrate that CB2 signaling, likely responsive to 2-AG,
controls meiotic entry (SPG/preleptotene-SPC differentiation) of
SPG (50, 59). Interestingly, spermatogenic progression of more
immature germ cells is responsive to feedback signals from more
mature germ cells (13). Indeed, an intriguing testicular network of
cell-to-cell communication controls progression of more mature
and immature germ cells, properly clustered in specific stages.
Intriguingly, in immature rat testis, CB1 appears in Sertoli cells
in combination with the appearance of elongated SPT (22, 49).
In mature rat testis, a weak and stage-specific expression of CB1
has been observed in Sertoli cells at stages VIII-IX/X (49) cor-
responding to Sertoli/SPC/elongated SPT-clustered cells. In frog

and rat, the presence of SPT is positively associated with the
increase of CB1 (46, 49). In frog testis, CB1 expression is respon-
sive to AEA (69). Therefore, we hypothesized that SPT control
synthesis of AEA and that such a ligand, through activation of
both CB receptors, affects 2-AG levels promoting meiotic entry of
SPC. With this model in mind, we checked at molecular level, if
AEA, via CB2, downregulated MAGL by inducing CBI increase.
Testis from mice null of CB1 in heterozygous condition (CB1*/7)
was used as model tissue of down-expression of CB1 (then poten-
tially responsive to increase after stimulation) and stimulated
with AEA + AM630. The aim was to verify the responsiveness
of CB1 and MAGL protein expression to AEA/CB2 signaling.
Results demonstrate that AEA-CB2 activity affected negatively
MAGL levels via upregulation of CB1. This functional interac-
tion of ECS components supports data above reported (i.e., low
levels of Magl are present in the testis during mitotic/meiotic
cell progression; high levels of Nape-pld are present in the testis
when post-meiotic cells appear) and suggest their functional
interaction (i.e., functional clustering) in testis during germ
cell progression demonstrating a CB1/CB2-mediated relation-
ship between AEA and 2-AG. Intriguingly, this might be the
molecular network through which the appearance of elongated
SPT control meiotic entry of SPC (13). Of course, further analyses
should be specifically addressed to verify this model of cell-to-cell
communication.
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vehicle or AEA + AMB30 (A). CB1 amount was quantified by densitometry analysis, normalized against ERK1/2 signals, and expressed in OD values as fold change
(B). MAGL amount was quantified by densitometry analysis, normalized against ERK1/2 signals, and expressed in OD values as fold change (C). All data are
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Altogether, our data perfectly matches those obtained in
isolated mouse germ cells (50) thus excluding species-specific
differences (mouse vs rat) and reinforcing the rational about our
methodological choice (see Materials and Methods). Further
analyses are necessary to specifically characterize the cells
expressing CB receptors and enzymes metabolizing AEA and
2-AG to better define cellular network involved in local control of
spermatogenesis. However, the above described observations are
relevant since these show that mRNA level variations of ECS com-
ponents are extremely robust, highly conserved, and functionally
clustered during spermatogenesis. Accordingly, our data should
be considered as identifying good molecular markers to follow a
correct spermatogenesis progression. In this context, present data
may open the possibility to develop algorithms for describing and
monitoring testicular function. In the literature, spermatogenesis
computational analysis, based on whole transcriptome, has already
been described (70, 71). However, algorithms based on the expres-
sion levels of functionally clustered genes (as ECS components)
might be a better and simpler way to monitor this complex event.

In conclusion, data here reported show that ECS components
are functionally clustered and are differentially related to germ
cell progression. In particular, CB2 and 2-AG appear to be related
to mitotic/meiotic stages, while CB1 and AEA appear to be related
to SPG stem cells activity and SPT appearance, respectively. We
show that CB2 activity, stimulated in vitro by AEA, affects MAGL
levels via upregulation of CB1, providing the first functional data
supporting a CB1/CB2-mediated relationship between AEA
and 2-AG. Furthermore, we show that fetal testis expresses CB1
providing, for the first time, evidence that the protein is present

in gonocytes blocked in mitosis. Finally, present data may shed
light in the study of complex systems computational modeling.
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