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S u m m a r y .  Using single-channel recording techniques, we have 
detected two types of outwardly rectifying chloride channel on 
epithelial cells cultured from human fetal epididymis. A small- 
conductance channel (2.8-5.0 pS) was spontaneously active in 
29% of cell-attached patches but rapidly disappeared on patch 
excision. This channel often occurred in clusters and exhibited 
slow kinetics with open and closed times of the order of tens or 
hundreds of msec; an open-state probability that was essentially 
independent of voltage; and a very low permeability to bicarbon- 
ate relative to chloride. Exposing epididymal cells to either for- 
skolin (3 ~M) or adrenaline (1 /zM) activated this channel (up to 
350-fold), suggesting that it may be involved in cyclic AMP- 
mediated anion secretion by the male reproductive tract. The 
large-conductance channel (14 to 29 pS) was never detected in 
cell-attached patches but could be activated by depolarization (40 
mV) in 3% of excised, inside-out patches. Once activated, open- 
ing of this 'large' channel was voltage independent, and it had a 
relatively high permeability to both gluconate (Pgluconate/Pchloride : 
0.24) and bicarbonate (Pbicarbonate/echtofide : 0 . 4 ) .  The proportion 
of excised patches that contained this channel was increased 
2.5-fold by prior stimulation of the epididymal cells; however, 
because the channel was never observed in cell-attached patches 
its physiological role must remain uncertain. 

K e y  W o r d s  e p i d i d y m i s  �9 epithelial transport �9 patch clamp �9 

chloride channels �9 cyclic AMP-regulated chloride channel 

Introduction 

The epididymis forms the proximal part of the excre- 
tory duct system in the male reproductive tract and 
is a complex organ which secretes and absorbs ions, 
water and organic solutes [9, 21, 32, 33, 37]. By way 
of its transport properties, the epididymal epithelium 
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normally provides the correct luminal environment 
for sperm maturation. 

Recently, it has been shown that primary cul- 
tures of epithelial cells isolated from the cauda 
(distal) epididymis of the rat possess an electro- 
genic secretory mechanism for chloride and bicar- 
bonate ions [9, 32, 33, 36]. This process is stimu- 
lated by a variety of agents, all of which increase 
intracellular cyclic AMP [36], and may facilitate 
ejaculation by maintaining the fluidity of the epidid- 
ymal contents [32, 34]. Furthermore, it has also 
been shown that bicarbonate ions are important 
for the initiation of sperm motility at ejaculation 
[27]. 

On the basis of ion replacement [9, 32], trans- 
port inhibitor [32, 33] and intracellular pH studies 
[35], it has been suggested that epididymal anion 
secretion occurs by a mechanism similar to that 
proposed for other epithelia [35]. As such, there 
is an anion accumulation step at the basolateral side 
of the cell (mediated by Na/K/2C1 cotransporters, 
Na+/H + exchangers and C1-/HCO3 exchangers), 
while anion exit at the apical membrane is mediated 
by ion channels [35]. However, to date, this trans- 
port model has not been confirmed by cellular 
electrophysiological studies. 

The aim of this study was to characterize the 
chloride channels on human epididymal cells and 
to identify which channel(s) might be involved in 
cyclic AMP-mediated anion secretion. Our results 
indicate that both large- and small-conductance, 
outwardly rectifying, chloride channels are present 
in this epithelium. Only the small-conductance 
channel was detected in cell-attached patches, and 
its activity could be markedly increased by for- 
skolin and adrenaline. This suggests that the 'small' 
channel is regulated by cyclic AMP and thus might 
be involved in electrogenic anion secretion by the 
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human male reproductive tract. Some of our results 
have been published in preliminary form [28]. 
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Materials and Methods 

H U M A N  EPIDIDYMAL CELL CULTURES 

Primary monolayers of epididymal cells were grown on collagen- 
coated glass coverslips from explants of second trimester human 
fetal epididymes as previously described [19]. Three normal fe- 
tuses, and one fetus with Wellveger's syndrome, were obtained 
within 48 hr of prostaglandin-induced terminations (two fetuses) 
or spontaneous abortions (two fetuses). Once established, these 
cultures contain two populations of epithelial cells; relatively 
large, angular cells that do not appear tightly packed even in 
confluent monolayers, and smaller round cells that occur in tightly 
packed colonies. Both cell types have been identified as epithelial 
on the basis of morphological, biochemical and immunocyto- 
chemical evidence [19]. 

The cultures were established at Guy's Hospital, London, 
and then sent by express postal service to Newcastle upon Tyne. 
After arrival in Newcastle they were incubated for 1 to 9 days in 
the standard growth medium [19] minus cholera toxin before 
electrophysiological studies were performed. A total of 20 cul- 
tures (between two and seven from each fetus), maintained for 
between 6 and 16 weeks, were used in this study. 

ELECTROPHYSIOLOGY 

Single-channel current recordings were made at 21-23~ using 
the patch-clamp technique [18]. Most patches (89%) were ob- 
tained from the upper surface of flat cells in confluent or noncon- 
fluent areas of the monolayers. However, in order to increase the 
sealing rate, we occasionally rounded the cells by brief incubation 
with 1.5% wt/vol trypsin (Gibco). From the electrophysiological 
point of view there were no obvious differences between un- 
treated and trypsinized cells, between the large and small cells in 
the cultures, and between cultures of different ages. Therefore, 
all the electrophysiological data have been pooled. 

Full details of the electrophysiological techniques used in 
this study are described elsewhere [14-16]. The tissue bath (vol- 
ume 1.5 ml) was grounded, and potential difference across ex- 
cised, inside-out patches was referenced to the extracellular face 
of the membrane. In the cell-attached configuration, the potential 
difference across the patch is equal to the cell membrane potential 
(Vm) minus the pipette clamp potential (Vp). Since the membrane 
potential is unknown, we give Vp values in this recording configu- 
ration. Outward current, the flow of positive charge from the 
inside to the outside of the membrane, is indicated as an upward 
deflection on all the records. Junction potentials were measured 
using a flowing 3M-KC1 electrode [14] and the appropriate correc- 
tions applied to our data. The current reversal potential (Erev) w a s  
obtained by fitting a second or third order polynomial to the 
rectifying I/V plots using least squares regression analysis. We 
give chord conductances between Er~ v and - 50 inV. Anion perme- 
ability ratios for channels in excised patches were calculated 
from the shift in Erev values following ion substitution using the 
Hodgkin-Katz modification of the Goldman equation as follows 
[16]: 

where P is permeability; [C1] and [X] are the molar concentrations 
of chloride and the replacement anion, respectively, i and o de- 
note the inside and outside of the membrane, respectively, and 
Ere v is the reversal potential (mV). 

Channel activity is expressed in two ways; either as single- 
channel open state probability (Po) or as the product of channel 
number (N) and Po (NPo). To determine Po, current records were 
digitized at 10 kHz using a CED 1401 interface (Cambridge Elec- 
tronic Design, UK) and analyzed using a two-threshold transition 
algorithm which employed a 50% threshold crossing parameter 
to detect events. Po was calculated as the fraction of total time 
that channels were open using a minimum of 120 sec of data. 
When multi-channel patches were used for Po determinations, we 
assumed that the total number of channels present was equal to 
the maximum number of simultaneous current transitions. To 
obtain NP o we first divided the current record into 30-sec seg- 
ments and then calculated the area under the current record for 
each segment. These area values are proportional to NPol, where 
N is the number of active channels, Po is the single-channel open- 
state probability, and I is the single-channel current. To calculate 
NP o each NPol value was divided by the area under the notational 
current trace obtained if one channel was open for 30 sec. 

SOLUTIONS AND CHEMICALS 

During seal formation, and when recording in the cell-attached 
mode, the bath contained an extracellular type Na+-rich solution 
(in mM): 138 NaCI, 4.5 KC1, 2 CaCI2, 1 MgCI2, 5 glucose, and 10 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 
pH 7.4. For some experiments either the Na § in this solution was 
totally replaced with K § , or the C1- was partially replaced with 
either gluconate or HCO~. The composition of these solutions 
was as follows. K§ (raM): 142.5 KC1, 2 CaClz, 1 MgC12, 5 
glucose, and 10 HEPES, pH 7.4. Gluconate-replacement (mM): 
38 NaC1, 100 Na-gluconate, 4.5 KCI, 2 CaClz, 1 MgCIz, 5 glucose, 
and 10 HEPES, pH 7.4. HCO~ replacement (mM): 38 NaCI, 100 
NaHCO3, 4.5 KC1, 1 MgC12, 5 glucose, and 10 HEPES, pH 7.9. 
Bath solution changes were accomplished by gravity feed (5 ml/ 
min) from a bank of reservoirs. When these solutions were used 
in the pipette, glucose was omitted and they were filtered through 
a 0.2 p~M membrane filter. 

In some experiments the cells were continuously stimulated 
by exposing them to one or a combination of stimulants through- 
out the experimental period, which usually lasted for 0.5-6 hr. In 
other experiments, cells were briefly exposed to stimulants while 
a cell-attached recording was in progress. The stimulants em- 
ployed and their final bath concentrations were: forskolin (3/xM), 
adrenaline (1 /xM), dibutyryl cyclic AMP (0.1 raM) and isobutyl- 
methylxanthine (0.1 mM) (all from Sigma). All other chemicals 
were purchased from commercial sources and were of the highest 
purity available. 

STATISTICS 

Significance of difference between means was determined using 
Student's t test. The level of significance was set at P -< 0.05. All 
values are expressed as mean -+ SE (number of observations). 
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Fig. 1. The small-conductance channel in cell-attached patches. (A) Typical current traces recorded at the pipette potentials (Vp) 
indicated. Dashed lines show current level when all channels are closed. Solutions: bath, Na+-rich; pipette, Na+-rich. (B) Single- 
channel 1IV plot with Na+-rich solutions in pipette and bath. Data are from five patches on ceils in five different monolayers. (C) Sing/e- 
channel I/V plot. Solutions: bath, Na+-rich; pipette, K+-rich. Data are from three patches on cells in three different monolayers. 
Current records have been low-pass filtered at 100 Hz. Lines were fitted by second-order polynomial least squares regression analysis. 

Results 

THE SMALL-CONDUCTANCE CHANNEL 

Cell-attached patches on the upper surface of cells 
in both confluent and nonconfluent areas of mono- 
layers were either quiescent or contained up to 11 
small-conductance channels. Figure 1A shows cell- 
attached currents recorded from a patch that con- 
tained one active channel. When this patch was de- 
polarized the channel exhibited slow kinetics with 
open and closed times of the order of tens to hun- 
dreds of msec; however, rapid closing events ap- 
peared when the patch was hyperpolarized and in- 

ward currents were flowing through the channel. 
With a Na+-rich solution containing 148.5 mM C1- 
in the pipette, the unitary currents reversed at 
Vp = -0 .5  mV (i.e., close to the resting membrane 
potential of the cell), and the conductance was 5.0 
pS for outward current and 2.8 pS for inward current 
(ratio of outward to inward conductances = 1.8). 
Thus this channel is an outward rectifier in cell- 
attached patches. Replacing the Na+-rich solution 
in the recording pipette with a K+-rich solution had 
no marked effect on the I/V plot (Fig. 1C); under 
these conditions the reversal potential was 0.2 mV 
and the conductances for outward and inward cur- 
rents 5.2 and 3.8 pS, respectively. This indicates that 
the small-conductance channel is either completely 
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Fig. 2. Anion selectivity of the small-conductance channel. (A) Typical single channel currents recorded after substituting 100 mM CI- 
in the recording pipette with gluconate. The bath solution was Na + rich. (B) I/V plots. (O), Bath, Na + rich; pipette, gluconate 
replacement. Data are from two patches on two different cells. For clarity the control I/V plot (some data as in Fig, IB) is shown 
without the individual data points. (C) Single-channel currents recorded after replacing 100 mM C1- in the pipette solution with HCO3, 
The bath solution was Na + rich. (D) I/V plots. Solutions: (O), Bath, Na + rich; pipette, Na + rich (pH 7.9). Data are from one patch. 
(A), Bath Na + rich; pipette, bicarbonate replacement (pH 7,9). Data are from three patches on cells in two different monolayers. 
Current records have been low-pass filtered at 100 Hz. Lines were fitted by second-order polynomial least squares regression analysis. 

nonselective or selects for chloride over sodium and 
potassium. 

We tested for anion selectivity of the 'small' 
channel in cell-attached patches by replacing 100 
mM CI- in the pipette solution with other anions. If 
the channel selects for chloride over the replacement 
anion then this manoeuvre will cause a negative 
(rightward) shift in the single-channel current rever- 
sal potential. A shift of - 2 9  mV will occur if the 
replacement anion is impermeant provided: (i) that 
the change in pipette anion composition does not 
affect the intracellular concentration of permeant 
ions, and (ii) that the electrochemical gradient for 
chloride is identical for all cells used in the analysis 
[16]. We adopted this approach to determine anion 
selectivity because it proved impossible to retain 
activity of the small-conductance channel in excised 
patches. Figure 2A and B shows that replacing 100 
mM CI in the pipette solution with gluconate caused 

the reversal potential to shift by -25  mV (mean of 
two experiments, individual values were - 2 4  and 
-25  mV), confirming that the 'small' channel is 
anion selective. 

Figure 2C and D shows data from similar experi- 
ments in which we examined the bicarbonate perme- 
ability of the channel. Because the HCO3-replace- 
ment pipette solution has a pH of 7.9, a Na+-rich 
pipette solution with the same pH was used to obtain 
the control I/Vplot (filled circles in Fig. 2D). Replac- 
ing 100 mM of the chloride in the Na+-rich pipette 
solution with bicarbonate (pH 7.9) caused the rever- 
sal potential to shift by - 2 9  mV (mean of three 
experiments, individual values were -27 ,  - 28  and 
-33  mV), indicating that the 'small' channel has a 
very low bicarbonate permeability relative to chlo- 
ride (Fig. 2D). 

The current traces illustrated in Figs. 1 and 2 
suggest that opening of the small-conductance chan- 
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Fig. 3. Simulation of small-conductance channel activity by forskolin and adrenaline. (A) Single-channel currents recorded at Vp = 
-55 mV from a cell-attached patch. Low pass filtered at -50 Hz by the frequency response of the chart recorder. Solutions: bath and 
pipette, Na § rich. For the duration of the horizontal bars a Na+-rich solution containing either 3/ZM forskolin or I p.M adrenalin was 
perfused through the bath. The falling current baseline at the start of the experiment was caused by a gradual increase in seal resistance. 
(B) Channel activity. The initial baseline current drift and the large number of channels in this patch precluded single-channel P,, 
analysis using our computer software, so we have expressed channel activity as NP,, (see Materials and Methods). The baseline current 
over the period 5 to 24 rain was estimated by interpolation using the current level just before channel activation and the level at the 
next fully closed state. 

nel is not markedly voltage dependent .  In one exper- 
iment we tested for  this more  carefully by switching 
the pipette potential between - 60 mV (depolarizing 
the patch) and 60 mV (hyperpolarizing the patch) at 
30-sec intervals. The total recording time was 120 
sec at each potential,  and the calculated Po values 
were 0.07 at - 6 0  mV and 0.03 at 60 mV. This indi- 
cates that channel activity can be increased by mem- 
brane depolarization; however ,  the fact that a 120- 
mV change in membrane  potential was required to 
doubled Po indicates that voltage is unlikely to have 
a physiological role in regulating the channel. 

Figure 3 shows that exposing epididymal cells 
to forskolin (3/.LM) and adrenaline (1/~M) increased 
channel activity (expressed as the product  NPo), and 
that these effects were  reversed after washout  of  the 
stimulants f rom the tissue bath. In this particular 
experiment ,  forskolin increased channel activity by  
a max imum of 355-fold and adrenaline by 123-fold. 
During stimulation with forskolin there were up to 
eleven small-conductance channels s imultaneously 
open in the patch (Fig. 3). In all probabili ty,  the - 5  
min delay between addition of forskolin and stimula- 

tion of channel activity partly reflects the t ime re- 
quired for  bath fluid exchange,  and partly the time 
taken for forskolin to cross the cell membrane  and 
activate the catalytic subunit of  adenylate  cyclase.  
The activation delay with adrenaline, which will act 
on p lasma membrane  receptors ,  was only - 1 . 5  min. 
Reversible activation of the channel was also ob- 
served in two out of  two additional exper iments  with 
forskolin and adrenaline per formed on different 
monolayers .  In both the forskolin trials channel ac- 
tivity was stimulated 102-fold, whereas  with adrena- 
line the increases were 23-fold and three-fold. These  
results suggest that regulation of  the channel on in- 
tact cells may be mediated by intracellular cyclic 
AMP. 

THE LARGE-CONDUCTANCE CHANNEL 

Activity of  the ' smal l '  channel d isappeared after 
patches were excised into the inside-out recording 
configuration. However ,  in these excised patches,  
and in others that had been quiescent during cell- 
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Fig. 4. The large-conductance channel in excised, inside-out patches. (A) Typical current traces recorded at the membrane potentials 
(Vm) indicated. Solutions: Bath and pipette, Na + rich. Current records have been low-pass filtered at 500 Hz. (B) Single-channel I/V 
plot. Solutions: Bath and pipette, Na § rich. Data are from 10 patches excised from different cells. 

attached recording, we could often initiate activity 
of a larger conductance channel by depolarizing the 
patch (40 mV for about 20 sec). Because there was no 
obvious correlation between activation of a 'large: 
channel and the presence of 'small' channels prior 
to patch excision it seems unlikely that the former 
could arise by an association of 'small' channels. 
We never observed activity of the large-conductance 
channel in cell-attached patches. 

Figure 4A shows single-channel currents flowing 
through the 'large' channel in an excised patch 
bathed in symmetrical Na+-rich solutions. One 
channel was present in this patch and it remained 
open for several sec during which time there was a 
considerable degree of open-channel noise (Fig. 4A). 
With a Na+-rich solution containing 150 mM C1- on 
both sides of the patch, the unitary currents reversed 
at 0 mV and the I/V plot displayed outward rectifica- 

tion with conductances of 29 pS for outward and 13 
pS for inward currents (ratio of outward to inward 
conductance = 2.2) (Fig. 4B). 

Details of the ion selectivity of the large-conduc- 
tance channel are shown in Fig. 5. Switching from a 
Na+-rich to a K+-rich bath solution had no effect on 
the I/V plot in excised patches, indicating that the 
channel does not select for sodium or potassium 
(Fig. 5B). On the other hand, imposing a threefold 
chloride concentration gradient across an excised 
patch, by replacing bath chloride with gluconate, 
shifted the reversal potential by -20  mV (Fig. 5A 
and B). In one other experiment of this type, the 
shift in reversal potential was - 17 mV. From these 
results Pgluconate/Pchloride for the 'large' channel can be 
calculated as 0.24. 

Figure 5D shows that increasing the pH of the 
Na+-rich pipette solution from 7.4 to 7.9 had no 
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Fig. 5. Anion selectivity of the large-conductance channel in excised, inside-out patches. (A) Single-channel currents recorded at the 
membrane potentials (Vm) indicated. Solutions: Bath, gluconate replacement; pipette, Na + rich. (B) Single-channel I /V  plots. ( I )  Bath 
and pipette, Na § rich. ([~--data fit indicated by dashed line) Bath, K § rich; pipette, Na § rich. (A) Bath, gluconate replacement; pipette, 
Na + rich. (C) Single-channel currents. Solutions: bath, bicarbonate replacement; pipette, Na § rich. (D) Single-channel I /V  plots. (O) 
Bath, Na § rich (pH 7.9); pipette, Na § rich. (A) Bath, bicarbonate replacement (pH 7.9); pipette, Na § rich. Current records have been 
low-pass filtered at 300 Hz. Lines were fitted by third-order polynomial least squares regression analysis. All these data were obtained 
from one excised patch. 

effect on the I/V plot for the large-conductance chan- 
nel. However, when two thirds of the bath chloride 
was replaced with bicarbonate (pH 7.9) the reversal 
potential was shifted by - 10 mV. In another experi- 
ment of this type the shift in reversal potential was 
-16  mV (Fig. 5C and D). Taken together, these 
results give a calculated ebicarbonate/Pchloride of 0.4. 

Inspection of the current traces in Fig. 4A sug- 
gests that like the 'small' channel, activity of the 
larger conductance channel is not voltage depen- 

dent. We checked this more carefully by holding 
an excised patch at -25  mV for 50 sec and then 
switching the potential to 25, - 50 and 50 mV for the 
same period of time. This cycle was then repeated 
six times, giving a total recording time of 300 msec 
at each voltage. The calculated single-channel Po 
values were 0.63, 0.59, 0.64 and 0.72 at -25 ,  25, 
- 50 and 50 mV, respectively. These results confirm 
that once activated, opening of this 'large' channel 
is not affected by membrane voltage. 
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Table. The proportion of patches on unstimulated and stimulated epididymal cells that contained active 
chloride channels a 

C1- channel C-A patches I-O patches 

Unstimulated Stimulated Unstimulated Stimulated 

Small conductance 54/189 42/219 - -  - -  
(29%) (19%) 

Large conductance 0/189 0/219 7/248 31/370 
(0%) (0%) (3%) (8%) 

a Stimulated cells were exposed to a mixture of dibutyryl cyclic AMP (0.1 mM), isobutylmethylxanthine 
(0.1 mM) and forskolin (1 /~M) for at least 30 min prior to gigaseal formation. Note that for the 'large' 
channel the number of e.xcised, inside-out (I-O) patches is greater than the number of cell-attached (C- 
A) patches. This results from the fact that gigaohm seals were not always established in the C-A 
configuration but developed when the patch was excised. 

OCCURRENCE OF THE ' S M A L L '  

AND ' L A R G E '  CHANNELS 

The frequency with which we observed the two 
types of outwardly rectifying chloride channel is de- 
tailed in the Table. Note that 'small' channel activity 
was detected in 29% of cell-attached patches on un- 
stimulated cells, and that channel activity disap- 
peared when these patches were excised. On the 
other hand, the 'large' channel was never observed 
in cell-attached patches and could be activated in 
only 3% of excised patches derived from unstimu- 
lated cells. Exposing the cells to dibutyryl cAMP 
(0.1 mM), isobutylmethylxanthine (0.1 mM) and for- 
skolin (1 /ZM) for at least 30 min prior to giga-seal 
formation reduced by one-third the proportion of 
cell-attached patches containing the small-conduc- 
tance channel (Table). However, the same proce- 
dure more than doubled (to 8%) the proportion of 
excised patches that contained the larger channel 
(Table). 

Discussion 

Our major finding is that two types of outwardly 
rectifying chloride channel are present on epithelial 
cells cultured from human fetal epididymis. The 
'large' channel had conductances of 13 and 29 pS for 
inward and outward currents, respectively, while for 
the 'small' channel these values were 2.8 and 5 pS, 
respectively. We did not detect the 20 pS nonrectify- 
ing channel that is present on the apical membrane 
of rat cauda epididymis [8]. 

' L A R G E '  CHANNEL 

This chloride channel was never observed in cell- 
attached patches but was activated by depolariza- 

tion (40 mV) in 3% of patches excised from unstimu- 
lated cells. Its characteristics can be summarized as 
follows: (i) Outward rectification with the ratio of 
outward-to-inward conductance = 29/13 pS = 2.2. 
This rectification must be an inherent property of 
the channel since it occurs when equal chloride con- 
centrations are present on both sides of the patch. 
(ii) Rarely more than two channels per patch. (iii) 
Open state probability independent of voltage once 
the channel is activated. (iv) Significant permeability 
to gluconate; egluconate/echloride = 0.24. (v) Relatively 
high permeability to bicarbonate; Pbicarbonate/Pchloride 
= 0.4. A similar, outwardly rectifying, chloride 
channel has previously been identified on cultured 
rat epididymal cells [2], in a number of other anion 
secreting epithelia (enterocytes [10, 12], T84 and 
HT29 cell lines [17, 20, 31], pancreatic duct cells [15, 
30]), and in airways epithelium where its regulation 
by protein kinase A and C-kinase has been reported 
to be defective in cystic fibrosis (CF) [22, 24, 25, 29]. 

As we never detected activity of this large-con- 
ductance chloride channel in cell-attached patches 
on epididymal cells, its physiological role must re- 
main uncertain. W e  came to the same conclusion 
regarding the function of this channel in the pancreas 
[15]. However, the proportion of excised patches 
that contained the channel was more than doubled 
(from 3 to 8%) by prior exposure of the epididymal 
cells to a cocktail of stimulants which increases in- 
traceUular cyclic AMP. This may indicate that at 
least the number of large-conductance channels can 
be modulated by this cyclic nucleotide. Outwardly 
rectifying whole-cell chloride conductances have 
been detected in osmotically swollen epithelial cells 
[38] and in dividing lymphocytes [3], perhaps indi- 
cating a role for this channel in cell volume regula- 
tion. Outward rectification is also a feature of the 
CaZ+-activated whole cell chloride currents in T84 
and airways epithelial cells [6]. 
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'SMALL' CHANNEL 

This was the chloride channel we detected most 
frequently; it occurred in 29% of all cell-attached 
patches on unstimulated cells. Its characteristics can 
be summarized as follows: (i) Outward rectification 
with the ratio of outward to inward conductances = 
5/2.8 pS = 1.8. (ii) Clustering with up to 11 channels 
per patch. (iii) An open-state probability which is 
essentially independent of voltage over the physio- 
logical range of membrane potentials. (iv) A very 
low bicarbonate permeability relative to chloride. 
(vii) Rapid rundown following patch excision. 

Previously, small-conductance chloride chan- 
nels have been identified in lacrimal acinar cells (1-2 
pS) [26], in shark rectal gland (11 pS) [13], in the 
choroid plexus (2-7 pS) [5], and on thyroid epithelial 
cells (5.5 pS) [4]. However, the 'small' chloride 
channel in the epididymis more closely resembles 
a cyclic AMP-regulated channel that we originally 
identified on rat and human pancreatic duct cells 
[14-16]. In these cells the channel facilitates bicar- 
bonate secretion via a CI- /HCO 3 exchanger by 
allowing chloride to recycle across the apical mem- 
brane. Recently, a chloride channel with broadly 
similar properties has also been identified on the 
human colonic cell line T84 [31]. 

Activity of the 'small' channel in the epididymis 
could be markedly stimulated when cells were ex- 
posed to either forskolin or adrenaline during cell- 
attached recording. In the presence of forskolin up 
to 11 channels were observed to open simultane- 
ously in cell-attached patches, and increases in chan- 
nel activity (expressed as NPo) of up to 350-fold 
were detected. These results show that the small- 
conductance channel in the epididymis can be upreg- 
ulated by cyclic AMP and, therefore, that it might 
play a role in electrogenic anion secretion [9, 32, 
33]. Stimulation of 'small '  channel activity by cyclic 
AMP during cell-attached recording was also ob- 
served in rat and human pancreatic duct cells [14, 
15] but did not occur in T84 cells [31]. Nevertheless, 
prior exposure of T84 cells to stimulants did increase 
the number of cell-attached patches containing ac- 
tive channels by greater than sixfold [31]. While we 
did not observe this effect in the human epididymis, 
or in a previous study on human pancreatic duct 
cells [ 15], the proportion of patches on rat pancreatic 
duct cells that contained small-conductance chan- 
nels did increase by 2.3-fold after exposure to stimu- 
lants which elevate intracellular cyclic AMP [14]. 

In our previous studies on pancreatic duct cells 
we did occasionally observe small-conductance 
channels in excised patches, and under these condi- 
tions the I/V plot was always linear provided there 
was no chloride concentration gradient across the 
patch (see Fig. 2B in ref. 14; Fig. 4B in ref. 15; 

and Fig. 2C in ref. 16). This suggests that outward 
rectification of the 'small' channel in cell-attached 
patches is due to a lower chloride concentration in 
the cytoplasm of the epididymal cells compared to 
the pipette solution. These small-conductance chan- 
nels may, therefore, underlie the linear, cyclic AMP- 
activated, whole-cell chloride currents recently de- 
tected (using the patch-clamp technique) in some 
chloride secreting epithelia [6]. Moreover, a linear 
whole cell chloride conductance [1, 11,23], together 
with small conductance chloride channels of a type 
very similar to those we described in this report [23], 
also appear in epithelial and nonepithelial cells that 
have been transfected with the normal CF gene. This 
suggests that the 'small' channel is at least regulated 
by the CF gene product, and may even be the gene 
product itself [1, 23]. Recently, we have shown that 
cultured epididymis and vas deferens both express 
the CF gene [7]. Therefore, a defect in 'small' chan- 
nel regulation might well underlie the degenerative 
changes in these structures that render more than 
97% of CF males sterile. 
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