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Abstract. We investigated the effects of internal pH on 
Ca-activated, nucleotide-inhibited nonselective cation 
channels in the basolateral membranes of mouse collect- 
ing tubules, using the inside-out variant of the patch 
clamp technique, pH modulated the channel open prob- 
ability (Po), giving a bell-shaped curve peaking at pH 
6.8/7.0: Po at pH 6.0 was 11 + 6% of Po at pH 7.2 and 32 
+ 7% at pH 8.0. The open and closed time distributions, 
best fitted to the sum of two exponentials, were differ- 
ently sensitive to acid and alkaline conditions. Low pH 
reduced the short and long open times to 38 and 24% of 
their pH 7.2 values, while high pH produced a 4-fold 
increase in the long closed time. As previously reported, 
4-acetamido-4"-isothiocyanatostilbene-2,2'-disulfonic 
acid (SITS) induced a quasi-permanent opening of the 
channel. The inhibition of the channel produced by high 
pH disappeared in the presence of SITS, while the inhi- 
bition produced by low pH was unaffected. These re- 
sults suggest that the pH dependence of the channel is 
due to two separate mechanisms, pH was without effect 
on the ATP-evoked inhibition of the channel, while high 
pH profoundly reduced the steepness of the AMP inhi- 
bition curve, without altering the half-maximal inhibitory 
AMP concentration. 
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Introduction 

Most parts of the renal tubule contain a calcium- 
activated nonselective cation channel in the basolateral 
membranes [2, 30]. This channel has a linear current- 
voltage relationship with a unit conductance of about 
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20-30 pS, it does not discriminate between Na + and K +, 
and is barely permeant to calcium. It is activated by 
internal calcium, and inhibited by a range of nucleotides 
acting at the internal surface of the channel [21]. These 
properties are characteristic of the Ca-NS + channels (ac- 
cording to the terminology of Reale et al. [23]), origi- 
nally described in cultured cardiac ventricular cells by 
Colquhoun et al. [4] and, subsequently found in a wide 
range of tissues and cultured cells [26, 29, for reviews]. 

The calcium concentrations required to open the 
channel vary from one part of the renal tubule to another 
and are 1 to 100 gmol/1. The variability of the calcium 
response compares well with that in other tissues [26, 
29], and suggests that the calcium sensitivity of the chan- 
nel is controlled by other, as yet unknown, factors. 
Maruyama and Petersen [16] showed that the calcium 
sensitivity decreased rapidly after excision of membrane 
patches, possibly because some intracellular factor had 
been washed out. More recently, Razani-Boroujerdi and 
Partridge [22] reported that cAMP-dependent protein ki- 
nase reduced Ca-NS + channel activity in inside-out 
patches from embryonic chick sensory neurons. Thus, 
the low calcium sensitivity of the Ca-NS § channel, en- 
countered in several types of cells, and especially in the 
collecting duct, is not incompatible with calcium being 
the predominant physiological modulator of the channel, 
at least under ad hoc conditions. Another possibility is 
that there are further regulatory processes involved in the 
control of the Ca-NS § channel, which are not presently 
understood. 

This second possibility is supported by the fact that 
1 mmol/1 ATP almost completely abolishes the activity 
of maximally activated (1 mmol/1 internal calcium) Ca- 
NS + channels [2, 21, 27], suggesting that this channel 
should be closed under all physiological conditions. 
Nevertheless, Thorn and Petersen [31] pointed out that 
there was a second ATP-binding site, which helped 
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maintain channel  act ivi ty and high ca lc ium sensitivity. 
Another  type of  regulat ion by nucleot ides  was recent ly 

demonst ra ted  by Reale  et al. [23]. They  showed that a 

fract ion of  Ca-NS § channels  in an insu l inoma cel l  l ine 

are act ivated by c G M P  or c A M P  at low concentrat ions  
(0 .1-10 gmol/1), whi le  they are inhibited by high con- 

centrations (100 ~tmol/1) of  the same nucleotides.  

These  co l lec t ive  results paint a complex  picture of  

Ca-NS § channel  regulation,  in which  the influences o f  

ca lc ium and ATP,  the major  regulators of  channel  activ- 

ity, may  be modula ted  or  counterbalanced by other  fac- 
tors. The  present  study invest igates  the effects  of  an ad- 

dit ional regulator  of  the Ca-NS + channel,  intracellular  

pH. The open-state  probabil i ty of  the Ca-NS § channel  
was found to be a bel l -shaped funct ion intracellular  pH  

with a peak  at pH 6.8-7.0.  There  was also ev idence  that 

the inhibi t ion of  the channel  by A M P - - b u t  not  o f  A T P - -  
was profoundly  modi f ied  at h igh pH. 

Materials and Methods 

TUBULE ISOLATION 

Cortical collecting ducts (CCD) were isolated from the kidneys of male 
mice (15-20 g) by incubation in a Ringer solution (pH 7.4) containing 
1 mmol/1 CaC12 and collagenase (Worthington, CLS II, 300 U/ml) as 
described previously [2]. The procedure was designed to allow access 
to the basolateral plasma membrane by removing the basement mem- 
brane covering the tubules. 

RECORDING METHODS 

Single-channel currents were recorded from CCD basolateral mem- 
branes using the inside-out configuration of the patch clamp technique 
[12] at room temperature. Patch pipettes were made from borosilicate 
hematocrits (Assistent, Hecht, Paris, France), pulled in two stages with 
a M 720 vertical puller (David Kopf Inst, Tuyunga, CA), coated with 
a silicon elastomer (Sylgard, Dow Coming, Seruppe, Belgium) and 
heat-polished. Currents were measured with an LM-EPC7 patch clamp 
amplifier (List, Electronics, Darmstadt, Germany), displayed on an 
oscilloscope (Tektronix, Beaserton, OR) and stored on videotape after 
analog/digital conversion (Biologic, Claix, France). The bath reference 
was 0.5 mol/l KC1 in a 4% agar bridge connected to an Ag/AgC1 pellet. 
The applied membrane potentials correspond to the potential of the 
inner side of the membrane patch with respect to the ground; cation 
currents from the inner to the outer side of the membrane are given a 
positive sign and are shown upwards in the illustrations. 

DATA ANALYSIS 

Signals were filtered at 500 Hz with an 8-pole Bessel filter (Frequency 
Devices, Haverhill, MA) and digitized at 1 kHz using a Labmaster 
interface and Fetchex Software (Axon Instruments, Foster City, CA). 
The open probability (Po) was calculated from Po = I /n x i, where n, the 
maximal number of nonselective cation channels per patch was esti- 
mated from the number of current levels detected over the whole rec- 
ord. The time-averaged current (/) passing through the n channels in 
the patch and the unit current (i) were determined on amplitude histo- 

grams, using software designed by T. Van Den Abbeele (Lab. de Phys- 
iologie de l'Oreille Interne, Facult6 de M6decine Lariboisi~re, Paris, 
France). 

For kinetic studies, stretches of data (1-5 min) were filtered at 1 
kHz and digitized at 2 kHz. Open and closed lifetime distributions 
were determined using idealized records obtained with a half-amplitude 
threshold algorithm and fitted by a least-squares method (Biopatch, 
Biologic, Claix, France) to the equation: a I ~c1-1 e-t/~c~ + a 2 "C2 - j  

e-t/z 2 where z~ and ~2 are the short and long time constants, and a 1 and 
a 2 the areas of each component. The number of events ranged from 
700 to 6600 and only 3/22 stretches of data had less than 1000 events 
(700-900). 

The paired or unpaired Student t-test were used to compare 
means. 

SOLUTIONS 

At the beginning of each experiment, the CCD tubule was bathed in 
NaC1 Ringer containing (mmol/1): 140 NaC1; 4.8 KC1; 1.2 MgC12, 1 
CaC12, 10 N-[2-Hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid] 
(HEPES) adjusted to pH 7.4 with NaOH. The pipette solution had a 
similar ionic composition except that it was calcium-free and contained 
2 mmol/I ethylene glycol-bis ([3-aminoethylether) N,N,N',N' tetraacetic 
acid (EGTA); pH was adjusted to 7.2. On formation of an excised 
patch, the inner surface of the membrane patch was superfused with a 
stream of solution from one of a series of outlet pipes. 

The solution at pH 7.2 was the control for all tests on the effects 
of pH. Buffers were HEPES (pH 6.8-8.0) or 2-[N-morpholino] eth- 
anesulfonic acid (MES, pH 6.0-6.8). The pH and the concentrations of 
free Ca 2+ and Mg z+ were kept constant when testing the effects of ATP, 
by taking into account appropriate constants [9, 14]. These experi- 
ments were done in the presence of excess Mg (5 mmol/1) to minimize 
changes in the concentrations of free ATP with pH. All reagent were 
obtained from Sigma (St-Qnentin-Fallavier, France), except 4-aceta- 
mido-4'-iso thiocyanato stilbene-2,2'-disulfonic acid (SITS) which was 
from Aldrich (St-Quentin-Fallavier, France). 

Results 

Single-channel  recordings  were  obtained f rom inside-out  

patches,  excised  f rom the basolateral  membranes  of  C C D  

tubules, bathed with  NaC1-Ringer.  The  bath solut ion 
contained 1 mmol/1 CaC12 to maintain  max ima l  act ivi ty 

of  the Ca-NS + channels  [2, 30]. Under  these condit ions,  
the Ca-NS + channel  was detected in a lmost  every  patch 

and was easily dis t inguished f rom less frequent,  smaller,  

channels  (10 pS). 

EFFECTS OF INTERNAL PH 

Gray and Argent  [11] reported that increasing the inter- 

nal pH f rom 7.4 to 7.9 strongly reduced the open state 
probabil i ty  of  the Ca-NS § channel  on pancreat ic  duct 

cells. Tests on the effects  of  pH  on the C C D  Ca-NS § 
channel  over  a wider  pH  range, revea led  that low pH 
(<6.8) also reduced P o .  Fig. 1A shows excerpts  of  single- 
channel  recordings,  obtained at various pHs f rom one 
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Fig. 1. Effects of acid and alkaline conditions on channel activity. (A) Single-channel current recordings from one inside-out patch containing five 
channels at several pHs from 6.0 to 8.0. All solutions were NaC1-Ringer buffered with 10 mmol/1 HEPES (pH 7.2-7.6) or MES (6.0-6.8). The 
pipette solution was at pH 7.4. The closed channel current is indicated by a mark to the left of the traces. -50  mV membrane potential. (B) 
Dose-response curve for the effect of internal pH on single-channel open probability. The mean open probability (Po expressed as percentage of 
Po at pH 7.2) is plotted against internal pH. Filled circles and bars indicate mean values _+ SEM from 7-18 patches (except at pH 6.2, n = 4). The 
curve was fitted to the equation Po = PomaX/(1 + 10 (pK~-pmnl) + Pomax/ (1  + 10 <px2+pmn:) - P o m a x ,  according to a Marquardt least squares method 
(Fig. P, Biosoft, Cambridge, UK). pK: half-maximal inhibitory pHs; n: Hill coefficients. Best fits were obtained for pK 1 = 6.6, p K  2 = 7.4,nl = 2.6, 
n 2 = 1.2 and P o m a x  = 187%. 

inside-out patch containing 5 Ca-NS § channels: Po was 
maximal at pH 7.2 (Po = 0.37); it decreased at high pH 
as observed previously [11]. Low pH also reduced Po, 
giving a bell-shaped appearance to the plot of  Po against 
pH. Similar curves were obtained in all cases when Po 
was measured over a broad pH range, but the curve shape 
and pH at which Po was maximal were somewhat vari- 
able. The mean Po, expressed in % of Po at pH 7.2, is 
plotted against the internal pH in Fig. lB. Po was max- 
imal at pH 6.8 (Po = 129.6 + 16.5% of control, n = 18) 
and 7.0 (Po = 123.2 + 15.1% of control, n = 8) and 
decreased on both sides of  this value with unequal 
slopes. Compared to Po value at pH 7.2, the Po at pH 6.0 
was 11 + 6% (n = 12) and 32 + 7% at pH 8.0 (n = 14). 
The experimental points were fitted to a combination of 
allosteric-type equations to obtain a quantitative descrip- 
tion of  the curve: the acid branch had a pK of 6.6 and a 
Hill coefficient of  2.6; the alkaline branch had a pK of 
7.4 and a Hill coefficient of 1.2. Since the solutions at 
pH 6.0-6.6 and at pH 6.8-8.0 contained different buffers 
(MES and HEPES), we checked that the Po, at an inter- 
mediate pH, 6.8, was similar with both buffers (HEPES: 
Po = 129.2 + 16.5% of control, n = 18; MES: Po = 125.6 
+ 24.9% of control, n = 6; Ns). 

The effects of pH on channel activity were indepen- 
dent of the applied voltage. The Po at pH 6.0, was 4 + 

2% (n = 4) of control with a membrane potential of  60 
mV and 14 + 10 (n = 4) % of control (Po at P 7.2) with 
a - 60  mV membrane potential (Ns); at pH 8.0. They 
were 37 + 16% of control at +60 mV and 30 + 11% of 
control (n = 4) at +60 and -60  mV membrane potential 
(Ns). 

In contrast to its effects on the open probability, the 
internal pH had no effect on the unit conductance of  the 
channel: the unit current amplitudes, measured at -60  
mV membrane potential, at pH 6.6 (i = 1.51 _+ 0.06 pA; 
n = 8) and 8.0 (i = 1.49 _+ 0.06 pA, n = 10) were identical 
to those measured at pH 7.2 (i = 1.50 + 0.05 pA, n = 10). 

CHANNEL KINETICS 

The distribution of channel open and closed times was 
examined using patches containing only one channel 
level to gain some insight into the mechanisms respon- 
sible for the pH effects. The open and closed time dis- 
tributions were best fitted by the sum of two exponen- 
tials, as in other tissues [5, 11, 32]. An example of chan- 
nel lifetime distribution is shown in Fig. 2. At pH 7.2, 
with 1 mmol/1 CaC12 in the bath, and 10 .9 mol/1 CaC12 in 
the pipette, the mean open time constants were 7.4 + 2.3 
msec and 103.5 + 43.0 msec (n = 7). The corresponding 
areas under each component of  the curve (see Materials 
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Fig. 2. Distribution of channel lifetimes. Open-time (A) and closed-time (B) histograms for a nonselective cation channel in an inside-out patch at 
-60  mV membrane potential. The curves are best fits of the sum of two exponentials to the dwell-time histogram data by a least-squares method. 
Number of events: 1728. 

and Methods), a 1 and a 2 were 0.042 _+ 0.020 and 0.057 + 
0.019, respectively (n = 7). The mean closed time con- 
stants were 2.2 + 0.7 msec and 26.2 + 6.2 msec (n = 7) 
with a 1 = 0.030 + 0.007 and a 2 = 0.021 + 0.007. 

The main effect of low pH (6.4-6.6) was to reduce 
the short and long open times (Fig. 3B) to 2.8 + 0.5 msec 
(n = 8) and 24.5 + 3.8 msec (n = 7), respectively (sta- 
tistically different from same values at pH 7.2, P < 0.05). 
Low pH had no effect on closed times. A high pH (pH 
8.0) did not significantly reduce the open times (n = 7) 
but, it did increase the length of long closed times from 
26.2 + 6.2 msec to 103.5 + 42.8 msec (n = 7) (Fig. 3B; 
statistically different from the value of the same param- 
eter at pH 7.2, P < 0.05). The small increase in short 
closed times at pH 8.0 was not significant (n = 7). Fig. 
3A shows long-duration traces (about 100 sec) from one 
inside-out patch containing only one channel: the con- 
trasting effects of acid and alkaline conditions are appar- 
ent. 

MODULATION OF PH EFFECTS BY S I T S  

In agreement with previous studies [5, 10], SITS (0.1 
mmol/1), locked Ca-NS + channels in the open state when 
applied to the internal surface of membrane patches, in- 
creasing Po from 0.45 + 0.14 to 0.87 + 0.06 (n = 6). Ki- 
netic analysis of two patches containing only one chan- 
nel suggested that SITS acted primarily on the closed 
time distribution, reducing the short closed time from 
about 3 msec to less than 1 msec and the long closed time 
from 52 msec to 13 msec, while the open time distribu- 
tion was essentially unaltered. As previously reported 
[10], the effect of SITS was not readily revers- 

ible. Although SITS stabilized the channel in its open 
state, it did not prevent the gradual decline of channel 
activity (channel "rundown") which sometimes occurs 
in CCD preparations (data not shown). 

The influence of SITS on effects of low and high pH 
on Ca-NS § channel was also checked (Fig. 4A). This 
inside-out patch contained only one Ca-NS § channel, 
plus another type of channel with a much smaller unit 
conductance. The traces in the left-hand column in Fig. 
4a show channel activity before addition of SITS under 
control, acid and alkaline conditions. In agreement with 
results of previous section, although solutions at pH 8.0 
(middle trace) and pH 6.4 (bottom trace) blocked the 
channel to the same extent, they did not influence the 
same kinetic parameters. The channel bathed with a pH 
8.0 solution showed few sparse, rather long openings 
while it showed more frequent shorter openings at pH 
6.4. The inside-out patch was then perfused with solu- 
tions adjusted to pH 7.2 containing 0.1 mmol/1 SITS for 
at least 2 min and then challenged, in the continued pres- 
ence of SITS, with solutions at pH 6.4 or pH 8.0 (right- 
hand column). The addition of SITS to a Ringer at pH 
7.2 induced a large increase in Po. (from 0.29 to 0.99, 
right-hand column, upper trace). At pH 8.0, with pres- 
ence of SITS, the Ca-NS + channel was no longer inhib- 
ited by high pH (right-hand column, middle trace) but it 
was still inhibited by low pH (right-hand column, lower 
trace). Similar results were obtained with 6 different 
patches (Fig. 4B). The inhibitions induced by low pH 
(6.4 or 6.0) were similar in the presence (82.4 + 11.0% 
inhibition) or absence of SITS (61.6 + 17.4%, n = 6), 
while the inhibition induced by high pH (pH 8.0) under 
control condition (74.6 + 9.1%, n = 6) was almost com- 
pletely lost in the presence of SITS (11.8 + 4.9% inhi- 
bition, n = 6, P < 0.01). 
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Fig. 3. Changes in the kinetic parameters of the 
channel induced by low and high pH. A/Single- 
channel current recording from one inside-out patch 
containing only one Ca-NS + channel, held at -60  
mV. These traces are excerpts from longer record- 
ings which were used to calculate kinetic parame- 
ters. In this particular example, the following values 
(in msec) were obtained at pH 6.6, 7.2 and 8.0 for 
the short open times: 10, 18.8, 11.3; the long open 
times: 54.5,444.1,226.4; the short closed times: 3.4, 
3.5, 15.5; the long closed times: 43.0, 39.7, 208.1. 
The mark to the left of the traces indicates the closed 
current level. B/Kinetic parameters of the channel as 
a function of pH. O 1, O 2, C~, C 2 are the short and 
long open times, and the short and long closed times, 
respectively. Values are mean from 7-8 patches. 
Statistically different from values at pH 7.2: *P < 
0.05). 
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Fig. 4. (A) Effects of SITS applied to the internal side of an inside-out patch containing one channel. The left-hand panel shows the activity of the 
channel at pH 7.2 (upper trace), 8.0 (middle trace) and 6.4 (lower trace) in the absence of SITS. The acid and alkaline solutions induced a near 
complete inhibition. The same patch was then exposed to 0.1 mmol/1 SITS for several minutes and challenged with acid or alkaline solutions in the 
continued presence of SITS (right-hand side panel). SITS, at pH 7.2, induced a quasi-permanent opening of the channel (upper trace). In the presence 
of SITS, the channel inhibition evoked by high pH almost disappeared (middle trace), while the effect of low pH was unchanged (lower trace). 
Numbers below the traces give Po values. The marks on the left of the recordings point to the current level when the Ca-NS + channel is closed. 
There was another type of channel with a smaller conductance in this patch (smaller current deflections better seen in the left-hand panel). (B) 
Channel inhibition evoked by acid and alkaline conditions in the presence or absence of SITS (1 mmol/1). The mean inhibition evoked by pH in 
the absence (open bars) or in the presence (solid bars) of SITS is expressed as a percentage of (Po at test pH - Po at pH 7.2)/P o at pH 7.2. The 
inhibition induced by low pH was unchanged in the presence of SITS, while that induced by high pH was profoundly impaired by SITS. *P < 0.05. 

INTERACTIONS BETWEEN THE INHIBITION EVOKED BY 

NUCLEOTIDES AND INTERNAL pH 

It has been reported that internal pH may have an effect 
on the ATP-induced inhibition of the ATP-sensitive K + 
channel [7, 8, 13]. We postulated that pH also modified 
inhibition of the Ca-NS § channel by nucleotides. The 
inhibitory effects of AMP on the Ca-NS § channel Po at 

pH 6.6 and 8.0, were first determined to establish dose- 
response curves at both pH (Fig. 5). The traces in Fig. 
5A were obtained from one inside-out patch containing 
two channels. The inhibition by AMP was almost com- 
plete at 10-5mol/1 AMP. The same inhibition occured at 
pH 7.2 (see the traces in Fig. 5B, which were obtained 
from another inside-out patch) but 10-5mol/1 AMP was 
less inhibitory at pH 8.0 (about 70% inhibition) than at 



88 A. Chra~lJi et al.: pH Effects on a Nonselective Cation Channel 

A pH 6.6 AMP Po 
(M) 

- ~ '~i ]"" i l  I I I I lq l  I i | i i m i i l l l ~ ~  0 0.1 

- I]'ltll~ll'l', ,111~1111,"1 II"]i'l'l}qFIl'[ll,llllll'lIFI ' l ' [ l l ~ l l ~  10 .6 0.03 

- ' N ' r [  t" [ i i~ltl �9 q r  I ~ ' ' " [ " l - '  "fO "5 0.01 

B pH 7.2 

0 0.64 

. . . . . . . .  ~ . . . . . . . . . . . . .  , ,  , ,  . . . . .  , ,  

- - ,  . . . . . . . . . . . . . . . . . . . . .  , . . . .  , - 4 ; " : "  " ~ '  1 0 - 4  0 

pH 8.0 

~ ~  0 0.51 

- ~ ~ ' - ' r  10 "~ 0,16 

o 
1= 

"6 

o 
Q. 

- " V ~ ' ~ : u ~ - : " ; " ! ~ ' ~ ' ~ t ~  ~o ~ o.15 

C 120_ 3 pA 1 
4 s  100--t  

80_ 

60_ iJ ' 

40 

2 

i 1 

- 8  - 7  - 6  - 5  - 4  - 3  

log [AMP] (M) 

Fig. 5. Inhibition of the nonselective cation channel by AMP in acid 
and alkaline conditions. (A) Single-channel current recordings were 
obtained from one inside-out patch bathed with NaC1-Ringer solutions 
(pipette: pH 7.4) at pH 6.6 in the presence of 10 .6 or 10 .5 mol/1 AMP. 
(B) Single-channeI current recording from another inside-out patch 
bathed NaC1-Ringer at pH 7.2 or 8.0 in the presence of 10 -5 or 10 4 

tool/1 AMP, Inhibition was almost complete at 10-Smmol/1 AMP at pH 
7.2, while about 30% channel activity was preserved at pH 8.0 in the 
presence of the same concentration of AMP. The marks to the left of 
the traces indicate the number of open channels, the upper mark indi- 
cating the closed current level. Filtered 500 Hz. -50 mV membrane 
potential. (c) Modulation of inhibition by AMP of the nonselective 
cation channel measured at pH 6.6 (open circles) and 8.0 (filled circles) 
are expressed as percentages of Po in the absence of AMP and plotted 
against the logarithm of AMP concentration. Mean values from 4-9 
patches (except for 10 .3 tool/1 AMP where n = 3) were fitted to the 
equation Po = 100/(1+(c/c50) n) where c50 and n are the half-maximal 
inhibitory concentration and the "Hill" coefficient respectively, pH 
6.6:c50 = 1.2 x 10-6mol/1, n = 1.09; pH 8.0:c50 = 4.1 x 10-Vmol/l, n = 
0.23. The broken line is the dose-response curve for AMP at pH 7.2 
(Chraibi et al., 1994). 
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nonselective cation channel by ATP. The open probabilities (Po) at pH 
7.2 (open circles) and 8.0 (filled circles) are plotted against the loga- 
rithm of ATP concentration. Mean values from 4-10 patches (except 
for 2 x 10-Smol/1 ATP at pH 6.6 and 5 x 10-3tool/1 ATP at pH 7.2 
where n = 2) were fitted to the same equations as in Fig. 6. c50 = 2 x 
10-Stool/1 (pH 7.2 and 8.0); n = 0.57 (pH 7.2) or 0.59 (pH 8.0). Means 
for two measurements at pH 6.6 (ATP concentrations: 10 -7, 10 .5 and 
10-4tool/I) are shown as open triangles. 

The dose-response curves in Fig. 5C were con- 
structed from the results obtained in 5-8 patches. Po are 
expressed as a percentage of the control Po at the same 
pH (i.e., 6.6 or 8.0) to facilitate the comparison between 
the 2 curves. A third curve established at pH 7.2 in a 
previous study [2] is shown as a broken line for com- 
parison. The half-maximal inhibitory concentrations at 
pH 7.2 (1.2 x 10-6mol]l; [2]), at pH 6.6 (1.2 x 10-6mol/1) 
and 8.0 (4.1 x 10-Vmol/1) were comparable. The main 
difference was in the slopes of the curves; the Hill co- 
efficient was 1.1 at pH 6.6 and 0.23 at pH 8.0, with an 
intermediate value of 0.63 at pH 7.2 [2]. Fitting the ex- 
perimental points collected at pH 8.0 to an allosteric type 
of equation has probably no substantial meaning under 
these circumstances but was nevertheless done to quan- 
tify the decrease in steepness of the curve. 

The same type of experiments was then used to in- 
vestigate whether the ATP-evoked inhibition of the Ca- 
NS + channel was also modulated by internal pH (Fig. 6). 
Dose-response curves for ATP inhibition were con- 
structed at pH 7.2 and 8.0 using solutions containing 5 
rnM MgC12 to maintain the free ATP concentration ap- 
proximately equal at both pH. The curves mostly over- 
lapped with identical half-maximal inhibition concentra- 
tions (2 x 10-Smol/1 ATP) and comparable Hill coeffi- 
cients (n = 0.59 at pH 8.00, n = 0.57 at pH 7.2) (Fig. 6). 
Some experiments were also done at pH 6.6 (n = 2). 
The results (open triangles) suggest that the low pH had 
no definite effect on the ATP-induced inhibition of the 
Ca-NS + channel. 
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Discussion EFFECTS OF SITS 

Two MECHANISMS FOR THE MODULATION OF THE Ca-NS + 

CHANNEL BY pH 

The initial observation by Gray and Argent [11] that high 
pH reduced the activity of the Ca-NS + channel on pan- 
creatic duct cells, is confirmed and extended in the 
present study. The internal pH (pHi) modulated Ca-NS § 
channel activity to give a bell-shaped function peaking at 
pH 6.8/7.0. Although protein enzyme activities often 
display a bell-shaped curve as a function of pH, there are 
very few reports of such pH profiles for ion channels. 
The only example so far reported seems to be the mac- 
roscopic conductance of CI- channels from the torpedo 
electric organ [18]. We know of no other example of 
channel inhibition at high pH. 

In contrast, several channels are known to have re- 
duced activity at low pH. It was first observed in pan- 
creatic [3 cells for a maxi K + channel [5], and has been 
confirmed afterwards in other cell types [3, 17] and for 
other channels, including the amiloride-sensitive Na § 
channel [19] and several calcium-insensitive K + channels 
in rat CCD [25, 28, 33] in thick ascending limb [1] and 
in a proximal tubule cell line [20]. The half-maximal 
inhibitory pH (pKi) is generally around 7.3/7.5. The in- 
hibition caused by low pH is also a component of the 
effects of pH on the Ca-NS § channel, but, here, the in- 
hibition curve is shifted towards a lower pH, since the 
pKi was 6.5, well within the range of pH effects for 
another calcium-dependent channel, the maxi K + channel 
{5]. 

The pH dependence of the Ca-NS § channel is prob- 
ably due to a combination of two separate effects of 
internal pH. The evidence for this is that the slopes for 
the acidic and alkaline branches of the PJpH curve were 
unequal, and the acid and alkaline conditions did not 
influence the same kinetic parameters. The low pH re- 
duced the open times (by 70-80%), while the high pH 
increased the long closed time. Lastly, SITS removed 
the channel inhibition induced by high pH, but did not 
alter the effect of low pH. 

Our results are then compatible with a scheme in 
which two distinct mechanisms contribute to pH effects. 
However, we have yet to determine whether the effects 
are mediated by specific sites, i.e., a proton-binding site 
and a high pH-sensitive site or, whether they are due to 
interactions with binding site for calcium and nucle- 
otides. In analogy to the Ca- and voltage-activated maxi 
K + channel [3, 5], protons might inhibit the Ca-NS + 
channel by binding to its calcium site. But this is un- 
likely, because the low pH reduces the open times, while 
internal calcium seems to control channel activity by 
modulating closed times [22]. 

Previous reports have shown that SITS, applied at the 
internal surface of the membrane patch, irreversibly sta- 
bilizes the Ca-NS § channel in the open state [6, 10], 
without preventing its closure in response to AMP [6] or 
lowering the Ca concentration [10]. It is then interesting 
that SITS prevent inhibition of the channel by high pH. 
We have no ready explanation for SITS effects. The 
SITS may interact with an high pH-sensitive site on the 
channel. Alternatively, the effect of SITS on high pH- 
induced inhibition might result from the fact that both 
phenomena modulate the closed time distribution. How- 
ever, calcium control over channel activity, although it is 
also exerted via closed time parameters [22], is not im- 
paired by SITS [10]. 

INTERACTIONS BETWEEN A M P  AND HIGH pH 

Our search for Ca-NS + channel modulators, included 
possible interactions between pH and nucleotide-evoked 
inhibition because of results for KAT e channels. Low pH 
decreases the sensitivity of this channel to ATP by a 
factor of two [13] to ten [8], without modifying the steep- 
ness of the dose-response curve. The results for the Ca- 
NS + channel are quite different. The ATP-evoked inhi- 
bition is not altered by acid or alkaline conditions, and 
the changes in the AMP inhibition curve, caused by high 
pH, are very different from those obtained for ATP for 
KAT p channels at low pH. There was a large decrease in 
the steepness of the dose-response curve when the pH 
was increased from 6.6 to 8.0, but no significant change 
in the half-maximal inhibitory concentration. These re- 
sults seem to indicate that high pH does not act like a 
competitive antagonist for AMP, but that the alkaline 
conditions reduce the effectiveness of AMP binding to 
its site. Nevertheless, the effect of low concentrations of 
AMP is enhanced at high pH. 

The fact that the high pH does not alter inhibition of 
the channel by ATP as it does for AMP is puzzling, and 
suggests the possibility of several binding sites for nu- 
cleotides on the Ca-NS § channel. 

PHYSIOLOGICAL RELEVANCE 

The Ca-NS + channel is usually not recorded from CCD 
cells in the basal state and, unlike its homologs in exo- 
crine acini [15, 24, 31], has no identified hormonal ac- 
tivators. However, provided that channels are open un- 
der conditions yet to be determined, pH would be a phys- 
iological modulator of the channel, since channel activity 
is very sensitive to internal pH at values close to the 
normal intracellular pH (7.2/7.3). Po decreases by 20% 
per 0.2 unit pH between 7.0 and 8.0. The secretory K + 
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c h a n n e l  [33] and  the  ep i the l ia l  N a  § c h a n n e l  [19] are lo- 

ca ted  at  the  apica l  m e m b r a n e  of  co l lec t ing  tubule ,  and  

they  are b o t h  sens i t ive  to p H  in the  oppos i te  way  to tha t  

the  Ca -NS  § c h a n n e l  ove r  the  same  p H  range.  Th i s  sug-  

gests  tha t  in t race l lu la r  p H  could  be  an  i m p o r t a n t  m o d u -  

la tor  o f  ion  t r anspor t  in  the  co l l ec t ing  tubu le  [25]. 
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