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Abstract
There are both secretory and absorptive pathways working in tandem to support ionic movement driving fluid secretion 
across epithelia. The mechanisms exerting control of fluid secretion in the oviduct is yet to be fully determined. This study 
explored the role of apical or luminal extracellular ATP (ATPe)-stimulated ion transport in an oviduct epithelium model, 
using the Ussing chamber short-circuit current (Isc) technique. Basal Isc in oviduct epithelium in response to apical ATPe 
comprises both chloride secretion and sodium absorption and has distinct temporal phases. A rapid transient peak followed 
by a sustained small increase above baseline. Both phases of the apical ATPe Isc response are sensitive to anion (HCO3

−, 
Cl−) and cation (Na+) replacement. Additionally, the role of apical chloride channels, basolateral potassium channels and 
intracellular calcium in supporting the peak Isc current was confirmed. The role of ATP breakdown to adenosine resulting in 
the activation of P2 receptors was supported by examining the effects of non-hydrolyzable forms of ATP. A P2YR2 potency 
profile of ATP = UTP > ADP was generated for the apical membrane, suggesting the involvement of the P2YR2 subtype of 
purinoceptor. A P2X potency profile of ATP = 2MeSATP > alpha,beta-meATP > BzATP was also generated for the apical 
membrane. In conclusion, these results provide strong evidence that purinergic activation of apical P2YR2 promotes chloride 
secretion and is thus an important factor in fluid formation by the oviduct.

Keywords  Oviduct epithelium · Chloride secretion · ATP · Calcium signaling · Potassium channels · Chloride channels · 
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Introduction

The general principle of fluid formation and fluid secretion is 
secondary to and driven by the active transport of ions across 
a tight epithelial barrier. Previously we have shown that 
chloride is the predominant ion responsible for driving fluid 
secretion in the oviduct [1]. In this model, chloride secretion 
is followed by the paracellular movement of sodium across 
the epithelial layer. The resulting luminal accumulation of 
sodium chloride produces an osmotic gradient that generates 
a force, pulling fluid into the lumen of the tube. Fluid secre-
tion by the lining of the oviduct ensures the appropriate and 
essential environment for gamete maturation and transport, 

fertilization, and supports the early stages of embryo devel-
opment. The composition of this fluid has been well docu-
mented for a number of years [2, 3] while the mechanistic 
interplay underlying fluid formation is surprisingly slow to 
be understood despite some recent advances [1, 4].

Fluid secretion in the oviduct is an essential component 
of normal oviduct physiology; the fluid acts primarily to 
hydrate and protect the luminal surface, additionally act-
ing to provide an appropriate ionic environment to facilitate 
healthy reproductive function [5–7]. In disease states such as 
pelvic inflammatory disease and cystic fibrosis, dysregulated 
fluid formation occurs, leading to reduced fertility in vivo, 
but can also compromise IVF efforts in women affected [8]. 
Despite an increased level of understanding, there remains 
both a knowledge deficit and a fundamental unmet clinical 
need to fully elucidate the basis and regulation of fluid secre-
tory processes in the oviduct.

Previously our group has shown that chloride secretion 
in the oviduct is maintained by a number of ion transport-
ers and channels in the luminal domain of the epithelium. 
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Chloride secretion in the oviduct occurs predominantly 
through calcium activated Cl− channels (CaCC) and cAMP 
activated CFTR Cl− channels. We have reported that chlo-
ride secretion is the mainstay of basal and extracellular ATP 
(ATPe)-stimulated ionic currents across bovine oviduct 
epithelium [1]. More recently, we have demonstrated the 
functional presence of potassium channels in the basolat-
eral domain of a polarized oviductal epithelium model [4]. 
These potassium channels are active under basal conditions 
supporting both sodium absorption and chloride secretion. 
These channels provide a driving force for the rapid transient 
increase in chloride secretion following basolateral stimula-
tion with extracellular ATP (ATPe) [4]. Additionally, we 
have shown that ATPe directly activates a P2Y2, G-protein-
coupled receptor on the basolateral membrane which pro-
motes chloride secretion through calcium dependent (CaCC) 
and independent mechanisms (CFTR) [4].

A variety of stimuli are capable of causing ATP release 
from epithelial cells, including hormonal, inflammatory or 
mechanical stimuli. Hormonal stimulation across the normal 
reproductive cycle may affect ATP release and subsequently 
fine tune fluid formation. In the setting of inflammation, for 
example, the release of ATP may play an important role in 
the reproductive tract. ATPe could be involved in initiat-
ing non-specific defense mechanisms whereby activation of 
chloride secretion, and the subsequent movement of water 
into the lumen, would help flush noxious substances from 
the lumen similar to ciliary clearance seen in the airways. 
The mechanical presence of the unfertilized ovum may stim-
ulate ATP release, thereby providing a feedforward mecha-
nism to generate the appropriate environment for fertiliza-
tion and early development. Regardless of the trigger of ATP 
release, the paracrine and autocrine actions of ATP on the 
apical domain of the oviduct remain unknown. This study 
reports the characterization of apical domain responses to 
ATPe and investigates the receptors and channels associated 
with chloride secretion and sodium absorption across the 
oviduct epithelium.

Materials and methods

Materials

All chemicals, unless otherwise stated, were purchased from 
Sigma Aldrich. All general cell culture reagents were pur-
chased from Sigma, with the exceptions of pancreatin, fun-
gizone and fetal calf serum (FCS), which were purchased 
from Gibco.

Cell culture

Bovine oviducts at various stages of the estrous cycle were 
removed from cattle at a local abattoir within 5 min of 
slaughter. Epithelial cells were isolated according to the 
methods previously described for the isolation of rat uter-
ine epithelium [6, 9]. The oviducts were immediately sepa-
rated from connective tissue, fat and major blood vessels 
and the fimbriae removed. Oviducts were washed in a Ca2+ 
and Mg2+ -free Hanks balanced salt solution (HBSS). Each 
oviduct was opened longitudinally to expose the epithelia 
and cut into 1-cm segments and incubated with 0.5% type I 
trypsin and 2.7% (w:v) pancreatin for 1 h at 4 °C followed 
by 1 h at room temperature. The cellular suspension was 
vortexed for 30 s, followed by centrifugation at 500×g for 
4 min. The resultant pellet was washed 3 times in Ca2+ and 
Mg2+ -free HBSS. After washing, cells were re-suspended 
in pre-warmed, pre-gassed culture medium.

The culture medium consisted of the nutrient mixture 
F12 Hams plus Dulbecco Modified Eagle medium in a 
1:1 ratio (v/v). The final culture medium also had the fol-
lowing additions: 0.1% bovine serum albumin, 150 IU/ml 
penicillin G, 150 µg/ml streptomycin sulphate, 1.25 µg/ml 
fungizone, 2 mM l-glutamine and 10% FCS. Isolated cells 
from multiple oviducts were pooled and plated at a density 
of approx. 1 × 106 cells/ml.

Measurement of short circuit current (Isc)

Cells were plated on snapwell inserts with a growth area of 
12 mm2 (Corning Costar), monolayers achieved confluence 
after approx. 4 days in culture. A volume of 250 μl of the 
cell suspension was added on top of the inserts and 4 ml 
of culture medium added underneath. The cells were incu-
bated in a humidified incubator at 37 °C and gassed with 
5% CO2 in air. The medium above and below the filters 
was replaced every 48 h. The development of an appreci-
able trans-epithelial resistance (Rte) across these filters 
was used an indicator of the formation of a polarized mon-
olayer, this was measured daily using chopstick electrodes 
(EVOM voltage meter, World Precision Instruments, Inc., 
Sarasota, FL). All monolayers were used in a window of 
6–7 days in culture and were only considered for use in 
electrophysiological studies once Rte ≥ 1 kΩ cm2. Filters 
were placed in modified Ussing chambers (World Preci-
sion Instruments, Inc., Sarasota, FL), with both surfaces 
of the cells bathed with normal Krebs–Ringer bicarbonate 
solution and gassed with 95% O2/5% CO2, at 37.5 °C. The 
normal Krebs–Ringer bicarbonate solution contained: 
118 mM NaCl, 25 mM NaHCO3, 4.74 mM KCl, 1.19 mM 
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MgSO4, 1.17 mM KH2PO4, 1.17 mM CaCl2 and 1 mM 
glucose, gassed with 95% O2/5% CO2.

The spontaneous transmembrane potential was meas-
ured using a voltage clamp amplifier (DVC 1000, World 
Precision Instruments, Inc., Sarasota, FL) and clamped to 
0 mV by the application of a short circuit current (Isc). The 
output from the amplifier was digitized using a PowerLab 
(AD Instruments) and analyzed using LabChart software 
(AD Instruments). Cells were allowed to equilibrate for 
20 min to achieve a stable Isc before beginning an experi-
ment. ATP was prepared in normal Krebs-Ringer and added 
to the experimental chamber in 100-μl aliquots. All other 
agents/antagonists were prepared in DMSO (maximum final 
volume of 0.1%). Where ion channel inhibitors were used, 
the cells were incubated in the presence of the inhibitor for 
10 min prior to ATPe addition. In this case all results were 
expressed as a percentage of the control ATPe response.

Experimental design

Results are expressed as mean ± SEM. Each cell isolation is 
an experimental block and each well/monolayer a replicate 
within the block. Thus, each block contained cells pooled 
from two or more animals. For all treatments, n indicates 
the number of wells/monolayers examined and, in all cases, 
replicates were examined over two or more experimental 
blocks. In all cases each treatment was paired with a vehi-
cle control. The vehicle control was found to have no effect 
on basal or ATPe-stimulated Isc responses. All results were 
examined statistically by analysis of variance and, where 
appropriate, the Bonnferroni/Dunn post hoc test was used. P 
values < 0.05 were considered to be statistically significant.

Results

The effect of apically applied ATPe on short circuit 
response

Previously we have shown that over the range 1–2000 µM 
ATPe, 100 µM generates approximately an 80% maximal 
response, so that concentration was used throughout this study 
[1]. The application of ATPe (100 µM) to the apical surface 
of the epithelial cell monolayer induced a rapid and transient 
increase in current of 28.82 ± 1.66 µA/cm2 (Fig. 1a), with no 
discernible latency and reached a peak current in 1.65 ± 0.07 s, 
followed by a rapid decrease in current. However, unlike the 
typical basolateral response for this tissue [1, 4], the Isc did not 
return back to baseline, but instead maintained a sustained cur-
rent of 1.91 ± 0.115 µA/cm2 (n = 18) above baseline. To inves-
tigate any desensitization of the observed apical ATP response, 
ATPe (100 µM) was added apically, followed 5 min later by 
a second equimolar ATPe challenge. This resulted in a 90% 

reduction in Isc compared to the initial Isc response (Fig. 1b). 
Washing the monolayer between ATPe treatments facilitated a 
recovery of up to 75% of a normal response, illustrating partial 
desensitization (data not shown). When Amiloride (100 μM) 
was added apically, 10 min prior to ATPe, it did not signifi-
cantly affect the initial Isc peak. This indicates that the initial 
transient increase in Isc is likely to be due to an anion secre-
tory current component, based on the direction of the meas-
ured current. However, the sustained current remained slightly 
higher in the presence of amiloride (P < 0.022). These data 
are consistent with ATP having a dual effect in inhibiting the 
amiloride sensitive Isc component and stimulating an anion 
secretory component (Fig. 1c).

Effect of ionic substitution on the apical ATPe 
response

Ionic substitution experiments revealed that the ATPe-
induced increase in Isc was due to Cl− secretion or 
HCO3

− secretion or both, based on replacing extracellular 
chloride ions with gluconate on both sides of the epithelial 
monolayer and/or substituting HCO3

− ions with HEPES. 
Removal of either Cl− (P < 0.001) or HCO3

− significantly 
reduced (P < 0.003) both the transient and sustained ATPe-
induced Isc response (Fig. 2a). The removal of both anions 
(P < 0.0001) decreased the ATP-induced Isc by 70% indicat-
ing that the major fraction of the peak response represents 
anion secretion. The removal of both anions (P < 0.001) 
also significantly decreased the sustained ATP-induced Isc 
response; however, this was not significantly different to the 
ATP response in Cl− free solution only. Bilateral replace-
ment of sodium with choline resulted in the complete aboli-
tion of the normal baseline Isc and a substantial inhibition 
of the normal transient and sustained responses (P < 0.0001) 
(Fig. 2b). Basolateral replacement of sodium with cho-
line did not alter the baseline Isc; however, it significantly 
reduced the peak and sustained ATPe responses (P < 0.005). 
Thus, it appears that the ATPe-stimulated Isc is dependent 
on basolateral Na+. The transient increase in Isc in response 
to apical ATPe is largely independent of apical Na+ but 
is strongly dependent on basolateral Na+ which probably 
reflects the sodium dependency of basolateral Na+-coupled 
co-transporters, needed to accumulate Cl− and bicarbonate 
inside oviductal epithelial cells. The ATP-induced sustained 
increase in current is dependent on both apical and basolat-
eral Na+.

Identifying the channel(s) involved in the apical 
ATPe‑induced anion secretion and the role 
of calcium

In the presence of amiloride (applied apically for 10 min) 
specific Cl− or K+ channel blockers were examined for 
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an effect on the ATPe current. Each Cl− channel blocker 
resulted in significant inhibition of the peak ATPe-induced 
increase in Isc (NPPB, P < 0.009; glybenclamide, P < 0.001; 
NFA, P < 0.0001) (Fig. 3a). The inhibitory effects of both 
glybenclamide, and NFA suggests that both Ca2+-activated 
Cl− channels and CFTR Cl− channels may be involved in the 
peak response induced by apical ATPe. In contrast, the sus-
tained response remained almost unaffected by each of the 
Cl− channel blockers. NPPB was the only inhibitor to exert 
a significant inhibitory effect on the sustained ATP response 
(P < 0.009). Previously, we have shown the importance of 
Ca2+ activated K+ channels in the basolateral ATPe-induced 
chloride secretory response in oviduct epithelial cells. To 
investigate a similar role for this type of channel in the apical 
ATP response we pretreated the basolateral side of the cells 
with tetrapentyl ammonium (TPeA) (100 µM) for 10 min 
before the addition of ATPe apically. Amiloride was also 
present to prevent contamination of anion secretion with 
absorptive sodium current. The treatment regimen almost 

completely abolished the ATPe-induced response (tran-
sient response, P < 0.0001; sustained response, P < 0.0003, 
Fig. 3a), suggesting that the Ca2+-activated K+ channels may 
play an important role in the apical ATP response.

Furthermore, we previously demonstrated that basolat-
eral ATPe-induced chloride secretion in oviduct epithelial 
cells is dependent on intracellular Ca2+ and the release of 
Ca2+ from intracellular stores. Pretreatment of the cells with 
thapsigargin (Thaps), in the absence of amiloride, abolished 
the normal ATPe-induced Isc response (P < 0.0001, Fig. 3b. 
Pretreatment with Thaps, in the presence of apical amiloride, 
evoked a similar inhibitory reaction, down-regulating the 
typical response observed for apical ATPe significantly 
(P < 0.0003). These results suggest that the transient api-
cal ATPe-induced increase in Isc is dependent on Ca2+ and 
the release of Ca2+ from thapsigargin-sensitive stores. The 
sustained current, however, remained unaffected, which sug-
gests that the sustained response to ATPe is generated by a 
Ca2+-independent mechanism. In the absence of amiloride, 
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however, the sustained ATPe response was significantly 
inhibited by pretreatment with thapsigargin (P < 0.0001). 
This may be due to the concomitant inhibition of Na+ chan-
nels induced by ATPe as suggested earlier, thereby negating 
any positive anion secretory current generated.

Effect of forskolin on basal Isc and ATP‑stimulated 
Isc

For many epithelia sustained anion secretion induced by 
various agonists is attributable to production of intracel-
lular cAMP through the activation of adenylate cyclase 
[10]. In this study the addition of 10 µM forskolin evoked 
a rise in Isc that peaked at 3.21 ± 0.33 µA/cm2 and then 
decreased slightly but remained at a sustained level of 

2.11 ± 0.19 µA/cm2 above baseline (Fig. 4a). Addition of 
ATPe resulted in a transient increase in current but no 
additional sustained component as normally found with 
apical application of ATPe (Fig. 4b). In contrast, when 
monolayers were pretreated with ATP (100 µM) for 5 min, 
forskolin failed to exert any significant effect on the Isc 
(data not shown). These results indicate that forskolin and 
ATPe together stimulate the same sustained current as for-
skolin alone. The lack of an additive effect suggests that 
apical ATP may be activating a cAMP-dependent anion 
current as part of the ATP response.
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Effect of adenosine and ATP analogs on basal Isc 
and ATP‑stimulated Isc

Extracellular ATP is known to be catabolized to ADP, AMP 
or adenosine by various ectoenzymes [11–13]. Stimulation 
of A2 receptors by adenosine has been shown to activate 
adenylate cyclase [14], which may explain the sustained 
component of the current induced by ATPe. Addition of 
adenosine (100 µM) caused a rapid, but modest increase in 
Isc (compared to ATPe) current to 7.46 ± 0.86 µA/cm2 that 
declined to a sustained level of 4.31 ± 0.38 µA/cm2 above 
baseline. Pretreatment of the monolayers with ATPe resulted 
in a significant reduction in the sustained current generated 
by adenosine (Fig. 5a), suggesting that the sustained com-
ponent of the ATPe response may be due to activation of the 
same signaling pathway as adenosine.

To investigate the possibility of ATPe degradation in the 
Isc observed, the effect of the metabolically stable analog, 
ATPgammaS on the Isc was investigated. The addition of 
ATPgammaS (100 µM) to the apical face of the epithelial 

monolayer produced a similar transient response to ATPe 
(Fig. 5a). However, the sustained response was significantly 
less than that of ATPe (P < 0.008), consistent with the pos-
sibility that ATPe may be degraded to adenosine or some 
other form of adenine nucleotide which in turn may be par-
tially responsible for the sustained component of the ATPe 
response.

To assess the involvement of purinoceptors in the api-
cal ATP-induced Isc response, monolayers were pretreated 
with suramin (500 µM) prior to the application of ATPe. 
Under these conditions a 50% reduction in the ATP response 
was observed, supporting a role for P2 purinoceptors in this 
response (P < 0.001) (Fig. 5b). In order to determine the 
receptor subtypes involved in the apical ATP response, the 
effect of a panel of different P2Y agonists (ATP, UTP and 
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ADP) were tested to assess their ability to activate an Isc 
response. A dose of 100 µM was used for each of the ago-
nists and a potency profile was determined. UTP had a simi-
lar effect to ATPe (P < 0.78) on both the peak and sustained 
components of the apical response (Fig. 5b). ADP induced a 
significantly lower peak current, but a larger sustained cur-
rent compared to that of ATP. Overall comparison of the 
peak Isc produced by the tested nucleotides gives a rank 
order of potency of: ATP = UTP > ADP. This is most con-
sistent with the P2YR2 subclass of purinoceptor. To inves-
tigate the involvement of P2X purinoceptors, the effects of 
the P2X agonists ATP, 2MeSATP, alpha,beta-meATP and 
BzATP on the Isc were examined and a potency profile 
determined. All of the agents tested yielded a response of 
similar pattern to ATP. Comparison of the peak Isc pro-
duced by the P2X agonists gives a rank order of potency of 
ATP > 2MeSATP = alpha,beta-meATP > BzATP (Fig. 5b). 
This profile is not consistent with any one P2X receptor sub-
type, indicating the presence of multiple P2X purinoceptors 
on the apical face of oviduct epithelial cells. The sustained 
current induced by 2MeSATP was not significantly differ-
ent to that of ATP; however, that of BzATP was signifi-
cantly lower. Alpha,beta-meATP, however, produced only a 
minimal increase in sustained current and this may be due 
to the fact that alpha,beta-meATP is a metabolically stable 

ATP analog, therefore it is not susceptible to breakdown to 
adenosine or other adenine nucleotides.

Cross‑desensitization of the apical ATP response

To examine the possibility that ATPe may be exerting its 
effects via P2X receptors present on the apical membrane 
and not the proposed P2YR2 receptor, a cross-desensitiza-
tion experiment was performed. Alpha,beta-meATP is a 
relatively potent agonist at P2XR1 and P2XR3 and a weak 
partial agonist or inactive at homomeric P2XR2 and P2XR4-
7. To date, there is no evidence that alpha,beta-meATP rec-
ognizes P2Y receptors to any degree [15]. Apical alpha,beta-
meATP-induced a peak increase in Isc of 20.9 ± 1.4 µA/cm2, 
and subsequent ATPe exposure resulted in a large peak 
increase in Isc of 32.6 ± 4.2 µA/cm2, which was not signifi-
cantly different from the control ATPe response (35.7 ± 1.6 
µA/cm2) (Fig. 6a). This suggests that alpha,beta-meATP 
and ATPe activate separate distinct receptor subtypes. Thus, 
while the evidence suggests the presence of functional P2X 
receptors on the apical membrane, the apical ATPe response 
is more likely due to activation of a P2Y receptor subtype. 
Cross-desensitization experiments between apical ATP 
(100 µM) and apical UTP (100 µM) were also performed 
in this study, using the same protocol, to investigate any 

B

I sc
 (µ

A
/c

m
2 )

I sc
 (µ

A
/c

m
2 )

C D

I sc
 (µ

A
/c

m
2 )

2 min 2 min

2 min

I sc
 (µ

A
/c

m
2 )

2 min

A

Fig. 6   Representative traces (at least 4 replicates) showing A the 
effect of alpha,beta-meATP followed by apical ATPe. B Effect of api-
cal UTP followed by apical ATPe. C Effect of apical ATP following 

pre-stimulation with basolateral ATP. D Effect of basolateral ATP fol-
lowing pre-stimulation with apical ATPe



92	 The Journal of Physiological Sciences (2019) 69:85–95

1 3

desensitization of the ATP response to the P2Y-specific ago-
nist UTP. Apical UTP induced a transient increase in Isc 
of 22.7 ± 0.9 µA/cm2. Subsequent ATP exposure failed to 
produce the normal ATP response, with only a very small 
increase in Isc observed (2.1 ± 0.6 µA/cm2) (Fig. 6b). This 
suggests that UTP and ATP activate the same receptor sub-
type, most likely P2YR2.

The potential interactions between apical and basolat-
eral purinoceptors were also explored by stimulating the 
apical side of the epithelial cells with ATP (100 µM), fol-
lowed 10 min later by basolateral ATP (100 µM). A second 
experiment was then performed in which the sequence of 
additions was reversed. Apical ATPe normally induced an 
increase in Isc of the order of 34.4 ± 1.1 µA/cm2. However, 
following pre-stimulation with basolateral ATPe, apical 
ATPe-induced a smaller, but substantial, increase in Isc of 
20.8 ± 1.1 µA/cm2 (Fig. 6c). Thus, pretreatment with baso-
lateral ATPe inhibited the anion secretory response to apical 
ATPe challenge by approximately 40%. To investigate any 
similar inhibition of the basolateral ATPe response by apical 
ATPe pretreatment, the sequence of addition was reversed. 
Basolateral ATPe normally induced an increase in Isc of 
the order of 17.2 ± 1.56 µA/cm2. However, following pre-
stimulation with apical ATPe, basolateral ATPe challenge 
failed to increase the Isc (Fig. 6d). Thus, pretreatment with 
apical ATPe completely abolished the chloride secretory 
response to basolateral ATPe. A similar effect was observed 
with UTP application (data not shown). Pre-stimulation of 
the cells with apical UTP completely abolished the baso-
lateral UTP response. However, when the cells were pre-
stimulated with basolateral UTP, a substantial stimulation 
of current in response to apical UTP remained, albeit at a 
reduced level. These results indicate that significant cross-
talk between apical and basolateral purinoceptors exists in 
oviduct epithelial cells.

Discussion

In this study we have demonstrated that apical ATPe acti-
vates a rapid (amiloride insensitive) transient increase in 
anion secretion in oviduct epithelial cells, followed by a 
small (amiloride sensitive) sustained current increased above 
baseline (Fig. 1c), similar to other epithelial cell types [16, 
17]. When extracellular Cl− or HCO3

− was removed, alone 
or in parallel, the ATPe-induced response was reduced by 
40, 30 and 70% respectively (Fig. 2). This anion-mediated 
transient Isc response was also highly dependent on extra-
cellular Na+, in particular basolateral Na+ (Fig. 2b), which 
suggests the presence of a Na+-coupled transporter such as 
Na+/HCO3

− exchanger to accumulate HCO3
− in the cell, 

along with the Na+/K+/2Cl− co-transporter to accumulate 
Cl−, on the basolateral membrane. The dependence of the 

sustained component on apical Na+ is less easily explained 
but is likely to reflect the inhibition of an apically located 
Na+/H+ exchanger under sodium-free conditions, which 
would normally be responsible for H+ efflux to achieve 
maximum HCO3

− accumulation [18]. HCO3
− extrusion into 

the uterine lumen has been demonstrated to involve CFTR 
[19]. Also, since CFTR has been shown to be expressed at 
high levels in the oviduct [20], it is a likely candidate for the 
establishment of a high HCO3

− content in the oviduct and 
is supported by the fact that the anion secretory current was 
drastically reduced in the presence of the CFTR inhibitor, 
glybenclamide (Fig. 3a). Previously, we have shown that 
CaCC are primarily responsible for chloride secretion in 
response to basolateral ATPe [1, 4]. However, CaCC have 
also been shown to play a role in HCO3

− secretion in other 
epithelia [21, 22], therefore we cannot exclude a similar role 
for CaCC here. The effect of ATPe on HCO3

− secretion in 
the oviduct is novel and interesting and suggests a poten-
tially important role for ATPe in the generation of the high 
HCO3

− content of the oviduct which is essential for normal 
reproductive function.

In the presence of thapsigargin, the transient apical ATPe 
response is completely abolished. illustrating the impor-
tance of thapsigargin-sensitive stores in the transient api-
cal ATPe-induced Isc. The sustained component, however, 
is preserved, which suggests that it is generated by a Ca2+ 
independent mechanism (Fig. 3b). Interestingly, this effect 
is only observed in the presence of amiloride and may show 
that ATPe can exert an inhibitory effect on Na+ absorption, 
thereby reducing the sustained Isc. The increase in Ca2+ in 
response to apical ATPe is likely to have a dual role in the 
oviduct. Firstly, as with the basolateral ATPe response, it 
is involved in activating CaCCs. Secondly, given the sub-
stantial inhibition of the apical ATPe Isc response in the 
presence of TPeA (Fig. 3a), the increase in Ca2+ by apical 
ATP also acts to stimulate basolateral Ca2+-activated K+ 
channels, which are essential in providing the driving force 
for anion secretion through CFTR.

The sustained component of the apical ATPe Isc is likely 
to involve a cAMP-dependent mechanism. The reasons for 
this conclusion are twofold. Firstly, as in most secretory 
epithelia studied, sustained activations in Isc in response to 
various agonists, including ATPe and forskolin have been 
attributed to cAMP-dependent activation in ion transport 
[10, 23]. Also, in our study, the sustained current was com-
pletely abolished following pretreatment with forskolin 
or adenosine, agonists known to affect cAMP levels. It is 
also possible that ATPe degradation to adenosine or other 
nucleotide products on the apical membrane by nucleosi-
dases might occur and may be responsible for generating the 
sustained current. The observation that the non-hydrolyza-
ble analogs of ATP, ATPgammaS and alpha,beta-meATP 
exerted much smaller sustained increases in current in this 
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study in comparison to ATPe, suggests that this may be a 
valid hypothesis (Fig. 5a).

P2 receptor association of the Isc response was veri-
fied by demonstrating the inhibitory effect of suramin 
pretreatment (Fig.  5b). A P2Y agonist potency pro-
file of ATP = UTP > ADP was generated for the apical 
membrane, suggesting the involvement of the P2YR2 
subtype of purinoceptor. A P2X potency profile of 
ATP = 2MeSATP > alpha,beta-meATP > BzATP was also 
generated for the apical membrane. Elucidation of the spe-
cific receptor subtypes involved is difficult and significantly 
hindered by the general absence of high affinity agonists and 
antagonists. For example, BzATP has been shown to be a 
potent agonist at P2XR7, [24] while also effective at P2XR1 
and P2XR4 [25]. Similarly, alpha,beta-meATP, which is a 
potent agonist at P2XR1 and P2XR3 [24] is also an agonist 
at P2XR5 receptors [26]. Even though multiple P2X recep-
tors are likely to be present in the apical membrane of bovine 
oviduct epithelial cells (BOEC), cross-desensitization with 
equimolar UTP, together with the lack of cross-desensiti-
zation to the P2X agonist alpha,beta-meATP suggests that 
ATPe is most likely exerting its effects on the oviduct via a 
P2Y receptor subtype and not a P2X receptor subtype.

Both membrane domains of polarized epithelial ovi-
duct monolayers can respond to stimulation with ATPe; 
however, increased efficacy of anion secretion was elicited 
from the apical face. Novel cross-talk between the apical 

and basolateral purinergic receptor activation also exists 
in bovine oviduct epithelial cells (Fig. 6). The mechanism 
involved in the down-regulation of a contralateral nucleotide 
challenge is unknown. Given that a sustained increase in 
current is only observed in response to apical ATPe, and not 
basolateral ATPe, it is possible that activation of this cur-
rent inhibits subsequent responses to basolateral ATPe. The 
transient nature of calcium-dependent responses has been 
suggested to be related in part to the concomitant generation 
of signals, rendering the epithelia refractory to activation 
by a second calcium dependent agonist. The inositol phos-
phate messenger, IP4, can mediate this inhibitory pathway 
[27] and appears to target an apical calcium-activated chlo-
ride channel in a number of epithelial cell types [28, 29]. A 
similar effect has been observed by Smitham and Barrett, 
[30] in intestinal epithelial cells. Smitham and co-workers 
suggested that the inhibition of apical UTP-induced chloride 
secretion by basolateral ATP in their study was mediated by 
the increased levels of IP4 generated by basolateral UTP.

The present study clearly identifies key elements and 
emphasizes the purinergic regulation of ion transport on the 
apical surface of oviduct epithelia cells. The effect of ATPe 
on bicarbonate secretion in the oviduct is highly significant 
given the importance of this anion in a number of reproduc-
tive events. Although the exact mechanisms involved remain 
to be elucidated, CFTR is a likely candidate. Chan et al. 
[18] reported a critical role for CFTR in uterine bicarbonate 

Fig. 7   Proposed model of 
apical ATPe-induced chloride 
secretion
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secretion and the fertilizing capacity of sperm. Co-culture 
of sperm with CFTR antisense-treated endometrial cells or 
HCO3

− secretion-defective CF epithelial cells resulted in 
reduced sperm capacitation and egg-fertilizing ability. Thus, 
since sperm capacitation in vivo occurs in the oviduct it is 
likely that CFTR may play a similar role in HCO3

− secre-
tion and the fertilizing capacity of sperm in the oviduct with 
ATPe acting as a potentially important regulator. This data 
allows us to propose a model for the regulation of ion trans-
port by apical ATPe in the oviduct (Fig. 7).
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