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Abstract. The vas deferens forms part of the male re- 
productive tract and extends from the cauda epididymis 
to the prostate. Using the patch clamp technique, we 
have identified a Ca2+-activated, voltage-dependent, 
maxi K + channel on the apical membrane of epithelial 
cells cultured from human fetal vas deferens. The chan- 
nel had a conductance of - 2 5 0  pS in symmetrical 140 
mM K + solutions, and was highly selective for K + over 
Na +. Channel activity was increased by depolarization 
and by an elevation of bath (cytoplasmic) Ca 2+ con- 
centration, and reduced by cytoplasmic Ba 2+ (5 mM) but 
not by cytoplasmic TEA (10 mM). Channel activity was 
also dependent on the cation bathing the cytoplasmic 
face of the membrane, being higher in a Na +-rich com- 
pared to a K+-rich solution. We estimated that up to 
600 maxi K + channels were present on the apical mem- 
brane of a vas cell, and that their density was 1-2 per 
g2 of membrane. Activity of the channel was low on 
intact cells, suggesting that it does not contribute to a 
resting K + conductance. However, fluid in the lumen 
of the human vas deferens has a high K + concentration 
and we speculate that the maxi K + channel could play 
a role in transepithelial K + secretion. 
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Introduction 

The vas deferens forms the distal part of the excurrent 
duct system of the male reproductive tract and receives 
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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 environment for 
this process to occur. Although the vas deferens has not 
been studied in detail, the epididymis is known to be a 
complex epithelium which can both absorb and secrete 
ions, water and macromolecules [17, 42]. 

One striking feature of the luminal fluid within the 
excurrent duct system of the male reproductive tract is 
its very high potassium content. Micropuncture stud- 
ies have shown that the concentration of K + in the lu- 
men of the rat vas deferens is 51.9 raM, i.e., about 11- 
fold higher than the plasma value [26]. Quantitatively, 
similar results have been observed for the K + concen- 
tration in luminal fluid isolated from the vas deferens 
of ram, boar, bull and hamster [see Fig. 4 in ref. 38]. 
The K + concentration in fluid obtained from human vas 
deferens during vasectomy operations was reported to 
be 111 mM [16]. This high K + concentration is no 
doubt largely produced by the absorption of water in the 
seminiferous tubules and the epididymis [26, 44]. How- 
ever, the transepithelial potential in the rat vas deferens 
is - 2 7  mV (lumen negative), and K + is above electro- 
chemical equilibrium in the ductal fluid, suggesting 
that the ion must be actively secreted [26]. Direct ev- 
idence for K + secretion in the male reproductive tract 
has been provided by in vivo microperfusion studies on 
the rat epididymis [44] and by 86Rb flux studies on cul- 
tured rat epididymal cell monolayers [9]. The high K + 
concentration in semen inhibits sperm motility and is 
necessary to maintain sperm quiescent during storage in 
the male reproductive tract [43]. 

The aim of this study was to investigate the mech- 
anism by which K + could be secreted by the human vas 
deferens. K + secretion by the vas is likely to involve 
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an apical K + channel and in this respect it is interest- 
ing to note that calcium-activated, voltage-sensitive, 
maxi K + channels whose activity can be regulated by 
adrenaline [18], and also smaller conductance K § chan- 
nels [5], are known to be present on the apical mem- 
brane of  rat epididymal cells. Therefore, we set out to 
identify and characterize the K + channels in the apical 
membrane of  human vas cells. Our results show that the 
predominant channel on this membrane is a Ca2+-acti - 
vated, voltage-dependent,  maxi K + channel and we 
speculate that this channel is involved in transepithelial 
K + secretion by the human male reproductive tract. 
Some of  our observations have been reported in pre- 
liminary form [31 ]. 

Materials and Methods 

HUMAN VAS DEFERENS CELL CULTURE 

Primary monolayers of vas deferens cells were grown on glass cov- 
erslips from explants of second trimester human fetal vas deferens as 
previously described [15]. Six normal fetuses, and one fetus with Zell- 
weger 's  syndrome, were obtained within 48 hr from mid-trimester 
prostaglandin-induced terminations or spontaneous abortions. Once 
established, two cell types predominate in the cultures; a large angu- 
lar cell that does not appear tightly packed even in confluent areas, 
and a relatively small "cobblestone" cell that always appears in tight- 
ly packed colonies. Both cell types have been identified as epithe- 
lial cells on the basis of morphological, biochemical and immunocy- 
tochemical evidence [15]. 

The cultures were passaged on glass coverslips (passage num- 
bers were between 1 and 12), and 2-4 days later sent from Oxford to 
Newcastle upon Tyne. After arrival in Newcastle, they were incubated 
for one to seven days in the standard growth medium [t5] minus 
cholera toxin before electrophysiological studies were performed. 

ELECTROPHYSIOLOGY 

We studied a total of 117 coverslip cultures (between 2 and 34 cov- 
erslips from each of the seven fetuses). Single channel recordings 
were made at 21-23~ using the patch clamp technique [14]. All 
patches were obtained from the upper surface of small "cobblestone" 
cells in confluent areas of the monolayers. Full details of the elec- 
trophysiological techniques used in this study are described else- 
where [12]. The tissue bath was grounded, and potential difference 
across excised, inside-out patches (Vm) was referenced to the extra- 
cellular face of the membrane. Junction potentials were measured us- 
ing a flowing 3M-KC1 electrode [11], and the appropriate corrections 

were applied to our data. 
In the cell-attached configuration, the potential difference across 

the patch is equal to the cell membrane potential ( V )  minus the 
pipette potential (Vp). Since the membrane potential is unknown in 
this configuration, we usually quote Vp values. However, to enable 
comparison of cell-attached I/V plots from different cells, and to can- 
cel the effect of changes in V,, on channel activity, we have calculated 

V m values as follows. 
For a K+-rich pipette solution and a Na+-rich bath solution: 

Vm= Vp -- Ere v (1) 

where Ere v is the single channel current reversal potential in a Na +- 
rich bath solution. 

For Na+-rich pipette and bath solutions: 

g m = gp - Erev Na bath, K pipette (2) 

w h e r e  Erev Na bath, K pipette is the mean reversal potential measured with 
a Na+-rich bath solution and a K+-rich pipette solution ( -61 .3  mV, 

see Results). 
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. Conductance and reversal potential data were obtained 
from linear current/voltage (I/V) plots by least squares regression 
analysis. 

To determine open state probability (Po), mean open time (MOT) 
and mean closed time (MCT), current records were digitized at 5-10 
kHz using a CED 1401 interface (Cambridge Electric Design, UK) and 
analyzed using a two-threshold transition algorithm which used a 
50% threshold crossing parameter to detect events. Po was calculat- 
ed as the fraction of total time that channels were open using a min- 
imum of 60 sec of data. When multi-channel patches were used for 
these determinations, we assumed that the total number of channels 
present was equal to the maximum number of simultaneous current 
transitions. MOT and MCT refer to the average open and closed times 
of the channel, respectively. To test whether individual channels in 
multi-channel patches operated independently of one another, the bi- 
nomial theorem was used [4]: 

P(n) = NCn pn (1  - -  p)N-n (3) 

Where N is the number of channels, p is open probability, and P(n) 
is the probability of simultaneous opening of n channels. Because Po 
was often very low in cell-attached patches it was not possible to es- 
timate the number of channels (N) in the patch. Therefore, we usu- 
ally quote NP o values in this recording configuration. 

Open (to) and closed (to) time constants were derived from a ki- 
netic analysis of the same recordings that were analyzed to obtain the 
Po, MOT and MCT data. Open and closed time distributions were fit- 
ted by the sum of two exponentials using least squares regression 
analysis. The curve-fining algorithm disregarded channel events 
briefer than 200 gsec. 

Po/Vm data obtained from inside-out patches at each bath Ca 2+ 
concentration were fitted by the Boltzmann curve as described below, 
using least squares regression analysis. For high Po data (2 mM, 10, 
3 and 1 gM Ca 2+ in the bath): 

Po = Pmax (1 + exp [o~F(V o - V,n)/RT])-I (4) 

for low Po data (1, 0.3 and 0.1 gM Ca a+ in the bath): 

Po = (1 + exp [o~F(V o - V m ) ] R T ] ) - I  (5) 

where F, R and T have their usual meanings, Pm~x is the maximum 
Po value, V is the membrane potential tested, V o is the membrane po- 
tential at which Po is half-maximal, and ot is the equivalent number 
of charges moving across the transmembrane potential during an 
open-close transition (the gating charge or Boltzmann constant) [24]. 
Some NPo/V m data were also analyzed using this approach. 

SOLUTIONS AND CHEMICALS 

The Na+-rich, extracellular-type, solution had the following compo- 
sition (in mM): 138 NaC1, 4.5 KC1, 2 CaC12, 1 MgC1 a, 5 glucose, 10 
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N-2-hydroxyethylpiperazine-NC2-ethanesulfonic acid (HEPES) at pH 
7.4. The K+-rich, intracellular-type, solution contained (in raN): I40 
KC1, 2 CaC12, 1 MgCI2, 5 glucose, 10 HEPES at pH 7.4. For some 
experiments, the Ca 2+ concentration in these solutions was stabi- 
lized using a buffer system which contained 2 mM ethyleneglycol-bis- 
([~-aminoethylether)-N,N'-tetraacetic acid (EGTA) and variable 
amounts of CaC12 and MgCI 2. The free divalent cation concentrations 
in these solutions were calculated using the EQCAL program (Biosoft, 
Cambridge, UK), and were either 0. t ,  0.3, 1, --3 or - 1 0  gM for 
Ca 2+, and 1 mM for Mg 2+. Note that the buffering capacity of 
EGTA is weak at pH 7.4 when [Ca 2+] is greater than 1 JIM SO the 3 
and 10 ~tM Ca 2+ buffers will not be accurate. When these solutions 
were used in the pipette, the Ca 2+ concentration was always 1 [AM and 
glucose was omitted. Pipette solutions were filtered through a 0.2 [tM 
membrane filter before use. 

All chemicals were purchased from commercial sources and 
were of the highest purity available. 

STATISTICS 

Significance of difference between means was determined using Stu- 
dent 's  paired or unpaired t-test. The level of  significance was set at 
P --< 0.05. All values are expressed as mean _+ SEM (number of ob- 
servations). 

Results 

MAXI K + CHANNELS IN EXCISED, INSIDE-OuT,  PATCHES 

Basic Characteristics 

Figure 1A (a and b) and B shows single channel currents 
recorded from inside-out patches excised from the up- 
per surface of epithelial cells cultured from human fe~ 
tal vas deferens. In these experiments, the intracellu- 
lar surface of membrane patches was bathed in solutions 
containing 2 mM Ca 2+, and the channels were open for 
most of the time at all membrane potentials tested. The 
most frequent closing event was a rapid flickering clo- 
sure, although occasionally longer closures lasting tens 
of milliseconds were also observed. With a K+-rich so- 
lution bathing the cytoplasmic face, and a Na+-rich so- 
lution bathing the extracellular face of the membrane, 
there was a marked outward rectification of the single 
channel currents, and inward currents were not detect- 
ed (Fig. 1C). Under these conditions, the reversal po- 
tential was more negative than - 5 0  mV, indicating that 
the channel is predominantly K + selective since K + is 
the only ion present with a negative equilibrium poten- 
tial. When the Na + and K + gradients were reversed, the 
channel currents exhibited inward rectification and the 
reversal potential was more positive than +60 mV (Fig. 
1C). That switching the direction of the K + gradient has 
no effect on the I/V plot, other than changing the di- 
rection of rectification, implies that the channel is equal- 
ly K + selective in both directions of ion flow. When 
membrane patches were bathed in symmetrical K+-rich 

solutions, the I/Vrelationship was linear, reversed at V 
= 0.85 _+ 0.35 mV, and the single channel conduc- 
tance was 251 _+ 8.7 pS (n = 21 patches) (Fig. 1D). 
Taken together, these data identify the channel as a 
maxi K + channel. 

Maxi K + channels were present in 47.8% (424/887) 
of excised patches obtained from the upper surface of 
human vas cells, and more than 50% of these patches 
contained more than two channels (Fig. 2A). Occa- 
sionally, patches with up to 10-15 channels were ob- 
tained. The average number of channels in channel-con- 
taining patches was 1.2. Figure 2B shows a typical 
current trace obtained from an inside-out patch with 
five maxi K + channels, and Fig. 2C the current ampli- 
tude histogram obtained from this patch. Note that the 
six peaks on the histogram are well fitted by a Gaus- 
sian distribution. Figure 2D shows that the probability 
of finding a given number of channels in the open state 
is well described by the binomial theorem. Taken to- 
gether, these data indicate that the maxi K + channels in 
this patch were opening and closing independently of 
one another. 

Effects of  Voltage and Ca 2+ on Channel Activity 

When the cytoplasmic face of the membrane was ex- 
posed to 2 mM Ca 2+, Po remained over 0.8 at membrane 
potentials between +80 and - 3 0  mV, but decreased 
sharply at more hyperpolarizing potentials (Fig. 3A). 
Figure 3B and 3C shows semilog plots of the mean 
open time (MOT), and mean closed time (MCT) as a 
function of the membrane potential (V) .  Membrane 
hyperpolarization decreased MOT and increased MCT 
(Fig. 3B and C). There was an approximately constant 
decrease in log MOT over the potential range tested; 
however, log MCT increased sharply at the more neg- 
ative potentials. The minimal value of MCT was about 
0.5 msec at membrane potentials around 0 mV; how- 
ever, at potentials greater than +50 mV, MCT was 
sometimes increased due to the appearance of long 
closed periods in the current records (Fig. 3C). 

Figure 4 shows the open time and closed time dis- 
tributions obtained from an inside-out patch exposed to 
2 mM Ca 2+ on the cytoplasmic face of the membrane. 
Two exponentials are needed to describe these open 
and closed time distributions. In four experiments per- 
formed on separate patches at V m = - 6 0  mV (Po = 0.74 
+ 0.03), the fast (tol) and slow (to2) time constants of 
the open time distribution were 0.31 +_ 0.04 and 3.08 _+ 
0.58 msec, respectively, while the equivalent closed 
time constants, tca and tc2, were 0.21 _+ 0.02 and 1.88 
_+ 0.29 msec, respectively. These data indicate that the 
maxi K + channel has at least two open and two closed 
states. 

The Table shows data from one patch in which the 
membrane potential has varied over the range 60 to 
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Fig. 1. Maxi K + channels in excised, inside-oot, patches. (A and B) Typical single channel currents recorded at the membrane potentials (V) 
indicated to the right of each trace. Dashed lines inciica~e the cl~sexl state of the channel. Solutions: (A,a) pipette, Na+-rich; bath, K+-rich con- 
taining 2 mM Ca 2+. (A,b) Pipette, K+-rich; bath, Na+-rich containing 2 mM Ca 2+ . (t3') Pipette, K+-rich; bath, K+-rich containing 2 mg  Ca ~+. 
Low-pass filtered at 3 kHz. (C and D) Single channel//11 plots. Solmions" (C) (�9 pipette, Na+-rich; bath, K+-rich containing 2 mM Ca ~*. Da- 
ta from nine patches. (Q) Pipette, K+-rich; bath, Na+-rich containing 2 mM Ca a+ . ba ta  from 28 patches. The lines were fitted by a third-order 
polynomial using least squares regression analysis. (D) ~Q) Pipette, K*-rich; bath, K+-rich containing 2 mM Ca 2+. Data from 21 patches. The 
line was fitted by least squares regression analysis. 

-80  mY. This caused an 8.6-fold decrease in to2, where- 
as to2 increased by a factor of 2.3. In contrast, the fast 
time constants, to~ and tc1, were hardly affected by 
changes in membrane voltage. Similar results were ob- 
tained in three additional experiments although the ab- 
solute values of the time constants varied markedly in 
different patches. These data indicate that the voltage- 
dependent changes in Po, MOT and MCT of the maxi 
K + channel (see Fig. 3) are largely caused by changes 
in to? and tc2. 

Figure 5 shows the effect of quasi-physiological 
Ca 2+ concentrations (3, ! and 0.1 gM) on max/ K + 
channel acti,Aty in an inside-out patch. Lowering the 
bath Ca 2+ concentration caused the appearance of long 
closed periods which reduced Po (Fig. 5A). At the same 
time, channel opening became markedly voltage-de- 
pendent and the Po/V relationship was shifted towards 
depolarizing potentials (Fig. 5A and B). However, there 
was no effect on the single channel I/V plot (Fig. 5C). 
Channel conductance in inside-out patches exposed to 
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Fig. 2. Multiple maxi K + channels. (,4) Number of channels in 424 channel-containing patches. The number of channels (N) in a patch was 
taken as the maximum number of simultaneous single channel current steps. (B) A typical current trace obtained from an inside-out patch bathed 
in symmetrical K+-rich solutions containing 2 mM C a  2+ on  the cytoplasmic face of the membrane. V m = -70 mV. Low-pass filtered at 3 kHz. 
The dashed line shows current level when all channels are closed. (C) Current amplitude histogram derived by analysis of the current record- 
ing, including the data shown in B. Dashed lines are a Gaussian fit to the data. (D) Binomial analysis of open probabilities (closed circles, N = 
5, P = 0.6089). Same data as C. Ordinate, probability of finding a given nmnber of channels in the open state; abscissa, number of channels in 
the open state. The columns show the probabilities derived from the Gaussian curves in C. 

0.1-3 gM Ca 2+ was 257 -+ 5.6 pS (n = 30) (Fig. 5C), 
which is not significantly different from the 251 + 8.7 
pS obtained with 2 m e  Ca 2+ on the cytoplasmic face of 
the membrane (Fig. 1D). 

Figure 6 summarizes the effects of cytoplasmic 
Ca 2+ (0.1-10 [,tM) and membrane potential on maxi K + 
channel activity. Lowering the bath Ca 2+ concentration 
shifted the Po/Vm curves towards depolarizing potentials 
(Fig. 6A), and increased V o, the membrane potential t'e- 
quired to give a Po of 0.5 (Fig. 6B). However, the val- 
ue of the gating charge (cr about 2.5), which deter- 
mines the slope of the linear part of the Po/Vz plot, was 
unaffected (Fig. 6B). This indicates that while lower- 
ing bath Ca 2+ concentrat ion shifts the Po/V curves 
along the V m axis, it has no remarkable effect on the 
steepness of the voltage dependence of Po. When the 
cytoplasmic face of the membrane was exposed to 10 
gM Ca 2+, the Po/V relationship was similar to that ob- 
served in 2 mM Ca 2+ (compare Figs. 6A and 3A). This 

suggests that over the potential range we tested, the ef- 
fect of Ca 2+ on Po was essentially maximal at 10 gM. 

Figure 6C and D shows semilog plots of MOT and 
MCT as a function of membrane potential at low bath 
Ca 2+ concentrations (0.1 to 1 gM). These data reveal 
that the voltage dependence of the MCT is about 100 
times larger than that of MOT when the bath Ca 2+ con- 
centration is lower than 1 ~tM. This suggests that the re- 
markable voltage dependency of Po observed at submi- 
cromolar bath Ca 2§ concentrations (Fig. 6A) is mainly 
the result of voltage-dependent changes in the duration 
of the closed state of the channel. 

Effects of Cytoplasmic Na + and K + on 
Channel Activity 

Figure 7A shows current recordings from an inside-out 
patch whose cytoplasmic face was exposed first to a K +- 
rich solution and then to a Na+-rich solution, both of 
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from five patches, three of which contained a single channel. Lines 
were fitted by Eq. (4) described in Materials and Methods using least 
squares regression analysis. (B) Semilog plot of MOT from five patch- 
es. (C) Semilog plot of MCT from five patches. The lines in B and C 
were fitted by third-order polynomial least squares regression analy- 
sis. 

wh ich  con ta ined  2 mM Ca  2+. No te  that channe l  act iv-  

ity was h igher  w h e n  the N a + - r i c h  so lu t ion  was  in the 

bath. This  cannot  be  an art i fact  caused  by channel  run-  
down,  because  in this expe r imen t  the order  o f  exposure  
was K + f o l l o w e d  by Na  +. The  e f fec t  o f  subst i tut ing 

ba th  Na  + for  K + on c h a n n e l  a c t i v i t y  was  fu l ly  re-  

vers ib le .  
F igu re  7B summar i ze s  Po data ob ta ined  f rom six 

patches that were  exposed  to both Na+-r ich  and K+-r ich  
bath  solut ions.  These  data  were  wel l  desc r ibed  by Eq. 

(4). Pmax' Vo and o~ were  0.95 -+ 0.01, - 9 0 . 9  + 5.7 and 
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Fig. 4. Open time (/t) and closed time (B) histograms for a maxi K + 
channel in an inside-out patch bathed in symmetrical K+-rich solutions 
containing 2 m g  Ca 2+ on the cytoplasmic face of the membrane. V 
= -60  mV. Current recordings used for the analysis were filtered at 
5 kHz and digitized at 10 kHz. Both distributions were best fit by the 
sum of two exponentials. In this particular experiment, the open time 
constants were to1 = 0.29 and to2 = 2.1 msec (amplitudes from y ax- 
is intercept of 6.8 and 8.7%, respectively; total number of events, 
14,866), and the closed time constants tcl = 0.22 and tca 1.8 msec (am- 
plitudes of 26.8 and 2.2%, respectively; total number of events, 
14,884). Representative of three other experiments. 

2.2 _+ 0.3, r e spec t ive ly ,  in the Na+- r i ch  bath  solut ion,  
and 0.96 -+ 0.01, - 7 3 . 0  -+ 2.0 and 2.2 -+ 0.3, respec-  
t ively,  in the K+- r i ch  bath  solut ion.  There  was a sig- 

n i f icant  d i f fe rence  in V o b e t w e e n  K+- r i ch  and Na+- r i ch  

bath  solut ions  (P  < 0.05, pa i red  t-test),  but  no di f fer-  

ence  in e i ther  Pmax or ~. This  indica tes  that the Po/Vm 
curve  was  shi f ted  a long  the V axis toward  depola r iz -  

m 

ing  potent ia ls  by the K+- r i ch  bath  solut ion.  
F igure  7 C  and D show semi log  plots  o f  M O T  and 

M C T  as a func t ion  o f  V m in three s ing le  channe l  pa tch-  
es. At  a V m of  - 6 0  mV, M C T  is c lear ly  shor ter  w h e n  
patches  are ba thed  in a Na+- r i ch  as c o m p a r e d  to a K +- 
r ich bath so lu t ion  (Fig.  7D),  but  the M O T  dura t ions  are 

s imi lar  at this potent ia l  (Fig.  7C).  Thus ,  at V m = - 6 0  
m V  the h igher  Po obse rved  in a N a + - r i c h  bath solut ion 
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Table. Voltage dependence of/o1' /02' tcl and tc2 

75 

Vtn 

mV 

tc I tc2 tol lo2 Po 

msec (%) msec (%) msec (%) msec (%) 

60 0.21 (81.5) 1.55 (2.1) 0.79 (7.1) 22.20 (0.6) 0.98 
40 0.14 (106.8) 0.88 (5.7) 0.38 (13.5) 8.48 (1.8) 0.95 
20 0.17 (87.7) 0.94 (5.7) 0.37 (6.2) 8.38 (2.i) 0_94 

- 2 0  0.19 (71.1) 0.81 (8.0) 0.26 (4.4) 6.33 (3.0) 0.94 
- 4 0  0.17 (76.0) 0.77 (9.4) 0.49 (2.2) 6.37 (3.0) 0.95 
- 6 0  0.17 (63.0) 1.21 (7.7) 0.41 (3.8) 4.76 (3.9) 0_82 
- 8 0  0.35 (26.7) 3.55 (3.0) 0.55 (6.2) 2.57 (6.4) 0.49 

The data were obtained from an inside-out patch bathed in symmetrical K+-rich solutions containing 2 mM Ca 2+ 
on the cytoplasmic face of the membrane. The current recordings were filtered at 5 kHz and digitized at 10 kHz. 
The probability amplitudes are indicated in parentheses. 
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The l ines in C and D were fitted by a third-order polynomia l  using least  squares regression analysis.  

is largely explained by a shorter MCT. However, as 
shown by the current tracings in Fig. 7A and the Log10 
MOT vs. V m plot in Fig. 7C, when V,n was hyperpolar- 
ized to - 8 0  mV the MOT duration was also increased 
in a Na+-rich bath solution. These data suggest that 
when the membrane is strongly hyperpolarized (i.e., to 
- 8 0  mV) changes in both MCT and MOT may con- 
tribute to the higher Po observed in a Na+-rich as com- 
pared to a K+-rich bath solution. 

Effects o f  Ba 2+ and TEA on Channel Activity 

Figure 8 shows that application of 5 mM Ba 2+ to the cy- 
toplasmic face of the membrane blocked the maxi K + 
channel. Exposure to Ba 2+ caused the appearance of 
long closing events and reduced Po from 0.93 to 0.11 at 
V = 0 mV and from 0.92 to 0.65 at V m = - 4 0  mV, 
indicating that the block is voltage dependent. Similar 
results were obtained in two other experiments. In con- 
trast, the application of 10 mM TEA + to the cytoplas- 
mic face of the membrane had no effect on the activity 

of maxi K + channels at V values between - 6 0  and 
+60 mV (n = 5, data not shown). 

MAXI K + CHANNELS IN CELL-ATTACHED PATCHES 

The single channel current traces shown in Fig. 9A were 
obtained from a cell-attached patch on the upper surface 
of a human vas cell with Na+-rich solutions in both the 
pipette and bath. Channel openings were only observed 
at strongly depolarizing pipette potentials, and usually 
not at pipette potentials near 0 mV, i.e., close to the rest- 
ing membrane potential of the cell. Similar results were 
obtained with a K+-rich pipette solution. 

Figure 9B illustrates typical I/V relationships for 
maxi K + channels in cell-attached patches. With Na § 
rich solutions in both pipette and bath, the single chan- 
nel I/V plot showed marked outward rectification, and 
inward currents were not detected even at hyperpolar- 
izing potentials. With a K+-rich solution in the pipette, 
the cell-attached I/V relationship was essentially linear 
over the Vp range +20 to - 1 0 0  mV (although some 
channels exhibited slight inward rectification at high de- 
polarizing potentials, see Fig. 9C), and the reversal po- 
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Fig. 7. Effects of Na + and K + on maxi K + channel activity. (A) Typical single channel currents recorded from an inside-out patch with K +- 
rich and Na+-rich solutions containing 2 mM Ca 2+ in the bath. The pipette solution was K+-rich. V = - 8 0  mV. Low-pass filtered at 3 kHz. 
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three patches. The lines in B and C were fitted by a third-order polynomial using least squares regression analysis. 

tential was -73 .5  mV. Intracellular [K +] has not been 
measured in human fetaI vas deferens epithelial cells; 
however, assuming pipette [K +] is close to intracellu- 
lar [K+], the reversal potential determined under these 
conditions will be close to the membrane potential of the 
cells. The mean reversal potential in this series of ex- 
periments was -61 .3  + 3.4 mV (n = 23 patches). 

Figure 9C and D shows all 25 cell-attached I/V 
plots obtained with a K+-rich pipette solution, and the 
5 obtained using a Na+-rich solution. To allow a com- 
parison of plots obtained from different cells, the volt- 
age axis has been scaled as membrane potential ( V )  
rather than pipette potential (V).  With a K+-rich so- . P 
lution m the pipette, the cell-attached single channel 
conductance was 236 + 6.4 pS (n = 24 patches) (Fig. 
9C). This value is not significantly different from the 
257 +_ 5.6 pS obtained for inside-out patches bathed in 
symmetrical K+-rich solutions and exposed to 0.1-1 
gM Ca 2+ in the bath. With Na+-rich pipette solutions, 
the t/V relationship in cell-attached patches was very 
similar to that obtained from inside-out patches with 
Na + in the pipette and K + in the bath. However, there 
was some inward rectification at membrane potentials 
more positive than +50 mV in cell-attached patches 

(compare Figs. 9D and 1C). Thus, at the higher depo- 
larizing potentials, the current amplitude in cell-attached 
patches is smaller than that in inside-out patches at the 
same V n. This rectification is probably due to voltage- 
dependent blockade of the maxi K + channel by intra- 
cellular Na + [see ref. 22]. 

Figure 10A shows the effects of membrane poten- 
tial on the activity of maxi K + channels in cell-attached 
patches. Po varied widely in different cells, but the volt- 
age dependencies of Po were similar, and like those ob- 
served in inside-out patches exposed to low Ca 2+ bath 
solutions (shown by dashed lines in Fig. 10A). Com- 
parisons of these cell-attached and inside-out patch da- 
ta suggest that in most human vas cells the intracellu- 
lar Ca 2+ concentration is 0.1 gM or less (assuming chan- 
nel regulatory mechanisms are identical in situ and in 
excised patches). Figure 10B and C are, respectively, 
semilog plots of MCT and MOT in cell-attached patch- 
es. As for Po, the voltage dependencies of MOT and 
MCT are similar to those in inside-out patches bathed 
in low Ca 2+ media (compare Figs. 10B and C with 6C 
and D). These data suggest that the kinetic behavior of 
maxi K + channels is similar in both cell-attached patch- 
es and excised, inside-out, patches. 
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Discussion 

Using the patch clamp technique, we have identified a 
large conductance K + channel on epithelial cells cul- 
tured from human fetal vas deferens. The channel had 
a conductance of about 250 pS in symmetrical 140 mM 
K + solutions, and is highly selective for K + over Na +. 
Channel Po was increased by depolarization and by an 
elevation of bath (cytoplasmic) Ca 2+ concentration, and 
reduced by cytoplasmic Ba 2+. Taken together, these da- 
ta identify the channeI as a Ca2+-activated, voltage-de- 
pendent, maxi K + channel [23]. 

Membrane hyperpolarization decreased the mean 
open time (MOT), and increased the mean closed time 
(MCT) of the vas maxi K + channel. Our kinetic analy- 
sis indicated that the channel has at least two open (toi 
and to2) and two closed states (tcl and tc2). With 2 mM 
Ca 2+ bathing the cytoplasmic face of the membrane, the 
fast time constants, tol and tcl, were hardly affected by 
changes in membrane potential. However, to2 decreased 
8.6-fold and tc2 increased 2.3-fold when the membrane 
potential was varied over the range 60 to - 8 0  mV. 
These data indicate that voltage-dependent changes in 
channel Po are largely caused by alterations in the du- 
ration of the stow time constants, to2 and tc2. In gener- 
al, the kinetic properties of the human vas maxi K + 
channel appear similar to those of maxi K + channels 
previously identified in many other cell types. How- 
ever, one new finding is that activity of the vas chan- 
nel was higher with Na + compared to K + on the cyto- 
plasmic face of the membrane. There were no cation- 
dependent differences in Pma• or the gating charge (a); 
however, switching from a Na+-rich to a K+-rich bath 
solution shifted the Po/V~ relationship along the V m ax- 
is towards depolarizing potentials, i.e., a stronger de- 
polarization was required to produce a given Po in K +- 
rich compared to Na+-rich bath solutions. This differ- 
ence in Po reflects that when the membrane was strongly 
hyperpolarized (i.e., - 8 0  mV), MCT was longer and 
MOT was shorter in a K+-rich compared to a Na+-rich 
bath solution. A possible explanation for this phenom- 
ena is that K + and Ca 2+ compete for the Ca 2+ binding 
site on the maxi K + channel. However, additional ex- 
periments will be required to clarify this point. 

Lowering the bath Ca 2+ concentration to quasi- 
physiological levels also shifted the Po/V,, relationship 
towards depolarizing potentials, while having no ap- 
preciable effect on the voltage dependence of Po" We 
found that Ca 2+ concentrations greater than 0.1 gM 
were required to significantly activate the vas cell maxi 
K + channel in excised patches. This contrasts with the 
effect of Ca 2. on the Po of these channels in pig and 
guinea pig pancreatic acini [29, 36], the mandibular 
salivary gland [30], the lacrimal gland [7], and rat en- 
terocytes [32]. In all these tissues, channel activity is 
detectable with O 1 ~tM Ca 2+ on the cytoplasmic face of 
the membrane, even at hyperpolarizing potentials, and 
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full activation occurs at voltages around +20 mV [7, 29, 
30, 32]. In terms of its Ca 2+ sensitivity, the human vas 
cell channel more closely resembles maxi K § channels 
in cultured skeletal muscle [1], choroid plexus [2, 3], 
pancreatic islet cells [8], and pancreatic duct cells [12]. 

LOCATION AND DENSITY OF THE MAXI K + CHANNEL 

The maxi channel we studied was found in patches de- 
rived from the upper surface of cultured human vas 
deferens cells, suggesting that in vivo the channel may 
be located on the apical membrane of the epithelium. 
As yet, monolayer cultures of these human vas cells 
have not been reconstituted as polarized epithelia, and 
no patch clamp studies have been carried out on the in- 
tact epithelium, so we cannot be sure about the location 
of the channel. However, support for apical localization 
comes from the finding that maxi K + channels have al- 
so been identified in the apical membrane of polarized 
rat epididymal cell cultures [18]. 

We found maxi K + channels in 48% of excised 
patches derived from human vas cells, and on average 
each patch contained 1.2 channels. Assuming that - 1-2 
g2 of membrane is excised by a thick-walled patch 
pipette, and that the apical surface area of the human vas 
cells averages about 500 g2 (determined from micro- 
graphs in ref. 15), it can be calculated that up to 600 
channels could be present in the apical membrane. 

PHYSIOLOGICAL ROLE OF THE MAXI K + CHANNEL 

The biophysical characteristics of the vas maxi K + 
channel were essentially similar in both cell-attached 
and excised patches. However, maxi K § channels in 
cell-attached patches were usually inactive at the rest- 
ing membrane potential of the cell (i.e., at Vp = 0 mV). 
Thus, these channels may not contribute to the resting 
K + conductance of the vas cell, at least under the con- 
ditions we used in this study. Similar conclusions have 
been reached about the contribution of maxi K channels 
to the resting K + conductance in a number of other ep- 
ithelial cell types [33, 39]. In preliminary experiments 
we have observed an increase in activity of the maxi K + 
channel following exposure of the human vas cells to ei- 
ther acetylcholine or cyclic AMP. However, the effect 
of these stimulants on maxi K + channel activity was 
very variable and probably indirect, i.e., caused by 
membrane depolarization following activation of a chlo- 
ride conductance. 

The physiological function of the epithelia that line 
the distal regions of the male reproductive tract (epi- 
didymis and vas deferens) is to generate the correct lu- 
minal environment for sperm maturation. In vivo these 
epithelia are normally absorptive, reabsorbing a major 

part of the testicular fluid [26, 44]. However, it has re- 
cently been shown that agonists which elevate intra- 
cellular cyclic AMP stimulate electrogenic chloride se- 
cretion and increase whole-cell chloride currents in both 
rat [19, 25, 40], and human [20] epididymal cells. This 
cyclic AMP-activated secretory chloride current is car- 
ried by CFTR chloride channels which have been iden- 
tified in human epididymal cells [34]. It is possible that 
the maxi K + we have identified plays a role in chloride 
secretion by the vas deferens epithelium. The "classi- 
cal" model of electrogenic chloride secretion places K + 
channels on the basolateral membrane [13, 35]; how- 
ever, K + channels have been found in the apical mem- 
brane of some chloride-secreting epithelia [e.g., lacrimal 
acinar cells, ref. 37; and epididymis, refs. 5, 18], and an 
alternative model for chloride secretion, which involves 
activation of maxi K + and C1- channels on both apical 
and basolateral plasma membranes, has been proposed 
[28]. Furthermore, computer modeling of secretory 
cells has shown that placing 10-20% of the cellular K + 
conductance on the apical membrane will enhance a 
secretory mechanism driven by secondary active trans- 
port of chloride [6]. However, a role for apical maxi K + 
channels in chloride secretion by the male reproductive 
tract seems unlikely, since in rat epididymis apical ap- 
plication of barium (which blocks the channel, see 
above) does not inhibit electrogenic chloride secretion 
[41]. 

Alternatively, the maxi K + channel may be in- 
volved in K + secretion. This could occur in a two-stage 
process: first, K + would be pumped into the vas cell by 
a basolateral Na+/K + ATPase, and then secreted into the 
lumen by passive diffusion down its electrochemical 
gradient. The concentration of K + in fluid sampled 
from the human vas deferens has been reported to be 
about 20-fold higher than the plasma value [16]. Fur- 
thermore, in the rat, K + is known to be accumulated 
above electrochemical equilibrium in the vas lumen, 
suggesting that active secretion of the ion takes place 
[26]. The idea that the maxi K + channel could play a 
role in this process is supported by channels (including 
maxi K + channels) having been identified in the apical 
membrane of K + secreting principal cells in the renal 
cortical collecting duct [10, 21, 27]. That activity of the 
vas maxi K + channel was so low on unstilnulated cells 
implies that K + secretion by the male reproductive tract 
is likely to be a regulated process. 

In conclusion, we have identified a maxi K + chan- 
nel on human vas deferens epithelial cells. The chan- 
nel is probably located on the apical plasma membrane 
of the vas cells and could provide a pathway for K + se- 
cretion into the lumen of the male reproductive tract. 
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