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Previous work has shown that the basolateral membranc of turtle colon

ion channel; Volume regulation: lon conductance

contains a

conductancc whxch can be activated by osmotic cell swelting. In this work and in the preseat study, polawum flow across the

was d as a short-ci

was used 1o the apical Quinidi;

it current across intact picces of

tissue in which

-sensitive currents were gencrated when the mucosal bath contained

chloride, a permeant anion. Replacement of chloride by sulfate or addition of sucrose to the bathing solutions abolished 75-90%
of the current and caused the quinidine-inhibitable fraction of the currcnt to 2 from uvcr 50% to around 6% - suggcslmg that

dccrcnscs in cell volume had brought about i ivation of the

present, i of the di by these

When were

mucosal SO, by Ci, however, was not afiected.

Introduction

Previous investigations have revealed that osrioti-
cally-induced cell swelhng activates a qulmdne-mhlbl-
table ium (K) in the t |
membrane of the turtle colon epithelium [1,2). Thus,
the turtle colon joins the growing list of epithelia in
which cell volume changes have been shown to bring

d. Activation of the by of

[1,2]. The contribution of either of these two cond\lct—
ances to the overall d of the b

membrane was found to be highly dependent 211 the
anionic composition of the bathing media. In p ::ticu-
lar, the volume-activated conductance was r1:esent
when the mucosal bath contair:ied anions cap:iie of
permeating amphotericin pores (C1, NO, or 5CN),
while the resting conductance was observed wh-n the

about ! in the t of cell predominant mucosal anion was impermeant (% 0, or
- pr flecting the of Results were i wnh a 5 in
vegulatory processes which are designed to protect which the quil iti was acti-

cells agains: unduly large volume perturbaticns [3.4).
In the aturementioned study, the basolateral K con-
ductance w s measured in intact pieces of

vated by cell swelling subsequent to a gain in cell solute
content vis-a-vis co-diffusion o K and a countcrion

tissue using a modification of the method of Kirk and
Dawson, ir which the polyene antibiotic, |

through icin pores.
ln the present study, we shotv that the quinidine-
K can be ivated by maneu-

B, was emy wyed in order to functionally ¢liminate the
apical membrane as a barrier to cation flow [5). Through
measurements of macroscopic currents and ionic tracer
fluxes, they were able to show that the volume-activated

itive) di was ically and
pharmacologically distinct from a ‘resting’ K conduct-
ance (quinidine-insensitive) which was present in the
basolatecral membrane when cells were not swollen

C W. Germann, D of Biology, University of
Dallas, 1845 E. Northgate Drive, Irving, TX 75062, USA.

vers which would be expected 1o bring about decreases
in cell volume. This finding is significant because if this
conductance is activated as part of a volume-regulatory
process, it would be expected that the activation would
be reversuhle Funhennore we show that agents which
are d as block of ATP produc-
tion can prevent thc macnvanon. tut not the activa-

tion, of the This find-
ing differenti the vol ivated K cond
of turtle colon from vol ivated K dh

found in other epithelia and may shed some light on
the mechanism by which volume changes modulate the
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conductance. {This work has been published in abstract
form, [6]).

Materials and Methods

1. Preparation and ing of epithelial tissues

Colons were dissected from turtles (Pseudomys
scripta) and stripped of musculature, as described pre-
viously [7]. Isolated pieces of tissue, (consisting of the
mucosal epnhelmm, underlying connective tissue, and
the ) were d in Ussing
chambzrs (5. 2 cm? area). Standard amphibian Ringer’s
solution (112 mM NaCl, 2.5 mM KHCO;, 1 mM CaCl,)
containing 10 mM glucose was added to both sides of
the chamber (volurae of mucosal or scrosal bath was 10
ml) and the baths were stirred and aerated with room
air. The pH of this and all other solutions was app!

charge from mucosa to serosa. This current usually
reached a steady state within 10-20 min. Comparison
of the I, with simultaneously-measured tracer K fluxes
have shown that under these conditions, ihe ampho-
tericin-induced current is entirely due to the flow of K
down its concentration gradient and that the rate-limit-
ing barrier fos condnuctive K flow is the basolateral
membrane [1]. Hence, the amphotericin-induced /I, is
a direct indicator of the K conductance of the basol:t-
eral membrane.

K transport through the volume-activated K conduc-
tance was identified as that part of the amphotericin-
induced /. which was inhibited by quinidine. Quini-
dine was added to the mucosal bath at a finaf concen-
tration of 0.2 mM - a dose which was found to be
capable of inhibiting the volume-activated conductance

mately 8.3 at room temperature. The chambers were
connected to a four-electrode voltage clamp (Physio-
logic Instruments, San Diego, CA) by means of agar
bridges containing 3 M KCI. In all experiments, trans-
epithelial electrica! potentlal was held at zero, and the
current ired to in this dition (the
‘short-circuit’ current, /) was displayed on a strip-
chart der. In addition, the ‘small-signal’ or total
tissue conductance was monitored at 60-s intervals by
measuring the change in current which resulted from
the imposition of a brief (1 s) step of voltage (usually
10 1aV) across the tissue. After mounting the tissues,
sufficient time was allowed for /. and the small-signal
conductznce to attain steady values (typically 1 hour)
hefore any further experimental maneuvers were per-
formed.

2. Measurement of basolateral K conductance

K gradients were imposed across the tissues by
replacing the mucosal bath witk an iso-osmotic Ringer’s
solution in which all of the Na had been replaced with
an equal amount of K. (mucosal K = 114.5 mM). The
ionic composition of the serosal bath was kept constant
so that transmural K gradients were 114.5:2.5 mM.
Replacement of the mucosal bath with Na-free soiu-
tion typically reduced 1 to around 10% of its initial
value. Following replacement of the mucosal bath,
10™* M ouabain was added to the serosal bath in order
to inhibit the basolateral Na/K-ATPase [8]. | uM
atropinc was added to the serosal bath in order to
prevent modulation of the basolateral K conductance
by acetylcholine which might be released from nerve
terminals in the submucosa [9). Tissues woie then
incubated for at least ore hour before any further
manipulations were performed. During this time, I
typically declined to near zero.

Following incubation, hotericin B (9:107% M)
was added to the mucosal bath. This typically caused
an increase in I, consisteni with *he flow of positive

letely [1]. This was then routinely folivwed by a
second application in order to insure that inhibition
was complete.

3. Mucosal anion substitutions

In the present study, only two major mucosal aaions
were employed — Cl and SO;. Anion substitutions were
carried out isoosmotically by adding either KCI Ringer’s
solution (112 mM KCl, 2.5 mM KHCO,, i mM CaCl,)
or K,80, Ringer’s solution (56 mM K,S(;, 2.5 mM
KHCO;, 1 mM CaCl,, 56 mM sucrose) to the mucosal
bath. Exchange of Cl for SO, or vice-versa was accom-
plished using a sample-and-replace paradigm in which
the total volume of replacement solution was 50 ml
(5-times the volume of the mucosal bath). If ampho-
tericin or any other drugs were present in the mucosal
bath prior to exchange, they were present in the re-
placement solution at the same concentration.

4. Metabolic inhibition

In experiments involving metabolic inhibitors,
iodoacetate (as the sodium salt) was added to the
mucosal and serosal baths in combination with either
cyamde (as potassmm salt) or carbonyl cyanide p-tri-
yl (FCCP). All were
present at 1 mM concentration. Iodoacetate was added
in order to inhibit glycolysis, while cyanide {a blocker
of electron transport) or FCCP (an uncouplmg agem)
was p d to inhibit oxi horylation.
These were added after ouabain and were present for
at least one hour prior to any further manipulations.

5. Morphological studies

In order to assess whether or not cell volume changes
had taken place, tissues were examined using light
microscopy. Tissues were fixed by addition of a small
volume of concentrated formaldehyde to both sides of
the chamber to give a final concentration of 3%. This
was dorne in the presence of amphotericin under three



conditions: (1) in the presence of mucosal Cl (with und
without metabolic inhibitors), (2) following the rer ..ice-
ment of mucosal Cl by SOy, and (3) following ad i:ion
of 20" mM sucrose to both sides in the prese: ¢ of
mucosal Cl (with and without metabo'ic inhit tors).
Fixation was begun only after stable electricil re-
sponses had been ined following each

Tissues were fixed in situ for 5 min and then were
removed and stored in 10% formalin. Following fixa-
tion, tissues werc dehydrated and embedded in paraf-
fin. Sections 5 pm thick were cut using a microiome
(American Optical Co.) and were stained with hema-
toxylin and eosin. In order to minimize variations from
section to section, care was taken to orient tissue
blocks so that the plane of the section was perpendicu-
lar to the plane of the epithelium, and all sections were
subjected to the same staining protocol. Tissues from
at least two separate experiments for each condition
were examined under the {ight microscope. Since pre-
vious studies have shown that cell swelling is reflected
clearly by a change in height of the epithelial cells [2],
apparent cell heights were measured at regular inter-
vals along the !ength of tissue sections. Because cell
height varied frasu location to location within a particu-
lar section, several (.: {~ast twenty) measurements were
made for each condition and then were averaged.
Results are expressed as ratios of averages obtained
under two conditions. Photographs were taken of tis-
sues fixed before and after replacement of mucosal Cl
by SO, (without metabolic inhibitors) and are pre-
sented at the same final magnification.

6. Reagems
idil fod cyanide
and sucrose were added tu chambers as concemraled
A was d in

DMSO prior to addition, whlle FCCP was dissolved in
ethanol. Quinidine and i were pre-
pared daily and were stored in light-proof bottles prior
to use. All drugs were obtained from Sigma Chemical
Co. (St. Louis, MO).

Results

L. Inactivation of guinidi
or mucosal SO,

Fig. 1 shows representative experiments in which
KCI Ringer’s solution was present in the mucosal bath.
Note that prior to the addition of amphotericin, /. was
near zero desplte the presence of a 114.5:2.5 mM K

hotericin, there was an abrupt
increase m the current, which in most instances reached
steady state within 15-20 min. The mean amphoteri-
cin-induced /. was 297 + 20 (mean + S.E; pA/cm?,
n=11). The control experiment shows that most (92.8
+ 0.2%, n =2) of this current was inhibited by quini-

currents by sucrose
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Fig. 1. Inactivation of quinidine-sensitive currents. Tisskes were
witially bathed on the inucosal side by KCI Ringes’s solution and on
the serosal side by NaCl Ringers solution. 9 M amphotericin B was
added to the mucosal hath. and this resulted in the induction of
currents which were due to the flow of K from mucosa to serasa. The
upper panel (control) shows that addition of 0.2 mM quinidine
{mucosal bath) inhibited most of the amphotericin-induced current.
The next two panels show the effect of replacement of mucosal KC}
with K,80, Ringer's solution (middle} or addition of 260 mM
suerose (lawer) to mucosa’ and serosal bathing solutions. Symbols: A,
amphotericin; SO, replacement of mucosal Cl by SOy Q. quinidine;
§, sucrose.

dine. which is in agreement with carlier results [2]. The
other records show that the quinidine-sensitive current
was dramatically reduced by one of two maneuvers: (1)
addition of 200 mM sucrose to the bathing solutions, or
(2) replacement of mucosal KCl with K,SO, Ringer’s
solution. Sucrose reduced /. by a factor of 923+
2.3%, (n = 3), while SO, reduced the current by 75.1 £
2.5% (n = 6). Following these maneuvers a small cur-
rent usually remained, and a fractior of this current
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was found to be inhibited by quinidine. H when
this quinidine-sensitive current was compared to the
total amphotericin-induced current, it comprised only
5.7 £ 0.6% (n =3) of the total in the case of sucrose
and 64 + 1.8% (n =6 in the case of SO,. This con-
trasts with the control experiments, in which over 90%
of the amphotericin-induced /. was found to be quini-
dine-sensitive.

2. Effect of mctabolic inhibitors
Incubation of tissues with abol-

anion exchange, showing that metabolic inhibitors did
not alter the pharmacological sensitivity of the /.. In
the presence of iodoacetate and cyanide, 68.0 4 3.1%
(n =5)of I was quinidine-sensitive, while 77.5 + 2.5%
{(n =2) was quinidine-sensitive when FCCP was used
instead of cyanide. Similar results were obtained when
1 mM sodium fluoride was used in place of iodoacetate
(not shown).

The inability of sucrose or mucosal SO, to reduce
the quinidir itive I, in the p of
inhibi that the inhibi how ren-

ished the effect of sucrose or mucosal SO,, as can be
seen in the representative experiments shown in Fig. 2.
The results show that when tissues were incubated with
iodoacetate in conjunction with either cyanide or
FCCP, replacement of mucosal Cl by SO, caused a
transient dip in / (as it did in the absence of metabolic
inhibitors), but it did not induce inactivation of the
curreat. This was true even when 200 mM sucrose was
added sub ly. B hotericin was added
in the presence of mucosal Cl, one would expect on lhe
basis of previous results that most of the -

dered inactive a mechanism by whlch the cells inacti-
vate the K ¢ foll in ceil
volume. However, it could be argued that channels did
not become inactivated because the inhibitors pre-
vented sufficient cell shrinkage from occurring - per-
haps by rendering the apical membrane permeable to
SO, or sucrose. If such were the case, neither SO, nor
sucrose would be able to exert their normal osmotic
effects. Neverrheless, results shown in Fig. 2 show that
this was not the case. When sucrose was added prior to

hotericin in the p of i and

cin-induced I, would be quinidine-sensitive. This was

confirmed by addition of quinidine fellowing mucosal
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cyanide, currents induced by amphotericin werc smaller
and were largely insensitive to quinidine despite tiie
presence of Cl in the sal bath, The quinidi
hibitable portion of the [, was 7.05 4 8.89 uA/cm?
(n = 3) when sucrose was added prior to amphotericin,
as compared to 116 + 38 uA/cm? (n=5) in the ab-
sence of sucrose. (The remainder of the amphotericin-
induced I, was almost completely blocked by 5 mM
BaCl, on the serosal side (not shown), which has
prevxously been demonstrated to be a blocker of both

itive and -i itive K d in
[1]) This that the osmotic
effect of KCl diffusion into cells was counteracted by
the extracellular sucrose. Similar results were obtaincd
in the absence of metabolic inhibitors (not shown).

3. Activation of quinidine-sensitive currents in the pres-
ence of metabolic inhibitors

In order to give rise to a stcady current, K must
enter cells through amphotericin pore: in the apical
membrane before exiting across the basolateral mem-
brane. For this reason, it is not possible to determine
whether the time course of the curreni increase in
expenments such as lhose in Flgs l and 2 represemed
ion of the 1 con-
or whether it simply reflected the kinetics of

2 |
1
3 /s N, t this hel
E = T o, |
= e
z / | Po0-0—0—0—Sooco |
E o 1o Tz a0 s e
A 25
S 50,
= L's e
B w00 e
v ¢
»n T]/
50
25
See—a
o
° 10 30 a0 50 &0

Time (min)
Fig. 2. Effect of metabolic inhibitors, (filled circles) Protocol was
essentialy the same as in Fig. 1. except tissues were preincubated
with either 1 mM iodoacetate plus 1 mM of either cyanide (upper
panel) or FCCP (lower panel) in the mucosal and serosal baths.
(open circles} Same as closed circles except that 200 mM sucrose was
add~d to the mucosal and serosut bathing solutions prior to ampho-
tericin. For meaning of symbuls, see legend of Fig. 1.

amphotericin insertion into the apical membrane. Fig.
3 shows representative experiments in which qui
dine-sensitive currents were activated after amphoteri-
cin had been in the mucosal bath for several minutes.
Tissues were first incubated with K,SO, Ringer’s solu-
tion in the mucosal bath, and currents were induced by
adding amphotericin. Previous studies have shown that
this current is not sensitive to quinidine and that it
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Fig. 3. Activation of quinidine-sensitive currents by mucosal chloride.
Tissues were initially bathed on the mucosal side = K,SO, Ringer’s
solution and cn the serosal side by NaCl Ringer's solution. Following
addition of 9 uM amphotericin to the mucosal bath, K,SO, was
replaced by KCI Ringer’s solution. This was done in the presence
(upper curve) and absence (lower curve) of metabolic inhibitors (1
mM jodoacetate + 1 mM cyanide, mucosal and serosal baths). Sym-
bols: Cl, replacement of mucosal SO by CI, other symbols are the

same as in Figs. 1 and 2.

represents K flow through a conductance which is
distinct from the volume-activated conductance [2].
Following attainment of steady currents, SO, was 1e-
placed by Cl in the mucosal bath. This was abruptly
followed by an i in I of whether or
not metabolic inhibitors were present. Other experi-
ments (not shown) revealed that the increase in I
could be prevented by addms qulmdme prior to mu-
cosal anion rep of
K,SO, with an identical solution had no effect on the
1. (not shown), di ing that the induction of the
I was not an artifact of the sample-and-replace proce-
dure. Addition of quinidine following activation of the
1. by mucosal Ci revealed that most of the current was
qulmdme sensmve.

in-induced ( $O,) and Clin-
duced currents are given in Table 1. Note that both
Cl-induced currents and amphotericin-induced cur-
rents were reduced in itude when ic in-
hibitors were present — possibly reflecting a general-
ized effect of these agents on the basolateral mem-
brane. Howezer, the fraction of the total 7, which was
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TABLE 1
Short-circuit currents induced
Quinidin: tive curcents activated in the presence and absence of

metabolic irhibitors (iodoacerate and cyanide). Tissues were initrally
incubated with K ,SO, Ringer's solution on the mucosal side. 3779
is the amphotericin-induced current. 3/7 is the change in the
current caused by replacement of mucosal SO, by CL 37! is the
total current in the presence of mucosal Cl. 3/ = gamehe . 37¢1
4740 7 3 1% i the fraction of the total current which was inhibited
by quinidine. Values are presented as means + S.E.

Control (n = 4) With metabolic

inhibition (# = 3)

AP (4 A fem?) 62 18 2 +7
A9 (pA/em™Y 249 £37 156 +47
A1 (wA/em?) 31 154 188 145
Aqasin g g proat 088+ 0.4 0.79+ 007
inidi itive was not d orn the p
or absence of bolic inhibitors — indi that the

nature of the current induced by Cl was the same in
both cases.
Inactivation of the idi it d
was found to be reversible, as is evident in the repre-
sentative cxperimem shovn in Fig. 4. Here, amphoteri-
cin was added in the presence of K SO,, eruurs
lution in the | bath. As d,
of :nucosal SO, by Cl induced an increase in I, while
subsequent replacement of Cl by 30, caused the I to
return to where it had been prior to the izitial anion
substitution. {(According to Fig. 3, the current induced
by substituting CI for SO, should have been sensitive
to quinidine.) When SO, was replaced by Cl a second
time, an increase in I was again induced, and this

Isc (% of maximum)

Time (min)

Fig. 4. Re-activation of quinidine-sensitive currents following inacti-
vation by mucosal sulfate. Tissues were initially bathed by mucosal
K,S0; Ringer's solution and serosal NaCl Ringers's solution. Fol-
lowing addition of 9 &M amphotericin to thc mucosal bath. K,SO,
was replaced by KCI Ringer's solution. After /.. had incre 1sed to
steady levels, the mucosal bath was returned to K,S0, Ringes's
solution. After decline of the £, to a constant value, KCl was again
substituted for K ,50,. For meaning of symbols, see Fig. 3.
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current was abohshcd by qumldAne Results thus show
that both acti and inactivation of the quinidi

4. Morphological studies
Fig. 5 shows cpithelial tissues before and after re-
p].ACCmcI‘Il of mucosal Cl by SO, in the presence ot

are ible processes, as would
be d of a physiological vol latory mech-
anism.
a

Fig. 5. Epithelia in the presence of mucosal chioride or sulfate.

‘Tissues were fixed in the presence of mucosal Cl (a) or following the

replacement of Cl by SO,{b). Amphotericin was present under both

conditions. Photomicrographs were taken using a light microscope

equipped with an oil immersion objective. Magnification: 800%.

Epithelia! c2lls are located at the upper border of the tmuc. Some
nuclei are denoted by arrows.

Note that cells exposed to Cl appear to
be much taller than those exposed to SO,, which is
consistent with the idea that substituticn of SO, for Cl
caused cells to shrink. Perhaps the most obvious indi-
cator of the difference in volume between the twc
conditions is the distance of epithelial cell nuclei from
the apical border. In all cases where cell swelling
(increased cell height) was observed, the apical-nuclear
distance was i , giving the impression that nu-
clei were crowded into the hasal ends of the cells. This
was also ied by a d d of cyto-
plasmic staining ~ a phenomenon previously reported
to occur with swollen celis [2).

It is important to note that we have made no at-
tempt here to determine what the morphology of ‘nor-
mal’ celis would be. It is likely that some changes in
cell volume could have occurred as a result of the
fixation and embedding procedures. Thus it is to be
understood that cells under some conditions are re-
ported to be ‘shrunken’ or ‘swollen’ only refative to
cells fixed under other conditions.

Measurements of cell height confirmed that replace-
ment of mucosal CI by SO, or addition of sucrose (all
in the presence of amphotericin) caused cells to shrink.
Furthermore, this result was not affectcd by the pres-
ence of boli and iod )
Comparison of cell heights gave ratios f 0.70 (S0, /Cl)
and 0.57 (witk sucrose/ without sicrose). With
metabolic inhibitors, the latter ratio w=s 0.60. Results
are consistent with the notion that icduction in the
short-circuit current following sucrose addition or ex-
change of SO, for C! (as shown in Fig. 1) were caused
by cell shrinkage. Furthermore, the failure of these
maneuvers to reduce the current ‘n the presence of
metabolic inhibitors (as shown in Fig. 2) cannot be
attributed to an absence of cell shrinkage.

Discussion

1. 'nactivation of the quinidine-sensitive conductance
‘That sucrose addition or repla"emeu' of mncosal Cl
by SO, was capable of reducing the
cuy rem in the face of a constant transepithelial K
and B suggests that
thesc mampul.mons bmught about inactivation of the
vol 1 K condi Both ma-
neuvers would be cipected to cause loss of cell water
and a concomitant reduction of cell volume ~ aithough
by different mechanisms. The addition of sucrose
should cause efflux of cell water via a simple increase
in the osmolarity of the bathing solutions, while the
exchange of mucosal Cl for SO, would not entail uny
such overt change in osmolarity. Howcver, if mucosal




Cl causes cell swelling due to Cl influx and a subse-
quent increase in cell solute content (see Ref. 2), then
replacement of Ci by SO, (an impermeant anion)
should induce Cl efflux, a reduction in cell solute, and
subsequent wa(er loss. 1 in K p bitity
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iteelf had a direct modul y effect on K ch: Is, as
hus been shown in other cell types [i0,11). If, for
example, the ef'ect of ATP ware to suppress the chan-
nels, then reducing ATP levels wounld have caused

have been observed in
many d|fferem cell types and are thought to be a
means whereby cells regulate their volume [3,4]. The

in K bility the efflux of K
(along with a coumerlon) thus reducing cellular solute
ion. This an d driving force

for water movement and allows cells to bring their
volume down toward normal. If activation of the quini-
dine-sensitive conduclance in turtle colon represents
such a vol it is to be

that the activation pmcess would be reversible upon a
reduction in ceil volume, as the results of the present
study appear to indicate.

2. Effects of metabolic inhibition

In the present study, tissues were incubated for one
hour with pairs of metabolic inhibitors - one
(iodoacetate or fluoride) to inhibit glycolysis and one
{cyanide or FCCP) to inhibit oxidative phosphorylation.
Although we had no way of measuring cellular ATP
levels to verify that ihe inhibitors were effective, we
were able to obtain indirect evidence to that effect.
When we added metabolic inhibitors (1 mM each of
jodoacetate and cyanide) to tissuzes bathed by NaCl
Ringer's soh.mon m the aosence of bain, active

to open and perhaps remain open even in the
face of cell shrinkage. Experiments shown in Fig. 3
counter this and similar argwinents, however. The re-
sults show that replacement of mucosal SO, by Cl
caused a rapid ivation of quinidi cur-
rents in both the presence and absence of metabelic

ibi P the hanism was the same in
both cases and involved cell swelling. Given this it is
clear that metabolic inhibition by itseif was not suffi-
cient to activate the conductance.

3. li
inactivation
Inhibition of ATP production is clearly a drastic
maneuver and one which alters cellular function in a
multitude of ways. For this reason, the results of the
present study do nrot provide much in the way of
positive insight into the mechanism whereby celt vol-
ume ch; dulate the basol
Despite the obvious difficulties, the present study
clearly differentiates the mechanism of volume activa-
tion in turtle colon from mechanisms which activate
basolateral K permeabilities in other epithelia. These
volume-activated K perm.abilitics display quite a de-
gree of h ity, ard both ductive and non-

for the h

of activation /

sodium d as an ide-inhibit.
ble 1. [7D) was reduced to zero withia 15 min (data not
shown). Since the I under these conditions is driven

di K pathways 1ave been found [3,12-17]
However there is reason to believe that there may be
ik ity in the hanism of vol-

by a basolateral Na/K-ATPase, this resuit suggests
that Na/K pump activity was halted as a result of ATP
depletion. The fact that various combinations of in-
hibitors all had the saine effect on the quinidine-sensi-
tive conductance despite their widely-divergent chemi-
cal structures and modes of action is evidence that the
effect of these agents on the conductance was also due
to a reduction in ATP levels.

The simplest explanation of our results would be
that cell shnnkage normally brings about inactivation
of the quinidi itive via a mecha-
nism which utilizes ATP. However, we cannot rule out
the possibility that this mechanism does not in fact
uiilize ATP but only requircs that norma! ATP levels
be present. The mhlbltors may have caused a change in
the i milieu (an i m calcium or ADP
levels, for le) which disrupted the inacti

even among the systems employing con-
ductive paths. For example, it has been shown that in
Necturus small intestine, volume-activation of a baso-
lateral conductance is blocked by metabolic inhibitors
- a result which clearly distinguishes that system from
ours [14].

Recent of stretch-activated ch Isina
wide vanety of cell types (see Ref. 18) for review) has
ion that such may be in-

volved in the swelling-activated regulatory volume de-
creases which have been observed in different cell
types [19-21). In the simplest paradigm, cell swelling
would induce tensnon in the plasma membrane, thus

ing stretch Kch Is and triggering an
A subsequent reduction in cell
volume ~would relieve membrane lensron, allowmg
h Is to close ly. R

mechanism, thus rendering the

such beh were found in the basolateral

P

sive to cell shrinkage.
The above argument raises the poSsibility thar
metabolic inhibitors did not simply disrupt vol

of Necturus proximal tubule using the
patch-clamp technique [22]. Although this system is
ive in its simplicity, the hanism by which

activation, but rather, may have actually exerted a
stimulatory effect on the conductance. Perhaps ATP

stretch acti K ch in other cell
types can be less direct. Stretch-activated channels
have been found which trigger membrane depolariza-
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t-on or calcmm m‘lux. thus opemng voltage-gated or
d D ly [19,20].

’I'he results of (he present study do not support a
simple model in which the volume-activated K
conductance of turtlc colon is mediated by siretch-sen-
sitive K channels. Besides the obvious question as 10
whecther significant stretch actually occurs in a basolat-
eral mc.abrare which is characterized by extensive
infolding, there is thc problem that if the quinidine-
e conductance did in fact consist of such chan-
nels, it is cxpected that cell shrinkage would inactivate
the conductance regardiess of whether metabolic in-
hibitors were present or not. It is still possible that
membrane stretch may directly or indirectly induce K
channel opening, but the results impficate the involve-
ment of other processes which are not simply stretch-
sensitive.

Acknowledgments

This work was supported by the John B. O’Hara
Chemical Sciences Institute, University of Dallas. The
authors wish to thank Dr. David C. Dawson for helpful
comments and suggestions.

References

I Germann, W.J.. Lewy, ME., Erast. S.A. and Dawson. D.C.
(1986) J. Gen. Physiol. 88,

2 Germann, W.J.. Ernst. S.A. and Dawson, D.C. (1986) J. Gen,
Physiol. 88, 253-274.

3 Eveloff, J.L. and D.G. Warnock (1987) Am. J. Physiol. 252,
FI-Fl0.

4 Spring, K.R. and Ericson, A, (1982) J, Membr. Biol. 69, 167-176.

§ Kirk, K.L. and Dawson, D.C. (1983 5. Gen. Physiol. 82, 297-313.

6 Backman, K., Harrison, B, Meysenburg, M., Schwartz, C and
Germann. W. (1990) Biophys. 3. 57, 86a.

7 Dawson. D.C. (1977} J. Membr. Biol. 37, 213-233,

. and Dawson, D.C.(1983) J. Gen. Physiol. 82, 315-329.

C.J. and Dawson. D.C. (1986) Am. J. Physiol. 251,
C563-C570.

10 Lederer, W.J. and Nichols, C.G. (1989) 1. Physiol, 419, 193-211.

11 Ribelet, B., Ciani, 5. and Eddlestone, G.T. (1989) J. Physiol. 94,
693-717.

12 Kirk, K.L.. DiBona. D.R. and Schafer, J.A. (1987) Am. 1. Physiol.
252, F933-F942.

13 Larson, M. and Spring, K.R. (1984) J. Membs. Bio!. 81, 219-232,

14 Lau, K.R., Hudson, R.L. and Schultz, £.G. (1984) Proc. Nuti
Acad. Sci. USA 81, 3591-3594.

15 Lewis, S.A.. Butt, A.G.. Bowler. M.J.,, Leader. J.P. and Mack-

ight, A.D.C. (1985) J. Membr. Biol. 83, 119-137.

16 Lopes, A.G., Amzel, L.M., Markakis, D. and Guggino, W.B.
(1988) Proc. Natl. Acad. Sci. USA 85, 2873-2877.

17 Simmons. N.L. (1984) Q. J. Exp. Physiol. 69, 83-95.

I8 Sachs, F. (1987) Fed. Proc. 46. 12-16.

19 (‘hmlenien. 0. (1987) Nature 330, 66-68.

L.C. and Misler, §. (1989) Proc. Natl. Acad. Sci. USA 86,

23.

Murer, H. and Kolb, H.A. (1988) J. Membr. Biol. 104,

223-232.
22 Sackin, H. (1989) Proc. Natl. Acad. Sci. USA 86, 1731-1735.





