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ABSTRACT: Cystic fibrosis is the most common serious autosomal
recessive condition in whites, and more than 95% of men with cystic
fibrosis are infertile. The cystic fibrosis transmembrane conductance
regulator (CFTR), a cyclic adenosine monophosphate (cAMP)-reg-
ulated chloride channel, has been localized in the efferent ducts;
however, to our knowledge, its expression and regulation in the ep-
ididymis by testicular factors have not been examined. In the present
study, these parameters were examined immunocytochemically by
the light microscope with an anti-CFTR antibody in Bouin-fixed, par-
affin-embedded control adult rat epididymides and both orchidec-
tomized adult rats with or without testosterone supplementation and
efferent duct–ligated rats sacrificed at different time points. In control
animals, a thick dense band of immunoperoxidase reaction product
was visualized over the apical plasma membrane of the principal
cells but not their microvilli. The apical band was prominent only in
the corpus and cauda regions. While there was no CFTR expression

in basal cells, clear cells of the corpus and cauda regions showed
a weak-to-moderate band of apical plasma membrane staining. An
examination of orchidectomized, orchidectomized and testosterone,
and efferent duct–ligated rats revealed that CFTR was no longer
expressed as an intense band on the apical plasma membrane of
the principal cells of the corpus and cauda regions. However, under
these conditions, an intense apical/supranuclear reaction was noted
in the form of small vesicular structures. Clear cells were unaffected
by the different experimental treatments. Together, these data indi-
cate that CFTR is expressed in a cell- and region-specific manner
and that, while its synthesis in principal cells is not under the control
of testicular factors, targeting to the apical plasma membrane is reg-
ulated by a testicular luminal factor.
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Sperm passage through the epididymis is important for
their maturation, and the formation of a suitable lu-

minal environment is the major role of the epithelial cells
lining the entire epididymal duct (Bedford, 1967; Orge-
bin-Crist, 1967). To this end, the epithelial cells secrete
and reabsorb various electrolytes and fluid to create the
optimal medium for sperm maturation (Cornwall et al,
2002; Wong et al, 2002). Although the reabsorption of
fluid (from the lumen to the blood) is an element of ep-
ithelial dynamics, fluid secretion (from the blood to the
lumen) also plays an important role in the epididymis.
Reabsorption is driven by active sodium import, while
secretion is driven by active anion export, both of which
influence the movement of water inward and outward,
respectively, across the epithelium (Wong, 1986, 1998;
Wong and Huang, 1989). Secretion may act as a coun-
terbalance to reabsorption, thereby exerting a fine control
over the net movement of water across the epididymal
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epithelium (Wong et al, 2002). Indeed, the epithelium of
the epididymis is highly permeable to water because of
the expression of various aquaporin water membrane
channels (AQP-9) in their membranes (Pastor-Soler et al,
2001; Badran and Hermo, 2002; Hermo and Robaire,
2002).

Several anion channels with different characteristics
have been described in the epididymis (Chan et al, 1993,
1994). However, the cystic fibrosis transmembrane con-
ductance regulator (CFTR), a small conductance cyclic
adenosine monophosphate (cAMP)-activated chloride
channel, has been demonstrated to have the greatest rel-
evance to transepithelial secretion of electrolytes and wa-
ter (Pollard et al, 1991; Tizzano et al, 1994; Wong et al,
2002). CFTR, a 168-kd membrane transport protein
(Riordan et al, 1989; Fiedler et al, 1992), is composed of
5 domains: 2 membrane-spanning domains, 2 nucleotide-
binding domains, and 1 regulatory domain (Sheppard and
Welsh, 1999). CFTR is located primarily in the apical
membrane of polarized epithelial cells (Crawford et al,
1991; Denning et al, 1992). The importance of CFTR has
been borne out by the genetic disease cystic fibrosis,
caused by mutation of CFTR. From the most severe forms
of mutations to the least, it is apparent that the male re-
productive system is highly dependent on CFTR for nor-
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Figure 1. Efferent ducts (a) (inset), caput (a), corpus (b, c), and cauda (d, e) epididymidis at low (a, b) and high (c–e) magnification of 90-day-old
control adult rats immunostained with an anti–cystic fibrosis transmembrane conductance regulator (CFTR) antibody. In the inset of (a), a band of
intense reaction is visible over small apical vesicles (circle) and the apical plasma membrane of nonciliated cells (nc) but not over their microvilli
(arrow). In (a), a weak diffuse reaction product is evident over the apical cytoplasm of the principal cells (arrowheads). In (b–e), the most conspicuous
reaction appears as an intense band of reaction product over the apical plasma membrane of these cells (arrows), which is not evident in those of
the caput epididymidis (a). In addition, a weak-to-moderate vesicular reaction is evident over the apical and supranuclear regions of the principal cells.
Clear cells (C) show a weak-to-moderate apical plasma membrane staining (open arrows) (c–e). No reaction is visible over the microvilli of the principal
cells (stars) or sperm (S) in the lumen (Lu), other than background levels of staining. Note that a reaction is also prominent over the peritubular myoid
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cell layers enveloping each epididymal tubule (curved arrows). IT indicates intertubular space; P, principal cells; B, basal cells; and n, nuclei of the
principal cells. (a, b): 3203; inset of (a, c, d): 5123; (e): 12803.

mal function. While there is still debate as to the conse-
quences of CFTR mutation, congenital unilateral or bi-
lateral absence of the vas deferens has been suggested
along with poor sperm quality (Anquiano et al, 1992; Pa-
trizio et al, 1993; Oates and Amos, 1994; Chillon et al,
1995; Van der Ven et al, 1996; Rave-Harel et al, 1997).

Previous studies have shown that CFTR is expressed
on the apical domains of the nonciliated epithelial cells
of the rat efferent ducts (Leung et al, 2001) and that it is
functional in the epididymal epithelium (Wong et al,
2002). In the normal human epididymis, CFTR messenger
RNA (mRNA) was identified by in situ hybridization in
the epithelium mainly of the caput epididymidis as well
as the vas deferens (Patrizio and Salameh, 1998). Secre-
tion of Cl2 by CFTR across a membrane provides a driv-
ing force for sodium and water secretion. By effecting
fluid secretion, CFTR acts counter to fluid reabsorption
and serves to fine-tune the fluidity of the epididymal mi-
croenvironment (Wong et al, 2002). Indeed, it has been
demonstrated that the luminal milieu of the epididymis is
actively maintained and that this plays a crucial role in
the maturation process of spermatozoa (Hamilton, 1975;
Robaire and Hermo, 1988; Cornwall et al, 2002). While
CFTR has been documented to be present and functional
in the epididymis, studies on its immunolocalization have
not been performed in detail, nor have studies examining
its regulation by testicular factors, whether gaining access
to the epididymis via the circulation or lumen of the duct.

In the present study, the expression of CFTR in the
epididymis was examined on Bouin-fixed adult rat epi-
didymides using an anti-CFTR antibody. In addition, the
regulation of CFTR was examined in orchidectomized
and efferent duct–ligated adult rats to determine the role
of testicular factors on its expression.

Materials and Methods

Animals and Experimental Protocols
Adult male Sprague-Dawley rats (350–450 g, aged 3–4 months)
were obtained from Charles River Laboratory Ltd (St Constant,
Quebec) and were divided into 5 groups. The first group con-
sisted of 4 normal adult control animals. Bilateral ligation of the
efferent ducts constituted the second group. After an intraperi-
toneal injection of sodium pentobarbital (Somnitol; MTC Phar-
maceuticals, Hamilton, Canada), the testes and epididymides of
adult rats were exposed through an incision of the anterior ab-
dominal wall. Using a dissecting microscope, a ligature was
placed around both right and left efferent ducts at a site close to
and further removed from the rete testis, with care being taken

to avoid interference of the blood vessels entering the testis. The
interval between the 2 ligatures was then excised to ensure that
no sperm or fluids would enter the epididymis from the testis.
The animals (4 per interval) were sacrificed at 3, 7, 14, and 21
days following surgery. Bilateral orchidectomy constituted the
third group. After anesthesia, both testes of each rat were re-
moved after a ligature was placed around the efferent ducts and
testicular blood vessels. The animals (4 per interval) were sac-
rificed at 3, 7, 14, and 21 days after surgery. Bilaterally orchi-
dectomized rats that received three 6.2-cm testosterone-filled im-
plants constituted the fourth group. Testosterone-filled polydi-
methyl-siloxane (silastic) implants were prepared according to
the method of Stratton et al (1973) and have well-characterized
steroid release rates (Brawer et al, 1983). Subsequent to anes-
thesia, both testes were removed from each rat, and the implants
were placed subcutaneously immediately after orchidectomy.
The rats (4 per interval) were sacrificed at 3, 7, 14, and 21 days
after surgery. The fifth group consisted of 4 sham-operated an-
imals, 2 of which received 3 empty 6.2-cm-long implants, with
all rats being sacrificed 14 days after the initiation of the exper-
iment. All experimentation was carried out with minimal stress
and discomfort being placed on the animals both during and after
surgery as set up by the guidelines and approval of the McGill
University Animal Care Committee.

Tissue Preparation for Light Microscope
Immunocytochemistry
At the end of each experiment, the epididymides of each rat were
fixed by perfusion with Bouin fixative via the abdominal aorta
for 10 minutes. Following perfusion, the epididymides were re-
moved and cut so that given sections would include all the major
regions of the epididymis (ie, the initial segment, intermediate
zone, caput, corpus, and cauda) (Hermo et al, 1991). The tissue
was then immersed in Bouin fixative for 72 hours, after which
it was dehydrated and embedded in paraffin.

Immunoperoxidase staining of sections was carried out ac-
cording to the procedure of Oko and Clermont (1989). Mono-
clonal, affinity-purified anti-CFTR antibody was tried at different
dilutions (1:50–1:200) in Tris-buffered saline, pH 7.4, with the
1:100 dilution showing the optimal reaction for the type of fix-
ation and immunostaining method used. The anti-CFTR anti-
body was obtained from NeoMarkers (Fremont, Calif). The an-
tibody, well-characterized and specific for its respective peptide,
was purified from ascites fluid by Protein G chromatography and
raised against a 10-amino acid synthetic peptide within the car-
boxy terminus of the protein (Kartner et al, 1992). It was sup-
plied as a 200-mg/mL solution in phosphate-buffered saline
(PBS), pH 7.4, with 0.2% bovine serum albumin as a stabilizer.
The antibody solution also contained 15 mM sodium azide as a
preservative.

Paraffin sections, 5 mm thick, were deparaffinized in Histo-
clear (Diamed Lab Supplies Inc, Mississauga, Canada) and hy-
drated in a series of graded ethanol solutions. During hydration,



268 Journal of Andrology · March/April 2004

→

Figure 2. Initial segment (a, b), proximal cauda (c), corpus (d, e), and middle cauda (f) epididymidis of a 3-day efferent duct–ligated rat (a), the
negative control of a normal adult animal (b), a 21-day orchidectomized rat (c), a 7-day efferent duct–ligated rat (d), a 14-day orchidectomized rat (e),
and a 14-day orchidectomized rat supplemented with testosterone (f). (a, c–f) Tissues were immunostained with an anti–cystic fibrosis transmembrane

residual picric acid was neutralized in 70% ethanol containing
1% lithium carbonate, and endogenous peroxidase activity was
abolished in 70% ethanol containing 1% (vol/vol) H2O2. Once
hydrated, the tissue sections were washed in distilled water con-
taining glycine to block free aldehyde groups.

Antigen was retrieved by treatment in 100 mL of 0.025% tryp-
sin solution for 9 minutes. Sections were then rinsed 3 times in
PBS. After rinsing with tap water and PBS, sections were in-
cubated in normal blocking serum (Vectastain Elite ABC kit,
Vector K-6101; Vector Laboratories, Burlingame, Calif) for 30
minutes and then with the monoclonal anti-CFTR antibody, di-
luted to 1:100 with PBS. Sections were then washed 3 times
with PBS and incubated with biotinylated secondary antibody
(ABC kit) for 30 minutes. After washing 3 times with PBS,
sections were incubated with the ABC reagent for 30 minutes
and finally washed again 3 times with PBS. Visualization of the
stain was achieved by incubating sections with 0.05% diami-
nobenzidine tetrahydrochloride (Bio Fx Laboratories, Owings-
Mills, Md) until the desired staining intensity was achieved.
Slides were rinsed with tap water for 5 minutes and then coun-
terstained with 0.1% methylene blue. Passing them through a
graded ethanol series dehydrated the tissues. Thereafter, the tis-
sue sections were mounted on glass slides with Permount for
observation. Negative controls were obtained by omission of the
primary antibody.

Results

Expression of CFTR in the Efferent Ducts and
Epididymis of Control Adult Rats
In the efferent ducts of control adult rats immunostained
with an anti-CFTR antibody, an intense band of immu-
noperoxidase reaction product was noted over the apical
plasma membrane of the nonciliated epithelial cells, in
addition to a moderate vesicular reaction immediately
subjacent to it (Figure 1a, inset). No reaction was evident
in the supranuclear region of these cells, nor was any
reaction visible on their microvilli. Ciliated cells were un-
reactive.

In the epididymis, a cell- and region-specific expres-
sion of CFTR was noted. In the initial segment and caput
epididymidis, the principal cells showed a weak diffuse
reaction product over their apical cytoplasm but no dis-
crete reaction product over their apical plasma membrane
or microvilli (Figure 1a). Narrow and apical cells of the
initial segment and intermediate zone were consistently
unreactive. In contrast to these 2 epididymal regions, the
principal cells of the corpus and cauda epididymidis
showed an intense band of immunoperoxidase reaction
product over their apical plasma membrane, while a mod-

erate diffuse reaction, at times vesicular in appearance,
was noted apically and supranuclearly; there was no stain-
ing of their microvilli (Figure 1b through e). While clear
cells of the caput region were unreactive, those of the
corpus and cauda epididymidis showed a weak-to-mod-
erate reaction (Figure 1c through e). There was no reac-
tion over the basal cells of any epididymal region. The
peritubular myoid cell layers enveloping the tubules of
the corpus and cauda epididymidis often displayed mod-
erate-to-intense levels of reaction product (Figure 1b
through e). Throughout the epididymis, sperm in the lu-
men were consistently unreactive (Figure 1a through e).
The elimination of the primary antibody to the epididymal
sections showed the complete absence of a reaction prod-
uct over the epithelium or lumen of all epididymal tu-
bules, as well as the underlying connective tissue areas
of the entire epididymis, whether sections were examined
of normal or experimental animals. In fact, in all cases
when the different experimental conditions were exam-
ined, control sections were included when the primary
antibody was not added and, in such cases, no reaction
was observed (eg, Figure 2b).

CFTR Immunolocalization in Adult Rats After Various
Experimental Treatments
After orchidectomy at the 3-, 7-, 14-, and 21-day inter-
vals, there was a dramatic redistribution in the expression
of CFTR in the principal cells of the epididymis. This
was evident as early as the 3-day interval and persisted
at all later time points. In the initial segment and caput
regions, only a weak diffuse reaction was evident over
the apical cytoplasm of the principal cells (Figure 2a), not
unlike that seen in control animals. However, in the cor-
pus and cauda epididymidis, there was an absence of the
intense band of reaction product over the apical plasma
membrane of these cells (Figure 2c and e). Noteworthy,
however, was the presence of an apical and supranuclear
cytoplasmic reaction in the principal cells of these 2 re-
gions, which was visualized as numerous small intensely
reactive vesicular profiles (Figure 2c and e). The same
staining pattern in the various epididymal regions was
observed for orchidectomized rats supplemented with tes-
tosterone at the different time points examined, with Fig-
ure 2f being representative of the type of reaction seen in
testosterone-supplemented animals. While the illustra-
tions were selected at apparent random time points, each
serves to demonstrate the type of staining seen at all time
points after orchidectomy or orchidectomy with testoster-
one supplementation.
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conductance regulator (CFTR) antibody and (b) tissue treated without a primary antibody. In (b), no reaction appears over the epithelium (E) or
intertubular space (IT). While a weak diffuse reaction is noted over the apical cytoplasm of the principal cells in (a), as also noted for control animals,
only an intense vesicular reaction product (circles) is prominent and uniformly distributed over the apical and supranuclear regions of the principal
cells of the corpus and cauda epididymidis (c–e), suggesting the presence of numerous small CFTR-reactive vesicular structures after the differen-
texperimental treatments. The clear cells (C) maintain weak-to-moderate staining of their apical plasma membrane (open arrows) (f), as do the
peritubular myoid cells (curved arrows). No reaction is evident over sperm (S) in the lumen (Lu) or microvilli of the principal cells (c–f). n indicates
nuclei of the principal cells. (a, b): 3203; (c–e): 5123.
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After efferent duct ligation at the 3-, 7-, 14-, and 21-
day intervals, the same type of staining pattern was noted
in the principal cells as was seen for orchidectomized
animals with or without testosterone treatment, and this
was noted as early as at the 3-day interval. Illustrations
once again were selected randomly, but each serves to
illustrate the type of staining noted at the different time
points. CFTR expression in the principal cells of the ini-
tial segment and caput epididymidis continued to be dif-
fuse and restricted to the apical cytoplasm; however, the
prominent thick band of reaction product noted over the
apical plasma membrane of the principal cells of the cor-
pus and cauda regions of control animals was conspicu-
ously absent. In its place was the presence of numerous
small reactive vesicular profiles distributed throughout the
apical and supranuclear cytoplasm of these cells (Figure
2d).

After the different experimental treatments and at all
time points, clear cells of the caput epididymidis re-
mained unreactive, while those of the corpus and cauda
regions maintained their apical plasma membrane stain-
ing. The peritubular myoid cell layers of the corpus and
cauda regions also remained intensely reactive at the var-
ious time points after each experimental condition (Figure
2d through f).

Discussion

Expression of CFTR in the Epididymis of Control Adult
Rats
CFTR, a cAMP-dependent protein kinase–activated chlo-
ride channel, has been located primarily in the apical plas-
ma membrane of polarized epithelial cells of a variety of
different tissues (Crawford et al, 1991; Riordan, 1993).
In the rat testis, the CFTR message has been associated
with developing germ cells, Sertoli cells during early
postnatal development, and cultured Sertoli cells (Boock-
for et al, 1989; Trezise and Buchwald, 1991). In the ep-
ididymis, the presence of CFTR is not novel, as a func-
tional role for CFTR has been well described for several
years (Wong et al, 2002). However, in the present study,
it is revealed that CFTR shows cell- and region-specific
expression, with principal, clear, and peritubular cells of
the corpus and cauda regions presenting the most prom-
inent reaction. There was no evidence of CFTR expres-
sion in narrow, apical, or basal cells of the entire epidid-
ymis. Thus, CFTR appears to play an important role in
the distal regions of the epididymis.

The presence of weak CFTR expression in the initial
segment would support the finding that water in this re-
gion is driven mainly from the lumen to the intertubular
space. This has been suggested to be of importance for
concentrating sperm in the small luminal diameter of the

initial segment so as to better facilitate interactions of the
sperm surface with the secretion products of the epithelial
cells lining this region of the duct (Robaire and Hermo,
1988; Hess et al, 1997, 2002; Hess, 2002). In fact, in the
initial segment, intense expression of AQP-9 has been
localized to the microvilli of the principal cells, which
may aid the passage of water from the lumen to the un-
derlying intertubular space (Badran and Hermo, 2002).

In the corpus epididymidis, where there is a progressive
accumulation of sperm, and in the cauda region, where
they are stored, a maximal expression of CFTR was ob-
served in the principal cells, and a weak-to-moderate re-
action was observed in the clear cells. It has been noted
that under basal conditions, various transporters located
in the basolateral plasma membranes of the epididymal
epithelial cells take up Cl2 into their cytoplasm so that
intracellular chloride activity is held above its electro-
chemical equilibrium. When cells are stimulated, there is
an increase in intracellular cAMP, which activates CFTR,
allowing chloride efflux into the lumen (Wong, 1988;
Chan et al, 1995). Under such stimulated conditions, the
net secretory flux is increased to a level that exceeds the
reabsorptive flux, resulting in a net secretion of water into
the lumen. In the cauda epididymidis where most of the
testicular fluid would have been reabsorbed, the secretion
of electrolytes and fluid would be imperative to prevent
luminal dehydration (Wong et al, 2002). Thus, sperm in
the corpus and cauda regions, while encountering im-
mobilin, a protein that gradually fills the lumen of the
cauda epididymidis to eventually immobilize them (Her-
mo et al, 1992), would nevertheless be maintained in a
fluid environment created by the input and output of wa-
ter, the fine-tuning of which is exerted by various trans-
porter proteins (Wong et al, 2002), including the presence
of CFTR in the principal and clear cells as demonstrated
in the present study.

In addition to being a chloride channel, CFTR acts as
a regulator of other membrane transport proteins, such as
the epithelial Na1 channels and the outwardly rectifying
Cl2 channels (Schwiebert et al, 1995; Schreiber et al,
1999). CFTR has also been shown to activate AQP-3 in
Xenopus oocytes, and the water permeability of respira-
tory cells was enhanced with CFTR activation (Schreiber
et al, 1997, 1999). The present localization of CFTR on
the apical surface of the principal and clear cells of the
corpus and cauda regions, along with previous findings
of AQP-9 expression in these 2 cell types (Badran and
Hermo, 2002), suggests that these 2 proteins functionally
interact with one another in the epididymis. Recently, the
interaction between rat epididymal CFTR and AQP-9 has
been visualized by expressing both in Xenopus oocytes.
The results demonstrated that AQP-9 alone resulted in an
increase in oocyte water permeability, which was further
augmented by CFTR, and these results were also con-
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firmed in the rat epididymis by in vivo studies (Cheung
et al, 2003). Thus, there appears to be a synergistic effect
of the 2 proteins in conferring water permeability. In this
way, the fluidity of the epididymal lumen appears to be
fine-tuned by the presence of both AQPs and CFTR, re-
sulting in a microenvironment that is conducive not only
for sperm maturation but also for their passage down the
duct and storage in the cauda epididymidis. The finding
of CFTR expression in peritubular myoid cells suggests
that they also aid in the movement of water from the
circulation to the lumen of the tubules.

Regulation of CFTR in Orchidectomized and Efferent
Duct–Ligated Adult Rats
In the present study, there was a dramatic alteration in
the staining pattern of CFTR in the epididymis following
orchidectomy at early and late time points, and this was
also observed with testosterone treatment. The alteration
was seen as the complete absence of the thick intense
band of reaction product over the apical plasma mem-
brane of the principal cells of the corpus and cauda epi-
didymidis. However, under such conditions, numerous
small CFTR-positive vesicles appeared in the apical and
supranuclear cytoplasm of the principal cells, which were
not prominent in control animals. It is suggested, there-
fore, that the synthesis of CFTR-positive secretory vesi-
cles from the Golgi apparatus is ongoing and unaffected
following orchidectomy but that these vesicles in the ab-
sence of testicular factors do not bind with the apical
plasma membrane. The administration of testosterone to
orchidectomized animals also failed to restore staining to
the apical plasma membrane, excluding the possibility
that androgens are responsible for the targeting and bind-
ing of CFTR-Golgi–derived vesicles with the apical plas-
ma membrane. As efferent duct ligation demonstrated
similar results at early and late time points, it is suggested
that testicular factors are not essential for regulating the
synthesis of CFTR and its presence in Golgi-derived se-
cretory vesicles. However, it would appear that luminal
factors emanating from the testis are essential for the tar-
geting and binding of Golgi-derived CFTR-secretory ves-
icles with the apical cell surface of the principal cells.

In contrast to the principal cells, the clear cells of the
corpus and cauda epididymidis did not exhibit changes to
CFTR expression after any experimental treatment or at
early or late time points. In addition, the layers of the
peritubular myoid cells, which envelop each epididymal
tubule (Robaire and Hermo, 1988), maintained their in-
tense reactivity. Thus, regulation of CFTR in the epidid-
ymis appears to be cell-specific.

Although it is well established that many epididymal
functions are under the control of androgens (Robaire and
Hermo, 1988; Orgebin-Crist, 1996; Cornwall et al, 2001;
Ezer and Robaire, 2002), several proteins have been

shown to be unaffected in their protein or mRNA ex-
pression by androgen withdrawal (Hermo et al, 2000;
Luedtke et al, 2000; Cornwall et al, 2002; Hermo and
Andonian, 2003). However, in addition to the regulation
mediated by androgens, factors emanating from the testis
that enter the epididymis via the lumen of the duct, de-
fined as lumicrine factors, play a role in regulating epi-
didymal functions (Hinton et al, 1998; Cornwall et al,
2002; Ezer and Robaire, 2002). Lumicrine factors derived
from the testis have been shown to regulate several pro-
teins synthesized by the epididymis. Indeed, ligation of
the efferent ducts induces changes in epididymal gene and
protein expression (Cornwall et al, 2002). The luminal
testicular factors that regulate gene expression in the ini-
tial segment include ions, solutes, proteins, steroids, and
even the spermatozoa themselves. These factors can up-
regulate or down-regulate gene expression after efferent
duct ligation (Brooks, 1983). In fact, spermatozoa have
been suggested to regulate expression of proencephalin in
the rat initial segment (Garrett et al, 1991). While orchi-
dectomy and efferent duct ligation prevent the entry of
spermatozoa into the epididymis, they continue to be pre-
sent in the corpus and cauda epididymidis even at the
later experimental time points. This suggests that sper-
matozoa are not the lumicrine factor involved in regulat-
ing CFTR expression; however, further experimentation
would be needed to confirm this point. In addition, while
the same cell type along the epididymal duct may express
a given protein, different factors appear to regulate its
expression in different epididymal regions (Cyr et al,
1992; Andonian and Hermo, 2003). In the present study,
regulation of CFTR adds an additional twist. While its
synthesis by principal cells is not regulated by testicular
factors, it appears that its targeting and binding with the
apical plasma membrane, where it is normally found, are
regulated by a lumicrine testicular factor, the identity of
which remains to be determined.

An alternative possibility to the targeting and binding
of de novo Golgi-derived CFTR secretory vesicles with
the apical membrane may be the inhibition of CFTR ves-
icles recycling from endosomes to the apical plasma
membrane. However, the recycling of apical membrane
receptors normally occurs via tubular structures emanat-
ing from endosomes, referred to as the CURL, located at
the apex of the cell (Geuze et al, 1983). In the present
study, numerous CFTR-positive vesicles, not tubules,
were evident, and these were also prominent in the su-
pranuclear region of the principal cells where recycling
does not normally occur.

It is of interest to compare the expression and regula-
tion of CFTR with AQP-9. Principal cells express AQP-
9 in the initial segment and cauda regions, while CFTR
is expressed in the corpus and cauda regions. Clear cells
express AQP-9 in the cauda region, while CFTR is ex-
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pressed in the corpus and cauda regions. Thus, region-
specific differences exist for these 2 proteins. AQP-9 ex-
pression in principal cells of the initial segment and clear
cells of the cauda region was substantially reduced after
efferent duct ligation and orchidectomy. As its expression
was not restored to control levels by testosterone replace-
ment, it was concluded that AQP-9 expression was reg-
ulated by a lumicrine testicular factor (Badran and Her-
mo, 2002). However, in the case of AQP-9 regulation, no
accumulation of AQP-9–reactive vesicles was observed
in the cytoplasm. Furthermore, no changes to the expres-
sion of AQP-9 were noted in the case of the principal
cells of the caput, corpus, or cauda regions after either
treatment (Badran and Hermo, 2002). Thus, differences
clearly exist in the regulation of CFTR and AQP-9 ex-
pression in the principal and clear cells of the epididymis.

It has been documented that multiple regulatory path-
ways control the secretion of electrolytes and water trans-
port across the epididymal epithelium, such as neurotrans-
mitters, prostaglandins, bradykinins, and other peptide
hormones (Wong et al, 1999). Prostaglandins (PGE2) syn-
thesized in basal cells diffuse out and act on prostaglandin
receptors on the basolateral membrane of the principal
cells. This causes an increase in intracellular cAMP
through receptor-G protein-coupled adenylate cyclase,
which then activates CFTR, resulting in the secretion of
anions and water (Wong et al, 2002). The present study
further suggests that in vivo, a lumicrine factor derived
from the testis regulates the targeting and binding of
CFTR-Golgi–derived vesicles with the apical plasma
membrane and that, in its absence, such vesicles are main-
tained and accumulate in the cytoplasm. The nature of
this regulatory factor (or factors) needs to be examined
in future studies.

In summary, the present data show that, in the epidid-
ymis, CFTR is distributed in a cell- and region-specific
manner and that, although its synthesis is not under the
control of testicular factors, its targeting to the apical plas-
ma membrane of the principal cells is regulated by a tes-
ticular luminal factor.

References
Andonian S, Hermo L. Immunolocalization of the Yb1 subunit of glu-

tathione S-transferase in the adult rat epididymis following orchidec-
tomy and efferent duct ligation. J Androl. 2003;24:577–587.

Anquiano A, Oates RD, Amos JA, et al. Congenital bilateral absence of
the vas deferens: a primarily genital form of cystic fibrosis. JAMA.
1992;267:1794–1797.

Badran HH, Hermo L. Expression and regulation of aquaporins 1, 8, and
9 in the testis, efferent ducts, and epididymis of adult rats and during
postnatal development. J Androl. 2002;23:358–373.

Bedford JM. Effects of duct ligation on the fertilizing ability of sper-
matozoa from different regions of the rabbit epididymis. J Exp Zool.
1967;166:271–281.

Boockfor FR, Schwarz LK, Derrick FC III. Sertoli cells in culture are
heterogeneous with respect to transferrin release: analysis by reverse
hemolytic plaque assay. Endocrinology. 1989;125:1128–1133.

Brawer JR, Schipper H, Robaire B. Effect of long term androgen and
estradiol exposure on the hypothalamus. Endocrinology. 1983;112:
194–199.

Brooks DE. Effect of androgens on protein synthesis and secretion in
various regions of the rat epididymis as analysed by two-dimensional
gel electrophoresis. Mol Cell Endocrinol. 1983;29:255–270.

Chan HC, Fu WO, Chung YW, Huang SJ, Chan PSF, Wong PYD. Swell-
ing-induced anion and cation conductances in human epididymal
cells. J Physiol. 1994;478:449–460.

Chan HC, Fu WO, Chung YW, Huang SJ, Zhou T, Wong PYD. Char-
acterization of a swelling-induced chloride conductance in cultured
rat epididymal cells. Am J Physiol. 1993;265:C997–C1005.

Chan HC, Zhou WL, Wong PYD. Extracellular ATP activates both Ca21-
and cAMP-dependent Cl2 conductances in rat epididymal cells. J
Membr Biol. 1995;147:185–193.

Cheung KH, Leung CT, Leung GPH, Wong PYD. Synergistic effects of
cystic fibrosis transmembrane conductance regulator and aquaporin-9
in rat epididymis. Biol Reprod. 2003;68:1505–1510.

Chillon M, Casals T, Mercer B, et al. Mutations in the cystic fibrosis gene
in patients with congenital absence of the vas deferens. N Engl J Med.
1995;332:1475–1480.

Cornwall GA, Collis R, Xiao Q, Hsia N, Hann SR. B-Myc, a proximal
caput epididymal protein, is dependent on androgens and testicular
factors for expression. Biol Reprod. 2001;64:1600–1607.

Cornwall GA, Lareyre J-J, Matusik RJ, Hinton BT, Orgebin-Crist M-C.
Gene expression and epididymal function. In: Robaire B, Hinton B,
eds. The Epididymis: From Molecules to Clinical Practice. New York,
NY: Kluwer Academic/Plenum Publishers; 2002:169–199.

Crawford I, Maloney PC, Zeitlin PL, et al. Immunocytochemical locali-
zation of the cystic fibrosis gene product CFTR. Proc Natl Acad Sci
U S A. 1991;88:9262–9266.

Cyr DG, Hermo L, Blaschuk OW, Robaire B. Distribution and regulation
of epithelial-cadherin messenger ribonucleic acid and immunocyto-
chemical localization of epithelial cadherin in the rat epididymis. En-
docrinology. 1992;130:353–363.

Denning GM, Ostedgaard LS, Cheng SH, Smith AE, Welsh MJ. Locali-
zation of cystic fibrosis transmembrane conductance regulator in chlo-
ride secretory epithelia. J Clin Invest. 1992;89:339–349.

Ezer N, Robaire B. Androgenic regulation of the structure and functions
of the epididymis. In: Robaire B, Hinton B, eds. The Epididymis:
From Molecules to Clinical Practice. New York, NY: Kluwer Aca-
demic/Plenum Publishers; 2002:297–316.

Fiedler MA, Nemecz ZK, Shull GE. Cloning and sequence analysis of
rat cystic fibrosis transmembrane conductance regulator. Am J Physiol.
1992;262:L779–L784.

Garrett JE, Garrett SH, Douglass JA. Spermatozoa-associated factor reg-
ulates proenkephalin gene expression in the rat epididymis. Mol En-
docrinol. 1991;4:108–118.

Geuze JH, Slot JW, Strous JAM, Lodish HF, Schwartz AL. Intracellular
site of asialoglycoprotein receptor-ligand uncoupling: double-label
immunoelectron microscopy during receptor-mediated endocytosis.
Cell. 1983;32:277–287.

Hamilton DW. Structure and function of the epithelium lining the ductuli
efferentes, ductus epididymidis and ductus deferens in the rat. In:
Greep RO, Astwood EB, eds. Handbook of Physiology. Washington,
DC: American Physiological Society; 1975:259–301.

Hermo L, Andonian S. Regulation of sulfated glycoprotein-1 and cathep-
sin D expression in adult rat epididymis. J Androl. 2003;24:408–422.

Hermo L, Oko R, Robaire B. Epithelial cells of the epididymis show
regional variations with respect to the secretion or endocytosis of



273Ruz et al · CFTR Expression and Regulation in Epididymis

immobilin as revealed by light microscope immunocytochemistry.
Anat Rec. 1992;232:59–69.

Hermo L, Robaire B. Epididymal cell types and their functions. In: Ro-
baire B, Hinton B, eds. The Epididymis: From Molecules to Clinical
Practice. New York, NY: Kluwer Academic/Plenum Publishers; 2002:
81–102.

Hermo L, Wright J, Oko R, Morales CR. Role of epithelial cells of the
male excurrent duct system of the rat in the endocytosis or secretion
of sulfated glycoprotein-2 (clusterin). Biol Reprod. 1991;44:1113–
1131.

Hermo L, Xiaohong S, Morales CR. Circulating and luminal testicular
factors affect LRP-2 and Apo J expression in the epididymis follow-
ing efferent duct ligation. J Androl. 2000;21:122–144.

Hess RA. The efferent ductules: structure and function. In: Robaire B,
Hinton B, eds. The Epididymis: From Molecules to Clinical Practice.
New York, NY: Kluwer Academic/Plenum Publishers; 2002:49–80.

Hess RA, Bunick D, Lee KH, Bahr J, Taylor JA, Korach KS, Lubahn
DB. A role for oestrogens in the male reproductive system. Nature.
1997;390:509–512.

Hess RA, Zhou Q, Nie R. The role of estrogens in the endocrine and
paracrine regulation of the efferent ductules, epididymis and vas de-
ferens. In: Robaire B, Hinton B, eds. The Epididymis: From Mole-
cules to Clinical Practice. New York, NY: Kluwer Academic/Plenum
Publishers; 2002:317–337.

Hinton BT, Lan ZJ, Rudolph DB, Labus JC, Lye RJ. Testicular regulation
of epididymal gene expression. J Reprod Fertil Suppl. 1998;53:
47–57.

Kartner N, Augustinas O, Jensen TJ, Naismith AL, Riordan JR. Mislo-
calization of delta F508 CFTR in cystic fibrosis sweat glands. Nat
Genet. 1992;5:321–327.

Leung GPH, Gong XD, Cheung KH, Cheng-Chew SB, Wong PYD. Ex-
pression of cystic fibrosis transmembrane conductance regulator in rat
efferent duct epithelium. Biol Reprod. 2001;64:1509–1515.

Luedtke CC, Andonian S, Igdoura S, Hermo L. Cathepsin A is expressed
in a cell- and region-specific manner in the testis and epididymis and
is not regulated by testicular or pituitary factors. J Histochem Cyto-
chem. 2000;48:1131–1146.

Oates RD, Amos JA. The genetic basis of congenital bilateral absence of
the vas deferens and cystic fibrosis. J Androl. 1994;15:1–8.

Oko R, Clermont Y. Light microscopic immunocytochemical study of
fibrous sheath and outer dense fiber formation in the rat spermatid.
Anat Rec. 1989;225:46–55.

Orgebin-Crist MC. Sperm maturation in the rabbit epididymis. Nature.
1967;216:816–818.

Orgebin-Crist MC. Androgens and epididymal function. In: Bhasin S,
Gabelnick H, Spieler G, Swerdloff R, Wang C, eds. Pharmacology,
Biology, and Clinical Applications of Androgens. New York, NY:
Wiley-Liss Inc; 1996:27–38.

Pastor-Soler N, Ganis C, Sabolic I, Tyszkowski R, McKee M, Van Hoek
A, Breton S, Brown D. Aquaporin 9 expression along the male re-
productive tract. Biol Reprod. 2001;65:384–393.

Patrizio P, Ord T, Silber SJ, Asch RH. Cystic fibrosis mutations impair
the fertilization rate of epididymal sperm from men with congenital
absence of the vas deferens. Hum Reprod. 1993;8:1259–1263.

Patrizio P, Salameh WA. Expression of the cystic fibrosis transmembrane
conductance regulator (CFTR) mRNA in normal and pathological
adult human epididymis. J Reprod Fertil Suppl. 1998;53:261–270.

Pollard CE, Harris A, Coleman L, Argent BE. Chloride channels on ep-
ithelial cells from cultured human fetal epididymis. J Membr Biol.
1991;124:275–284.

Rave-Harel N, Kerem E, Nissim-Rafinia M, et al. The molecular basis of
partial penetrance of splicing mutations in cystic fibrosis. Am J Hum
Genet. 1997;60:87–94.

Riordan JR. The cystic fibrosis transmembrane conductance regulator.
Annu Rev Physiol. 1993;55:609–630.

Riordan JR, Rommens JM, Kerem B-S, et al. Identification of the cystic
fibrosis gene: cloning and characterization of complementary DNA.
Science. 1989;245:1066–1073.

Robaire B, Hermo L. Efferent ducts, epididymis, and vas deferens: struc-
ture, functions, and their regulation. In: Knobil E, Neill J, eds. The
Physiology of Reproduction. New York, NY: Raven Press; 1988:999–
1080.

Schreiber R, Greger R, Nitschke R, Kunzelmann K. Cystic fibrosis trans-
membrane conductance regulator activates water conductance in Xen-
opus oocytes. Pflügers Arch. 1997;434:841–847.

Schreiber R, Hopf A, Mall M, Greger R, Kunzelmann K. The first-nu-
cleotide binding domain of the cystic-fibrosis transmembrane conduc-
tance regulator is important for inhibition of the epithelial Na1 chan-
nel. Proc Natl Acad Sci U S A. 1999;96:5310–5315.

Schwiebert EM, Egan ME, Hwang T-H, Fulmer SB, Allen SS, Cutting
GR, Guggino WB. CFTR regulates outwardly rectifying chloride
channels through an autocrine mechanism involving ATP. Cell. 1995;
81:1063–1073.

Sheppard DN, Welsh MJ. Structure and function of the CFTR chloride
channel. Physiol Rev. 1999;79:S23–45.

Stratton ID, Ewing LL, Desjardins C. Efficacy of testosterone-filled po-
lydimethylsiloxane implants in maintaining plasma testosterone in
rabbits. J Reprod Fertil. 1973;35:235–244.

Tizzano EF, Silver MM, Chitayat D, Benichou JC, Buchwald M. Differ-
ential cellular expression of cystic fibrosis transmembrane regulator
in the reproductive tissues. Am J Pathol. 1994;144:906–914.

Trezise AE, Buchwald M. In vivo cell-specific expression of the cystic
fibrosis transmembrane conductance regulator. Nature. 1991;353:
434–437.

Van der Ven K, Messer L, Van der Ven H, Heyendran RS, Ober C. Cystic
fibrosis mutation screening in healthy men with reduced sperm qual-
ity. Hum Reprod. 1996;11:513–517.

Wong PYD. Fluid transport and sperm maturation in the epididymis. Bio-
med Res. 1986;7:233–243.

Wong PYD. Mechanism of adrenergic stimulation of anion secretion in
cultured rat epididymal epithelium. Am J Physiol. 1988;254:121–133.

Wong PYD. CFTR gene and male fertility. Mol Hum Reprod. 1998;4:
107–110.

Wong PYD, Chan HC, Leung PS, Chung YM, Wong YL, Lee WN, Ng
V, Dun NJ. Regulation of anion secretion by cyclo-oxygenase and
prostanoids in cultured epididymal epithelia from the rat. J Physiol.
1999;514:809–820.

Wong PYD, Gong XD, Leung GPH, Cheuk BLY. Formation of the epi-
didymal fluid microenvironment. In: Robaire B, Hinton B, eds. The
Epididymis: From Molecules to Clinical Practice. New York, NY:
Kluwer Academic/Plenum Publishers; 2002:119–130.

Wong PYD, Huang SJ. Intracellular pH measurement in primary mono-
layer cultures of rat epididymal cells. Pflügers Arch. 1989;413:414–
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