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Abstract
Spermatogenesis starts within the seminiferous tubules of the testis by mitotic division of spermatogonia that produces 
spermatocytes. Meiotic division of these spermatocytes produces haploid spermatids that differentiate into spermatozoa. In 
this study, we examined the expression of ENaC and CFTR (a Cl− channel) in rat testicular sections using confocal micro-
scopic immunofluorescence. The structural integrity of the seminiferous tubule sections was verified by precise phalloidin 
staining of the actin fibers located abundantly at both basal and adluminal tight junctions. The acrosome forming regions 
in the round spermatids were stained using an FITC coupled lectin (wheat germ agglutinin). In all phases of the germ cells 
(spermatogonia, spermatocytes, and spermatids) ENaC was localized in cytoplasmic pools. Prior to spermiation, ENaC 
immunofluorescence appeared along the tails of the spermatids. In spermatozoa isolated from the epididymis, ENaC was 
localized at the acrosome and a central region of the sperm flagellum. The mature sperm are transcriptionally silent. Hence, 
we suggest that ENaC subunits in cytoplasmic pools in germ cells serve as the source of ENaC subunits located along the tail 
of spermatozoa. The locations of ENaC is compatible with a possible role in the acrosomal reaction and sperm mobility. In 
contrast to ENaC, CFTR immunofluorescence was most strongly observed specifically within the Sertoli cell nuclei. Based 
on the nuclear localization of CFTR we suggest that, in addition to its role as an ion channel, CFTR may have an independent 
role in gene regulation within the nuclei.
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Introduction

Spermatozoa develop from germ cells in the seminiferous 
tubules of the testis. This process starts with the mitotic 
division of the stem germ cells located adjacent to the base-
ment membrane. The mitotic division results in two types 
of cells. Type A spermatogonia replenish the stem cells, 

and type B spermatogonia develop into spermatocytes that 
undergo meiotic division producing haploid spermatids 
that differentiate into mature spermatozoa (Rato et al. 2012; 
Chojnacka et al. 2016). During spermatogenesis, the germ 
cells are tightly connected to the Sertoli cells that form the 
main epithelium of the seminiferous tubules (França et al. 
2016). Towards the end of the spermatogenesis, spermatozoa 
align in the lumen of the seminiferous tubule, develop a tail 
and are finally released from the Sertoli cell in a process 
called spermiation (O’Donnell et al. 2011). This process is 
repeated continuously in a cycle that has been named as the 
“cycle of the seminiferous epithelium” and total 14 stages 
in a cycle have been distinguished in rat seminiferous epi-
thelium (Leblond and Clermont 1952; Dym and Clermont 
1970).

A complex array of tight junctions that is called the 
“blood-testis barrier” (BTB) isolate the germ cells within 
the tubule and provide them an immune-privileged envi-
ronment isolated from the circulatory and lymphatic 
systems (Mruk and Cheng 2015). These tight junctions 
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are located in between the Sertoli cells at the base of the 
tubules, and at the sites of contact between spermatids 
attached to Sertoli cells. At both locations, these junc-
tions can be visualized by actin-binding stains as the tight 
junction scaffold that includes actin fibers (Li et al. 2016).

As a consequence of the BTB, the ionic and proteomic 
compositions of the seminiferous tubular fluid (STF) differ 
significantly from the interstitial fluid (Rato et al. 2010; 
Chalmel et al. 2014; Stanton et al. 2016). The STF pro-
vides the necessary milieu for developing spermatozoa 
and the medium to transport them into the epididymis. In 
both the STF and the interstitial fluid, the major cation is 
Na+ (Rato et al. 2010). Yet, in the STF, the concentration 
of the K+ ion is high relative to that in the serum (Rato 
et al. 2010). The concentration of these major electrolytes 
is a crucial determinant of the movement of fluid in the 
seminiferous tubules, as their differential concentrations 
across the semi-permeable membrane would lead to osmo-
larity differences. The expression and function of various 
ion pumps and channels (e.g. Na+/K+ ATPase, Na+/H+ 
exchanger, CFTR, Ca2+ channels) have been extensively 
studied in Sertoli cells (Rato et al. 2010; Alves et al. 2015). 
NHE3 a Na+/H+ exchanger knockout mice showed tubu-
lar fluid accumulation, testicular atrophy and associated 
infertility (Zhou et al. 2001). The sperm plasma membrane 
inherits specific ion channels and transporters that initiate 
the acrosomal reaction, and capacitation in sperm (Lishko 
et al. 2012; Beltrán et al. 2016). However, we could not 
locate any study providing high-resolution substantial 
evidence on the localization of epithelial sodium channel 
(ENaC) and cystic fibrosis transmembrane conductance 
regulator (CFTR) (a Cl− channel) in the mammalian testis.

In a previous study, we documented the sites of expres-
sion of ENaC in the female reproductive tract (Enuka et al. 
2012). In the present study, we examined the expression 
of both ENaC and CFTR in sections of rat testes. ENaC 
is composed of three homologous subunits (αβγ or δβγ) 
(Hanukoglu and Hanukoglu 2016; Hanukoglu 2017). To 
visualize ENaC channels we used an antibody against the 
α subunit. Previously, we had shown that the membrane 
expression of ENaC is dependent on all three subunits and 
that if one subunit is missing the level of ENaC expres-
sion on the cell surface is hardly detectable (Edelheit et al. 
2011, 2014).

In this study, we show that in the spermatogonia, sper-
matocytes, and round spermatids ENaC is located in cyto-
plasmic stores. As the round spermatids transform into sper-
matozoa, ENaC location shifts from the cytoplasm to the 
tails. Relative to ENaC, the distribution of CFTR is limited. 
The strongest expression of CFTR was observed surprisingly 
in the nuclei of Sertoli cells. To the best of our knowledge, 
this is the first study demonstrating the localization of ENaC 
and CFTR in testis with high-resolution and specificity.

Materials and methods

Animals

Adult male Sprague Dawley strain rats, aged between 90 
and 120 days, weighing around 300–350 g, were housed 
according to the standard laboratory conditions with 
ad libitum access to food and water. The testes were sur-
gically removed immediately after CO2 asphyxiation of 
the rats and processed separately for western blots and 
immunofluorescence as described below.

Antibodies and fluorescent tags

Rabbit polyclonal anti-ENaCα antisera against the extra-
cellular domain of the α-subunit of human ENaC was 
generated in our lab. The specificity of the anti-ENaCα 
antisera against the ENaCα subunit was determined by 
tagged protein expression in an Sf9 insect cells culture 
system and verified by mass-spectral analysis (Enuka et al. 
2012). The other antibodies and fluorescent tags we used 
are listed in Table 1.

Cryotomy and tissue sectioning

After tissue removal, the testes were immediately trans-
ferred to 4% w/v paraformaldehyde (BDH Limited Poole, 
England) in phosphate buffered saline (PBS) (10 mM 
potassium phosphate, pH 7.4 and 150 mM NaCl) and kept 
in this buffer for at least 24 h at 4 °C. The testes were then 
transferred to 30% w/v sucrose solution. After the tissues 
settled down at the bottom of the tube, the tissues were 
embedded in cryo-medium OCT compound (Tissue-Tek, 
Sakura, Netherlands), frozen, and stored at − 80 °C. Tissue 
blocks were then sliced into 25–30 µm thick sections on 
a cryostat (Leica Jung Frigocut 2000, Wetzlar, Germany) 
at − 25 °C and collected in PBS containing 0.1% sodium 
azide.

Immunofluorescence staining

The tissue slices were transferred into 24-well plates con-
taining PBS. The PBS was then replaced with 4% PFA 
for 20 min fixation of the tissues. The samples were per-
meabilized in 0.1% Tween-20 (Sigma-Aldrich) in PBS for 
10 min and washed three times with PBS for 5 min each. 
The samples were then blocked in 5% w/v bovine serum 
albumin (BSA) in PBS for 20 min and washed with PBS 
for 5 min. The primary antisera incubation was carried out 
at 4 °C overnight in PBS containing 2% BSA. The samples 
were washed six times in PBS (5 min each) and incubated 
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with the secondary antibodies in PBS containing 2% BSA 
for 1 h. Immediately, the samples were washed six times 
for 5 min each.

The nuclei were counter-stained using DAPI (4′6-diami-
dino-2-phenylindole) for 2 min. Unless otherwise indicated, 
all the steps were carried out at room temperature. The sam-
ples were washed at least twice with PBS and then mounted 
onto X-tra adhesive slides (Leica Biosystems, Peterborough, 
UK) using the anti-fade reagent, n-propyl gallate (Sigma-
Aldrich) in 100 mM phosphate buffer (pH 7.2).

To stain the actin filaments, tissue sections were incu-
bated with CF488A phalloidin conjugate in PBS for 30 min 
either separately or immediately after the washing step of 
the secondary antibodies. The lectin binding sites were 
stained after incubating testis sections with FITC-WGA 
(wheat germ agglutinin) in PBS for 30 min. The flagella of 
the sperm were stained with anti-α-tubulin antisera.

For control experiments, the primary antiserum was 
replaced by either an antigen–antibody complex (competi-
tive experiment) or omitted from the reactions. In such con-
trol slides, only DAPI (blue) staining was visible. All the 
experiments were performed at least three times with inde-
pendent samples.

Isolation of sperm

The caudal part of the epididymis was isolated and thor-
oughly rinsed with PBS to remove blood contaminants and 
transferred into a petri dish filled with PBS. While the cauda 
was submerged in PBS, it was punctured at several sites 
using a 21-gauge needle causing the sperm to spill out into 
the petri dish. The sperm containing fluid was transferred 
using a pipette to a 15 ml tube. After 3 h at 4 °C, the upper 
layer containing motile sperm was aspirated and transferred 
to a 2 ml Eppendorf tube. The collected sperm were diluted 

in PBS for immunofluorescence studies. For immunofluores-
cence staining, a drop of this fluid was placed and allowed 
to dry on the slide.

Confocal microscopy

High-resolution fluorescent images were captured using 
an LSM 700 confocal microscope (Carl-Zeiss, Germany). 
The laser diodes used were 405 nm for excitation of DAPI, 
488 nm for excitation of CF488A, FITC, and Alexa Fluor-
488, and 555 nm for excitation of Alexa Fluor-555. Fluores-
cence and bright-field illumination modes were used during 
image acquisition process. Samples were visualized through 
EC Plan-Neofluar 10x/0.30 M27, LCI Plan-Apochromat 
25x/0.8, EC Plan-Neofluar 40x/1.30, and Plan-Apochromat 
63x/1.40 oil objective lenses. The composite images were 
generated using the tile-scan image overview mode and 3-D 
images were rendered by z-stack compilation.

Protein gel electrophoresis and western blots

Frozen tissue samples from rat kidney, lung, and testes were 
homogenized in 50 mM Tris–Cl (pH 7.4), 1 mM EDTA, and 
a protease inhibitor cocktail (Roche) at 4 °C. Tissue homoge-
nates were briefly centrifuged to remove clumps and debris. 
The isolation of a nuclear fraction from the testis sample was 
carried out using the protocol of (Dimauro et al. 2012). The 
protein concentration of the tissue samples was measured 
using the Bradford method with BSA as a standard.

For electrophoresis, protein samples were dissolved 
in Laemmli sample buffer (50  mM Tris–HCl pH 6.8, 
2% SDS, 0.2% bromophenol blue, 10% glycerol, and 5% 
β-mercaptoethanol), denatured at 98  °C for 5 min, and 
loaded onto an 8.5% polyacrylamide gel. After electropho-
resis, the proteins were transferred onto a nitrocellulose 

Table 1   Antibodies and 
fluorescent tags used in this 
study

IF immunofluorescence, WB western blotting

Antibody/tag Host, company, & catalog no. Application—dilution

Anti-ENaCα Rabbit
In-house

IF—1:50
WB—1:1000

Anti-CFTR Rabbit
Alomone labs—#ACL-006

IF—1:100
WB—1:2000

Anti-α-tubulin Mouse
Millipore—#05-829

IF—1:500

Alexa Fluor 555 IgG (H + L) Goat anti-rabbit
Life technologies—#A21428

IF—1:200

Alexa Fluor 488 IgG (H + L) Goat anti-mouse
Life technologies—#A11029

IF—1:100

Peroxidase conjugate IgG (H + L) Goat anti-rabbit
Jackson immuno research—#111-035-003

WB—1:2000

CF488A conjugate phalloidin Biotium # BTM-00042 IF—1:40
FITC conjugate WGA​ Sigma-Aldrich—# L4895-2MG IF—1:99
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membrane (Bio-Rad) using a Bio-Rad apparatus. Initially, 
the membrane was blocked using 1% skimmed milk in PBS 
for 45 min at room temperature. The membrane was then 
incubated with either anti-ENaCα antisera for 3 h at room 
temperature or anti-CFTR antisera at 4 °C for overnight 
(12–14 h) in PBS containing 2% BSA. Afterwards, the mem-
brane was washed four times in PBS-T (0.1% Tween-20 in 
PBS, 5 min each).

The membrane was then incubated with secondary anti-
body peroxidase-conjugated goat anti-rabbit IgG in freshly 
prepared PBS containing 2% BSA for 90 min at room tem-
perature. The membrane was washed four times with 0.1% 
PBS-T for 5 min each. The peroxidase-labeled membrane 
was developed using a chemiluminescence method with 
luminol (Enuka et al. 2012). The membrane was soaked in 
12 ml buffer containing 0.1 M Tris, pH 8.5, 2.5 mM luminol, 
400 µm p-coumaric acid and 3 µl hydrogen peroxide. After 
1 min, the membrane was dried on filter paper and visualized 
by ImageQuant LAS, 4000 mini (GE).

Results

Actin and lectin binding sites in the seminiferous 
tubules

Initially, to verify the structural integrity of the tissue sec-
tions and the spermatids, we stained the actin filaments 
using phalloidin and the acrosomal regions in developing 
spermatids using FITC-WGA that is a lectin that binds to 
complex carbohydrate moieties.

In the testis, the major sites of abundance of actin fila-
ments are the basal and adluminal tight-junctions called 
ectoplasmic specializations (ES) (O’Donnell et al. 2000). 
Consistent with previous studies, the strong actin filament 
staining was observed with high precision at both basal and 
adluminal ES (Fig. 1). Since we used tile-scan imaging, 
Fig. 1 represents a much broader view of the actin filament 
distribution in a section that includes over 30 seminifer-
ous tubules. In each tubule, high concentrations of actin 

Fig. 1   Localization of actin filaments (a–c) and lectin binding sites 
(d–f) in the rat seminiferous tubules. A cross-section of a rat testis 
was reacted with: Top row a DAPI (blue) and b CF488A-phalloidin 
(green). Bottom row d DAPI (blue) and e FITC-WGA (green). In 
both rows, the rightmost image c, f shows the merged image of the 

first two images. Note that actin filaments were localized at basal and 
adluminal ectoplasmic specializations. The major lectin binding sites 
were observed in the round spermatids. Scale bars 200 µm for the top 
row and 50 µm for the bottom row. (Color figure online)
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filaments are localized at ES. The pattern of actin filament 
distribution manifests the stage of spermatogenesis in each 
seminiferous tubule (Fig. 1).

FITC conjugated WGA strongly stained the acrosomal 
regions of developing spermatids (Figs. 1f, 2). These results 
confirmed that our methods of processing of the tissue sec-
tions preserved the ultra-structure of the tissues and their 
normal physiology.

Western blot analysis of ENaC expression 
in the testis

The polyclonal anti-ENaCα antiserum we used was gener-
ated against the extracellular segment of the human ENaCα 
(Enuka et al. 2012). To confirm the specificity of this anti-
body in the rat tissues, we reacted western blots containing 
total protein from rat kidney, lung, and testis with the anti-
ENaCα antibody. In all tissues, the antibody detected the 
expected major band of ~ 75 kDa and a few additional faint 
bands (Fig. 3). The higher MW bands represent glycosylated 
subunits (Hanukoglu et al. 2017), and the ~ 50 kDa band rep-
resents a processed subunit (Fig. 3) (Hanukoglu and Hanu-
koglu 2016). The ~ 50 kDa processed subunit was observed 
previously in both kidney and lung samples (Enuka et al. 
2012). However, we could not see a trace of a similarly pro-
cessed subunit in the testis samples from rats (Fig. 3). Kong 
et al. reported a single band of ~ 75 kDa not only in rat testis 
but also in kidney extracts (Kong et al. 2009). The difference 
between our observations as opposed to Kong’s results may 
be due to the fact that we carried out western blot analysis 
using total tissue protein, whereas Kong et al. carried out 

their analysis on plasma membrane samples isolated using 
a membrane protein extraction kit (Kong et al. 2009).

Localization of ENaC in the seminiferous tubules

In rat testis sections, ENaC immunofluorescence was 
detected within all the seminiferous tubules but not in the 
interstitial cells (Fig. 4). In the control experiments, anti-
ENaCα antisera was omitted from the reactions. These slides 
did not show ENaC staining, indicating compatibility of 
anti-ENaCα antisera (Supplementary Fig. 1). A seminifer-
ous tubule includes the germinal epithelium with cells at 
different stages of development and the Sertoli cells that 
encompass these germ cells. Below we present the expres-
sion profiles of ENaC in these cell types separately.

Germ cells

Spermatozoa develop from the reservoir of stem germ cells 
located beneath the basal lamina of the seminiferous tubules. 
These germ cells undergo tightly regulated events of mitotic 
and meiotic cell divisions, to replenish the reservoir of stem 
germ cells and to produce haploid spermatozoa. The archi-
tecture of seminiferous tubule sections varies depending 
upon the stage of the seminiferous epithelium cycle.

Figure  5 shows ENaC immunofluorescence in two 
tubules at different stages of the spermatogenesis. 

Fig. 2   A magnified view of the rat seminiferous tubule, focusing on 
the semicircular lectin binding sites in round spermatids. Note that 
the round spermatids are located in between two layers of (1) sper-
matocytes close to the basal membrane and (2) central layer of elon-
gated spermatid nuclei. The lectin binding sites contain glycoproteins 
that are present in the acrosome of mature spermatozoa. Scale bar 
10 µm

Fig. 3   Western blot analysis of total tissue protein from rat kidney, 
lung, and testis samples. Each lane was loaded with 75  µg of total 
protein. The testis samples were isolated from three different animals. 
The blot was reacted with anti-ENaCα antisera
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(Leblond and Clermont 1952). There is a major differ-
ence in the ENaC immunofluorescence between these 
two stages (Fig. 5b, e). In the tubule at upper row, ENaC 
immunofluorescence appears in all the cells (Fig. 5b). In 
the lower row, in addition to cytoplasmic localization, 

ENaC immunofluorescence appears along the thin tails of 
the spermatids that whirl in the center of tubule (Fig. 5e). 
In the merged image, it can be seen that the tails start at 
the base of the spermatid nuclei and extend into the lumen 
of the tubule (Fig. 5f). The interstitial spaces around the 

Fig. 4   Localization of ENaC in the rat seminiferous tubules. A testis 
section was reacted with DAPI and anti-ENaCα antisera as described 
in “Materials and methods”. a Blue-colored DAPI staining of cell 
nuclei. b Anti-ENaCα immunofluorescence. c Merged image of a 

and b. Note that, all seminiferous tubules stained uniformly with anti-
ENaCα antisera. The interstitial cells were only stained with DAPI 
and showed only isolated spots of weak red fluorescence. Scale bar 
200 µm. (Color figure online)

Fig. 5   Expression of ENaC in two seminiferous tubules at differ-
ent stages of spermatogenesis. a and d DAPI staining of cell nuclei 
(blue); b and e Anti-ENaCα immunofluorescence (red); and c and f 

Merged images. Scale bars 50 µm for the images on top and 20 µm 
for those below. (Color figure online)
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tubules show nuclear DAPI staining and either very weak 
or no anti-ENaCα staining (Fig. 5c, f).

Figure 6 shows a magnified view of two adjacent semi-
niferous tubules. The germ cells can be identified by their 
round nuclear shape and strong DAPI staining as compared 
to the Sertoli cells nuclei. In all of these cells, ENaC immu-
nofluorescence is observed within the cytoplasm and outside 
of the DAPI stained nuclear region (Fig. 6). Actin filament 
staining (green) can be easily identified in two patterns: (1) 
Short stretches of actin filaments parallel to the basal mem-
brane that mark the basal ES; and (2) long stretches of actin 
overlapping with the elongated nuclei that mark the adlu-
minal ES (Fig. 6b). Note that the basal ES appears between 

the borders of the germ cells and the Sertoli cells at the 
basal region in the seminiferous tubules (Fig. 6d). The major 
function of these actin filaments is to anchor the molecules 
that are responsible for the tight-junctions framework in the 
seminiferous epithelium.

Sertoli cells

Sertoli cells represent an essential scaffold for the develop-
ment of spermatozoa (França et al. 2016). Thus, we paid par-
ticular attention to identify Sertoli cells in the seminiferous 
tubule sections. Leblond and Clermont (1952) had described 
that Sertoli cell nuclei differ from the nuclei of germ cells 

Fig. 6   A magnified view of two adjacent seminiferous tubules show-
ing the sites of localization of ENaC and actin filaments. a DAPI 
staining of cell nuclei (blue); b CF488A-phalloidin fluorescence 
(green); c anti-ENaCα immunofluorescence (red); and d merged 
image of a, b, and c. Note that ENaC immunofluorescence was 

observed only in the cytoplasmic region of the cells. The peritubular 
myoid cells that are characterized by the elongated nuclei (in between 
the two tubules) did not show ENaC immunofluorescence. A small 
circular region of actin staining may represent a blood vessel. Scale 
bar 10 µm. (Color figure online)
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and can be grouped into two types based on their shape in 
cross section: (1) Flat or oval nuclei that are located in paral-
lel to the basement membrane of the tubule. (2) Triangular 
or oblong nuclei that have the longer axis perpendicular to 
the basement membrane. In addition, Sertoli cells are highly 
euchromatic (França et al. 2016) and as compared to germ 
cells stain weakly with DAPI. Using these two characteris-
tics we identified Sertoli cell nuclei.

In a magnified view of the border of two neighboring 
tubules, several Sertoli cell nuclei could be easily identified 
by their location near to the basement membrane, charac-
teristic triangular shapes, and much weaker DAPI staining 
relative to germ cells (Fig. 6a). Moreover, in the lower row 
of Fig. 6, immature spermatids that are embedded in Sertoli 
cells could be identified by their very strong DAPI staining 
and particular shapes of elongated spermatid nuclei (Fig. 6). 
In most cases shown in Fig. 6 and other sections, we con-
sistently observed ENaC immunofluorescence that extends 
from the top border of the Sertoli cell nuclei and towards 
the lumen. Thus, based on these observations it appears that 
ENaC is also expressed in Sertoli cells.

Peritubular myoid cells

The outermost layer of the seminiferous tubules includes 
peritubular myoid cells that are responsible for maintaining 
the structural integrity of the tubules (Potter and DeFalco 
2017). The nuclei of myoid cells have an elongated shape 
that can be recognized at the outer edge of seminiferous 
tubules (Fig. 6). The area surrounding these nuclei are 
devoid of ENaC immunofluorescence (Fig. 6). Thus, it 
appears that ENaC is not expressed in these cells. The border 
region between the tubules also includes interstitial cells that 
show no ENaC immunofluorescence (Fig. 6).

Localization of ENaC on the sperm head and tail

As noted above, in some tubules ENaC immunofluorescence 
was detected along the flagella of the spermatozoa hanging 
in the lumen (Fig. 5e). To further examine the localization 
of ENaCα on mature sperm, samples were isolated from the 
caudal part of the epididymis.

The heads and the flagella of sperms were specifically 
stained using DAPI and anti-α-tubulin antibody respectively 
(Supplementary Fig. 2). The secondary antibody (Alexa 
Fluor 555 IgG) alone did not yield any immunofluorescence 
(Supplementary Fig. 2c).

When sperm were co-incubated with anti-α-tubulin and 
anti-ENaCα antisera together, ENaC immunofluorescence 
was observed on the mid-region of the principal-piece of 
the flagellum (Fig. 7). The site of localization of ENaCα 
begins at a distance of ~ 70 µm from the bottom of the 
sperm nucleus and continues for a span of ~ 60 µm along 

the flagellum. In a magnified view at the principal-piece of 
the flagellum, ENaC immunofluorescence was observed on 
both flanks associated with the plasma membrane envelop-
ing the microtubules (Fig. 7c, inset).

To further confirm the precise location of anti-ENaC 
binding we examined immunofluorescence in a z-stack 
containing six slices. This three-dimensional image clearly 
indicated that ENaC is localized on top of sperm nuclei 
(acrosome), and the mid-piece of the sperm tail surround-
ing the microtubule (Fig. 8). This reinforces the evidence for 
membranous localization of ENaC in the sperm flagellum.

Sub‑cellular localization of CFTR in the seminiferous 
tubules

Figure 9b, c show CFTR immunofluorescence (red) in two 
seminiferous tubules of the rat testis. The CFTR immuno-
fluorescence appears most strongly in cells located in paral-
lel to the basement membrane (Fig. 9c). In a supplementary 
figure, we present a tile-scan image showing a section with 
a much larger view including about sixteen seminiferous 
tubules with the same pattern of CFTR expression (Sup-
plementary Fig. 3).

We could not detect any CFTR immunofluorescence in 
a control experiment, where the tissue slice was reacted 
with the anti-CFTR antiserum that was pre-incubated with 
the CFTR antigen control peptide (Fig. 9e). Figure 9f is a 
merged image that shows only DAPI staining without any 
CFTR staining. This control experiment provided further 
evidence for the specificity of the anti-CFTR antiserum.

Figure 10 shows a magnified view of the border region 
of two adjacent tubules. In the merged image (Fig. 10c) the 
red CFTR immunofluorescence and the blue DAPI staining 
are overlapping (Fig. 10c).

Leblond and Clermont (1952) described the shape of the 
nuclei of Sertoli cells. Sertoli cell nuclei are highly euchro-
matic and stain weakly with DAPI as compared to the germ 
cell nuclei. The shape of the nuclei showing CFTR immu-
nofluorescence match these descriptions and characteristics 
(Figs. 9, 10). Thus, the pattern of strong CFTR immunofluo-
rescence clearly indicates that CFTR is mostly localized in 
the nuclei of the Sertoli cells.

Since this finding of CFTR in the nucleus was surprising, 
we tested an independent batch of anti-CFTR antisera and 
obtained identical results of very high immunofluorescence 
in Sertoli cell nuclei.

Western blot analysis

In western blots of total testis tissue protein, we observed 
multiple bands in all samples from the lung and testis. 
CFTR is a highly glycosylated protein and its post-trans-
lational modifications yield multiple bands in western 
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blots, usually known as bands A, B, and C (Painter et al. 
2006; Sorio et al. 2011). In rat lung and testis samples, the 
strongest band was observed at ~ 120 kDa (Fig. 11). Bands 
A (~ 100 kDa) and C (~ 160 kDa) showed lower intensities 

(Fig. 11). In the experiment shown in Fig. 11, and in addi-
tional experiments we carried out with independent testis 
samples, we observed similar patterns of stained bands 
among different rats.

Fig. 7   Localization of ENaC and α-tubulin in mature rat sperm iso-
lated from the caudal part of the epididymis. The sperm were reacted 
with: a Anti-α-tubulin antisera (green), b Anti-ENaCα antisera (red), 
and c DAPI (blue) (merged image). The α-tubulin antisera stained the 
sperm flagellum. The ENaC immunofluorescence (red) was observed 

at acrosome region of the sperm head and the principal-piece of the 
sperm flagellum. Inset in c A magnified view showing that ENaC 
subunits (red) are located on both the sides of the central microtu-
bules (green). Scale bar 10 µm. (Color figure online)

Fig. 8   Localization of ENaC in a 3D image of rat sperm. The sperm 
were reacted with DAPI (blue) and anti-ENaCα antisera (red). A 3D 
image was rendered from a z-stack performed on the sperm sample. 

ENaC immunofluorescence was specifically localized at the tip of the 
hook-like shape of a rat nucleus where acrosome is located. Scale bar 
10 µm. (Color figure online)
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As noted above, in immunofluorescence confocal micros-
copy, CFTR was observed in the nuclei of the Sertoli cells. 
To cross-check our findings, we performed a subcellular 
fractionation of total testis tissue homogenates as described 
in the “Materials and methods” section. After this frac-
tionation, the nuclear fraction showed a very strong band 

at ~ 85 kDa (Fig. 11). The same ~ 85 kDa band was also 
observed in the total testis protein samples but at a lower 
intensity (Fig. 11). However, the (post-nuclear) supernatant 
fraction did not show this band. The nuclear fraction sample 
contained only 10 µg of total protein amount as compared to 
other samples that had 75 µg of total protein. These results 

Fig. 9   Localization of CFTR in rat seminiferous tubules. a and d 
DAPI staining of cell nuclei (blue); b anti-CFTR immunofluores-
cence (red), e control immunofluorescence with anti-CFTR antisera 
pre-incubated with CFTR antigen; and c and f merged images. Note 

that strong CFTR immunofluorescence (red) was observed only in 
cells adjacent to the basal lamina of the seminiferous tubule. In the 
control slide e no red fluorescence of CFTR was observed, indicating 
the specificity of the reaction. Scale bar 50 µm. (Color figure online)

Fig. 10   A magnified view of the basal laminal region of two adjacent 
seminiferous tubules. Note that the blue DAPI staining was co-local-
ized with red CFTR immunofluorescence showing the nuclear locali-

zation of CFTR. The characteristic shape of the nuclei indicates that 
CFTR is localized in the nuclei of the Sertoli cells. Scale bar 10 µm. 
(Color figure online)
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establish that the protein that binds the anti-CFTR antibody 
is strongly concentrated in the nuclear fraction, consistent 
with the confocal microscopy results (Fig. 9).

Discussion

In this study, we examined the sites of localization of ENaC 
and CFTR in the rat testis. ENaC, as a sodium channel, and 
CFTR as a chloride transporter fulfill coordinated functions 
in many types of epithelia, the best known of which is the 
lung epithelia that is affected in cystic fibrosis patients and 
also systemic (multi-system) pseudohypoaldosteronism 
(PHA) patients (Hanukoglu et al. 1994; Collawn et al. 2012). 
Below we discuss our major findings in the light of our cur-
rent knowledge in this field.

Expression and function of ENaC

In most mammals, ENaC is a non-voltage gated sodium 
channel that is composed of three subunits in an αβγ or δβγ 
configuration (Hanukoglu and Hanukoglu 2016; Hanukoglu 
2017). The gene coding for the delta subunit apparently has 
been lost in the rat and mouse genomes (Giraldez et al. 2012; 
Hanukoglu and Hanukoglu 2016). Since the Na+ ion is the 
major electrolyte in extracellular fluids, modulation of its 
concentration by ion channels can greatly affect trans-cellu-
lar fluid movement and consequently cellular volume. The 
major blood volume and blood pressure regulatory actions of 
ENaC are mediated by the αβγ trimer, and so far no involve-
ment of the delta subunit has been reported in hereditary 
syndromes associated with ENaC mutations (Hanukoglu and 
Hanukoglu 2016). The expression of the delta ENaC subunit 
was shown by Northern blot analysis of the human testis 
mRNA (Waldmann et al. 1995). However, this approach 
could not distinguish between the type of cells where ENaC 
is expressed in the testis. A study on mouse sperm presented 
evidence for the expression of ENaCα and -δ subunits using 
PCR and immunostaining (Hernández-González et al. 2006). 
However, the results of this study on the expression of the δ 
subunit have been questioned as “nonspecific binding” as the 
mouse genome does not have a functional gene that codes 
for the delta subunit (Giraldez et al. 2012).

The electro-physiological experiments performed in this 
study provided evidence that ENaC participates in the regu-
lation of the mouse sperm capacitation. A later study showed 
expression of ENaCα in the human and rat testis and sper-
matozoa (Kong et al. 2009). However, results of this study 
had poor resolution and localization of ENaC channel was 
not visualized in tissue sections.

Our results show that ENaCα is expressed throughout 
the differentiation of germ cells from the stage of spermato-
gonia to the stage of spermatids. However, the localization 
of ENaC changes during these developmental stages. The 
mature sperm are transcriptionally silent (Baker 2011). 
Therefore, most of the proteins that are required for the 
proper functioning of spermatozoa have to be synthesized 
prior to spermiation. There is evidence that in spermatozoa, 
nuclear-encoded mRNAs may be translated by the mitochon-
drial translational system (Gur and Breitbart 2006). How-
ever, this process is limited to a small number of proteins 
(Baker 2011). Therefore, we suggest that the ENaC subunits 
that are initially located in cytoplasmic pools in germ cells, 
serve as the source of the ENaC subunits that end up at 
acrosomal region and plasma membrane of the principal-
piece of the sperm.

Previous studies on other Na+ ion channels and trans-
porters have demonstrated that regulation of Na+ ion fluxes 
is critical for the processes of spermatogenesis, acrosomal 
reaction and sperm fertility (Rato et al. 2010; Beltrán et al. 

Fig. 11   Western blot analysis of total protein from rat lung and testis 
tissue homogenates, and subcellular fractions from testis homogen-
ates. Sup post-nuclear supernatant. Nuclear nuclear fraction isolated 
as described in “Materials and methods”. The blot was reacted with 
the anti-CFTR antibody. Total protein loaded in the first four lanes 
was 75  µg. Total protein loaded in the nuclear fraction lane was 
10 µg. The numbers on the left side of the figure indicate the MWs of 
the observed major bands
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2016). Currently, we do not know whether ENaC is essen-
tial for spermatogenesis and fertility. Transgenic mice with 
inactivation of the SCNN1A, SCNN1B, or SCNN1G genes 
that code for the α, β, and γ subunits have been produced. 
But, these mice die within a few days after birth (Bonny and 
Hummler 2000), so it has not been possible to assess the 
effect of gene-knockout on fertility of these mice.

In humans, mutations in SCNN1A, SCNN1B, and 
SCNN1G genes have been shown to be responsible for sys-
temic PHA (Chang et al. 1996; Edelheit et al. 2005; Hanu-
koglu and Hanukoglu 2016). Our previous studies provided 
evidence that a functional ENaC is essential for normal 
female reproductive function (Hanukoglu et al. 2008; Enuka 
et al. 2012). None of the male PHA patients, known to us, 
have married yet. Therefore, we do not know whether the 
mutations they have in ENaC genes may affect their fertility.

Expression and function of CFTR

CFTR is a cAMP-dependent Cl− channel that is encoded 
by the CFTR gene (UniProt code: CFTR_RAT). CFTR is 
generally located on the apical membrane of epithelia such 
as the respiratory tract, and eccrine sweat glands (Kreda 
et al. 2005; Enuka et al. 2012; Hanukoglu et al. 2017). Vari-
ous studies suggest that CFTR might be coupled spatially or 
temporally to a wide array of partners including ion chan-
nels, receptors, transporters, scaffolding proteins, enzymes 
and signaling molecules creating a plasticity of interactions 
(Li and Naren 2010).

The expression of CFTR in rat Sertoli cells was shown 
first by RT-PCR, western blot analysis, and in functional 
assays (Boockfor et al. 1998). Our results revealed that 
CFTR immunofluorescence is most strongly concentrated 
in the nuclei of Sertoli cells (Fig. 9). Testis tissue sections 
reacted with anti-CFTR antisera that was pre-incubated with 
the control antigen, showed no CFTR immunofluorescence, 
providing further evidence for the specificity of the CFTR 
reaction in the testis sections.

Since the results showing a nuclear concentration of 
CFTR was surprising, we undertook an independent exami-
nation of the nuclear localization using western blot analy-
sis of subcellular fractions (Fig. 11). The nuclear fraction 
of the testis homogenate exhibited a high-intensity band at 
~ 85 kDa, that was present only weakly in the total tissue 
homogenate (Fig. 11). These findings support the hypothesis 
that a processed fragment of CFTR is concentrated in the 
nucleus as we observed in the immunofluorescence studies.

The observation that CFTR is located in Sertoli cell 
nuclei suggests that in addition to its function as an ion chan-
nel, CFTR may have an independent role in gene regulation 
within nuclei. We are raising this hypothesis in view of the 
decades-long speculations to understand the mechanism(s) 
by which cystic fibrosis causing mutations also result in a 

variety of abnormalities that lead to male infertility. Muta-
tions in CFTR have been shown to be associated with 
reduced quantity and quality of sperm, azoospermia, and 
congenital bilateral absence of the vas deferens (Chen et al. 
2012; Chan 2013; Fok et al. 2014; Jiang et al. 2017). Exami-
nation of the hypothesis for a nuclear role of CFTR will 
involve further extensive work.

In conclusion, based on our observations on CFTR 
expression specifically in Sertoli cell nuclei, we suggest that 
additional mechanisms of action should be sought for CFTR 
in the regulation of gene expression in the male reproduc-
tive system.
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