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Abstract Using the patch-clamp technique, we have
identified a large, outwardly rectifying, Cl - -selective
whole-cell current in primary cultures of human vas
deferens epithelial cells. Whole-cell currents were time-
and voltage-dependent and displayed inactivation fol-
lowing depolarising pulses >_ 60 mV. Currents were
equally permeable to bromide (PBr/Pc , = 1.05 ± 0.04),
iodide (Pi/Pcl = 1.06 ± 0.07) and Cl - , but significantly
less permeable to gluconate (P G ,,,c /Pc , = 0.23 ± 0.03).
Currents spontaneously increased with time after estab-
lishing a whole-cell recording, but could be inhibited
by exposure to a hypertonic bath solution which re-
duced inward currents by 68 ± 4%. Subsequent expo-
sure of the cells to a hypotonic bath solution led to a
418 ± 110% increase in inward current, indicating that
these currents are regulated by osmolarity. 4,4'-Diiso-
thiocyanatostilbene-2,2'-disulphonic acid (100 µM)
produced a rapid and reversible voltage-dependent
block (60 ± 5 % and 10 ± 7 % inhibition of current, mea-
sured at ± 60 mV, respectively). Dideoxyforskolin
(50 .M) also reduced the volume-sensitive Cl - current,
but with a much slower time course, by 41 ± 13
and 32 ± 16% (measured at ± 60 mV, respectively).
Tamoxifen (10 µM) had no effect on the whole-cell Cl -
current. These results suggest that vas deferens epithe-
lial cells possess a volume-sensitive Cl - conductance
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which has biophysical and pharmacological properties
broadly similar to volume-sensitive Cl - currents pre-
viously described in a variety of cell types.

Key words Vas deferens • Patch-clamp • Whole-cell
Volume-sensitive Cl - current

Introduction

The vas deferens forms the distal part of the excurrent
duct system of the male reproductive tract and receives
fluid and spermatozoa from the epididymis and trans-
mits them distally to the urethra. Sperm maturation
takes place within the excurrent duct system and one
function of the epithelia that line the epididymis and
vas deferens is to create the correct luminal environ-
ment for this process to occur. Although it is well estab-
lished that the epididymis acts as an ion-transporting
epithelium [4, 5, 18], little is known about the ion-trans-
porting properties of the vas deferens epithelium and,
in particular, the various ion channels that are involved.
Recent work from this laboratory has identified a large-
conductance maxi-K+ channel on the apical surface
[32] and several Cl - conductances regulated by adeno-
sine 3',5'-cyclic monophosphate (cAMP), calcium and
osmolarity [19, 20] in vas deferens epithelial cells. We
have suggested that the maxi-K+ channel may be in-
volved in producing the high potassium concentration
found in the luminal fluid of the vas deferens, by form-
ing a pathway for secretion of potassium into the lumen.
The high potassium concentration serves an important
physiological function as it inhibits sperm motility and
helps maintain sperm quiescent during storage [32].

In order to maintain the correct luminal environ-
ment for the maturation and storage of sperm, the vas
deferens epithelial cells undergo active transepithelial
transport of osmotically active solutes (e.g. electrolytes
and various organic compounds) [13, 29]. The vas



deferens epithelial cells are also known to accumulate
various organic solutes, e.g. carnitine and inositol
[13, 29]. Any entry of osmotically active solutes into
the epithelial cells across the basolateral membrane
may lead to an increased osmotic pressure and cell
swelling. It would, therefore, be critical for these cells
to have some mechanism to counter these osmotic
forces and hence limit any volume change that may
occur as a result of osmolyte accumulation. In many
cells a reduction in cell volume, a process termed reg-
ulatory volume decrease (RVD), is achieved by the acti-
vation of Cl - and K+ conductances and the loss of
KC1 from cells. Separate Cl - conductances, which are
activated by changes in cellular osmolarity, have been
reported in a variety of epithelial cells, including rat
and human epididymal [4, 5], rat pancreatic duct [39],
rat parotid acinar [1], ciliary [42], human airway [3, 9,
21, 27, 28], intestinal [17, 33, 41] and frog proximal
tubule [30, 31] epithelial cells. Furthermore, a link
between these Cl - conductances and RVD has been
identified in human epididymal [5], human small
intestinal [17] and frog proximal tubule [30, 31] cells.
In these cells, RVD is prevented by the presence of
blockers of the volume-sensitive Cl -conductance. In
addition, recent reports of studies using MDCK [2] and
other epithelial cells [5, 14, 16] have shown that vol-
ume-sensitive anion channels have a significant per-
meability to amino acids. This suggests that these
channels may also serve another functional role as a
pathway for amino acid transport (for a review see [34]).
Presumably a pathway for the movement of these
organic osmolytes could also have a role in the RVD
process.

In this study we have identified a whole-cell Cl - con-
ductance regulated by cell volume in primary cultures
of human fetal vas deferens epithelial cells, whose bio-
physical characteristics are broadly similar to volume-
sensitive Cl - conductances previously reported in
relation to other epithelia. To our knowledge this is the
first report of such a volume-sensitive Cl - conductance
in these cells. Some of our observations have been pub-
lished in preliminary form [20].

Materials and methods

Human vas deferens cell culture

Primary monolayers of vas deferens epithelial cells were grown in
Primaria plastic flasks from explants of mid-trimester human fetal
vasa deferentes, as previously described [11]. Four normal fetuses
were obtained within 48 h of prostaglandin-induced termination.
Cultures of cells consist of two cell types; a large angular cell that
does not appear tightly packed even in confluent areas, and a rel-
atively small "cobblestone" cell that always appears in tightly
packed colonies. Both cell types have been identified as epithelial
on the basis of morphological, biochemical and immunocytochem-
ical evidence [11].

The cultures were passaged onto glass coverslips (passage num-
bers between 2 and 4) at Oxford, and 2-4 days later sent from
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Oxford to Newcastle upon Tyne. After arrival in Newcastle upon
Tyne, they were incubated for 1-6 days at 37 °C in the standard
growth medium [11] minus cholera toxin before electrophysiologi-
cal studies were performed.

Electrophysiology

Coverslips were transferred to a tissue bath (volume 1.5 ml)
mounted on a Nikon Diaphot inverted microscope and viewed using
phase-contrast optics. Current recordings were made at 21-23°C
from the upper surface of cells using the whole-cell configuration
of the patch-clamp technique, as previously described [39, 40].
Pipettes were pulled from borosilicate glass (Clarke Electromedical,
UK) and had resistances, after fire-polishing, of 3-6 MQ measured
using the solutions described in "Solutions and Chemicals". Seal
resistances were > 10 GC.

Whole-cell currents were recorded with an EPC-7 patch-clamp
amplifier (List Electronic, Darmstadt, Germany) using two basic
voltage-clamp protocols.

1. During continuous recording, the membrane potential (V.)
was held at 0 mV and then alternately clamped to ± 60 mV for I S.

There was a 1-s interval at the holding potential between each pulse.
2. To obtain current/voltage (I/V) relationships, V. was held

at 0 mV and then clamped over the range ± 100 mV in 20-mV steps.
Each voltage step lasted 500 ms, and there was an 800-ms interval
at the holding potential between steps. Data were filtered at 1 kHz
and sampled at 2 kHz with a Cambridge Electronic Design 1401
interface (CED, Cambridge, UK) and stored on either a digital tape
recorder or the computer hard disk.

I/ V plots were constructed using either the average initial whole-
cell current, measured over a 4-ms period starting 7 ms into the
voltage pulse, or the average plateau whole-cell current measured
over a 4-ms period starting 495 ms into the voltage pulse. The cur-
rents were not leak corrected. Series resistance (R y) was typically
three times the pipette resistance, and R, compensation (40-70%)
was routinely used. V measurements have been corrected for cur-
rent flow (I) across the uncompensated fraction of R, using the rela-
tionship: V,,, = V — IR S , where V is the pipette potential. Junction
potential corrections were applied to V,,, as previously described
[39, 40]. Reversal potentials (E, ev) were obtained by interpolation
from I/ V plots after fitting 3rd or 4th order polynomials using least-
squares regression analysis. The anion permeability ratios were
derived from Erev values using the Hodgkin-Katz modification of
the Goldman equation as previously described [39, 40].

The input capacitance of cells was routinely measured using the
analogue circuitry of the EPC-7 amplifier and compensated prior to
the start of recording. Capacitance values were used to calculate
current density, which is expressed as picoamperes per picofarad
(pA/pF).

Solutions and chemicals

In order to look at Cl- -selective currents in isolation from
potassium currents, tetraethylammonium (TEA) was used as
the major cation in the pipette solution. The pipette solution
contained (in mM): 135.0 TEA-Cl, 2.0 MgC1 2 , 2.0 ethylene glycol-
bis (fl-aminoethyl ether) N,N,N',N',-tetraacetic acid (EGTA), 1.0
disodium ATP, and 10.0 N-2-hydroxyethylpiperazine-N'-2-ethane-
sulphonic acid (HEPES), pH to 7.20 with 1.0 M NaOH. The solu-
tion was filtered through a 0.2-µm membrane filter before use. The
osmolarity of this solution was 290 mosmol/l and the calculated
free Caz+ concentration was < 0.1 nM.

The standard bath solution contained (in mM): 138.0 NaCl,
4.5 KCI, 2.0 CaCl2, 1.0 MgCl2, 5.0 glucose, and 10.0 HEPES,
pH 7.40 with 1 M NaOH. The osmolarity of this solution was
290 mosmol/l. In the anion-replacement experiments, 100 mM
NaCI was replaced by either 100 mM sodium gluconate, 100 mM
sodium iodide or 100 mM sodium bromide.
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Hypertonic and hypotonic bath solutions were prepared either
by the addition of 90 mM sucrose to the standard bath solution,
resulting in a solution of osmolarity 390 mosmoltl, or by diluting
the standard bath solution with distilled water (33.3% v/v), result-
ing in a solution of osmolarity 200 mosmol/l, respectively.

Stock solutions of 4,4'-diisothiocyanatostilbene-2,2'-disulphonic
acid (DIDS, 100 mM), dideoxyforskolin (50 mM), and tamoxifen
(10 mM) were made up in dimethylsulphoxide (DMSO). When
added to the standard bath solution the final concentrations were
100 pM DIDS, 50 µM dideoxyforskolin and 10 pM tamoxifen. The
final DMSO concentration in the standard bath solution was 0.1
in each case. This was shown to have no effect on the volume-sen-
sitive Cl - current in vas deferens epithelial cells. All chemicals were
purchased from Sigma and were of the highest purity available.

Statistics

Values are given as means ± SEM (n = number of observations).
Data were analysed using the t-test and the Mann-Whitney U-test.
A P value of < 0.05 was taken as being significant.

Results

Development of volume-sensitive current

In a series of experiments in which TEA was used as the
predominant cation in the pipette-filling solution 96%
(26/27) of cells tested developed a volume-sensitive Cl -

conductance after establishing a whole-cell recording.
Figure I A shows the time course of development of

the whole-cell current. The current trace starts 2 min
into whole-cell recording, with small currents (13 and
6 pA/pF measured at Erev ± 60 mV; Fig. IA, B1) which
gradually increase over several minutes reaching a peak
value (47 and 20 pA/pF measured at Erev ± 60 mV;
Fig. IA, B2) approximately 360 s into the recording.
Figure lA also shows data from the same cell 33 min
after break-in and confirms that the conductance is
sensitive to an osmotic gradient across the cell mem-
brane, as a hypertonic bath solution (390 mosmol/1)
slowly inhibited the outward and inward currents by
68% and 58%, respectively. Similar results were
obtained in six other experiments. The mean reduction
in current density for the seven experiments was
72.1 ± 4.2% and 68.3 ± 4.4% (measured at E re„ ±
60 mV, respectively). Currents could be reactivated by
exposing the cells to a hypotonic bath solution
(200 mosmol/1), upon which the outward and inward
current density was increased by 837 ± 403 % and
418 ± 110%, respectively. The maintenance of this con-
ductance did not seem to be dependent on intracellu-
lar calcium since intracellular calcium was buffered to
< 0.1 nM by 2 mM EGTA.

Biophysical characteristics of volume-sensitive
current

Figure 1 B2 illustrates typical peak current traces,
obtained when Vn was held at 0 mV and pulsed

to ± 100 mV in 20-mV steps. The average peak currents
were 96.1 ± 10.3 pA/pF and -66.5 ± 8.1 pA/pF at
ECe, ± 60 mV, respectively (n = 26 see Fig. 1D). Al-
though the time to reach peak current did vary (range
2-7 min), the mean time to peak current amplitude for
cells for which run-up data were available was
4.6 ± 0.6 min (n = 16). The currents showed character-
istic time-dependent inactivation at depolarising step
potentials >_ 60 mV (Fig. 1B2). The volume-sensitive
currents also exhibited an outwardly rectifying instan-
taneous I/ V plot (Fig. 1 C) with an ECev of - 3.2
± 0.8 mV (n = 24) close to the calculated equilibrium
potential for Cl - of -1.7 mV under our conditions.
Figure 1D summarises the initial current densities
obtained at different times after obtaining the whole-
cell configuration. For technical reasons, the earliest
I/ V data we obtained were 1 min after establishing the
whole-cell recording configuration. As Fig. 1 D shows,
even at this early time point a substantial current was
already present (39.5 ± 9 pA/pF and 28.9 ± 6 pA/pF
at Erev ± 60 mV; n = 5) and in four out of five cells this
initial current already had volume-sensitive biophysi-
cal characteristics. We then investigated the initial cur-
rent densities 2 min (54.6 ± 15 pA/pF and 34.2 ± 10
pA/pF at ± 60 mV; n = 9) after going whole-cell
and 3 min (56.2 ± 14 pA/pF and 46.4 ± 10 pA/pF at
Ere„ ± 60 mV; n = 6) after going whole-cell. The initial
current densities at both these time points were larger
than the current densities at 1 min, confirming the
"run-up" nature of the response. All the initial
currents, whether at 1, 2 or 3 min after obtaining the
whole-cell configuration, ran-up to peak current
values, as illustrated in Fig. 1 D. Taken together, these
biophysical characteristics suggest that vas deferens
epithelial cells possess a volume-sensitive Cl - conduc-
tance.

Anion selectivity of volume-sensitive current

Further demonstration that these currents were Cl -

-selective was provided by experiments in which
100 mM of the extracellular Cl - was replaced by glu-
conate. Figure 2 shows the II V plot from a represen-
tative experiment using a single vas deferens cell in
which extracellular Cl - was partially replaced by glu-
conate, iodide and bromide. As can be seen, gluconate
caused a positive shift in the ECe„ indicating that this
anion is less permeable than Cl - . This manoeuvre was
performed using 15 cells and in each a positive shift in
Ere,, was seen (mean 18.9 ± 0.9 mV; n = 15), indicating
a significant selectivity of the whole-cell conductance
for Cl - over gluconate. The anion permeabilities
relative to Cl - were calculated from the shifts in Erev
using the Goldman-Hodgkin-Katz equation. We have
assumed that anion replacement does not alter any
cation conductance in the vas deferens cells. The cal-
culated value for PG,/Pc, was 0.23 ± 0.03 (n = 15).
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Fig. 1A—D Effect of time on whole-cell current after obtaining the
whole-cell configuration. A Continuous recording starting 2 min
after the establishment of the whole-cell configuration. Current
developed steadily, in this case, reaching a peak amplitude after
approximately 360 s. Following 33 min of the experiment the bath
osmolarity was raised to a level hypertonic to the pipette solution
upon which the current steadily decreased to control levels. Current
traces were obtained using the ± 60 mV protocol and were inter-
rupted by the ± 100 mV protocol to establish II V relationships (see
Materials and methods). The scale bars represent 1500 pA and
60 s respectively. B Currents elicited by the ± 100 mV protocol
2 min after establishment of the whole-cell configuration (Bl) and

after the full development of volume-sensitive currents (B2).
C Instantaneous II V plot for the currents shown in B. II V data
points were obtained by measuring currents over a 4-ms period
7 ms into the voltage pulse. (Squares Initial currents, Circles, peak
volume-sensitive currents). D Summary of values obtained for ini-
tial currents measured at 1, 2 and 3 min after establishing the whole-
cell configuration and the corresponding peak current values from
the data at 1, 2 and 3 min after break-in. The mean peak current
value from all experiments is also shown for comparison. Currents
were measured at the reversal potential, E rev , + 60 mV and have
been normalised to cell input capacitance

Figure 2 also shows the I/ V plots obtained upon
replacement of 100 mM of the extracellular C1
with iodide and bromide. As can be seen there is
little change in the Erev values with these substitutions.
When 100 mM bromide was present in the bath
solution the mean shift in Ere„ from control was

— 0.7 ± 0.7 mV (n = 5). Similarly, with 100 mM iodide
in the extracellular solution, the mean shift in Erev
from control was — 0.9 ± 1.2 mV (n = 4). The calcu-
lated values for PBr/Pcl and P1 /P 1 were 1.05 ± 0.04
and 1.06 ± 0.07, respectively. These results are not
significantly different from the permeability of this
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B The mean Ere,, for iodide and its associated current density val-
ues for control, in the presence of iodide and washout conditions
(n = 4)

conductance to Cl - , indicating that the conductance
is not selective amongst these halides. Figure 3
shows the mean data for the ECe1 values and their
associated current densities before, during and after
addition of bromide and iodide. There is no significant
differences between these parameters, indicating
that both bromide and iodide do not affect E 1ev or
conductance.

The volume-sensitive Cl - conductance of the vas
deferens epithelial cells was time-dependent, with
current inactivation during depolarising pulses and
slight current activation during hyperpolarising pulses
(see Fig. 1 B2). The extent of inactivation or activation
depended on the previous voltage history of the
cell.

To further characterise the inactivation process,
a conditioning prepulse to - 80 mV was applied
for 2 s in order to fully activate all the channels
prior to applying depolarising voltage pulses to
+120 mV, in 20-mV steps (Fig. 4A). Inactivation of the
outward Cl - currents was observed at depolarising
potentials of >_ 60 mV. Figure 4C shows the II V
plot for the inactivating Cl - conductance. Instant-
aneous current, measured 7 ms after the start of the
voltage pulse (open symbols), represents current flow
through the activated conductance, whilst plateau
current, measured 495 ms into the voltage pulse (closed
symbols), provides evidence of the time-dependent
inactivation process (n = 4).

Similarly, to further characterise the activation
process of the volume-sensitive current, a conditioning
prepulse to +80 mV for 2 s was applied in order to
inactivate all the channels prior to applying voltage
pulses to -120 mV in 20-mV steps (Fig. 4D). Current
activation was observed during hyperpolarising volt-
age steps of >_ -40 mV. An II V plot for the activation
of the whole-cell Cl - conductance is shown in Fig. 4E
The time courses of current inactivation and activation
were found to be fitted by single exponential functions
(Fig. 4B and E, respectively). The corresponding rate
coefficients for current inactivation and activation are
plotted in Fig. 5, as a function of voltage, together with
their linear least-squares fits. As can be seen, the rate
coefficients for inactivation and activation were found
to be faster for stronger depolarising and hyperpolar-
ising pulses respectively. The slope of these plots shows
that the activation process is approximately 3 times as
sensitive to voltage as that of the inactivation process
(- 0.31 and 0.10 s - t . mV - 1 , respectively).

Pharmacological inhibition of volume-sensitive
current

Figures 6 and 7 compare the effects of 100.tM DIDS,
50 µM dideoxyforskolin, and 10 gM tamoxifen on
peak volume-sensitive currents. Addition of 100 µM
DIDS to the perfusate was found to rapidly reduce the
volume-sensitive Cl - current (Fig. 6A). The DIDS
block was voltage-dependent, outward current being
inhibited to a much greater extent than inward current,
resulting in an inwardly rectifying II V plot. The aver-
age decrease was 60.4 ± 5.2% for outward currents
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Fig. 4A—F Time and voltage dependence of the volume-sensitive
currents. A—C Time- and voltage-dependent inactivation of cur-
rents. A The current traces obtained in response to holding the
membrane potential at —80 mV for 2 s and then pulsing from
—80 to +120 mV for 500 ms, in 20-mV steps. Currents were mea-
sured at 7 and 495 ms into the pulse. B The same current traces
obtained in A from voltage pulses to +80, +100 and +120 mV (solid
lines) and the corresponding single exponential fits to these current
traces (dotted lines). The parameters of the fit were r (ms) = 457,
433, and 200 for +80, +100 and +120 mV respectively. C Il V plots
of currents measured in A, open symbols indicate initial current,
and closed symbols represent plateau current. D—F Time- and volt-
age-dependent activation of currents. D The current traces
obtained in response to holding the membrane potential at +80 mV
for 2 s and then pulsing from +80 to —120 mV for 500 ms, in 20-
mV steps. Currents were measured at 7 and 495 ms into the volt-
age pulse. E The same current traces obtained in D from voltage
pulses to-60, —80, —100 and —120 mV (solid lines) and the cor-
responding single exponential fits to these current traces (dotted
lines). The parameters of the fit were T (ms) = 276, 135, 84, 39 ms
for —60,—  80, —100, and —120 mV, respectively. F Il V plots for
the currents shown in D, open symbols indicate initial current, and
closed symbols represent plateau current
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Fig. 5 Rate coefficients (1/i) of activation (circles) and inactivation
(squares) of volume-sensitive Cl — currents as a function of voltage.
Rate coefficients were derived from single exponential fits to records
in Fig. 4A, D as illustrated in Fig. 4B, E. Solid lines represent lin-
ear least-squares fits to the data

measured at 60 mV and 9.5 ± 7.2% for inward currents
measured at — 60 mV (see Fig. 7).

The effect of dideoxyforskolin, an inhibitor of P-gly-
coprotein [24], on the volume-sensitive conductance
was also investigated. Valverde and coworkers [37] have
reported that the volume-activated Cl — conductance

expressed following transfection of fibroblasts with the
full-length human MDR 1 eDNA was reduced by both
forskolin and dideoxyforskolin. Dideoxyforskolin was
used in this study since, unlike forskolin, it lacks the
ability to activate adenylyl cyclase [25], thus avoiding
the possibility that any effect of the compound results
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Fig. 6A—C Inhibition of volume-sensitive currents. Representative
whole-cell current traces in response to the ± 60 mV protocol
(see Materials and methods) A 4,4'-diisothiocyanatostilbene-2,2'-
disulphonic acid (DIDS, 100 sM) was added where indicated,
causing a rapid decrease in outward whole-cell current, which
was reversed by washout. The scale bars represent 4000 pA and
60 s respectively. B Dideoxyforskolin (50 pM) was added where
indicated, causing a reduction in inward and outward whole-cell
currents, which was reversed by washout. C Tamoxifen (10lM)
was added where indicated. The scale bars for B and C represent
3000 pA and 60 s respectively

from an increase in intracellular cAME Dideoxy-
forskolin (50 µM) caused a reversible reduction in both
outward and inward volume-sensitive currents, of
41.0 ± 12.7 and 32.3 ± 15.9 % respectively (n = 5;
Figs. 6B, 7). Block by dideoxyforskolin was not volt-
age-dependent (there being no statistical difference
between outward and inward current at ± 60 mV) and
was much slower than the effect of DIDS. In addition,
recovery from the drug was also much slower.

Fig. 7 Summary of the inhibition data measured at Erev ± 60 mV.
Data are represented as the percentage of control current
remaining
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The anti-oestrogen tamoxifen has been reported to
selectively inhibit a volume-sensitive Cl - conductance
in the T84 colonic epithelial cell line [38] and rat pan-
creatic duct cells [39]. This drug also represents the
most selective inhibitor of volume-sensitive Cl - cur-
rent so far described. Figures 6C and 7 shows that
tamoxifen, to our surprise, had no effect on the vas def-
erens Cl - conductance, even when used at double the
concentration (10 µM; n = 5/5) that completely abol-
ished the volume-sensitive Cl - conductance of T84 [38]
and rat pancreatic duct cells [39].

Discussion

Biophysical characteristics of the volume-sensitive
Cl - current

In this study, we have demonstrated the presence of
a volume-sensitive whole-cell Cl conductance in pri-
mary cultures of human vas deferens epithelial cells.
The major biophysical characteristics of this conduc-
tance are an outwardly rectifying I/ V relationship and
time-dependent inactivation at depolarising potentials
and time-dependent activation at hyperpolarising
potentials. These characteristics are typical of volume-
sensitive Cl - currents previously reported in relation
to several other epithelial cells (e.g. epididymis [4, 5],
pancreatic ducts [39], ciliary epithelium [42], airway
[3, 9, 21, 27, 28], and gut [17, 33, 41]).

Volume-sensitive Cl- currents developed sponta-
neously, with isosmotic solutions in bath and pipette,
after going whole-cell and gradually increased with
time. The simplest explanation for this is that the cells
swell due to the intracellular environment becoming
hypertonic, maybe as a result of restricted diffusion of
intracellular macromolecules or incomplete mixing of
the cellular contents with the pipette solution. This is
supported by experiments showing that the volume-
sensitive Cl - current was reduced on exposure to a
hypertonic bath solution. Similar observations have
been reported in relation to a number of preparations[9,
21, 41]. The volume-sensitive Cl - current seemed to be
independent of intracellular calcium as this was
buffered to < 0.1 nM. Similar results have been
described in relation to other epithelial cells [1, 4, 5,
17, 21, 33, 42] and adds to the growing body of evi-
dence that suggests that volume-sensitive Cl - currents
involved in RVD in epithelial cells are Cat+-indepen-
dent, although exceptions do exist [31, 39]. Further-
more, it suggests that this Cl - conductance is separate
from the calcium-activated Cl - conductance in these
cells that we have previously described [19].

The activation and inactivation kinetics of this vol-
ume-sensitive Cl - conductance were both fitted by sin-
gle exponential functions. This is in agreement with the
volume-sensitive Cl - conductance in T84 [41] and

human nasal epithelial [9] cells, but is in contrast to a
recent report from rat C6 glioma cells [15]. The acti-
vation and inactivation kinetics of the vas deferens vol-
ume-sensitive Cl - conductance were also considerably
faster than reported for the Cl - conductance in T84
cells [41], but were similar to that reported for nasal
epithelial cells [9]. The voltage dependence of the acti-
vation and inactivation kinetics, however, was qualita-
tively similar in all three cell preparations and the slope
of the voltage dependence shows that the rate constant
for the activation process is approximately 3 times as
sensitive to voltage as that of the inactivation process.
This is similar to the values reported in connection with
T84 and nasal epithelial cells [9, 41].

Anion selectivity of volume-sensitive Cl - current

Anion replacement experiments with gluconate
confirmed that the volume-sensitive current in vas def-
erens epithelial cells was CV-selective. The gluconate
permeability (PGA „. = 0.23) of vas deferens is similar to
values found by others for volume-sensitive Cl - chan-
nels (range 0.11 to 0.25) [6, 27, 37]. Furthermore, the
fact that gluconate has a significant permeability indi-
cates that the diameter of the vas deferens channel pore
is greater than 0.6 nm. In contrast to gluconate, the
volume-sensitive Cl - conductance was not selective for
the halides over chloride (P B, = 1.05 and P 1 = 1.06),
which is similar to the swelling-induced Cl - channel
of the rat epididymis (P Br = 1.07 and P, = 1.16) [4]. At
first sight these permeabilities to iodide and bromide
would seem to be different from permeabilities of other
epithelial cells previously reported [3, 6, 17, 27, 33, 38,
39]. However, on closer inspection, it is noticeable that
there is a large variation in P Br and P, values obtained
from different tissues (e.g. P Br = 1.05 and P, = 1.19 [27];
PBr = 1.56 and P, = 2.60 [3]; PBr = 1.41 and P, = 1.82
[39]). Even in the same T84 cell line the variation is
large (e.g. PB, = 1.04 and P, = 1.19 [27]; PB, = 1.60 and
P, = 2.60 [41]). Recent results from several preparations
[2, 5, 27] show that the volume-sensitive Cl - conduc-
tances in these cells are permeable to the amino acids,
aspartate (PAsp = 0.12-0.19) and glutamate (P GI„r =
0.18-0.20). These permeability values are very similar
to the gluconate permeability of the vas conductance
and, although not measured in our preparation, it is
possible that these amino acids could permeate the vol-
ume-sensitive Cl - channel in vas deferens cells.

Pharmacological inhibitors of the volume-sensitive
Cl - current

The volume-sensitive Cl - current in vas deferens
epithelial cells was inhibited by the disulphonic stil-
bene, DIDS. Outward currents were inhibited to a
much greater extent than inward currents, indicating



652

that the block was voltage-dependent. Similar results
in a number of preparations have been reported [4-6,
17, 33, 39]. Since DIDS is negatively charged the volt-
age dependence suggests that DIDS is binding to a
positively charged site on the channel. The reversible
nature of the block indicates that DIDS does not cova-
lently modify the channel.

Dideoxyforskolin also reversibly inhibited both out-
ward and inward currents. However, the time course of
block and recovery from the drug was much slower
compared to DIDS. A possible explanation is that
dideoxyforskolin may block the channel from the intra-
cellular side, whereas DIDS probably blocks from the
extracellular side of the channel. Valverde and collab-
orators [37] have reported that when full-length human
MDR1 cDNA was permanently transfected into
NIH3T3 fibroblasts, the cells displayed volume-acti-
vated whole-cell Cl - currents and suggested that
P-glycoprotein was acting as a volume-activated Cl -
channel. This idea was supported by data that showed
that these currents were blocked by agents that had
previously been reported to inhibit the P-glycoprotein-
mediated drug transport, including dideoxyforskolin,
forskolin, verapamil, nifedipine, quinine and quinidine
[7]. In contrast, McEwan and colleagues [22] have
reported that, in T84 cells, vinblastine secretion via
P-glycoprotein, and volume-activated Cl - -secretion
showed little correlation. Furthermore, no correlation
has been found between MDR1 expression and vol-
ume-sensitive Cl -current magnitude, in drug-sensitive
and drug-resistant epithelial cell lines [28]. More
recently, Morin et al. [23] have shown that MDR1
expressed in Xenopus oocytes does not produce a vol-
ume-sensitive conductance. This conflicting evidence
suggests that P-glycoprotein may not be a channel itself
but may be involved in the regulation of endogenous
volume-sensitive Cl - channels and, indeed, this has
been more recently proposed by Higgins and colleagues
[10, 12] to explain their results. MDR1 RNA is not
expressed in cultures of vas deferens epithelial cells at
significant levels (A. Harris, unpublished observation),
which suggests that P-glycoprotein is unlikely to under-
lie or regulate the large volume-activated Cl -conduc-
tance found in vas deferens cells. This conclusion is
supported by a recent report by Tominaga et al [36]
who have provided clear evidence for neither a direct
nor a regulatory relationship between P-glycoprotein
and a volume-activated Cl - conductance in a human
small intestinal epithelial cell line (Intestinal 407).

We also tested the effect of the anti-oestrogen,
tamoxifen, which has been reported to block volume-
activated Cl -currents in T84 [38] and rat pancreatic
duct [39] cells. In contrast to these reports, 10 pM
tamoxifen had no effect on the volume-sensitive Cl -

current of vas deferens epithelial cells. Valverde et al.
[38] have reported that tamoxifen blocks the P-glyco-
protein transporter and the presumed P-glycoprotein
associated Cl - channel. The absence of an effect of

tamoxifen on the volume-sensitive Cl - current in vas
deferens cells is consistent with the absence of P-gly-
coprotein in these cells. Furthermore, Nilius et al. [26]
have reported that tamoxifen and dideoxyforskolin had
variable effects on volume-sensitive Cl -currents in a
number of nonepithelial cell lines and Tominaga et al.
[36] have shown varying effects of Tamoxifen and
dideoxyforskolin, depending on whether they were
added before or after swelling-induced activation of the
Cl - current. Taken together it would seem question-
able that tamoxifen, could be used to discriminate vol-
ume-sensitive Cl - currents from other Cl - currents, as
proposed by Valverde et al. [38].

Comparison to other volume-sensitive Cl - channels

Jentsch and colleagues have reported the cloning and
expression of a novel CL channel that was gated by
voltage and was volume-sensitive [8, 35]. The channel
showed about 50°/0 sequence homology with both the
Torpedo electroplax Cl - channel (C1C-0) and the rat
skeletal muscle Cl - channel (CIC-1), and has, there-
fore, been named C1C-2. Currents recorded from
Xenopus oocytes expressing C1C-2 were activated by
hypotonic solutions in the absence of calcium, follow-
ing a delay similar to that reported for the vas defer-
ens. The currents displayed time-dependent inactivation
and activation at depolarising and hyperpolarising
potentials, respectively, broadly similar to that des-
cribed here for vas deferens epithelial cells. However,
time-dependent activation of the current was only
observed at potentials more negative than -90 mV;
even a voltage pulse to -180 mV produced no satu-
ration of the activation process during a 30-s pulse. In
contrast, the current described in the vas deferens cells
activated at potentials more negative than - 60 mV and
was fully activated at a potential of -100 mV within
a 500-ms pulse. In addition the II V plot of C1C-2 was
inwardly rectifying in contrast to the outwardly recti-
fying II V plot of the vas deferens conductance.
Furthermore the C1C-2 conductance was not blocked
by 1 mM DIDS [8], whilst DIDS inhibited the volume-
sensitive Cl - current in the vas deferens cells. These
data would tend to suggest that the volume-sensitive
Cl- conductance of vas deferens epithelial cells is a
separate, and distinct Cl - conductance from C1C-2.

Physiological role of the volume-sensitive Cl - current
in vas deferens cells

The volume-sensitive Cl - conductance in primary cul-
tures of human vas deferens epithelial cells may be one
of the ways by which these cells regulate their cell vol-
ume. Together with a volume-sensitive K + conductance,
this Cl - conductance could contribute to an RVD fol-
lowing osmotic swelling. Furthermore, it is possible
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that this Cl -conductance could provide a secretory
route for organic solutes (e.g. amino acids) into the vas
deferens lumen. Banderali and Roy [2] and others
[5, 14, 16] have described volume-sensitive Cl - chan-
nels that are permeable to amino acids. Movement of
organic osmolytes would also aid the ability of the cells
to volume regulate.

In conclusion, our work provides evidence for the
presence of a volume-sensitive Cl - conductance in pri-
mary cultures of human vas deferens epithelial cells
with characteristics broadly similar to those reported
previously for volume-sensitive Cl -conductances in
other epithelial cells.
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