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Sertoli cells (SCs) form the blood-testis barrier (BTB) that controls the microenvironment where the germ
cells develop. The cystic fibrosis transmembrane conductance regulator (CFTR) plays an essential role to
male fertility and it was recently suggested that it may promote water transport. Interestingly,
Aquaporin-4 (AQP4) is widely expressed in blood barriers, but was never identified in SCs. Herein we

Keywords: hypothesized that SCs express CFTR and AQP4 and that they can physically interact.
CFTR . Primary SCs cultures from 20-day-old rats were maintained and CFTR and AQP4 mRNA and protein
/S\gl:gﬁocréﬁf expression was assessed by RT-PCR and Western blot, respectively. The possible physical interaction

between CFTR and AQP4 was studied by co-immunoprecipitation.

We were able to confirm the presence of CFTR at mRNA and protein level in cultured rat SCs. AQP4
mRNA analysis showed that cultured rat SCs express the transcript variant c of AQP4, which was followed
by immunodetection of the correspondent protein. The co-immunoprecipitation experiments showed a
direct interaction between AQP4 and CFTR in cultured rat SCs.

Our results suggest that CFTR physically interacts with AQP4 in rat SCs evidencing a possible mecha-
nism by which CFTR can control water transport through BTB. The full enlightenment of this particular
relation between CFTR and AQP4 may point towards possible therapeutic targets to counteract male sub-
fertility/infertility in men with Cystic Fibrosis and mutations in CFTR gene, which are known to impair

Water transport

spermatogenesis due to defective water transport.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Spermatogenesis takes place within the seminiferous tubules,
where Sertoli cells (SCs) directly interact with the developing germ
cells [1]. Adjacent SCs connect through specialized junctions,
establishing the Sertoli/blood-testis barrier (BTB) and controlling
the passage of substances [1,2]. Hence, SCs control the seminifer-
ous tubular fluid (STF) composition and the physiochemical milieu
where spermatogenesis occurs [1,3]. The STF composition is
dependent of ions and water movements [4]. Thus, distinct types
of ion and water transport proteins have been identified in the
plasmatic membrane of these cells (for review [3]). Nevertheless,
their involvement on STF establishment remains unknown.
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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a cAMP-regulated membrane transporter of the
ATP-binding cassette superfamily [5], widely expressed in cells of
the reproductive tract [6]. Noteworthy, mutations in the gene that
encodes the CFTR protein have been associated with several abnor-
malities on the male reproductive system and with abnormal pro-
duction, quality and number of sperm cells [7,8]. CFTR presence
was reported in the cytoplasm and plasma membrane of SCs [9],
where it plays a role in HCO; transport [10]. Moreover, CFIR plays
an important role in epithelial cells fluid volume regulation [5],
enhancing osmotic water permeability via direct molecular inter-
actions with water channels (Aquaporins). This additional role of
CFTR in controlling water permeability may have an impact on
the development of the Cystic Fibrosis (CF).

Aquaporins (AQPs) are essential for water homeostasis regula-
tion and for providing a continuous and rapid water movement
across epithelia [11-13]. During spermatogenesis, there is a strik-
ing reduction of germ cells volume, largely due to the osmotically
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driven fluid efflux [14], being expectable that AQPs are key players
in this process. Aquaporin-4 (AQP4) has been briefly identified by
immunocytochemistry in the seminiferous tubules [15]. Interest-
ingly, AQP4 is densely expressed in the blood-brain barrier (BBB)
[16], which exhibits remarkable similarities with BTB [17]. Several
cellular functions have been attributed to AQP4, such as regulation
of extracellular space volume, potassium buffering, fluid circula-
tion and resorption, waste clearance, neuroinflammation, osmo-
sensation, cell migration, and Ca?" signaling (for review see [16]).

Since AQP4 mediates water flux through BBB, we aimed to full
disclose its expression in isolated SCs. Moreover, CFTR has been re-
ported to interact with AQPs to regulate osmotic water permeabil-
ity, thus, we hypothesized that CFTR can interact with AQP4
providing new insight on how CFTR can regulate water membrane
movements.

2. Materials and methods
2.1. Chemicals

NZY M-MuLV Reverse Transcriptase (M-MLV RT), random hex-
amer primers, dNTPs and NZTaq 2x Green Master Mix, agarose
and DNA ladder were obtained from NZYTech (Lisboa, Portugal).
Primers were obtained from STABVIDA (Oeiras, Portugal). All other
chemicals were purchased from Sigma-Aldrich (St. Louis, USA),
unless stated otherwise.

2.2. Animals

Male Wistar rats (Rattus norvegicus) were housed undera 12 h
light-12h darkness cycle and constant room temperature
(20 £ 2 °C) in our accredited animal facilities, with food and water
ad libitum. Accommodation, maintenance and animal handling
were performed in accordance with national and international
guidelines, particularly with the ‘Guide for the Care and Use of Lab-
oratory Animals’, available in the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996), and the EU rules for
the care and handling of laboratory animals (Directive 2010/63/
EU).

2.3. Primary cultures of rat Sertoli cells

Male Wistar rats (20-day-old) were sacrificed by cervical dislo-
cation. The testes were excised and washed. SCs were isolated as
reported by Oliveira and collaborators [18]. Specific protein mark-
ers, anti-mullerian hormone (AMH) and vimentin, were used to as-
sess cultures purity [19]. After 96 h, cultures were examined by
phase contrast microscopy and only the cultures with cell contam-
inants below 5% were used.

2.4. RT-PCR

The extraction of total RNA (RNAt) from brain, lung and SCs was
performed using the E.ZN.A. Total RNA Kit (Omega Bio-Tek,
Norcross, USA) as indicated by the manufacturer. RNA concentra-
tion and absorbance ratios (A260/A280) were determined by spec-
trophotometry (Nanophotometer™, Implen, Germany). The RNAt
was reversely transcribed as reported by Alves and collaborators
[20]. The resulting complementary deoxyribonucleic acid (cDNA)
was used with exon-exon spanning primer sets designed to ampli-
fy CFTR and AQP4 cDNA fragments (Table 1). Polymerase chain
reactions (PCR) were carried out as described by Alves and collab-
orators [20]. Primers’ sequences, optimal annealing temperature,
number of cycles required for exponential amplification phase of
fragments, fragments size and positive control are indicated

(Table 1). cDNA-free sample was used as negative control. Samples
were run in 1% agarose gel electrophoresis and visualized using
software Molecular Imager FX Pro Plus Multilmager (Biorad,
Hercules, USA) coupled to an image acquisition system (Vilber
Lourmat, Marne-la-Vallée, France). The size of the expected prod-
ucts was compared to a DNA ladder.

2.5. Western blot

Western blot was performed as previously described by Alves
and collaborators [21]. In brief, proteins samples (50 pg) were frac-
tionated on a 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes. The membranes were blocked and incu-
bated overnight at 4 °C with rabbit anti-AQP4 (1:500, AQP41-A,
Gentaur, Gdansk, Poland) or goat anti-CFTR (1:500; SC-8909, Santa
Cruz Biotechnology, Heidelberg, Germany). The immune-reactive
proteins were detected separately with goat anti-rabbit IgG-AP
(1:5000, Sc 2007, Santa Cruz Biotechnology, Heidelberg, Germany)
or donkey anti-goat IgG-AP (1:5000, Sc 2020, Santa Cruz Biotech-
nology, Heidelberg, Germany). Membranes were reacted with
ECF detection system (GE, Healthcare, WeRling, Germany) and
read with the BioRad FX-Pro-plus (Bio-Rad, Hemel Hempstead,
UK). The densities from each band were obtained using the Quan-
tity One Software (Bio-Rad, Hemel Hempstead, UK).

2.6. Co-immunoprecipitation

Immunoprecipitation of CFTR was performed using the Dynabe-
ads® Co-Immunoprecipitation Kit (Life Technologies, Calsbad,
USA). Anti-CFTR goat antibody was conjugated to magnetic beads
according to the manufacturer’s protocol. In brief, harvested SCs
(50 mg) were lysed in extraction buffer (1x IP Buffer, NaCl
100 mM, Protease Inhibitors 1:400) and centrifuged (2600g for
5 min). The final supernatant contained the cell lysate ready to
be used immediately for co-immunoprecipitation. For co-immuno-
precipitation, CFTR antibody-coupled beads were washed in
extraction buffer. The supernatant was discarded and the pelleted
beads were resuspended in the cell lysate. This suspension was
incubated at 4 °C for 30 min. The supernatant was then removed
and the beads washed three times in the extraction buffer. The
beads were then washed in the Last Wash Buffer (LWB) (1x
LWB, Tween 20 0.02%). Finally, the beads were resuspended in
the Elution Buffer and gently mixed. Protein expression was eval-
uated by slot blot after confirmation of antibodies specificity by
Western blot.

2.7. Slot-blot

Protein samples (5 pg) derived from co-immunoprecipitation
were diluted in phosphate buffer saline (PBS) and transferred to
activated polyvinylidene difluoride membranes using a Hybri-slot
manifold system (Biometra, Gottingen, Germany). The membranes
were then blocked and incubated overnight at 4 °C with rabbit
anti-AQP4 antibody (1:500) or goat anti-CFTR antibody (1:500).
The immune-reactive proteins were detected separately with goat
anti-rabbit IgG-AP (1:5000) or donkey anti-goat IgG-AP (1:5000).
Membranes were then reacted with ECF and read using a BioRad
FX-Pro-plus.

3. Results
3.1. Aquaporin-4 is expressed in rat Sertoli cells

Several types of AQPs have been identified throughout the male
reproductive tract. However, the expression of AQP4, which is
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Table 1

Oligonucleotides and cycling conditions for PCR amplification of cystic fibrosis transmembrane conductance regulator (CFTR), Aquaporin-4 transcript variant a (AQP4a or M1) and

Aquaporin-4 transcript variant ¢ (AQP4c or M23).

Gene Sequence (5-3') AT (°C) Amplificon size (bp) C PtC

CFTR Forward: GTTGGGAATCAGCGATGGAG 65 156 40c. Lung
AN: NM_031506.1 Reverse: TGACTGTGTAGGGAAGCACA

AQP4a Sense: CAGGGAAGGCATGAGTGACG 56 198 40c. Brain
AN: NM_012825.3 Antisense: TCTGAGCCACCCCAGTTAAT

AQP4c Sense: GAAGACAGCACCTGTGATAGC 58 234 40c. Brain

AN: NM_001142366.1 Antisense: CACAGGTAGGGGGTTCTCTG

Abbreviations: AN, GenBank accession number; AT, annealing temperature; C, number of cycles during exponential phase of amplification; PtC, positive control.

known to play a crucial role in water membrane transport through
blood barriers, remained to be elucidated in SCs. Thus, we evalu-
ated the expression of AQP4 isoforms in cultured rat SCs. It has
been described that AQP4 exists in several isoforms. Besides the
first two classical AQP4 isoforms described in rat brain, M1 (or
AQP4a) and M23 (or AQP4c) [22], other new AQP4 isoforms were
recently identified by screening the cDNA rat brain library [23].
They were named AQP4b, AQP4d, AQP4e (or Mz) and AQP4f but
their role and tissue localization remains to be unraveled, being
that each isoform corresponds to an alternative transcript variant
(variants a-f, respectively) [23]. Therefore, we investigated the
presence of the two classical and functional isoforms in isolated
SCs. When we analyzed the expression of the mRNA transcript var-
iant a of AQP4 in rat SCs, we were unable to detect any expression
of this variant, as the 198 bp product was only detected in the po-
sitive control (Fig. 1, Panel A). However, we were able to detect a
234 bp product corresponding to the mRNA expression of the
AQP4 transcript variant c (Fig. 1, Panel B). Furthermore, using a
specific AQP4 antibody we were able to further confirm the protein
expression of this AQP in SCs by detecting a single band with an
apparent molecular weight of approximately 32 kDa in the immu-
noblot analysis. (Fig. 1, Panel C and D).

3.2. Rat SCs express CFTR mRNA and protein

Boockfort and collaborators [7] have previously reported the
CFTR presence in cultured SCs from Sprague-Dawley rats and it
has been proposed that CFTR plays a crucial role in seminiferous
fluid secretion and ionic composition [10,24]. As could be expected,
we were also able to detect the presence of the 156 bp product of
CFTR mRNA in cultured rat SCs (Fig. 2, Panel A). Moreover, we used
a specific anti-CFTR antibody and we were able to detect a single
specific staining of approximately 165 kDa by Western blot

SCs PtC NtC

SCs . ptC

Fig. 1. Expression of Aquaporin-4 (AQP4) in cultured rat Sertoli cells (SCs) showing
representative image of RT-PCR (Panel A and B), Western Blot (Panel C) and slot blot
(Panel D). (NtC, no-template control; PtC, positive control brain cDNA).

SCs PtC NtC

SCs PtC

Fig. 2. Expression of CFTR in cultured rat Sertoli cells (SCs) showing representative
image of RT-PCR (Panel A), Western Blot (Panel B) and slot blot (Panel C). (NtC, no-
template control; PtC, positive control lung cDNA).

analysis, which corresponds to the intact CFTR protein (Fig. 2, Panel
B and Q).

3.3. CFIR interacts with Aquaporin 4 in rat Sertoli cells

CFTR expression has been reported in germ cells of various
developmental stages evidencing its role during spermatogenesis
[25-27]. In that process, CFTR has been suggested to be involved
in water fluxes regulation [25]. Since adjacent SCs form the BTB
and are responsible for the establishment of the intratubular fluid
microenvironment, being known to highly express CFIR, we
hypothesized that this HCO3 transporter may modulate water
fluxes in SCs by molecular interactions with AQPs. Since it has been
reported that AQP4 plays a key role in water transport through
BBB, we hypothesized that it could be present not only in SCs
(which form the BTB), but also interact with CFTR in these cells.
To test our hypotheses, we used a co-immunoprecipitation proto-
col and were able to efficiently conjugate the anti-CFTR antibody to
magnetic beads and to precipitate the CFTR protein from cultured
rat SCs (Fig. 3, Panel A) by the specific staining detected using the
same anti-CFTR antibody and the Slot-blot technique (Fig. 3, Panel
B). Interestingly, using the same sample (obtained after conjugat-
ing the anti-CFTR goat antibody to magnetic beads and after the
co-immunoprecipitation protocol) we were also able to detect
the presence of a specific staining correspondent to the AQP4
(Fig. 3, Panel C). These results obtained using a specific anti-
AQP4 antibody, clearly indicate that AQP4 derived from cultured
rat SCs co-immunoprecipitated with CFTR.

4. Discussion

The SCs are epithelial somatic cells that transport electrolytes
and water to create a proper intraluminal environment for the
occurrence of spermatogenesis. This process is highly regulated
and depends of several membrane transporters [3]. Among those,
the expression of functional CFTR has been described in SCs [7].
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Fig. 3. Molecular interaction of Aquaporin-4 (AQP4) and CFTR in cultured rat Sertoli cells as determined by co-immunoprecipitation (Panel A). Inmunoprecipitated CFTR
protein was detected (Panel B) and co-immunoprecipitated AQP4 protein derived from the Sertoli cells eluted (Panel C). (PVDF, polyvinylidene difluoride).

In several conditions associated with CFTR mutation, an abnormal
germ cell development has been reported [9], suggesting that nor-
mal CFTR expression is required for a successful spermatogenesis.
Noteworthy, nearly 20% of men with infertility due to sperm
abnormalities have a mutation in the CFTR gene [28]. Thus, we
tested if CFTR was expressed in cultured rat SCs. We identified a
RT-PCR product of predicted size consistent with the CFTR se-
quence, when RNA from cultured rat SCs was used as a template.
These results show that cultured rat SCs express CFTR mRNA. To
determine whether CFTR messenger RNA was translated into a
functional protein, we used an immunoblot analysis. With this ap-
proach, we were able to detect immunoreactive bands in rat SCs
samples using a specific antibody against CFTR. These immunoblot
studies were conclusive and confirm the presence of CFTR protein
in cultured rat SCs.

CFTR enhances osmotic water permeability in various cells or
tissues [29-31] and it interacts with AQPs in rat epididymis, estab-
lishing a synergistic interaction [32]. Water movements are essen-
tial for the luminal fluid environment [33] however the presence of
specific water transporters (AQPs) in SCs has been discussed. Some
AQP isoforms have been consistently described in SCs [34-36].
Those isoforms are expected to be involved in STF secretion
[3,33]. Herein we chose to investigate AQP4 expression in cultured
SCs since: (1) the presence of AQP4 was only reported in SCs using
immunohistochemical analysis of testicular tissue sections [15]
and thus lacked confirmation; (2) AQP4 is the predominant water
channel in mammalian brain and is abundantly expressed in astro-
cytes that support BBB [37], a structure similar to the BTB. AQP4
may be transcribed as six distinct mRNAs (transcript variants
a-f) [37], where AQP4a (also M1) and AQP4c (also M23) are the
classical and functional water transport channels, with brain
expressing both isoforms and tissues outside of the central nervous
system expressing predominantly AQP4c [38]. These two AQP4 iso-
forms differ in their sizes and water transport rates (when ex-
pressed in epithelial cells), being that AQP4c results in a shorter
variant with increased single-channel osmotic water permeability
[38,39]. Hence, we evaluated the presence of transcripts a and c in
cultured rat SCs and we only detected mRNA transcript variant c
(AQP4 M23). The presence of AQP4 protein was also confirmed
by immunoblot. To the best of our knowledge, our results are the
first to unequivocally demonstrate the presence of this aquaporin
isoform in rat SCs.

CFTR, besides functioning as an ion channel, also acts as a reg-
ulator of several other membrane transport proteins, among which
are epithelial Na* channels [40] and outwardly rectifying Cl~ chan-
nels [41]. Besides, AQPs are also essential in the establishment of

intratubular fluid composition. Recent data showed that CFTR
interacts with several AQPs in various cellular systems [29,30],
including in the epididymis [32]. It has been suggested that these
interactions may be of clinical outcome to CF, in which mutation
of the CFTR gene leads to fluid accumulation [42,43]. Thus, since
it has been suggested that CFTR can interact with AQPs, we further
investigated the possibility of a physical interaction between CFTR
and AQP4 in cultured rat SCs. The direct interaction between AQP4
and CFTR observed in the present study, using the co-immunopre-
cipitation technique, strongly suggests that CFTR might serve as a
regulator of AQPs and water homeodynamics in SCs, as it was pre-
viously shown to occur in other cells of the male reproductive tract
[31,32]. To the best of our knowledge, our results are the first to
unequivocally demonstrate a molecular interaction between CFTR
and AQP4 in cultured rat SCs.

In conclusion, our results show that CFTR and AQP4 are ex-
pressed in rat SCs. Although we did not perform functional studies
regarding the role of AQP4 in these cells, their role in water balance
and ion homeostasis in the several tissues where they are ex-
pressed is well known. We were able to demonstrate that CFTR
and AQP4 physically interact in cultured rat SCs. This interaction
most likely occurs in in vivo conditions when a fully intact BTB is
established. However, this needs further investigation beyond this
short report. The finding that CFTR regulates water permeability in
various tissues, in addition to its role as an ionic channel, raises the
possibility that abnormal SCs functioning in men with CF may in-
volve altered water transport, plus to defective HCO; transport,
resulting in severe alterations in the intratubular fluid composition
and impairment of spermatogenesis. The results presented here
raise new questions and point new directions towards the under-
standing of male subfertility/infertility in men with mutations in
CFTR gene. In vivo experiments are the next step to clarify the clin-
ical significance of this interaction in SCs and in a full functional
BTB. The full enlightenment of these molecular interactions and
mechanisms may point towards possible therapeutic targets to
counteract male subfertility/infertility in men with CF and muta-
tions in CFTR gene.
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