
Molecular Biology of the Cell
Vol. 18, 1530–1542, April 2007

Impaired Fertility and Spermiogenetic Disorders with Loss
of Cell Adhesion in Male Mice Expressing an Interfering
Rap1 Mutant
Evanthia Aivatiadou,* Elisabetta Mattei,† Michela Ceriani,‡ Leila Tilia,†
and Giovanna Berruti*

*Laboratory of Cellular and Molecular Biology of Reproduction, Department of Biology, University of Milan,
20133 Milan, Italy; †Institute of Neurobiology and Molecular Medicine, Consiglio Nazionale delle Ricerche,
00143 Rome, Italy; and ‡Department of Biotechnology and Biosciences, University of Milano-Bicocca, 20126
Milan, Italy

Submitted October 10, 2006; Revised January 29, 2007; Accepted February 2, 2007
Monitoring Editor: Asma Nusrat

The guanosine trisphosphatase Rap1 serves as a critical player in signal transduction, somatic cell proliferation and
differentiation, and cell–cell adhesion by acting through distinct mechanisms. During mouse spermiogenesis, Rap1 is
activated and forms a signaling complex with its effector, the serine-threonine kinase B-Raf. To investigate the functional
role of Rap1 in male germ cell differentiation, we generated transgenic mice expressing an inactive Rap1 mutant
selectively in differentiating spermatids. This expression resulted in a derailment of spermiogenesis due to an anomalous
release of immature round spermatids from the seminiferous epithelium within the tubule lumen and in low sperm
counts. These spermiogenetic disorders correlated with impaired fertility, with the transgenic males being severely
subfertile. Because mutant testis exhibited perturbations in ectoplasmic specializations (ESs), a Sertoli–germ cell-specific
adherens junction, we searched for expression of vascular endothelial cadherin (VE-cadherin), an adhesion molecule
regulated by Rap1, in spermatogenic cells of wild-type and mutant mice. We found that germ cells express VE-cadherin
with a timing strictly related to apical ES formation and function; immature, VE-cadherin–positive spermatids were,
however, prematurely released in the transgenic testis. In conclusion, interfering with Rap1 function during spermio-
genesis leads to reduced fertility by impairment of germ–Sertoli cell contacts; our transgenic mouse provides an in vivo
model to study the regulation of ES dynamics.

INTRODUCTION

Spermatogenesis is the developmental program that guides
spermatogonial stem cells to differentiate into functional sper-
matozoa. The dissection of the molecular mechanisms that
regulate the mitotic (spermatogonia), meiotic (spermatocytes),
differentiative (spermatids), and spermiation (spermatozoa)
phases is useful for a comprehensive knowledge about the
molecular requirements for correct spermatogenesis. This im-
plies also a better understanding of the disorders related to
male sterility and infertility, a pathology that is continuously
growing in the Western world and that affects 15% of human
couples (Cooke and Saunders, 2002). Spermatogenic failures
are often based on lack of spermatogonial divisions (Blume-
Jensen et al., 2000), on meiotic blocks (Nakai et al., 2000), and,
more frequently, on cytomorphogenic derailment, which leads
to the release of immature forms or aberrant spermatozoa
(Kang-Decker et al., 2001; Giorgini et al., 2002). A significant
improvement in our understanding of spermatogenesis can be
provided by the emerging male germ cell culture technology

(Kubota et al., 2004). Sperm development occurs, however,
physiologically within the testis where the somatic Sertoli cells
play a crucial role by providing essential structural and nutri-
tive supports. The process, therefore, could not be entirely
reconstructed or understood in vitro; moreover, we, still need
to transplant cultured germ cells to the seminiferous tubules of
recipient animals to complete donor-derived spermatogenesis
(Kubota et al., 2004). Animal models are always necessary for
dissecting in vivo the effective role of a molecular player
thought to be crucial for the process.

Rap1 is a small guanosine trisphosphatase (GTPase) of the
Ras family (Kitayama et al., 1989) that is involved in regu-
lation of morphogenesis (Asha et al., 1999; Ji and Andrisani,
2005) and somatic cell differentiation (Vossler et al., 1997;
Zhu et al., 2002). Rap1 is recently attracting attention because
of its role in regulating cell–cell adhesion (Bos, 2005). The
GTPase cycles between an inactive GDP-bound and an active
GTP-bound conformation, becoming active in response to var-
ious extracellular stimuli by way of Rap1-specific guanine nu-
cleotide exchange factors (GEFs) (Zwartkruis and Bos, 1999).
Dominant-negative mutants have been useful in deciphering
some Rap1-dependent pathways, because by trapping GEFs,
they are no longer able to activate downstream effectors (Feig,
1999). For example, the Rap1[S17N] mutant has been instru-
mental in revealing the cAMP–Rap1–B–Raf/extracellular sig-
nal-regulated kinase pathway (Vossler et al., l997; Schmitt and
Stork, 2000).
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We showed previously that Rap1 is expressed in spermat-
ogenic cells; in differentiating spermatids, Rap1 was found
to be complexed in vivo with its effector 95-kDa B-Raf and
the molecular adaptor 14-3-3 � protein (Berruti, 2000). We
thus suggested an involvement of Rap1 in the process of
sperm differentiation. To explore such a possibility, we have
generated transgenic mice with a dominant-negative mutant
of Rap1 under the control of the haploid germ cell-specific
Protamine-1 promoter so as to achieve both tissue and tem-
poral restriction in the expression of the transgene. Using
this approach, we found that interfering with Rap1 specifi-
cally in haploid cells results in an anomalous release of
immature spermatids within the lumen of seminiferous tu-
buli and in low sperm counts; the loss of nondifferentiated
cells correlated with impaired spermatid–Sertoli cell adhe-
sion. We thus searched for the presence in male germ cells of
an adhesion molecule whose function at cell–cell contacts in
somatic cells is known to be regulated by Rap1; we found
that male germ cells express vascular endothelial cadherin
(VE-cadherin) with a timing that is coincident with the for-
mation and function of apical ectoplasmic specialization
(ES), the highly dynamic testis and Sertoli–spermatid-spe-
cific adherens junction.

MATERIALS AND METHODS

Generation of Transgenic Construct
The plasmid bPGV-mPI-RapS17N, containing the human Rap1A S17N (dom-
inant negative) tagged with hemagglutinin (HA), under the control of mouse
Protamine-1 (Prm-1) promoter, was constructed using standard cloning pro-
cedures (Sambrook et al., 1989). The plasmid pMT-2 containing the human
Rap1A S17N tagged with HA at its amino terminus (van den Berghe et al.,
1997) was digested with EcoR1 and HindIII (New England Biolabs, Ipswich,
MA), and the 900-base pair fragment, containing the full-length cDNA coding
for HA-Rap1A S17N, was separated on agarose gel electrophoresis and pu-
rified with JETSORB gel extraction kit (Genomed, Löhne, Germany). The
plasmid bPGV-mPI (Yamazaki et al., 1998), containing the Prm-1 enhancer
region, the firefly luciferase reporting gene, and simian virus 40 (SV40) polyA
region, was digested with EcoR1 and HindIII and used for subcloning the
900-base pair HA–Rap1 S17N fragment. The bPGV-mPI-Rap1S17N plasmid
so obtained contains the human HA-Rap1 S17N under the control of a portion
(from �318 to �30) of the Prm-1 promoter, a fragment of luciferase coding
sequence, and the SV40 polyadenylation signal. The fusion between Prm-1
promoter and HA-Rap1S17N was controlled by sequencing. This plasmid
was then digested with BamH1, Fsp1, and BstX1 and electrophoresed through
genetic technology grade agarose (Seakem GTG; BMA, Rockland, ME). The
band corresponding to the transgenic insert (3356 base pairs), containing the
Prm1-HA-Rap1S17N fusion, a fragment of luciferase cDNA, and polyA site of
SV40, was cut out, and the DNA was recovered from agarose by QIAquick gel
extraction kit (QIAGEN, Milan, Italy) according to the manufacturer’s instruc-
tions. The transgenic fragment was dissolved in injection buffer (10 mM Tris,
pH 7.5, 0.1 mM EDTA, and 30 mM NaCl).

Mice
BDF1 (C57Black6 � DBA) mice were purchased from Charles River Italia
(Calco, Italy). They were housed under conventional, controlled standard
conditions and killed by carbon dioxide asphyxiation. Transgenic mice were
generated by microinjecting the HA–Rap1 S17N fragment at a concentration
of 3.5 ng/ml into the pronuclei of fertilized eggs derived from BDF1 � BDF1
matings. Pseudopregnant foster females from the same strain were used for
oviduct implantation of embryos that survived microinjection. Transgenic
animals were identified by polymerase chain reaction (PCR).

The transgenic lines were maintained by crossing founder females (F0) and
F1 hemizygous females with wild-type BDF1 males. F1 and F2 transgenic
hemizygous males and their wild-type littermates were used for experiments.
Transgenic colonies were housed under a 12-h light/dark schedule, and they
were fed a standard rodent chow. All protocols for animal care, handling, and
euthanasia were in accordance with policies on the care and use of animals
promulgated by the ethical committee of the University of Milano following
the guidelines of the Italian Minister of Health, DL 27 January 1992, No. 116.

PCR and Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)
Identification of transgenic founders was carried out by nested PCR analysis.
A small piece of mouse tail was excised, and genomic DNA was extracted by

proteinase K-SDS as described previously (Nagy et al., 2003). Fifty nanograms
of DNA was used for PCR analysis. A first round of amplification was
performed using primer P1 (5�-CCTCTTTGACTTCATAATTCCTAGGGGC-
3�) and primer R2 (5�-TTCTGGCCCTGCTCTTTGCCAACTAC-3�) and Taq
polymerase (Invitrogen). These two oligonucleotides amplify a 700-base pair
fragment comprising a region starting in the mouse Pmr-1 promoter (acces-
sion no. X07625) and ending in the middle of human Rap1 sequence (acces-
sion no. NM_001010935). One microliter of the first amplification mixture was
then used for a second round of PCR by using P1 and R1 (5�-CCTGAAC-
CAAGGACCACTAGCTTGTG-3�) oligonucleotides. A 350-base pair fragment
starting in the Pmr-1 promoter and ending in the beginning of Rap1 gene is
the result of the second amplification. We used a nested PCR procedure,
because artifacts and unspecific amplification products were observed fre-
quently by using only one round of PCR. As a positive control, we used a
small amount (0.1 ng) of bPGV-mPI-Rap1S17N plasmid. Positive founders
also were tested and confirmed by Southern blot analysis by using a firefly
luciferase probe obtained by digesting pGL3-Basic vector (Promega, Madison,
WI) with XhoI and XbaI. This process was followed by gel electrophoresis to
recover the luciferase sequence (1710 base pairs), which was eluted from the
agarose by QIAquick gel extraction kit (QIAGEN).

RNA was extracted from freshly isolated tissues, purified populations of
spermatogenic cells (see below), or both by using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. RT-PCR assays
were performed using 1 �g of total RNA and Invitrogen SuperScript III
first-strand synthesis system for RT-PCR. In particular, to convert poly(A)�-
mRNA into first-strand cDNA, 1 �g of total RNA was combined with 5 �M
oligo(dT)20, 1 mM dNTP mix, and diethyl pyrocarbonate-treated water in a
final volume of 10 �l; the mix was incubated at 65°C for 5 min and placed on
ice for 1 min. Each sample was then added to 10 �l of cDNA synthesis mix (2
�l of 10� reverse transcriptase [RT] buffer, 4 �l of 25 mM MgCl2, 2 �l of 0.1
M dithiothreitol, 1 �l of 40 U/�l RNaseOUT, and 1 �l of 200 U/�l SuperScript
III RT) and incubated at 50°C for 50 min. The reaction was finally incubated
at 85°C for 5 min. Thereafter, each PCR reaction was performed with 2 �l of
RT product by using P2 (5�-GCTTACCCATACGATGTTCCAGATTACGCG-
3�) and R2 (see above) oligonucleotides; these primers amplify a 400-base pair
cDNA fragment that comprises a region starting in the HA coding sequence
(van den Berghe et al., 1997) and ending in the middle of Rap1A sequence.
Primers selected for mouse VE-cadherin transcript were MmCadh1 (5�-
GGATGCAGAGGCTCACAGAGCTGG-3�) and MmCadh2 (5�-CTTAGCAT-
TCTGGCGGTTCACGTTGGAC-3�) that amplify a 211-base pair fragment
specific for mouse VE-cadherin mRNA (accession no. NM_009868.3).

Cell Culture and Transfection
COS 7 cells were grown at 37°C in Dulbecco modified Eagle’s medium
(Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum
(Euro Clone, Pero, Italy). COS 7 were plated at a density of 5 � 106 cells/
60-mm dish, 1 d before transfection. Cells were transiently transfected with 6
�g of pCDNA3-Rap1-HA plasmid (De Rooij et al., 1998) by using Lipo-
fectamine (Invitrogen).

Protein Extracts and Western Blot Analysis
Testes from 16-, 28-, 35-d-old, and adult transgenic and wild-type mice were
used to obtain spermatogenic cells isolated by sequential enzymatic treat-
ments essentially as described previously (Berruti, 2000, 2003). Total testis
homogenates were obtained as described previously (Berruti, 2000). For im-
munodetection of endogenous and transgenic Rap1, cells were lysed in 50
mM Tris, 100 mM NaCl, 2 mM EDTA, pH 7.8, containing 0.1% Triton X-100,
and 100 �g/ml leupeptin and aprotinin plus a Complete protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO) (Berruti, 2000). Equal amounts of
protein were loaded on 12% polyacrylamide-SDS gels and blotted. Proteins
were detected with one of the following antibodies: rabbit anti-Rap1 (sc-65;
Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-Rap1
(catalog no. 610196; BD Biosciences, San Jose, CA), rabbit anti-HA (sc-805;
Santa Cruz Biotechnology), and mouse monoclonal anti-HA (catalog no.
1583816; Roche Diagnostics, Mannheim, Germany). Secondary anti-rabbit or
anti-mouse immunoglobulin Gs (IgGs) conjugated to horseradish peroxidase
were from GE Healthcare (Little Chalfont, Buckinghamshire, United King-
dom). The enhanced chemiluminescence detection system (Pierce Chemical,
Rockford, IL) was used to visualize immunoreactive bands. For VE-cadherin
expression assays, germ cells, isolated by sequential enzymatic treatments of
decapsulated adult testes, were recovered by filtration through nylon meshes
with 100- and 40-�m pores (BD Biosciences) to eliminate cell clumps and
somatic cell contamination (Aravindan et al., 1996). The purity of germ cell
preparations was assessed carefully by a combination of two procedures, i.e.,
direct microscopic examination for exclusion of Sertoli cells in the preparation
and immunoblotting with mouse monoclonal anti-c-kitL (sc-13126; Santa
Cruz Biotechnology) for c-kitL (a Sertoli cell marker) immunonegativity. Cells
were lysed in 50 mM Tris, 100 mM NaCl, and 2 mM EDTA, pH 7.8, containing
1% Triton X-100 and protease inhibitors, and proteins were loaded on an 8%
polyacrylamide-SDS gel to be immunoprobed with goat anti-VE-cadherin
(sc-6458l; Santa Cruz Biotechnology), followed by anti-goat IgGs conjugated
to horseradish peroxidase (GE Healthcare).
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Isolation of Seminiferous Tubules, Protein Partition,
and Immunoprecipitation
Seminiferous tubules were isolated from 30-d-old testes of both transgenic
and wild-type mice following standard procedures (Lee et al., 2003). Briefly,
testes were decapsulated, and tubules were isolated by enzymatic digestion
by using collagenase (0.05%, wt/vol) treatment (6–7 min at 34°C, under
gentle shaking). The enzyme solution was decanted, and interstitial cells were
removed by washings in RPMI 1640 medium by sedimentation under unit
gravity. For partitioning proteins into soluble and insoluble fractions, an
aliquot of seminiferous tubules was withdrawn, pelleted by centrifugation at
200 � g, and resuspended in homogenizing buffer (10 mM Tris and 150 mM
NaCl, pH 7.5, containing 0.05% Triton X-100 plus a Complete protease inhib-
itor cocktail) to be immediately transferred to a glass microhomogenizer. The
tubules were thoroughly homogenized on ice, and the resulting lysate was
clarified by centrifugation for 10 min at 12,000 � g. The resulting supernatant
is the soluble homogenate fraction. The respective pellet was resuspended in
detergent buffer (10 mM Tris and 150 mM NaCl, pH 7.5, added with 0.5%
Triton X-100 and 0.1% SDS [wt/vol] as final concentrations and protease
inhibitors), sonicated, and allowed to continue on a rotating platform for 20
min at 4°C. After centrifugation, the resulting supernatant is the detergent
homogenate fraction. In parallel, another aliquot of the seminiferous tubules
was directly incubated in the detergent buffer, homogenized, and then pro-
cessed as described above for the detergent homogenate fraction; its clarified
lysate is the total homogenate fraction. Protein concentration was determined
using a protein assay (Bio-Rad DC Protein Assay; Bio-Rad, Hercules, CA).

Pervanadate (PV) is a potent inhibitor of phospho-tyrosine phosphatases,
and according to Lampugnani et al. (1997), to maintain phosphorylated ty-
rosine residues in VE-cadherin, cells have to be treated with a combination of
vanadate and hydrogen peroxide before protein extraction. So, after collage-
nase digestion, seminiferous tubules from 30-d-old testes of both transgenic
and wild-type mice were washed four times with RPMI 1640 medium con-
taining 100 �M vanadate and 200 �M hydrogen peroxide. Extraction buffer,
i.e., the detergent buffer reported above, and all the subsequent buffers used
for these samples also contained 300 �M vanadate and 600 �M hydrogen
peroxide. Control samples were subjected to the same treatments, with the
exception of the addition of vanadate and hydrogen peroxide. For each
immunoprecipitation (IP) assay, 600 �g of protein of seminiferous tubuli total
lysate was first precleared on protein A-Sepharose (Sigma-Aldrich) for 30 min
at 4°C. Supernatants were collected and incubated with either the mouse
monoclonal anti-phospho-tyrosine 4G10 antibody (catalog no. 05-321; Upstate
Biotechnology, Lake Placid, NY) or mouse preimmune serum (Sigma-Al-
drich) for 2 h at 4°C on a rotating platform, followed by a further incubation
in the presence of protein A-Sepharose under the same conditions to precip-
itate the immunocomplexes. After two washings with the respective IP buffers
and a further two washings with ice-cold 10 mM Tris-HCl, 150 mM NaCl
containing vanadate and hydrogen peroxide for samples treated in vivo with
PV, the immunoprecipitated complexes were resuspended in 2X SDS-poly-
acrylamide gel electrophoresis (PAGE) sample buffer and boiled for 8 min to
elute bound proteins. Protein separation by SDS-PAGE was followed by
electrotransfer to nitrocellulose sheets.

Histology and Immunohistochemistry
A single testis and epididymis from each animal was fixed overnight at 4°C
in Bouin’s fixative, embedded in paraffin wax, and sectioned at a thickness of
5 �m. For routine histology, sections were stained with hematoxylin and
eosin according to standard protocols. Tubules from adult testis were classi-
fied into the specific stages according to the classification of Oakberg (1956).
For immunohistochemistry, endogenous peroxidase activity was quenched in
0.3% H2O2 for 15 min. Sections were treated with primary antibody, followed
by anti-rabbit (Chemicon International, Temecula, CA) or anti-goat (GE
Healthcare) horseradish peroxidase-conjugated secondary antibody and Vec-
tor NovaRED substrate kit (Vector Laboratories, Burlingame, CA). In controls,
primary antibody was replaced with either neutralized primary antibody
(anti-HA-[Santa Cruz Biotechnology] neutralized with its blocking peptide
[sc-805 P; Santa Cruz Biotechnology]) or goat normal serum (Sigma-Aldrich).
Occasionally, sections were counterstained with hematoxylin (Vector Labo-
ratories).

Immunofluorescence
After blocking of nonspecific binding sites in 3% bovine serum albumin in
phosphate-buffered saline for 1 h at room temperature, deparaffinized 5-�m
sections of testis were incubated with goat anti-VE-cadherin antibody, fol-
lowed by anti-goat Alexa 488-conjugated IgG secondary antibody (Invitro-
gen) for immunofluorescence analysis. In control samples, primary antibody
was replaced with goat normal serum. Nuclei counterstaining was carried out
with 3 �g/ml 4�,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).

Spermatogenic cell suspensions, prepared according to the protocol for
double-label immunofluorescence described in detail previously (Berruti and
Martegani, 2001), were smeared on slides, methanol fixed, processed for
blocking of nonspecific sites, and then immunostained with the anti-VE-
cadherin antibody, followed by the Alexa 488-conjugated IgG as the second-

ary antibody. In control samples, primary antibody was replaced with goat
normal serum. Nuclei counterstaining was carried out with 2 �g/ml DAPI.

Cells and sections were examined on a Nikon Eclipse E 600 microscope
equipped with standard filter sets for green (Alexa 488) and blue (DAPI)
fluorescence. Images were acquired with a Leica DG350F charge-coupled
device camera (Leica Microsystems, Deerfield, IL) by using Imaging software
(Microsoft Corporation, Redmond, WA) and elaborated with Adobe Photo-
shop (Mountain View, CA).

Sperm Counts and Analysis
Sperm counts were made on epididymal sperm released from a single epi-
didymis of each animal. The second epididymis was processed for histolog-
ical analysis. The epididymis was minced in 1 ml of sperm motility buffer
(Holdcraft and Braun, 2004), and sperm were allowed to swim out for 2 h at
room temperature. Numbers of epididymal sperm were determined by he-
mocytometer counts either undiluted or diluted 10-fold. All counts were
made in duplicate and averaged.

Sperm morphology was routinely analyzed using phase-contrast micros-
copy with live cells and hematoxylin and eosin staining with fixed cells. For
scanning electron microscopy, isolated epididymal spermatozoa were pro-
cessed and examined as described previously (Mashiach et al., 1992).

Estimation of Round and Elongating/Elongated Spermatid
Populations in Typical Cross Sections
Observations for counts were made on Bouin-fixed, paraffin-embedded, he-
matoxylin and eosin-stained 5-�m testis sections, examined at 40� magnifi-
cation on a Leica DME microscope. Cross sections of seminiferous tubules at
stages I–VI, VII–VIII, and IX–XII (Oakberg, 1956) were randomly selected, and
the images were acquired using a Leica DC 150 camera coupled to a personal
computer. At least 20 cross sections for each stage group were examined from
each testis (2 testes from 2 3-mo-old transgenic mice and 2 testes from their
wild-type littermates).

Statistical Analysis
Paired comparisons of different fertility parameters and of the counts of
round and elongating/elongated spermatids in randomly selected testis sec-
tions between wild-type and transgenic male mice were performed for sta-
tistical significance by chi-square test and Student’s t test.

RESULTS

Generation of Transgenic Mice Expressing a
Developmentally Controlled Dominant-Negative Rap1 in
the Testis
To investigate the possible involvement of Rap1 GTPase in
mammalian spermiogenesis in vivo, we generated transgenic
mouse lines in which a dominant-inhibitory mutant of Rap1,
Rap1S17N, was expressed in differentiating spermatids.

Expression of the transgene was driven by the spermatid-
specific Protamine-1 promoter that becomes active after day
20 postpartum (P) (Peschon et al., 1987; Zambrowicz et al.,
1993). As revealed by the sequencing of the transgenic con-
struct, the Protamine-1 promoter region used resulted to be
348 base pairs and included the sequence from �318 to �30
base pairs of the numeration according to Zambrowicz et al.
(1993). This sequence contains both the 113-base pair region
that directs spermatid-specific transcription and the box C
required for high-level transcription (Zambrowicz et al.,
1993). The full-length Rap1S17N cDNA brings an HA tag of
27 base pairs at its N terminus.

The interfering Rap1 (iRap1) founder lines were identified
by nested PCR amplification of regions specific to the trans-
gene junction. Four independent mouse lines, TGRap1,
TGRap3, TGRap9, and TGRap11, were established (Figure
1A). When the founder animals were females (the last three
transgenic lines), no problem was encountered in obtaining
offspring; in contrast, this was not the case with the TGRap1
male founder. Notwithstanding this male was caged with
multiple females for �3 mo, only three matings were suc-
cessful, but they produced no transgenic offspring. This line
was thus neglected.

Transgenic mRNA in germ cells of hemizygous male off-
spring from female founders bred with wild-type males was
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detected by amplifying Rap1S17N–HA-specific sequences
by RT-PCR. Genotyped F1 males from TGRap3, TGRap9,
and TG Rap11 families showed the expected transcript of
400 base pairs but not at comparable levels (Figure 1B); a
wild-type animal gave no transcript (Figure 1B, lane WT).
RT-PCR assays carried out with RNA extracted from brain,
liver, and kidney were used to determine whether the trans-
gene was expressed in somatic tissues; none yielded the
transgenic transcript (data not shown).

We then selected the line with the apparent highest level
of iRap1mRNA (TGRap11) to assess the expression of the
mutant protein. Because the Rap1 mutant is expected to be
translated only in a limited fraction of the total cells from
sexually mature transgenic testis, we selected the immuno-
blotting conditions carefully. By exploiting the small HA
epitope tag of Rap1S17N protein, we probed a panel of
commercial anti-HA antibodies on protein extracts first from
COS cells, transfected or not with the pCDNA3-Rap1-HA
plasmid, to check the antibody(ies) that gave the best signal-
to-noise ratio, and then we probed germ cells isolated from
transgenic testes. Parallel immunoblots were probed with
anti-Rap1 antibodies. Figure 1, C and D, shows the relative
immunoblots. As shown in Figure 1D, the HA-tagged-Rap1
signal was immunorevealed in the 28-d-old, 35-d-old, and
adult transgenic testis, i.e., respectively, from mice that are
carrying out their first cycle of haploid differentiation, had
just completed the first wave of the spermatogenic cycle, and
are adults. On the contrary, the 16-d-old transgenic testis
(meiotic phase) gave no HA-tagged Rap1 signal.

Reduced Fertility in iRap1 Male Mice
As mentioned above, the male founder TGRap1 was seri-
ously subfertile, notwithstanding its mating behavior was
apparently normal and the mating produced generally cop-
ulatory plugs in the wild-type female partners. Its offspring
did not result in any transgenic litters. TGRap1 was killed at
6 mo; its testes showed a heavily altered histology (Figure
2A), whereas epididymal spermatozoa displayed sluggish
movement and an unusual number of head abnormalities as
a hammer-shaped or ovoid head (Figure 2, B–D). Founder
and F1 hemizygous transgenic females (TGRap3, TGRap9,
and TGRap11) displayed normal fertility. The F1 transgenic
males from these lines, when mated with wild-type females,
exhibited normal sexual behavior and originated offspring.
We noticed no significant difference in mean sizes of testes
and epididymes among TGRap3, TGRap9, and TGRap11
male mice and wild-type males, when matched for age. On
the contrary, epididymal sperm counts from the transgenic
animals were significantly lower compared with wild-type
littermates (Table 1). Although the TGRap males were ap-

parently fertile, the percentages of their successful 7-d timed
mating experiments were remarkably lower compared with
the wild type (Table 1); moreover, the successful mating
with transgenic males originated less pups compared to that
with wild-type littermates (Table 1). On the whole, epidid-
ymal sperm counts and fertility parameters correlated with
the levels of transgene expression (Table 1).

Impaired Spermiogenesis in Mice
Expressing Rap1S17N-HA
To elucidate the nature of the defect in fertility parameters of
male mice expressing the Rap1 mutant protein, we per-
formed a detailed histological analysis of the testis. In all of
the experiments described below, F1 and F2 mice from
iRap1 transgenic lines were examined, and they displayed
similar phenotypes. The data reported in this study, how-

Figure 1. Characterization of transgenic iRap1 mice. (A)
PCR genotyping with selected primers to detect the 350-
base pair transgenic fragment in the founder lines
(TGRap1-TGRap11); as a positive control, the bPGV-mPI-
Rap1S17N-HA plasmid (first lane); as a negative control,
DNA extracted from a wild-type mouse (second lane). (B)
The 400-base pair transgenic transcript was detected by
RT-PCR analysis in germ cells of F1TGRap3, F1TGRap9,
and F1TGRap11 male mice. A wild-type (WT) male gave
no transcript. (C) Western blots of COS cells, transfected
(�) or not (�) with pCDNA3-Rap1-HA plasmid, probed
with anti-Rap1 antibodies (left), monoclonal (mHA), an-
ti-HA antibodies (middle), and polyclonal (pHA) anti-HA
antibodies (right). (D) Western blots of germ cells from 16-,
28-, 35-, and 60-d-old transgenic testes probed with anti-Rap1 antibodies (left) and anti-HA antibodies (right). The mutant protein is detectable
starting from 28-d-old testis.

Figure 2. Analysis of testis histology and epididymal spermatozoa
of the TGRap1 male founder. (A) Hematoxylin and eosin-stained
section showing a heavily altered histology of the seminiferous
epithelium and numerous immature cells released into the tubule
lumen. Bar, 16 �m. (B) Cauda epididymal spermatozoa display
severe head abnormalities, as a hammer-shaped or ovoid head. Bar,
10 �m. (C–E) Scanning electron micrographs of spermatozoa from
TGRap1 founder (C and D), showing an ovoid and hammer-shaped
head, respectively, and a wild-type head (E).
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ever, concern predominantly F1 mice, mainly from the
TGRap11 line.

Histological examination of testis from 3-mo-old F1
TGRap3, F1 TGRap9, and F1 TGRap11 mice revealed that
although spermatogenesis progresses to the latest steps, few
released sperm could be found in the luminal compartment
of seminiferous tubules, whereas numerous immature sper-
matids and/or occasional multinucleated cells were present
(Figure 3, A, D, G, B, E, and H). Consistent with this finding
was the epididymis histology: the presence of enlarge cells

and few spermatozoa was a constant characteristic of the
epididymal lumen of F1 TG Rap3, F1 TG Rap9, and F1 TG
Rap11 males (Figure 3, C, F, and I), whereas this character-
istic was observed only occasionally in the wild-type litter-
mates (Figure 3M).

Testes and epididymes from transgenic and nontrans-
genic littermates of the TG Rap11 line were extensively
examined, and the diverse spermatogenic stages were ana-
lyzed. Figure 4 shows some of these stages. Stage II, for
example, is characterized by the presence of dividing sper-
matogonia and spermatids at steps 2 and 14 of spermiogen-
esis (Oakberg, 1956). Wild-type testis showed the canonical
pattern for the stage II (Figure 4A), whereas the transgenic
testis exhibited a reduction in the number of spermatids at
step 14 (Figure 4B). Control stage VII contains preleptotene
spermatocytes and spermatids at steps 7 and 16 (Figure 4C);
in transgenic stage VII, the spermatocytes were normally
present, but spermatids both at step 7 and 16 were reduced
(compare Figure 4D with C). At the transition from stage X
to stage XI, wild type shows spermatids at steps 10 and 11
(Figure 4E); these spermatids, albeit present, were in lower
numbers in the transgene (Figure 4F). Evaluation of the
number of round spermatids (steps 1–8) and elongating/
elongated spermatids (steps 9–16) in seminiferous tubules
indicated significant reductions in transgenic versus wild-
type mice (Table 2).

So, although all spermatogenic stages were observed,
transgenic testes displayed abnormal tubules coincident, re-
garding seminiferous epithelium, with reductions in the
expected classes of spermatids, and, regarding tubule lu-
men, with the presence of exfoliated immature spermatids
and low spermatozoa. In addition, Sertoli–germ cell contacts

Table 1. Epididymal sperm counts and fertility parameters of male
mice aged 3–4 mo

Genotype

No. of
successful
matingsa Litter sizeb

Sperm count
(�106/epi)c

Wild type 12/12 10.70 � 2.46 48.00 � 1.41 (n � 4)
F1TGRap9 7/13d 5.86 � 1.07** 16.70 � 0.57 (n � 3)**
F1TGRap3 3/16d 6.33 � 0.57* 8.40 � 1.14 (n � 5)**
F1TGRap11 6/21d 5.33 � 0.82** 5.43 � 0.54 (n � 7)**

epi, epididymus.
* Values are significantly different (t test, p � 0.01).
** Values are significantly different (t test, p � 0.001).
a Number of wild-type females impregnated after 7-d cohabitation.
b Average number of newborn pups. Values are mean � SD.
c Values are mean � SD for the number of mice indicated (n).
d Values are significantly different (chi-square test, p � 0.05).

Figure 3. Histological examination of adult testis and
epididymis. Sections of transgenic testes from F1
TGRap3 (A and B), F1 TGRap9 (D and E), and F1
TGRap11 (G and H) mice are characterized by common
abnormalities as the unusual presence of immature
spermatids and occasional enlarged round cells inside
the tubule lumen and few released spermatozoa. Such
abnormalities are found also in the epididymal lumen
(C; F1 TGRap3; F, F1 TGRap9; and I, F1 TGRap11). For
comparison, wild-type testis (K and L) and epididymis
(M). Bar, 50 �m (A, D, G, and K), 27 �m (B, E, H, and L);
and 18 �m (C, F, I, and M).
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were often found to be perturbed (Figure 4D, inset). For the
epididymes, overall size and organization were apparently
similar between transgenic and nontransgenic littermates.
However, in line with data reported in Table 1 and Figure 3,
mature sperm were constantly scanty in the mutant epidid-

ymal lumen where cellular debris and what seemed to be
large, round spermatids were often observed (Figure 5, A
and B, wild type; and C and D, iRap1).

For immunohistochemistry analysis, transgenic males
were killed at 16, 28, and 60 (adult) days of age; serial testis
sections were immunoprobed with antibodies to HA or with
the same HA antibody preabsorbed with its blocking pep-
tide as control. In 16-d-old testis, containing spermatogonia
and spermatocytes progressing into the first meiotic phase,
no specific immunopositive cells were detected (Figure 6A),
whereas in 28-d-old testis round spermatids and elongating
spermatids (the ripest type of germ cells present at this stage
of the first spermatogenic cycle) were Rap1-HA–immunopo-
sitive (Figure 6, B and C). For adult iRap1 testis, differenti-
ating spermatids within the seminiferous epithelium were
Rap1-HA immunostained (Figure 6E); into the tubule lu-
men, where few spermatozoa were visible, Rap1-HA–immu-
nolabeled round spermatids were, however, often detected
(Figure 6, E and F). The specificity of the immunostaining
was confirmed by the absence of signal in the sections
probed with the presaturated antibody (Figure 6D). On the
whole, immunohistochemistry has confirmed the testis de-
velopmental Rap1-HA immunoblot analysis, and it com-
bined with Table 2 has strengthened the testis morphologi-
cal analysis; moreover, it has allowed to establish that 1)
differentiating haploid germ cells that are prematurely re-

Figure 4. Histological comparison of stages of the
seminiferous epithelial cycle between wild-type (WT
column) and transgenic (TG column) testes. (A–F) Rep-
resentative cross sections of stage II tubules (A and B),
stage VII tubules (C and D), and stage XI tubules (E and
F) are shown. Transgenic testes at all spermatogenic
stages exhibit abnormal tubules, with a reduction in
ordinary classes of expected spermatids, low numbers
of spermatozoa, and the constant presence of differen-
tiating spermatids immaturely released into the lumen.
Moreover (D, boxed inset provides a higher magnifica-
tion), Sertoli–germ cell contacts are often disturbed
with a more or less serious loss of adhesion. Bar, 20 �m
(A, C, and E) and 16 �m (B, D, and F).

Table 2. Spermatid numbers in cross sections from transgenic and
wild-type seminiferous tubules

Epithelium stages Genotype
Round

spermatidsa
Elongating/ed

spermatidsb

I–VI WT 120.5 � 6.50 125.5 � 5.24
TG 113.3 � 8.18* 111.5 � 9.12**

VII–VIII WT 126.7 � 6.23 144.5 � 5.88
TG 118.2 � 9.71* 125.6 � 10.01**

IX–XII WT 117.4 � 7.95
TG 105.4 � 5.40**

* Values are significantly different (t test, p � 0.05).
** Values are significantly different (t test, p � 0.01).
a Each value represents the mean � SD of number of round sper-
matids estimated in at least 40 cross sections.
b Each value represents the mean � SD of number of elongating/
elongated spermatids estimated in at least 40 cross sections.
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leased from the epithelium express the mutant protein; and
2) the abnormal retracted spaces observed between sperma-
tids and Sertoli cells occur between HA-immunostained
spermatids and the supporting Sertoli cells (Figure 6, C and
F, arrows). This scenario, which joins the iRap1 transgenic
male mice of all the transgenic lines examined, is consistent
with a defect in spermatid–Sertoli cell junction that leads to
a release of a fraction of differentiating haploid germ cells.

Indeed, Rap1 has been shown to play a critical role in
several aspects of cell adhesion, including VE-cadherin–me-
diated adherens junctions at the endothelial cell barrier (Bos,
2005). Here, cAMP-Epac-Rap1 signaling works to stabilize
adherens junction and to decrease leukocyte migration
(Fukuhara et al., 2005). So, we have investigated the presence
of VE-cadherin in male germ cells.

Expression of VE-Cadherin in Male Germ Cells
ES is a testis-specific type of cell–cell adherens junction;
more specifically, the ES found between Sertoli cells at the
basal compartment of the seminiferous epithelium is known
as the basal ES, whereas that found between Sertoli cells and
round, elongating, and elongated spermatids at the adlumi-
nal compartment is known as the apical ES (for reviews, see
Russell, 1980; Mruk and Cheng, 2004). Albeit the cells that
develop, move, and are released are the germ cells, the
knowledge in apical ES molecular architecture and regula-
tory molecules regards essentially the Sertoli cells only
(Mruk and Cheng, 2004). Here, we analyzed male germ cells.

First, we assessed the purity of the germ cell preparation
used in this study. As shown in Figure 7, germ cell prepa-
rations had negligible Sertoli cell contamination as indicated
by both light microscopy examination (Figure 7A) and c-kitL
immunonegativity (Figure 7B). RNA and proteins extracted
from these cell preparations were used for RT-PCR and
immunoblotting assays, respectively. As mentioned above,

Figure 5. Histological comparison between wild-type (WT col-
umn) and transgenic (TG column) epididymes. (A and C) Low
magnifications providing a general view of sectioned epididymes.
(B and D) Higher magnification of a representative cross section
from cauda epididimys. Notice the low sperm numbers in the
transgenic epididymis. Bar, 65 �m (A and C) and 19 �m (B and D).

Figure 6. Immunocytochemical detection of mutant Rap1-HA.
Transgenic testis sections immunostained with HA-antibody. (A)
A 16-d-old testis, no HA-immunoreactive cells are detectable. (B
and C) A 28-d-old testis. Haploid cells have made their first
appearance and are differentiating; these cells are HA-Rap1 im-
munostained. (D–F) Adult testis. (D) Control section immuno-
stained with presaturated HA antibody. (E and F) Mutant Rap1 is
restricted to haploid germ cells, including spermatids imma-
turely released within the lumen. (C and F) Arrows indicate
detachments in cell– cell contacts. Bar, 16 �m (A), 37 �m (B), 20
�m (C), 50 �m (D and E), and 10 �m (F).

Figure 7. VE-cadherin expression in male germ cells. (A) Assess-
ment of purity of germ cell preparations from WT and transgenic
(TG) testis by light microscopy under phase contrast. (B) Western
immunoblot analysis for the Sertoli cell marker c-kit Ligand; gc,
germ cells; t, total testis homogenate. (C) RT-PCR (left) and Western
immunoblot (right; 110 �g/each lane) analysis for VE-cadherin
expression in germ cells of wild-type and transgenic mouse.
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among the large group of cell adhesion molecules, we fo-
cused our attention on VE-cadherin/mouse cadherin 5,
whose expression in seminiferous epithelium so far has not
been reported. By using selected primers, VE-cadherin tran-
script was found in germ cells of both wild-type and trans-
genic mice (Figure 7C, left); immunoblotting analysis con-
firmed further the presence of the protein (Figure 7C, right).
This is the first experimental evidence that VE-cadherin is
expressed by male germ cells.

To expand the biochemical study, immunohistochemistry
was used to localize VE-cadherin in adult mouse testis.
VE-cadherin was found to localize almost exclusively to the
apical compartment of the seminiferous epithelium; it
marked round, elongating, and elongated spermatids (Fig-
ure 8, A–C), consistent with a localization of the cadherin at
the apical ES. Indeed, VE-cadherin expression resulted to be
epithelial cycle stage specific. It is high in differentiating
spermatids at stage II (Figure 8B) and so remains until the
elongated spermatids (step 16) of stage VII (Figure 8C),
whereas it is virtually nondetectable at stage VIII (Figure
8D) when spermiation occurs, i.e., when mature spermatids
are going to be released or have just been released into the
lumen as a consequence of the apical ES disassembly, fun-
damental to sperm release. At stage VIII, however, the basal
soma of Sertoli cells stand out as VE-cadherin–positive foci
(Figure 8D, arrow). So, by immunohistochemistry, we
showed that not only male germ cells express VE-cadherin
but also that this expression keeps pace with the formation
and function of apical ESs. This is an important finding,
because some controversy still exists as to whether the cad-
herin/(catenin) complex could represent a functional unit to
constitute apical ES in the seminiferous epithelium. More-
over, for example, as determined by immunohistochemistry,
the presence of E-cadherin in rat testis is the subject of
debate (Lee et al., 2003), whereas the localization of N-
cadherin between Sertoli cells and spermatids has failed

(Andersson et al., 1994). In addition, an immunofluorescence
study, carried out with a pan-cadherin antibody, has re-
vealed no specific staining for any cadherin molecule detect-
able at Sertoli cell–germ cell ES during any stage of sper-
matogenesis (Mulholland et al., 2001). We have carried out
an immunofluorescence analysis (Figure 9) that has con-
firmed the immunohistochemistry and provided further in-
teresting details. VE-cadherin immunolabeling within the
seminiferous epithelium is confined to the adluminal com-
partment, at sites coincident with apical ES, and its immu-
nopositivity starts with round spermatids (Figure 9, A and
C). The enlargement of Figure 9D allows a better apprecia-
tion of the linear and continuous immunolabeling of cell
profiles regarding, in particular, round spermatids, whereas
in elongating/elongated spermatids that faced to the lumen
VE-cadherin seem to localize mainly on the cell junctions of
the distal side, where the residual bodies are positioned
before their displacement at spermiation, (Figure 9, A–D).
Immunofluorescence carried out on isolated germ cells
shows that early round spermatids are already positive for
VE-cadherin (Figure 9, E–G); late round spermatids (Figure
9, H–K) exhibit a less uniformly diffuse staining, with bright
spots concentrated in the head cap.

The immunohistochemical analysis was extended also to
the transgenic testis. As shown in Figure 10, the pattern of
VE-cadherin expression in the mutant testis is essentially
consistent with that of the wild type, being predominantly
confined to the apical compartment of the seminiferous ep-
ithelium (high at stage II, moderately high at stage VII, and
not detectable at stage VIII). Differently from the wild type,
however, round and/or elongating spermatids, albeit VE-
cadherin immunostained, were found to be dislodging im-
maturely from the transgenic epithelium and forming, at
times, patches of cells that are moving toward the lumen
(Figure 10B). In addition, VE-cadherin–positive spermatids
were observed within the lumen (Figure 10E).

Figure 8. Immunocytochemical detection of VE-cadherin in wild-type seminiferous epithelium. (A–G) Representative cross sections of tubules
immunostained with the VE-cadherin antibody. (E–G) Sections further counterstained with hematoxylin. (H) Control, treated with preimmune serum and
then counterstained with hematoxylin. Numbers inside the tubule lumen indicate the stages of the epithelial cycle. VE-cadherin immunoreactivity is
restricted to the haploid population of germ cells; notice the stage specificity of its expression. Arrow in D points to the basal soma of Sertoli cell, that is
clearly VE-cadherin positive at stage VIII when spermiation occurs and VE-cadherin is undetectable in germ cells. Bar, 50 �m (A and E) and 27 �m (B,
C, D, F, G, and H).
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So, interestingly, in mouse male germ cells VE-cadherin
exhibits an expression pattern that is, in part, reminiscent of
that of our iRap1. In transgenic testis, both Rap1-HA immu-
nostained and VE-cadherin immunostained undifferentiated
spermatids exfoliate into the tubular lumen. Fukuhara et al.
(2005) reported that the inactivation of Rap1 parallels the
inhibition of cell adhesion in vascular endothelial cells. A
shift from a strong to a weak state of cell–cell adhesion is
known to result in a VE-cadherin solubilization under
milder extraction conditions in comparison with those re-

quired for VE-cadherin stably associated to the actin cy-
toskeleton (Lampugnani et al., 1997). So, we checked for the
solubilization behavior of VE-cadherin in transgenic versus
wild-type testes. For this goal, we used transgenic and wild-
type testes from 30-d-old mice. At P30, the first round of
mouse spermatogenesis has not been accomplished, because
the first spermatozoa are not yet released (around P35), but
apical ES have been established and are actively engaged in
Sertoli–spermatids cell contacts (Russell, 1980; Kluin et al.,
1982). We set up an experimental procedure that enabled us

Figure 9. Localization of VE-cadherin by im-
munofluorescence analysis. VE-cadherin (green),
DAPI (blue); superimposition of the two fluoro-
chromes (merged images). (A–C) A testis cross
section. VE-cadherin (A and C) stains the adlu-
minal compartment where differentiating sper-
matids are located; the nucleus staining (B and
C) allows assessing of differentiation of round-
to-elongated spermatids. VE-cadherin signal de-
lineates neatly the cell periphery where there are
the regions of contacts between spermatids and
Sertoli cells. (D) A 3� magnification of the
boxed area in C. (E–M) Spermatogenic cells iso-
lated by enzymatic treatment of testis. (E–G)
Round spermatids are VE-cadherin positive,
whereas the spermatocyte at the upper of the
image is not labeled. (G) Bright field image.
(H–K) A late round spermatid that shows a
bright VE-cadherin signal, in particular, some
spots orderly distributed along the cap head. (K)
Bright field. (L–M) Control sample, where L is
the merged image, and M is the bright field. Bar,
28 �m (A–C), 10 �m (E–G), 4 �m (H–K), and 6
�m (L and M).

Figure 10. Immunocytochemical detection of VE-cadherin in mutant seminiferous epithelium. (A–G) Representative cross sections of
tubules immunostained with the VE-cadherin antibody. (F and G) Sections further counterstained with hematoxylin. (H) Control, treated
with preimmune serum and then counterstained with hematoxylin. (B–D) For stage-specific immunoreactivity, VE-cadherin exhibits the same
pattern as in the wild type. (E) Higher magnification showing exfoliated immature spermatids that are VE-cadherin positive, within the
lumen. Bar, 50 �m (A and F), 16 �m (B, C, D, G, and H), and 13 �m (E).
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to partition VE-cadherin from freshly isolated seminiferous
tubules into a soluble and insoluble fraction by a sequential

extraction. In Figure 11 A, left, it is shown that although
most VE-cadherin was found in the insoluble fraction, a
smaller amount was recovered in the soluble fraction from
the transgenic seminiferous epithelium, whereas in the wild
type (Figure 11A, right), all VE-cadherin was detected in the
insoluble fraction. This indicates that in the transgene VE-
cadherin association to cytoskeleton elements is weaker.
Moreover, tyrosine phosphorylation of VE-cadherin is re-
lated to impairment of cell–cell adhesion (Lampugnani et al.,
1997; Fukuhara et al., 2006). Tyrosine phosphorylation of
VE-cadherin was evaluated in both transgenic and wild-type
seminiferous epithelium at P30, i.e., before spermiation. To-
tal protein extracts obtained by inhibiting phospho-tyrosine
phosphatases with PV (see Materials and Methods) were im-
munoprecipitated with the anti-phospho-tyrosine antibody;
immunoprecipitates were analyzed by SDS gel electrophore-
sis and Western blotted with the anti-VE-cadherin antibody.
As shown in Figure 11B, phospho-tyrosine-containing VE-
cadherin was detected only in P30 iRap1 seminiferous epi-
thelium. This suggests a link among expression of interfer-
ing Rap1, tyrosine phosphorylation of VE-cadherin, and
destabilization of apical ES.

DISCUSSION

The GTPase Rap1 functions as a critical control element in
different cellular processes, including cell adhesion (Reedquist
et al., 2000; Knox and Brown, 2002; Enserink et al., 2004; Bos,
2005; Fukuhara et al., 2005; Sakurai et al., 2006), cell differenti-
ation and proliferation (Vossler et al., 1997; Stork and Schmitt,
2002; Kiermayer et al., 2005), and synaptic plasticity (Zhu et al.,
2002; Morozov et al., 2003). Such a variety of actions of Rap1
occur via distinct pathways and through factors that are re-
tained to be cell–type-specific (Stork, 2003). Herein, we report
the phenotype of the first animal mutant in testis haploid cell
Rap1: interfering with Rap1 function leads to reduced fertility
consistent with impairment of germ cell–Sertoli cell contacts.

In agreement with our experimental strategy, to interfere,
if this was the case, with a spermiogenetic event, the mutant

Figure 11. Partition of VE-cadherin between soluble and insoluble
fractions and its tyrosine phosphorylation in sexually immature
testis. (A) Lysates (120 �g/lane) of TG and WT P30 seminiferous
tubules obtained as described in Materials and Methods were sub-
jected to SDS-gel electrophoresis and electroblotted to be probed
with antibodies to VE-cadherin. t, total homogenate fraction; s,
soluble homogenate fraction; and i, detergent homogenate fraction.
The soluble homogenate fraction from the transgenic tubules was
VE-cadherin positive, whereas in the wild-type VE-cadherin was
extracted only under higher detergent conditions. (B) Total homog-
enate fractions (600 �g/each) treated with PV (see Materials and
Methods) from TG and WT P30 seminiferous tubules were immu-
noprecipitated with anti-phospho-tyrosine antibody, separated by
SDS-gel electrophoresis and Western blotted to be probed with
antibodies to VE-cadherin. Tyrosine-phosphorylated VE-cadherin
(P-VE-cad) was recovered from the TG tubules only. (A and B)
Typical results of one of two independent experiments are shown.

Figure 12. Schematic drawing of how Rap1
may regulate spermatid adhesion to the sup-
porting Sertoli cell at the apical ES. (A) A
Sertoli cell factor triggers the activation,
cAMP/Epac-mediated, of Rap1 in differenti-
ating spermatids. The Rap1-dependent cy-
toskeletal reorganization promotes and/or
enhances VE-cadherin–mediated spermatid–
Sertoli cell adhesion. (B) Next to spermiation,
Rap1 function is switched off (in terminally
differentiated spermatids Rap1 is no more
present being eliminated by the way of the
cytoplasmic droplet and/or degraded by the
proteasome; see Berruti, 2000). Consequently,
sperm adhesion at the apical ES is disrupted
and spermiation can occur with the release of
spermatozoa.
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Rap1 protein was effectively expressed only in postmeiotic
cells. The iRap1 male mice were severely subfertile, and they
showed low counts in epididymal spermatozoa, whereas the
transgenic females displayed normal fertility. The fertility
parameters reflect the histology of transgenic testes: the
lumen of seminiferous tubuli was constantly characterized
by an abnormal presence of immaturely released spermatids
that, consequently, could not develop to produce mature
spermatozoa. In addition and in line with this finding, there
were reductions in the expected classes of spermatids within
the seminiferous epithelium. Remarkably, immunohisto-
chemistry confirmed that the exfoliated differentiating sper-
matids express the interfering Rap1 protein.

The histology of the iRap1 transgenic testis is, in part, rem-
iniscent of that described for testosterone-suppressed rat testis
(O’Donnell et al., 1996), AF-2364–treated rat testis (Wong et al.,
2005), and conditional null mice depleted in androgen receptor
(AR) function from Sertoli cells only (Holdcraft and Braun,
2004). The peculiarity that joins these three animal models is
the anomalous detachment of round/elongating spermatids
from the seminiferous epithelium combined with spermiation
disorders, i.e., the types of defects that characterize our iRap1
mutant. Testicular testosterone is crucial for the differentiation
of round to elongated spermatids (McLachlan et al., 1994), and it is
thought to regulate spermatid–Sertoli cell adhesion (Beardsley
and O’Donnell, 2003; Wong et al., 2005); its withdrawal, in fact,
promotes detachment of round spermatids from rat seminifer-
ous epithelium (O’Donnell et al., 1996) and induces spermiation
failure (Beardsley and O’Donnell, 2003). In addition, AF-2364,
a drug derivative of indazole-3-carbohydrazide, has been ex-
tensively used in rats to create an artificial and reversible in
vivo model to disrupt Sertoli–germ cell adhesion without af-
fecting hormone serum level (Wong et al., 2005). Last, the
primary role of Sertoli cell AR function seems to be the regu-
lation of the dynamic of spermatid adhesion to the Sertoli cell
(Holdcraft and Braun, 2004). It is, however, yet unknown
through which mechanisms and molecular effectors testoster-
one, AF-2364, and Sertoli–AR work. Notwithstanding the re-
markable efforts to dissect molecularly the architecture of testis
ES (Mulholland et al., 2001; Lee et al., 2003; Mruk and Cheng,
2004; Wong et al., 2005; Siu et al., 2005), the precise mechanism
by which the dynamic of this peculiar junction is governed
remains largely unexplored.

The transgenic male mice described here express the in-
terfering Rap1[S17N] mutant in haploid germ cells. This
dominant-negative mutant has been instrumental in inhib-
iting endogenous Rap1 in both in vitro (Vossler et al., 1997;
Schmitt and Stork, 2000) and in vivo (Morozov et al., 2003)
studies when the GTPase signaling is activated by cAMP. In
contrast, Rap1[S17N] mutant has not exhibited potent dom-
inant-negative properties in inhibiting Rap1 when its acti-
vation occurs by C3G (van den Berghe et al., 1997; Hogan et
al., 2004). In a recent study devoted to the development of
novel potent Rap1 dominant-negative mutants, Dupuy et al.
(2005) have confirmed that Rap1[S17N] is able to interfere
with the cAMP–Epac-mediated pathway of activation of
Rap1, but not with the epidermal growth factor–C3G-medi-
ated pathway. Intriguingly, the cAMP–Epac–Rap1 pathway
is known to be the signaling pathway that stabilizes cad-
herin-mediated cell–cell contacts in the endothelial cell bar-
rier, a well-known organized structure characterized by dy-
namic adherens junctions (Kooistra et al., 2005). Here, in fact,
the cAMP–Epac–Rap1 signaling controls cell junction forma-
tion when VE-cadherin is involved as the cell adhesion
molecule (Kooistra et al., 2005). Not only, but the cAMP–
Epac–Rap1 pathway has been shown to enhance the VE-
cadherin-mediated cell–cell contacts (Fukuhara et al., 2005).

At the present, there is scanty knowledge about the panel of
Rap1-GEFs expressed in male germ cells.

We previously showed that cAMP is able to trigger acti-
vation of Rap1 in mouse spermatogenic cells (Berruti, 2003);
the search for the presence of the cAMP sensor Epac dem-
onstrated that male germ cells express both Epac isoforms,
i.e., Epac1 and Epac2 (Berruti, 2003; Aivatiadou et al., 2005).
Consequently, a cAMP–Epac–Rap1 signaling could work
during spermatogenesis. Because, as remarked above, our
iRap1 mutant is restricted to haploid cells, the interference in
Rap1 signaling has to affect a spermiogenetic event. The
phenotypic and biochemical characterization of the iRap1
male mice has revealed that the spermatid–Sertoli cell ad-
hesion, characterized physiologically by an extensive re-
structuring, is the affected target. The nature of the junc-
tional adhesion molecule(s) of haploid spermatids involved
in ES formation is still elusive, although very recently, sig-
nificant progresses have been made (Gliki et al., 2004;
Inagaki et al., 2006). We provide here the first evidence that
VE-cadherin, a key component of adherens junctions in en-
dothelial cells, is expressed in male germ cells and that,
intriguingly, within the seminiferous epithelium, it exhibits
a pattern of protein expression strictly related to the timing
of apical ES formation and function. Markedly, in the trans-
genic testis immature spermatids, albeit VE-cadherin posi-
tive, exfoliate from the seminiferous epithelium, indicating
an impairment in their VE-cadherin–mediated cell adhesion.
The biochemical data support this conclusion. First, in P30
transgenic testis, but not in the wild type, VE-cadherin can
be partially solubilized under mild extraction conditions;
this argues against its strong association to junctional com-
ponents. Second, in endothelial cells, the loosening of cell–
cell contacts is consequence of tyrosine phosphorylation of
VE-cadherin (Lampugnani et al., 1997; Fukuhara et al., 2006);
consistently, spermiation, which requires adherens junction
disassembling, is known to result in a dramatic increase in
phosphotyrosine immunostaining at apical ESs (Chapin et
al., 2001; Mulholland et al., 2001; Siu et al., 2003; Zhang et al.,
2005). Here, we show that, differently from the wild-type
littermates, P30 iRap1 seminiferous tubuli contain tyrosine-
phosphorylated VE-cadherin.

In conclusion the iRap1 mutant mouse described here
could provide an in vivo model to study testis ES dynamic.
Figure 12 illustrates a possible role of Rap1 in regulating
germ cell–Sertoli cell adhesion. For the first time, a male
germ cell protein, specifically the molecular switch Rap1, is
shown to play a crucial role in such a vital process. Our
findings may have clinical implications for understanding
male infertility in humans.
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