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Abstract It has recently been shown in mice that the
plasma membrane Ca2+-ATPase isoform 4 (PMCA4) is
essential for sperm fertilization capacity. We analyzed
whether sperm PMCA4 is formed in the rat during sper-
matogenesis or is synthesized in the epididymis and trans-
ferred onto sperm during sperm maturation. We could show
that PMCA4 is conserved in sperm from testis to epididy-
mis. In testis, PMCA4 mRNA was restricted to spermato-
gonia and early spermatocytes, while the PMCA4 protein
was detected in spermatogonia, late spermatocytes, sperma-
tids and in epididymal sperm. In epididymis PMCA4
mRNA was localized in basolateral plasma membranes of
epithelial cells of the caput, corpus and cauda epididymidis.
In contrast, the protein was only detectable in the epithelial
cells of the caput, indicating that PMCA4 mRNA is only
translated into protein in caput epithelium. In the epididy-
mal corpus and cauda, PMCA4 mRNA and protein, respec-
tively, was localized and in peritubular cells. Furthermore,
we detected an identical distribution of PMCA4a and b
splice variants in rat testis, epididymal corpus and cauda. In
the caput epididymidis, where PMCA4 is located in the epi-
thelium splice variant 4b was more prominent. Further
experiments have to clarify the functional importance of the
diVerences in the PMCA4 distribution.
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Introduction

Like all eukaryotic cells, sperm use Ca2+ signals to elicit
physiological responses. In mammalian spermatozoa, Ca2+

signals are considered as prime regulators of sperm motility,
capacitation and the acrosome reaction (Babcock and
PfeiVer 1987; Darszon et al. 1999; O’Toole et al. 2000;
Publicover and Barratt 1999; Ren et al. 2001). Ca2+ ions
entering the sperm cytoplasm from extracellular space or
from intracellular stores must be returned to the extracellu-
lar milieu or the intracellular storage organelles to guaran-
tee a Ca2+ ion concentration gradient between the
extracellular space and the cytoplasm. Therefore, eYcient
systems must exist to remove the Ca2+ ions from the cyto-
sol. In the plasma membrane, this function is performed by
two membrane proteins, Na+/Ca2+ exchanger and the
plasma membrane Ca2+-ATPase (PMCA). Furthermore, a
Ca2+ pump is responsible for the import into the endo/sar-
coplasmic reticulum (SERCA). As has recently been shown
in mouse sperm, the Ca2+-ATPase pump of the plasma
membrane performs the major task of Ca2+ clearance to
achieve a low resting Ca2+ concentration, whereas the con-
tribution of the Na+/Ca2+ exchanger, mitochondrial uni-
porter and the SERCA pump to this eVect is low or nil
(Wennemuth et al. 2003).

The PMCAs belong to a family of P-type primary ion
transport ATPases, which form a phosphorylated interme-
diate (an aspartyl phosphate) during the reaction cycle. The
amount of PMCA in the plasma membrane is low and never
exceeds 0.1–0.3% of total membrane protein. Till date, four
isoforms (PMCA1-4) have been identiWed, each encoded
by a separate gene (Carafoli 1992; Carafoli and Brini 2000;
Guerini 1998; StauVer et al. 1993). The sequence diVer-
ences are found mostly in the C- and N-terminal regions of
the protein. Furthermore, by alternative splicing at least two
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diVerent sites, more than 20 PMCA variants can be gener-
ated. As the PMCA isoforms are characterized by variable
regulatory and kinetic properties, they are obviously opti-
mized for the diVerent functional tasks in diVerent tissues.
PMCA1 and PMCA4 are expressed in most tissues, sug-
gesting that they are necessary in housekeeping functions.
PMCA2 and PMCA3 are restricted to a limited number of
tissues, suggesting tissue-speciWc functions (Strehler and
Treiman 2004; Strehler and Zacharias 2001). Studies of
knockout mice carrying PMCA1, PMCA2 or PMCA4 null
mutations point to the in vivo function of these isoforms.
Loss of both the copies of the gene encoding PMCA1
causes embryonic lethality. Heterozygous PMCA1 mutants
exhibit no apparent disease phenotype. These results are
consistent with an essential housekeeping function of
PMCA1 (Okunade et al. 2004; Prasad et al. 2007, 2004). In
contrast, PMCA2 null mice show deafness and balance dis-
orders (Kozel et al. 1998; Street et al. 1998; Takahashi and
Kitamura 1999). Homozygous mice with a targeted gene
deletion of PMCA4 are infertile due to severely impaired
sperm motility. Null mice had normal spermatogenesis and
mating behavior. Sperm taken from these animals that had
not undergone capacitation exhibited normal motility, but
could not achieve hyperactivated motility needed to tra-
verse the female genital tract. Therefore, a pivotal role of
PMCA4 on the regulation of sperm function and intracellu-
lar Ca2+ levels in sperm was claimed (Okunade et al. 2004;
Schuh et al. 2004; Withers et al. 2006).

Sperm leaving the testis are morphologically diVerenti-
ated, but functionally immature; they can neither swim nor
fertilize an egg. During their transit through the epididymis,
spermatozoa obtain their fertilization capacity. One main
function of the epididymis is sperm maturation. Thereby,
many biochemical characteristics are modiWed, like
changes in phospholipid and cholesterol composition of the
plasma membrane, modiWcation of plasma membrane pro-
tein composition and nuclear condensation of the sperm
(Cooper 1995, 1996; Jones 1989, 1998). Furthermore, it is
hypothesized that epididymis-derived proteins, e.g. some
GPI-anchored proteins, can be transferred to the sperm
plasma membrane. The vehicles of transfer are presumably
the so-called epididymosomes, which are secreted in an
apocrine mode by the epididymal epithelium (EickhoV
et al. 2001; Frenette and Sullivan 2001; KirchhoV and Hale
1996; Sullivan et al. 2005, 2007). All together this transfer
improves the ability of sperm motility, zona pellucida bind-
ing property and fusion with the egg plasma membrane
(Cooper 1995, 1996, 2007; Jones 1989, 1998; Jones et al.
2007; Sullivan et al. 2005).

As PMCA4 plays an important role in sperm fertilization
capacity, the aim of the present study was to elucidate
whether PMCA4 is generated already during spermatogen-
esis or is synthesized in diverse parts of the epididymis and

transferred onto sperm during sperm maturation. Therefore,
we studied the gene and protein expression of PMCA4 in
both rat spermatogenic cells as well in the epididymis and
in epididymal sperm.

Materials and methods

Collection of rat tissue and epididymal sperm

Male mature Wistar rats (56 days old, 250–300 g) were
anesthetized with forene® and killed by cervical disloca-
tion. A total number of 65 rats were used. Sperm were
released from rat caput and cauda epididymidis by incising
the duct several times with a sharp razor blade and swirling
the tissue in 250 mM sucrose solution containing 5 mM
Tris–HCl buVer pH 7.4, 1 mM EDTA. Released sperm
were centrifuged for 10 min at 2,500£g at 4°C. Rat brain,
testis and epididymis (caput, corpus, and cauda) were taken
from the animal and were immediately frozen in liquid
nitrogen.

Gene expression of PMCA4 in rat testis and epididymis

Total RNA isolation and reverse transcriptase-PCR

Total RNA from rat brain, epididymis (caput, corpus, and
cauda) and testis were extracted with TriFAST Reagent
(Peqlab, Erlangen, Germany) according to the manufac-
turer’s protocol. The organs of three rats were used for
RNA isolation. RNA was treated with DNase I (RNase-
free, Roche Mannheim, Germany). The concentration of
total RNA was measured spectrophotometrically at
260 nm. One microgram of total RNA was reverse-tran-
scribed to a single-stranded cDNA using M-MLV H-
reverse transcriptase (200.000 U/ml, Promega Madison,
WI), Oligo-dT15 (Promega, Madison, WI) and 0.5 mM
dNTPs (Promega, Madison, WI) in a Wnal volume of 20 �l
for 90 min at 37°C.

The cDNA fragments of PMCA4 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were ampliWed in a
total volume of 50 �l, by addition of 50 pmol of reverse and
forward primers, 2 mM MgCl2, 5 �l 10£ PCR buVer,
0.25 U PlatinumTaq DNA polymerase (Invitrogen, de
Schelp, The Netherlands), 10 mM nucleotide mix
(Promega, Madison, WI), to 1–2 �l of the obtained reverse
transcriptase (RT) reaction mixture on a MJ Research PTC-
200 Peltier Thermal cycler (Biozym, Hessisch Oldendorf,
Germany). The following oligonucleotide primers for
PMCA4 and GAPDH were purchased from MWG, (Ebers-
berg, Germany). The primer sequences were as follows:
GAPDH: forward primer 5�-CAT TGT TGC CAT CAA
CGA CC-3�, reverse primer 5�-TCA CAC CCA TCA CAA
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ACA TG-3�, (320 bp, bp111–430; Tso et al. 1985).
PMCA4-iso: forward primer 5�-AAC CAG GTC TCC
ATC CAC AG-3�; reverse primer 5�-CGG CAT TGT TAT
TCG TGT TG-3� (175 bp, bp 3,706–3,880, gi:54312087;
Keeton and Shull 1995). PMCA4-spv: forward primer 5�-
CAC GTT TGT GCT GAT GCA ACT-3�; reverse primer
5�-TGA AAC AGT TTC AGC ATC CG-3� (793 bp, bp
3,062–3,855, gi:54312087; Keeton and Shull 1995). For
GAPDH, 25 cycles consisting of a denaturation period of
30 s at 94°C, an annealing period of 30 s at 60°C, and an
elongation period of 40 s at 72°C were performed. For
PMCA4-iso, 36 cycles performing a denaturation period of
30 s at 94°C, an annealing period of 60 s at 58°C, and an
elongation period of 60 s at 72°C were carried out. For
PMCA4-spv, 33 cycles composed of a denaturation period
of 30 s at 94°C, an annealing period of 20 s at 59°C, and an
elongation period of 30 s at 72°C were performed. The Wrst
denaturation phase was extended to 1 min 30 s at 98°C and
the last elongation phase was extended to 10 min. As nega-
tive controls, the master-mixture without addition of cDNA
and RNA without RT were used.

Cloning of PCR products

The resulting PCR products were cloned in a pCR®II vector
using the TA Cloning Kit Dual Promotor (Invitrogen, de
Schelp, Netherlands) and transformed into E.coli strain inv-
alpha F´. Plasmid preparation was performed using the
Plasmid-Kit from Quiagen (Hilden, Germany). The pres-
ence of cloned insert was checked by digestion with EcoRI
(Amersham, Freiburg, Germany) by gel electrophoretic
analysis. Furthermore, the plasmids were sequenced by
MWG (Ebersberg, Germany) and the sequences received
were aligned using BLAST at NCBI.

Labeling of riboprobes by in vitro transcription

For in vitro transcription, the template PMCA4 cDNAs
(793 bp fragment and 619 bp fragment, primer PMCA4-
spv) were linearized by digestion with BamHI and XhoI.
Subsequently, the samples were treated with alkaline phos-
phatase and proteinase K (Roche Diagnostics, Mannheim,
Germany), as described in the instructions, and were puri-
Wed by phenol/chloroform-extraction and ethanol-precipita-
tion, as described previously (Sambrook et al. 1989). The
RNA labeling with digoxigenin (DIG) was performed with
the RNA-labeling kit (Roche Diagnostics, Mannheim, Ger-
many) following the manufacturer’s instructions.

In situ hybridization

Three adult rats (56 days, 250–300 g) were perfused by
vascular perfusion with Bouin’s Wxative in PBS (pH 7.4).

Testis and epididymis were removed and subsequently
postWxed in the same solution for another 6 h. Tissues were
dehydrated in ethanol, transferred into methyl benzoate and
benzene and embedded in paraYn. Sections were cut at
5–6 �m thickness, mounted on superfrost plus glass slides
(Sigma, München, Germany) and processed for in situ
hybridization after removal of paraYn in xylene and etha-
nol. In situ hybridization was performed, as previously
described in detail (Wilhelm et al. 1999). BrieXy, sections
were treated with 0.1 M HCl for 10 min and incubated with
proteinase K (15 �g/ml) for 30 min at 37°C to increase
probe accessibility. After incubation with 4% paraformal-
dehyde in PBS (pH 7.4) for 5 min, sections were rinsed
twice in PBS. Thereafter, sections were acetylated and pre-
hybridized (50% deionized formamide, 50 mM Tris–HCl-
buVer, pH 7.5 containing, 25 mM EDTA, 20 mM NaCl,
250 �g/ml t-RNA and 2.5£ Denhardt’s solution) for 2h at
45°C. Hybridization was performed overnight at 45°C in
hybridization buVer, consisting of prehybridization buVer
plus 10% dextran sulphate and DIG-labelled probe (5 ng/
�l). Both the anti-sense and sense probe of the 793 bp frag-
ment (splice variant a) and 619 bp fragment (splice variant
b) were used. Unbound probe was removed by sequential
washing, as previously described (Wilhelm et al. 1999).
The hybridized probe was localized using an anti-DIG alka-
line phosphatase-conjugated Fab-fragment (diluted 1:500
overnight, Roche Diagnostics, Mannheim, Germany).
Bound alkaline phosphatase was visualized by an enzyme-
catalysed color reaction utilizing 5-bromo-4-chloro-3-indo-
lyl phosphate (BCIP) and nitroblue tetrazolium salt (NBT;
Promega, Madison, WI) as chromogenic substrates.

Immunohistochemistry of PMCA and PMCA4 in rat testis 
and epididymis

DeparaVinized sections of rat testis and epididymis were
rinsed two times in PBS, blocked in 5% dried non-fat milk
powder for 30 min and were incubated at 4°C over night
with the pan-PMCA antibody (5F10, monoclonal, Dia-
nova, Hamburg, Germany, 1:2000) or isoform speciWc
PMCA4 antibody (JA9, monoclonal, Dianova, Hamburg,
Germany, 1:1000). Bound antibody was detected using the
CSA-Kit (Dako, Hamburg) according to the manufac-
turer’s instructions. Sections were counterstained with
hematoxilin.

IdentiWcation of PMCA4 in rat epididymal sperm

ImmunoXuorescence studies on sperm smears

ImmunoXuorescence studies on sperm smears were per-
formed as previously described (Okunade et al. 2004).
Sperm released from caput, corpus or cauda epididymidis
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were dropped on slides and allowed to settle for 30 min.
Adherent sperm were Wxed overnight in 4% formalin in
PBS at 4°C and washed four times in PBS. Sperm were per-
meabilized with 0.1% SDS in PBS for 15 min at room tem-
perature and washed several times in PBS. NonspeciWc
binding sites were blocked with blocking medium (2% goat
serum in 1% BSA, 0.1% gelatine in PBS) for 1 h. Slides
were incubated with primary antibody (5F10, JA9) diluted
1:50 in blocking medium overnight at 4°C. After washing
the slides four times with blocking medium at room tem-
perature, antibodies were detected with goat anti mouse
IgG labelled with Cy3 (Dianova, Hamburg, 1:200) for 1 h.
After washing three times with PBS, slides were mounted
on VecaMount (Vector Laboratories) and nuclei were Xuo-
rescence-labeled with DAPI.

Preparation of microsomal membranes

Microsomal membranes of rat sperm were prepared accord-
ing to Sikdar et al. (1991). Epididymal sperm of 30 rats
were pooled for one preparation of microsomal membranes.
The preparation of membranes was repeated twice. Sperm
originating either from the epididymal caput or cauda as
well as rat brain were homogenized in homogenization
buVer containing 25 mM imidazole pH 7.5, 1 mM EDTA,
1 mM DTT, 250 mM sucrose and the protease inhibitor
Complete™ (1 tablet/50 ml, Roche Diagnostics, Mann-
heim, Germany) using a Potter-Elvejem tissue homoge-
nizer. The homogenate was centrifuged for 10 min at
600£g at 4°C, the supernatant was collected and the pellet
was resuspended in 25 mM imidazole buVer and was cen-
trifuged again at 600£g. This step was repeated and the
pooled supernatants were spun down at 12,000£g and 4°C
for 10 min. The microsomal membranes were pelleted for
1 h at 100,000£g at 4°C. The pellet was resuspended in a
small volume of homogenization buVer and the protein
concentration was determined as previously described
(Bradford 1976).

Western blot

The sperm and brain membrane pellets (positive control)
were then resuspended in SDS-gel sample buVer without
2-mercaptoethanol and boiled for 5 min. After centrifuga-
tion at 10,000£g for 5 min, the supernatant was removed,
and boiled in the presence of 5% 2-mercaptoethanol for
5 min. Sperm and brain proteins were separated on 4–12%
Bis–Tris SDS gels with MES-running buVer (NuPAGE,
Invitrogen, Paisley, UK) according to the manufacturer’s
instructions and were transferred onto nitrocellulose mem-
branes (Hybond, Amersham, Freiburg, Germany). Prior to
the incubation with antibodies, non-speciWc binding was
blocked with 5% dried non-fat milk powder in TBS. Blots

were incubated with the pan-PMCA antibody (5F10, mono-
clonal, Dianova, Hamburg, Germany) or isoform speciWc
PMCA4 antibody (JA9, monoclonal, Dianova, Hamburg,
Germany), both at a dilution of 1:1000 at room temperature
over night. Subsequently, blots were incubated with ECL-
anti-mouse IgG horseradish-peroxidase (POD) antibody
(1:2000, Amersham, Freiburg, Germany). To visualize the
peroxidase reaction, the enhanced chemiluminescence
detection (ECL, Amersham, Freiburg, Germany) was used
according to manufacturer’s instructions.

Ca2+-ATPase activity assay

Mg2+-dependent- and Mg2+-independent Ca2+-ATPase
activity assays were performed using microsomal mem-
branes of sperm from the caput or cauda epididymidis
according to Sikdar et al. (1991). For assay of Mg2+-depen-
dent activity, 5 �g sperm protein and 3 mM ATP were
added to the reaction buVer containing 54.5 mM histidine
hydrochloride, 2 mM EGTA, 0.2 mM DTE, 50 mM
sucrose, 1 mM MgCl2, 4 mM CaCl2 in a total volume of
250 �l. After 30 min at 37°C, the reaction was stopped by
adding 70 �l of 30% ice-cold trichloric acid (TCA) and the
sample was subsequently diluted with 550 �l of distilled
water. To determine the amount of released inorganic phos-
phate (Pi), 100 �l of 1.75% ammonium molybdate and
100 �l of 2% ascorbic acid were added. After 10 min of
incubation at room temperature the complexed Pi was mea-
sured colorimetrically at 820 nm. The activity of the Mg2+-
independent Ca2+-ATPase was measured in a buVer system
containing 50 mM imidazole, 2 mM EGTA, 0.2 mM DTE,
50 mM sucrose, 4 mM CaCl2, as described above. In both
cases Ca2+-ATPase activity was deWned as the diVerence of
activity in the presence and absence of Ca2+ ions.

Results

Gene expression of PMCA4 in rat testis and epididymis

In order to analyze the stage of spermatogenesis and the
cell types of the epididymis where PMCA4 is expressed, in
situ hybridization on paraYn sections of rat testis and rat
epididymis were performed. The experiments gave evi-
dence of a substantial expression of PMCA4 RNA in sper-
matogonia and primary spermatocytes but not in later
spermatogenic stages such as secondary spermatocytes or
spermatids (Fig. 1a). Strong expression was found in the
epithelium in the principal cells of the caput, corpus and
cauda epididymidis, but not in clear cells of the cauda epi-
didymidis. The stroma was negative, while in the peritubu-
lar cells of the corpus and cauda epididymidis a weak signal
was visible (Fig. 1b–d).
123



Histochem Cell Biol (2008) 129:331–343 335
To investigate the expression of PMCA4 and the
PMCA4 splice variants, a and b, RT-PCR was performed
using cDNA of rat testis as well as of caput, corpus and
cauda epididymidis as templates. Rat brain cDNA served as
a positive control. We demonstrated strong expression of
PMCA4 in all organs using the PMCA4-iso primer, which
recognizes all PMCA4 splice variants (Fig. 2). A combina-
tion of PCR analysis of alternative splicing patterns at
splice site C and sequence analysis of the PCR products
using the PMCA4-spv primer showed the distribution of
PMCA4a and PMCA4b splice variant. Sequence analysis
of the 793 bp PCR product corresponded to the PMCA4
cDNA sequence from bp 3,062 to 3,855 representing the
PMCA4a splice variant (Schuh et al. 2003). The sequence
analysis of the 619 bp PCR product matched with the
cDNA sequence of PMCA4 from bp 3,062 to 3,478 and
bp 3,652 to 3,855, the part from 3,479 to 3,651 was missing
(Schuh et al. 2003). This sequence stands for PMCA4b.
Our RT-PCR results illustrate a more or less identical dis-
tribution of PMCA4a and b in rat testis and epididymal

caput and cauda, while the expression in epididymal corpus
in general is weaker. In the epididymal caput, PMCA4b is
more prominent than PMCA4a (Fig. 2).

Immunohistochemistry of PMCA and PMCA4 in rat testis 
and epididymis

To analyze the localization of PMCA4 protein in rat sper-
matogenic cells and epididymis, immunohistochemical
studies were performed on paraYn embedded sections of
rat testis and epididymis. For general localization of PMCA
in the tissues, the commercial pan-antibody 5F10 was used.
Thereby, PMCA was detectable in the plasma membranes
of spermatogonia, spermatocytes and spermatids. The exis-
tence in spermatocytes was restricted to speciWc late sper-
matogenic stages. In addition, the cytoplasmic droplet of
spermatozoa was strongly labeled. Furthermore, the peritu-
bular cells were marked while the stroma in-between the
seminiferous tubules was free of label (Fig. 3a–c; Table 1).
In the caput and corpus epididymidis, the basolateral

Fig. 1 In situ hybridization on paraYn-embedded tissues: in rat testis
strong expression of PMCA4-RNA was visible in spermatogonia and
primary spermatocytes using the DIG-labeled PMCA4 anti-sense
probes. In contrast, no expression was detected in later spermatogenic
stages and in Sertoli cells (a). In the epididymal caput, strong mRNA
expression is detected in all epithelial cells and peritubular cells. The
stroma shows no PMCA4-RNA expression (b). PMCA4 expression
was also shown in epithelial cells in addition to a weak signal in peri-
tubular cells of the corpus epididymidis (c). In the cauda epididymidis,

a strong mRNA expression was shown for epithelial cells excluding
the clear cells. A faint reaction was detected in peritubular cells (d).
Both the PMCA4 anti-sense probe of the 793 and 619 bp PCR-frag-
ment showed identical results. The Wgures displayed here represent the
in situ hybridization using the 793 bp PCR-fragment probe. In negative
controls, the DIG-labeled PMCA4 sense probe failed to label all tissues
(inserts). Sg Spermatogonia, Sc spermatocytes, arrows sertoli cells, E
epithelial cell, C clear cells, arrow head peritubular cell. Bar 10 �m
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plasma membranes of the epithelial cells (principal cells)
and the peritubular cells were stained. In the cauda epididy-
midis, the basolateral plasma membranes of the epithelial
cells (principal cells) and the peritubular cells were marked,
too. Clear cells appearing dominantly in the cauda epididy-
midis were unstained. In all the segments, the stroma was
negative for PMCA (Fig. 4a–c; Table 1).

In order to specify the localization of PMCA4 in more
detail, a speciWc, commercial antibody against PMCA4 was
used. In rat testis, the same stages of spermatogenesis
showed PMCA4 in the plasma membrane, but the signal
was diminished compared to the overall PMCA signal
(Fig. 3d–f; Table 1). In caput epididymidis PMCA4 was
localized in the basolateral plasma membranes of epithelial
cells, while peritubular cells were negative. In contrast,
PMCA4 was not detectable in the epithelial cells (principal
cells) of the corpus and cauda epididymidis and in the clear
cells of the cauda epididymidis. A pronounced signal was
only demonstrated in the peritubular cells of the corpus and
cauda epididymidis. The stroma of all the three epididymal
parts was negative for PMCA4. (Fig. 4d–f, Table 1).

IdentiWcation of PMCA4 in rat epididymal sperm

In order to elucidate whether or not epididymal sperm
exhibit PMCA4, immunoXuorescence studies, Western blot
analysis and activity assays were carried out. Immunostain-
ing of sperm using the pan antibody 5F10 and the PMCA4
speciWc antibody JA9 showed an intense Xuorescence sig-
nal in the principal piece of the sperm tail of sperm origi-
nated from all parts of the epididymis. Furthermore, a more
or less faint signal, which was more prominent using the
pan PMCA antibody, was detected in the middle piece of
the sperm tail (Fig. 5).

Performing Western blot studies, we detected immuno-
reactive bands of about 130 kDa in epididymal sperm using
the pan PMCA antibody 5F10 as well as the isoform 4 spe-
ciWc antibody (JA9). Rat brain served as positive control
(Fig. 6). Furthermore, we have found Ca2+-ATPase activity
in sperm microsomal membranes. Both Mg2+-independent
and -dependent Ca2+-ATPase activities were biochemically
analyzed. Mg2+-independent activity was twice as high as
Mg2+-dependent Ca2+-ATPase activity. Interestingly, a
slightly higher activity was observed for Mg2+-independent

GAPDH

-320 bp

M 1 2 3 4 5

PMCA 4-iso

-175 bp

PMCA 4-spv

-792 bp

-619 bp

M 1 2 3 4 5

M 1 2 3 4 5

Fig. 2 RT-PCR analysis of rat testis (lane 2), epididymal caput (lane
3), corpus (lane 4) and cauda (lane 5) RNA using primers speciWc for
PMCA4. Primer PMCA4-spv is overlapping splice site C. The PCR
product of 794 bp represents PMCA4a and the 619 bp the PMCA4b.
Primer PMCA4-iso corresponds to both the splice variants. Rat brain
RNA (lane 1) served as positive control. RT-PCR of GAPDH shows
RNA integrity in all organs. The RT-PCR was repeated three times,
showing equal results. The PCR displayed in the Wgure, shows one rep-
resentative experiment

�
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Ca2+-ATPase activity in caput sperm, while the activity of
Mg2+-dependent Ca2+-ATPase activity was somewhat
higher in cauda sperm. The diVerences measured were not
signiWcant (Fig. 7).

Discussion

Functions of sperm PMCA

Capacitation, motility and acrosomal reaction are essential
functions of the spermatozoon in the process of fertiliza-
tion. Several steps of these functions are triggered by cal-
cium dependent mechanisms, requiring pumping systems to
remove excess intracellular calcium (Babcock and PfeiVer
1987; Darszon et al. 1999; O’Toole et al. 2000; Publicover

and Barratt 1999; Ren et al. 2001). It is known that PMCA
performs the major task of Ca2+clearance in mouse sperma-
tozoa (Wennemuth et al. 2003). Four diVerent isoforms
(PMCA 1-4) have been identiWed and multiple splice vari-
ants of these isoforms have been described (Carafoli et al.
1996; Guerini et al. 1998; Strehler and Zacharias 2001).
Recently, PMCA4 has been reported to be important for
male fertility. It has been shown in homozygous mice with
a targeted gene deletion of isoform 4 of PMCA that these
animals are infertile due to severely impaired sperm motil-
ity. The knock out mice had normal spermatogenesis and
mating behavior. Sperm taken from these animals that had
not undergone capacitation, exhibited normal motility, but
could not achieve hyperactivated motility needed to tra-
verse the female genital tract (Okunade et al. 2004; Schuh
et al. 2004).

Fig. 3 Immunohistochemistry 
in paraYn-embedded rat testis 
using monoclonal antibodies 
against PMCA (5F10; a–c) and 
PMCA4 (JA9; d–f), respec-
tively: in rat testis, both overall 
PMCA immunoreactivity and 
speciWc PMCA4 immunoreac-
tivity were detected stage-spe-
ciWc. PMCA and PMCA4 were 
localized in spermatogonia, late 
spermatocytes and spermatids, 
while the signal of PMCA4 was 
weaker than the overall PMCA 
signal. The cytoplasmic droplet 
was intensively marked. Sertoli 
cells were free of label. Sections 
were counterstained with hema-
toxilin. Sg Spermatogonia, Sc 
spermatocytes, St spermatids, 
Str round spermatids, Ste elon-
gated spermatids, arrow head 
cytoplasmic droplet, arrow ser-
toli cell. Bar 10 �m
123



338 Histochem Cell Biol (2008) 129:331–343
Expression and distribution of PMCA4 in testicular 
spermatogenic and epididymal sperm cells

In order to investigate the expression and distribution of
PMCA4 in particular in rat germ cells stages, in situ hybrid-
ization and immunohistochemistry on rat testis sections
were performed. In addition, rat epididymal spermatozoa
were characterized by immunoXuorescence technique,
Western blot analysis and activity assays. Our results
clearly point out that the mRNA expression of PMCA4 is
evident in the basal compartment beneath the blood-testis
barrier of the germinal epithelium in spermatogonia and in
primary spermatocytes but not in secondary spermatocytes
and spermatids. In contrast, the PMCA4 protein was local-
ized in all stages of spermatogenesis, in spermatogonia, in
singular speciWc stages of spermatocytes and in spermatids.

The discrepancies between PMCA4 mRNA expression and
PMCA4 protein localization indicate the diVerent func-
tional activities in the spermatogenic cells related to PMCA
protein synthesis. While mRNA expression is restricted to
premeiotic spermatogonia and early spermatocytes, the pro-
tein translation is expanded to later stages in spermatogene-
sis. Performing immunoXuorescence studies, PMCA4 was
detected in the principal piece of rat epididymal sperm
originating from all parts of the epididymis. This is the
same distribution, which was shown in mouse sperm
(Okunade et al. 2004) and is located in direct vicinity to the
Catsper Ca2+ channel, responsible for the Ca2+ inXux,
which is required for hyperactivated sperm motility (Ren
et al. 2001). The PMCA occurrence in the middle piece
must predominantly arise from another PMCA isoform
than isoform 4. Furthermore, performing Western bloting

Fig. 4 Immunohistochemistry 
in paraYn-embedded rat epidid-
ymis using monoclonal antibod-
ies against PMCA (5F10; a–c), 
and PMCA4 (JA9; d–f): in the 
epididymal caput, overall 
PMCA immunoreactivity was 
shown in the basolateral plasma 
membranes of epithelial cells 
and in peritubular cells (a). 
PMCA4 was visible in the baso-
lateral plasma membranes of the 
epithelial cells, too but was not 
localized in peritubular cells (d). 
In the corpus epididymidis, 
PMCA was detected in the baso-
lateral membranes of epithelial 
and peritubular cells (b). In con-
trast, PMCA4 was only detected 
in peritubular cells (e). In the 
cauda epididymidis the basolat-
eral membranes of epithelial 
cells, apart from clear cells and 
the peritubular cells were posi-
tive for PMCA (c). In contrast, 
PMCA4 was only detectable in 
peritubular cells of the cauda 
epididymidis (f). Sections were 
counterstained with haematoxi-
lin. E Epithelial cell, C clear 
cells, arrow head peritubular 
cell. Bar 10 �m
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analyses, we detected bands of about 130 kD using both the
pan-PMCA antibody and the PMCA4 isoform speciWc anti-
body in epididymal sperm originating from the epididymal
caput and cauda, respectively. The four PMCA isoforms
range from 129 to 139 kDa in size, while the molecular
weight of PMCA4b is 133 kDa and of PMCA4a is
129 kDa, respectively (Carafoli 1992; Caride et al. 1996;
Strehler and Zacharias 2001). The PMCA4 positive bands
lower in size in cauda and caput sperm might result from
degradation of the protein (personal communication by A.
Fileteo, Rochester, MN). The pan antibody (clone 5F10)
used in this study, recognizes an epitope located between
amino acids 724 and 783 of the human PMCA (Filoteo
et al. 1997). This epitope is highly conserved in all iso-
forms, and, therefore, reacts with all isoforms. The isoform
speciWc antibody (JA9) used has been mapped to amino
acids 51–75 of PMCA4 ATPase. This sequence is common
to both PMCA4a and 4b ATPase splice variants (Caride
et al. 1996; Filoteo et al. 1997). To prove the functional
activity of the protein Ca2+-ATPase activity assays were
performed. Mg2+-dependent Ca2+-ATPase- and Mg2+-inde-
pendent Ca2+-ATPase activity have been identiWed in both
the epididymal sperm fractions. Activities in caput and
cauda sperm were more or less similar, while the Mg2+-
independent Ca2+-ATPase activity was twice has high as
Mg2+-dependent Ca2+-ATPase activity. Both, Mg2+-depen-
dent Ca2+-ATPase- and Mg2+-independent Ca2+-ATPase
activity have also been shown in goat (Sengupta et al. 2007;
Sikdar et al. 1991) and bull spermatozoa (Sanchez-Luengo
et al. 2004; Triphan et al., 2007) as well as in microsomal
membranes of rat testis (NagDas et al. 1988). Sen and co
workers (NagDas et al. 1988; Sikdar et al. 1991) showed
similar results with a Mg2+-independent activity, higher
than Mg2+-dependent activity in both goat spermatozoa and

rat testis microsomal membranes. Whether or not Mg2+-
independent- and Mg2+-dependent Ca2+-ATPase are two
diVerent enzymes or identical molecules having the same or
diVerent catalytic sites has not yet been elucidated. Sen and
co-workers favor the model of representing one enzyme
with diVerent catalytic sites (Sikdar et al. 1993).

Distribution of PMCA4 in rat epididymis

The main function of the epididymis besides resorption of
the Xuid derived from the seminiferous tubules and sperm
transport is sperm maturation and storage (Cooper 1996).
This sperm maturation process encompasses changes in
phospholipid and cholesterol composition of the plasma
membrane, modiWcation of plasma membrane protein com-
position and nuclear condensation (Cooper 1995, 1996;
Jones 1989, 1998). Furthermore, a transfer of proteins origi-
nating from the epididymal epithelium onto the spermatozoa
is presumed (KirchhoV and Hale 1996; Sullivan et al. 2005).
In order to localize the PMCA4-mRNA and -protein in rat
epididymis, in situ hybridization and immunohistochemistry
studies were performed. In the caput epididymidis, the
mRNA was detected in epithelial cells, and the PMCA4 pro-
tein was localized in the basolateral plasma membranes of
principal and basal cells, respectively. The peritubular cells
of the epididymal caput region show general PMCA immu-
noreactivity, but neither PMCA4 mRNA nor PMCA4 pro-
tein could be detected, indicating the presence of diVerent
isoforms in the peritubular cells of the epididymal caput. In
contrast, although the mRNA of PMCA4 is expressed in
principal cells of the corpus and cauda epididymidis, the
PMCA4 protein was absent in all epithelial cells. One inter-
pretation could be that the RNA is not translated into protein
in the epididymal corpus or cauda epithelium. Nevertheless,
PMCA in general was detectable in the basolateral mem-
branes of principal cells pointing again to a diVerent isoform
pattern in principal cells of the corpus and cauda. Clear cells
show neither PMCA4 mRNA expression nor PMCA nor
PMCA4 immunoreactivity. The stroma in between the epi-
didymal duct was negative in all parts. Main function of the
cauda epididymidis is storage of spermatozoa, while the
caput and corpus epididymidis are more involved in sperm
maturation (Cooper 1995, 1996). Possibly, these diVerent
functions require peculiar conditions in the Ca2+ balance,
and, therefore, unequal distribution of PMCA4 and other
isoforms. A concentrated basolateral distribution of PMCA4
in general was also shown for other epithelial cells involved
in resorption, e.g. in the intestines and distal tubules of the
kidney (Friedman and Gesek 1995; Hoenderop et al. 2002;
Larsson and Nemere 2002). In secretory epithelial cells such
as pancreatic acinar cells, salivary gland cells and in epithe-
lial cells of the rat-coagulating gland, PMCA is largely con-
centrated in the apical plasma membrane (Belan et al. 1996;

Table 1 Immunohistochemistry in paraYn-embedded rat testis and
epididymis using monoclonal antibodies against PMCA (5F10), and
PMCA4 (JA9)

5F10 PMCA4 (JA9)

Testis Spermatogonia + +

Spermatocytes + +

Spermatids + +

Spermatozoa + +

Sertoli cells ¡ ¡
Caput epididymidis Principal cells + +

Peritubular cells + ¡
Corpus epididymidis Principal cells + ¡

Peritubular cells + +

Cauda epididymidis Principal cells + ¡
Clear cells ¡ ¡
Peritubular cells + +
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Lee et al. 1997; Post et al. 2002). The principal cells of the
epididymis combine both resorptive and secretory functions
(Cooper 1999), therefore, the localization of PMCA in the
plasma membrane in the caput epididymidis is conclusive; it
indicates that PMCA4 contributes substantially to vectorial,
transcellular Ca2+ transport from the apical to the basolateral
compartment.

Each of the four PMCA genes can undergo alternative
splicing, which may occur at two diVerent sites. As the
PMCA isoforms are characterized by diVerent regulatory
and kinetic properties, the splice variants are obviously
optimized for the diVerent functional tasks in variable tis-
sues. In order to obtain more information on PMCA4 func-
tion in the reproductive organs, we studied which PMCA4
splice variant is expressed in sperm and their pathways.
Splicing site A is located N-terminally yielding the splice

variants x and y, while splicing site C is located C-termi-
nally generating the splice variants a and b in PMCA4
(Keeton and Shull 1995). The functional eVect of splicing
site A is scarcely discussed, while the functional conse-
quence of splice site C has been characterized in more
detail. The presence of splice variants at this site aVects the
regulation of PMCA by calmodulin and phosphorylation as
well as diVerential interaction with the PDZ domain con-
taining anchoring and signaling proteins (Strehler and
Zacharias 2001; Withers et al. 2006). In our analyses we
could show some diVerences in the distribution of splice
variant 4a and 4b in rat testis and epididymal corpus and
cauda. Interestingly, splice variant 4b is more prominent
especially in epididymal caput, which is the part of the epi-
didymis where PMCA4 is localized in the epithelium.
PMCA4b has the lower basal activity, but a higher stimula-

Fig. 5 Subcellular localization 
of PMCA and PMCA4 in rat epi-
didymal sperm. Sperm originat-
ing from caput (a, d) corpus (b, 
e) and cauda (c, f) epididymidis 
were analyzed using the pan 
PMCA antibody 5F10 (a–c) and 
the PMCA4-speciWc antibody 
JA9 (d–f) visualized with a Cy3 
labeled secondary antibody 
(red). Nuclei were Xuorescence-
labeled using DAPI. PMCA and 
PMCA4 immunoreactivity was 
found predominately in the prin-
cipal piece of the Xagellum in all 
parts of the epididymis. In the 
mid piece a weak signal was 
only detected with the pan 
PMCA antibody. PP Principal 
piece, MP mid piece. Bar 10 �m
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tory dependence on calmodulin compared to PMCA4a.
PMCA4a has a lower aYnity for calcium (Enyedi et al.
1994; Strehler and Zacharias 2001). Furthermore, the last
four COOH-terminal residues of PMCA4b conform to the
minimal consensus sequence for binding to the PDZ protein
interaction domain, while PMCA4a has an aberrant C-ter-
minus and is, therefore, unable to interact with PDZ-
domains (Kim et al. 1998). PDZ proteins, the potential
binding partner for the splice variant b, have the ability of
linking membrane channels, receptors and transporters to
the cytoskeleton. As both the splice variants are present in
testis and epididymis, an optimized function of PMCA4 in
the tissues is obvious.

Conclusions

The focus of the present study was to analyze whether or
not PMCA4 is formed already during spermatogenesis or is
diVerently synthesized in the various parts of the epididy-
mis during sperm maturation. Therefore, the distribution of
PMCA4 in diVerent germ cell stages and epididymis was
analyzed. We clearly show that PMCA4 is conserved in
sperm from testes to epididymis. While mRNA expression
of PMCA4 is restricted to spermatogonia and early sper-
matocytes, the protein is translated in spermatogonia, sin-
gular speciWc stages of spermatocytes and more developed
germ cell stages and is present in sperm down to the epidid-
ymal cauda. In rat epididymal epithelium PMCA4 is
restricted to the epididymal caput, where it is located in the
basolateral plasma membranes of the epithelium. The epi-
thelium from corpus and cauda epididymis exhibits no
PMCA4 protein anymore. Interestingly, this corresponds to
the distribution of the splice variants. We could show an
identical distribution of PMCA4a and 4b splice variants in
testis, epididymal corpus and cauda, while PMCA4b is
more prominent in the epididymal caput. Further experi-
ments have to clarify the functional signiWcance of PMCA4
in sperm in general and the diVerent PMCA4 splice variants
in the reproductive tissues.
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