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Inactivation of a volume-sensitive basolateral potassium 
conductance in turtle colon: effect of metabolic inhibitors 
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Previous work has shown that the basolateral membrane of turtle colon epithelium contains a quinidine-~nsitivc pota.~,~ium 
conductance which can be activated by osmotic cell swelling. In this work and ;n the pre~nt study, potassium flow across the 
baselateral membrane was measured as a short-circuit current acro~ intact pieces of epithelial tissue in which amphotcricin B 
was used to permeabilizc the apical membrane. Quinidine-sensitive currents were generated when the muc~ai 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 quinidinc-inhibitable fraction of the current to go from over 90% to around 6% - suggesting that 
decreases in cell volume had brought about inactivation of the quinidine-sensitive conductance. When metabolic inhibitors were 
present, inactivation of the conductance by these maneuvers was prevented. Activation of the conductance by replacement of 
mucosal SO 4 by Ci, howcv,~'r, was not affected. 

Introduction 

Previous investigations have revealed that os~,toti- 
cally-induced cell swelling activates a cluinidi.le-inhibi- 
table potassium (K) conductance in the basolateral 
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 
about alterations in the transport  properties of cell 
membranes - presumably reflecting the presence of 
regulatory t~rocesses which are designed to protect  
cells against unduly large volume per tmbat ion ;  [3.4]. 

In the aforementioned study, the basola~:eral K con- 
ductance w ts measured in intact pieces of epithlial 
tissue using a modification of the method or" Kirk and 
Dawson, ip which the polyene antibiotic, amphotericin 
B, was emir ,wed  in order  to functionally eliminate the 
apical membrane as a barrier to cation flow [5]. Through 
measurements  of macroscopic currents and ionic t racer  
fluxes, they were able ~o show that the volume-activated 
(quinidine-sensitive) conductance was physically and 
pharmacologically dhainct from a ' resting'  K conduct- 
ance (qainidine-insen~itive) which was present in the 
basola~eral membrane when cells were not swollen 

Correspondence: W. Germann. Department of Biology, University of 
Dallas, 1845 E. Northgate Drive, Irving, TX 75062, USA. 

[1,2]. The contribution of either of these two conduct- 
ances to the overall conductance of  the basolaterai 
membrane was found to be highly dependent  .~a lhe 
anionic composition of the bathing media. In I~ :~'ticu- 
lar, the volume-activated conductance was ,~:esent 
when the mocosal bath contait, ed  anions c a p ~ l e  o f  
permeating amphotericin pores (CI, N O  3 or ::,CN), 
while the resting conductance was observed wh,..n the 
predominant  mucosal anion was impermeant (~,O 4 or  
gluconate). Results were consistent with a scenario in 
which the quinidine-sensitive conductance was acti- 
vated by cell swelling subsequent to a gain in cell solute 
content vis-a-vis co-diffusion ot K and a cuun~erion 
through amphotericin pores. 

In the present study, we sho,~ that the q,.ir~idine- 
sensitive K conductance can be reactivated by maneu- 
vers which would be expected Io bring about decreases 
in cell volume. This finding is significant because if this 
conductance is activated as part  of  a volume-regulatory 
process, i: would be expected that the activation would 
be reversible. Furthermore,  we show that agents which 
are commonly employed as blockers of ATP produc- 
tion can prevent the inactivation, but not the activa- 
tion, of  the quinidine-sensitive conductance. This find- 
ing differentiates the volume-activated K conductance 
of  turtle colon from volume-activated K cooductances 
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 

L Preparation and molmting 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 epithelium, underlying connective tissue, and 
the muscularis mucosae) were mounted in Ussing 
chamb.~rs (5.2 cm 2 area). Standard amphibian Ringer 's 
solution (112 mM NaCI, 2.5 mM KHCO3, 1 mM CaCI~) 
containing 10 mM glucose was added to both sides of 
the chamber (volume of mucozal or serosal bath was 10 
ml) and the baths were stirred and aerated with room 
air. The pH of this and all other solutions was approxi- 
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 electrical potential was held at zero, and the 
current required to maintain this condition (the 
"short-circuit" current, I~) was displayed on a strip- 
chart  recorder. In addition, the 'small-signar or total 
tissue conductance was monitored at 60-s intervals by 
mea~;uring the change in current  which resulted from 
the imposition of a brief (1 s) step of voltage (usually 
10 mV) across the tissue. After mounting the tissues, 
sufficient time was allowed for I~¢ and the small-signal 
conductznce to attain steady values (typically 1 hour) 
before any further  experimental maneuvers were per- 
fo rmed  

2. Measurement of basolateral K conductance 
K gradients were imposed across the tissues by 

replacing the nmcosal bath with 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 batia with Na-free solu- 
tion typically reduced l,c to around 10% of its initial 
value. Following replacement of the mucosal bath, 
10 -4 M ouabain was added to the serosal bath in order 
to inhibit the basolateral Na /K-ATPase  [8]. 1 /xM 
atropine 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 v,,:,e then 
incubated for at least one hour before any fllrther 
manipulations were performed. During this tin,e, 1,~ 
typically declined to near zero. 

Following incubation, amphoterieln B ( 9 . 1 0  -n M) 
was added to the mucosal bath. This typically caused 
an increase in I~c consistent with '.he flow of positive 

charge from mucosa to serosa. This current  usually 
reached a steady state within 10-20 min. Comparison 
of the (,c with simultaneously-measured t racer  K fluxes 
have shown that under  these conditions, the ampho- 
tericin-indueed current  is entirely due to the flow of  K 
down its concentration gradient and that the rate-limit- 
ing barrier f0¢ conductive K flow is the basolateral 
membrane [1]. Hence, the amphotericin-induced /~¢ is 
a direct indicator of the K conductance of the basolca- 
eral membrane.  

K transport  through the volume-activated K conduc- 
tance was identified as that  part  of the amphotericin- 
induced I~ which was inhibited by quinidine. Quint- 
dine was added to the mucosal bath at a fired co,acen- 
tration of 0.2 mM - a dose which was fc)~und t~ be 
capable of inhibiting the volume-activated conduclance 
completely [1]. This was then routinely folk',~:ed by a 
second application in order  to insure that inhibition 
was complete. 

3. Mucosal anion substitutions 
In the present study, only two major mucosal unions 

were employed - CI and SO 4. Anion substitutions were 
carried out isoosmotically by adding either KCI Ringer 's  
solution (112 mM KCI, 2.5 mM KHCO3, i mM CaCI 2) 
or K2SO 4 Ringer 's solution (56 mM K2S(.~ 4, 2.5 mM 
KHCO 3, 1 mM CaCI.,, 56 mM sucrose) to the mucosal 
bath. Exchange of CI for SO 4 or vice-versa was accom- 
plished using a sample-and-replace paradigm in which 
the total volume of replacement solution wa~ 50 ml 
(5-times the volume of the mucosal bath). If ampho- 
tericin or any other  drugs were present in the mucosal 
bath I:rior 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 
cyanide (as potassium salt) or carbonyl cyanide p-tri- 
fluoromethoxyphenyl hydrazone (FCCP). All were 
present at 1 mM concentration, ledoaeetate was added 
in order  to inhibit glycolysis, while cyanide (a blocker 
of electron transport) or FCCP (an uncoupling agent) 
was employed to inhibit oxidative phosphorylation. 
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 done in tile presence ofamphoter ic in  under  three 



conditions: (1) in the presence of mucosal CI (with lind 
without metabolic inhibitors), (2) following the reF ,°ice- 
ment of mucosal CI by SO4, and (3) following ad Lion 
of 20e mM sucrose to both sides in the prese 'e o~" 
mucosal CI (with and without metabo'ic inhit tots). 
Fixation was began only after stable electrk d re- 
sponses had been attained following each mar~euver. 
Tissues were fixed in situ for 5 rain ;rod then were 
removed and stored in 10% formalin. Ft;![owing fixa- 
tion, tissues were dehydrated and embedded in paraf- 
fin. Sections 5 p.m thick were cut ushg a micro;,~me 
(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 light microscope. Since pre- 
vious studies have shown that cell swelling is reflected 
clearly by a ~ha.~gc in height of the epithelial cells [2], 
apparent cell heights were measured at regular inter- 
vals along the length of tissue sections. Because cell 
height varied fr¢~la 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 CI 
by SO 4 (without metabolic inhibitors) and are pre- 
sented at the same final magnification. 

6. Reagents 
Atropine, ouabain, quinidine, iodoacetate, cyanide 

and sucrose were added to chambers as concentrated 
aqueous solutions. Amphotericin was dissolved in 
DMSO prior to addition, while FCCP was dissolved in 
ethanol. Quinidine and atropine solutions 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 

1. Inactivation o f  quinidine-sensitice currents by sucrose 
or mucosal SO 4 

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 despite the presence of a 1i4.5:2.5 mM K 
gradient. Following amphotericin, there was an abrupt 
increase in the current, which in most instances reached 
steady state within 15-20 rain. The mean amphoteri- 
cin-induced /~ was 297 4- 20 (mean 4- S.E.; / zA/cm 2, 
n = 11). The control experiment shows that most (92.8 
+ 0.2%, n = 2) of this current was inhibited by quini- 
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Fig. I. Inactivation of quinidine-sensitive currents. Tissues were 
initially bathed on the inueosal side by KCI Ringer's solution and on 
the serosa| side by NaCI Ringer's solution, q/~M ampho~ericin 8 v,'as 
added to the mucosal hath. and this resulted in the induction of 
eurrenls which were due t:~ the flow of K from mucosa to scrosa. The 
upper panel (control) shows that addition of q.2 mM quinidioe 
(mucosal bath) inhibited most of the amphoteriein-ioduccd current. 
The next two panels show the effect of replacement of mucosal KCI 
with KzSO 4 Ringer's .solution (middle) or addition of 2{',0 mM 
s,.!,cro~e flower) to mueosa' and serosal bathing .solutions. Symbols: Ao 
amphoteriein: SO.,. replacement of mucosal CI by SO.,: V, qumidio¢; 

S, sucrose. 

dine. which is in agreement with earlier results [2]. The 
other records show that the quinidine-sensifive current 
was dramatically reduced by one of two maneuvers: (1) 
addition of 200 mM sucrose to the bathing solutions, or 
(2) replacement of mucosal KCI with KzSO 4 Ringer's 
solution. Sucrose reduced I~ by a factor of 92.3 + 
2.3%, (n = 3), while SO 4 reduced the current by 75.1 + 
2.5% (n = 6). Following these maneuvers a small cur- 
rent usually remained, and a fraction of this current 



was found to be inhibited by quinidine. However, when 
this quinidipe-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 6.4 _.+ 1.8% Ot = 6; in the case of SO4. This con- 
trasts with the control experiments, in ¢¢hich over 90% 
of the anaphotericin-induced I~c was found to be quini- 
dine-sensitive. 

2. Effect of  metabolic bzhibitors 
Incubation of tissues with metabolic inhibRors abol- 

ished the effect of sucrose or mueosal SO4, 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 mueosal CI by SO 4 caused a 
transient dip in I~ (as it did in the absence of  metabolic 
inhibitors), but it did not induce inactivation of the 
current.  This was true even when 200 mM sucrose was 
added subsequently. Because amphotericin was added 
in the presence of mucosal CI, one would expect on the 
basis of previous results that  most of the amphoteri-  
cin-induced I~ would be quinidine-sensitive. This was 
confirmed by addition of quinidine following mucosal 
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Fig. 2. Effect of metabolic inhibitors. (filled circles) Protocol was 
essentJaly the same a~ in Fig. 1, except tissues were preincubated 
with eilher I raM ic, doacetate plus 1 raM of either cyanide (upper 
panel) ol FCCP (lower panel) in the raucosal and serosal baths. 
(open circle.g) Sara¢ as closed circles except that 200 mM sucrose was 
add"d to the raucosal and seros=~l balhlng solutions prior to arapho- 

tericin. For meaning of symbols, see legend of Fig. 1. 

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

The inability of sucrose or mucosal SO 4 to reduce 
the quinidir e-sensitive !~ in the presence of metabolic 
inhibitors suggests that  the inhibitors somehow ren- 
dered inactive a mechanism by which the cells inacti- 
vate the K conductance following a reduction ia cell 
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 4 or sucrose. If such were the case, neither SO4 nor 
sucrose would be able to exert their normal osmotic 
effects. Neverfhclcss, results shown in Fig. 2 show that  
this was not the case. When sucrose was added prior to 
amphoteriein in the presence of iodoacetate and 
cyanide, currents induced by amphotericin were smaller 
and were largely insensitive to quinidine despite the 
presence of CI in the mueosal bath. The quhtidine-in- 
hibitable portion of the !~ was 7.05 4= 8.89 / . tA/cm z 
(n = 3) when sucrose was added prior to amphotericin, 
as compared to 116 + 38 / t A / c m  2 (n = 5) in the ab- 
sence of sucrose. (The remainder of the' amphotericin- 
induced !~ was almost completely blocked by 5 mM 
BaCl 2 on the serosal side (not shown), which has 
previously been demonstrated to be a blocker of  both 
quinidine-sensitive and -insensitive K conduetanees in 
this epithelium [1].) This suggests that  the osmotic 
effect of KCI diffusion into cells was counteracted by 
the extracellular sucrose. Similar results were obtained 
in the absence of metabolic inhibitors (not shown). 

3. Activation of  quinidine-sensitice currents in the pres- 
ence of metabolic bthibitors 

In order  to give rise to a steady 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 current  incrca~v in 
experiments such as those in Figs. 1 and 2 represented 
activation of the quinidine-sensitive basolateral con- 
ductance or whether  it simply reflected the kinetics of  
amphotericin insertion into the apical membrane.  Fig, 
3 shows representative experiments in which quini- 
dine-sensitive currents were activated after  amphoteri-  
cin had been in the mucosal bath for several minutes. 
Tissues were first incubated with K2SO 4 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 t~ K:SO+ Ringer's 
solution and cn the serosal side by NaCI Ringer's solution. Following 
addition of 9 p.M 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 (I 
mM iodoacetate± ! mM cyanide, mucosal and serosal baths). Ssm- 
bols: CI. replacement of mueosal SO4 by CL other symbols are the 

same as in Figs. I and 2. 

represen ts  g flow th rough  a conductance  which is 
dist inct  f rom the  volume-ac t iva ted  conductance  [2]. 
Following a t t a inment  o f  s teady currents ,  S O  4 was  Je- 
placed by CI in the  mueosal  bath.  Th i s  was  abrupt ly 
followed by an  increase  in I~  regardless  of  w h e t h e r  o r  
not  metabol ic  inhibitors  were  present .  O t h e r  experi-  
men t s  (not  shown)  revea led  that  the  increase  in /~  
could be p reven ted  by add ing  quinidine pr ior  to mu-  
cosal anion rep lacement .  Rep lacemen t  o f  mucosal  
K 2 S O  4 with an  identical  solut ion had no effect  on the  
1~ (not  shown),  demons t r a t i ng  that  the  induct ion of  the  
I~c was  not  an  art ifact  o f  the  sample-and- rep lace  proce- 
dure .  Addi t ion  o f  quinidine  following act ivat ion of  the  
Is~ by mucosal  CI revea led  that  most  o f  tl;e cur ren t  was  
quinidine-sensi t ive.  

Ampbote r i c in - indueed  (mucosal  SO4) and  CI-in- 
duced  cur ren ts  a re  g iven in Table  i. No te  that  both 
CI- inducea  cur ren ts  and  ampboter ic in- induced  cur- 
rents  were  reduced  in magt t i tude  when  metabol ic  in- 
hibi tors  were  p resen t  - possibly ref lect ing a general -  
ized effect  o f  these  agen t s  on the  basolateral  m e m -  
brane.  H o w c : e r ,  the  fract ion of  the  total /~: which was 
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TABLE I 

Short-circui! currents hlduced 

Ouinidine-sensitive curcents ,ctivatcd in the presence and absence of 
metabolic L~hihitors (iodoace!at¢ and cyanide). Tissues were initmlly 
incubated with K:SO~ Ringer's solution on the mucosal side. ,11 'mpl~' 
is the ampbotericln-induced current, A/<1 is the change in the 
current caused by replacement of mucosal SO 4 by CI..11 ' ' ' l  is the 
total current in Ihc presence of mueosal CI..11 "''a = .11 "~om' ÷ .11 t+. 
J l q u i n / j ]  h'tal is the fraction c)f the Iotal current ":¢hich was inhibited 
by quinidine. Values are presented as means ± S.E. 

Control (n = 4) With metabolic 
inhibition (n = 3) 

AI amph') (/~A/cm 2) 62 ± 18 32 ± 7 
• .tl (I (#A/cm:)  249 ±37 156 ±47 
J/ i " i° i  (,~A/cm2 ) 311 ±.54 188 _+45 

3lquln/..~l ll,lal 0.88+ 0.04 0.79-+- 0.1)7 

qu in id ine-sens i t i ve  was no t  dependen t  on the presence 

o r  absence o f  me tabo l i c  inh ib i to rs  - i nd ica t ing  that  the  

na tu re  o f  the  cu r ren t  induced by C I  was the same in  
bo th  cases. 

Inact ivat ion of  the  quinidine-sensi t ive conductance  
was  found to be reversible,  as is ev ident  in the  repre-  
sentat ive exper imen t  sbov~n in Fig. 4. Here ,  a m p h o t e d -  
cin was added  in the  presence  of  K z S O  4 R inge r ' s  
solut ion in the  mucosal  bath.  As  expected,  rep lacement  
of  mucosal  SO+ by C! induced an increase in !~ ,  while 
subsequent  r ep lacement  of  CI by SOt  caused the /~  to  
re turn  to where  it had  been  prior  to the  initial anion 
substi tut ion.  (Accord ing  to Fig. 3, the  current  induced 
by subst i tu t ing CI for SO4 should have been sensit ive 
to quinidine . )  W h e n  SO~ was  replaced by CI a second 
t ime, an increase  in I,~ was aga in  induced,  ,~nd this 
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Fig, 4. Re-activation of quinidine-sensilive currents folio,sing inacli- 
vat;on by mucosal sulfate. Tissues were initially bathed by muco:ml 
K.,SO 4 Ringer's sol,.,tion and serosal NaCl Ringers's solution. F~)I- 
lowing addit/on of 9 ~M amphotericin to the: mucosal bath, K2SO~ 
was replaced by KCI Ringer's solution. After I~ had incre ised to 
steady levels, the mucosal bath was returneo In K:$O a :~.inger's 
solution. After decline of the 1~ to a constant value. KCI was again 

substituted for K2504. For meaning of symbols, see Fig. 3. 



current was abolished by quinid~ne. Results thus show 
that both activation and inactivation of the quinidine- 
sensitive conductance are reversible processes, as would 
be expected of a physiological volume-regulatory mech- 
anism. 

Fig. 5. Epithelia in the presence of mucosal ch;oride or sulfate. 
Tissues were fixed in the presence of mocosal CI (a) ,,r following the 
replacement of CI by SO4(b). Ampholericin was present under both 
conditions. Photomicrographs were taken using a light microscope 
equipped with an oil immersion objective. Magnification: 800:<. 
Epithelial cells are located at the upper border o f  the tissue. Some 

nuclei arc denoted by arrows. 

4. Morphological studies 
Fig. 5 shows epithelial tissues before and after re- 

pl ,cement  of mucosal CI by SO 4 in the presence e l  
amphotcricin. Note that cells exposed to CI appear  to 
be much taller than those exposed to SO4, which is 
consistent with the idea that substitmicn of SO 4 for CI 
caused cells to shrink. Perhaps the most obvious indi- 
cator  of the difference in volume between the two 
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 increased, giving the impression that nu- 
clei were crowded into the basal ends of the cells. This 
was ,also accompanied by a decreased intensity of cyto- 
plasmic staining - a phenomenon previously reported 
to occur with swollen cells [2]. 

It is important to note that we have made no at- 
tempt here to determine what the morphology of 'nor-  
mal '  cells would be. It is likely that some changes in 
cell volume could have occurred as a resnlt 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 reTative to 
cells fixed under  other  conditions. 

Measurements of cell height confirmed that  replace- 
ment of muct,sal CI by SO 4 or addition of sucrose (all 
in the presence of amphotericin) caused ceils to shrink. 
Furthermore.  this result was not affected by the pres- 
ence of metabolic inhibitors (cyanide and iodoacetate). 
Comparison of cell heights gave ratios tf 0.70 (SO4/C1) 
and  0.57 (with s u c r o s e / w i t h o u t  s lcrose). With 
metabolic inhibitors, the latter ratio was 0.60. Results 
are consistent with the notion that reduction in the 
short-circuit current  following sucrose addition or ex- 
change of SO 4 for CI (as showtt in l:'ig. 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. /~acti'.'ation of  the quinidine-sensitice conductance 
That sucrose addition or replacement of mucosal Cl 

by SO 4 was capable of reducing the quinidine-sensitive 
current in the face of a constant transepithelial K 
gradient and mucosal amphotericin B suggests that  
these manipulations brought  about inactivation of the 
volume-activated basolateral K conductance.  Both ma- 
neuvers would be expected to cause loss c f  cell water 
and a concomitant reduction of cell volume - al though 
by different mechanisms. The addition of sucrose 
should cause effiux of cell water via a simpIe increase 
in the osmolarity of the bathing solutions, while the 
exchange of mucosal Cl for SO 4 would not entail any 
such overt change iu osmolarity. However, if mucosal 



CI causes cell swelling due to CI influx and a subse- 
quent increase in cell solute content (see Ref. 2), then 
replacement of CI by SO 4 (an impermeant anion) 
should induce Cl efflux, a reduction in cell solute, and 
subsequent water loss. Increases in K F.ermeabi!ity 
following cell+plume expansion have been observed in 
many different cell types and are thought to be a 
means whereby cells regulate their volume [3,4]. The 
increase in K permeability accelerates the efflux of K 
(along with a counterion), thus reducing cellular solute 
concentration. This establishes an outward driving force 
for water movement and allows cells to bring their 
volume down toward normal. If activation of the quint- 
dine-sensitive conductance in turtle colon represents 
such a volume-regulatory response, it is to be expected 
that the activation process would be reversible upon a 
reduction in cell 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 the inhibitors were effective, we 
were able to obtain indirect evidence to that effect. 
When we added metabolic inhibitors (1 mM each of 
iodoacetate and cyanide) to tissues bathed by NaC! 
Ringer's solution in the absence of ouabain, active 
sodium absorption (measured as an amiloride-inhibita- 
ble !~ [7]) was reduced to zero within 15 rain (data not 
shown). Since the lsc under these conditions is driven 
by a basolateral Na/K-ATPase,  this result suggests 
that N a / K  pump activity was halted as a result of ATP 
depletion. The fact that various combinations of in- 
hibitors all had the same effect on the quinidine-scnsi- 
t ire 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 lev¢ls. 

The simplest explanation of our results would be 
that cell shrinkage normally brings about inactivation 
of the quinidine-sensitive conductance via a mecha- 
nism which utilizes ATP. However, we cannot rule out 
the possibility that this mechanism does not in fact 
uiiliz~ ATP but only requires that nohTnal ATP le-'e!s 
be present. The inhibitors may have caused a change in 
the intracellular milieu (an increase in calcium or ADP 
levels, for example) which disrupted the inactivation 
mechanism, thus rendering the conductance unrespon- 
sive to cell shrinkage. 

The above argument raises the pogsibility that 
metabolic inhibitors did not simply disrupt volume-in- 
activation, but rather, may have actually exerted a 
stimulatory effect on the conductance. Perhaps ATP 
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itself had a direct modulatory effect on K channel~, as 
h'+s been shown in other cell types [10,11]. If, for 
example, the effect of ATP were to suppress the c!lan- 
nels, then reducing ATP levels would have caased 
cllannels to open and perhaps remain open even in the 
face of cell .,,hrinkage. Experiments shown in Fig, 3 
counter this alld similar arguments, howe,~er. The re- 
sults show that replacement ~f mucosal SO 4 by CI 
caused a rapid activation of quinidine-sensitive cur- 
rents in t, oth the presence and absence of metabolic 
inhibitors. Presumably, the mechanism was the same in 
both cases and involved cell swelling. Given thi~ it is 
clear that metabolic inhibition by itself was not suffi- 
cient to activate the conductance. 

3. Implications for the mechanism of acticotion / 
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 not provide much in the way of 
positive insight into the mechanism whereby cell vol- 
ume changes modulate the basolateral conductance. 
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 heterogeneity, al,d both conductive and non- 
conductive K pathways 3ave been found [3,12-17]. 
However, there is reason to believe that there may be 
considerable heterogeneity in the mechanism of vol- 
ume-activation even among the systems employing con- 
ductive paths. For example, it has been shown that in 
Necturus small intestine, volume-activation of a hasp- 
lateral conductance is blocked by metabolic inhibitors 
- a result which clearly distinguishes that system from 
ours [14]. 

Recent discoveries of stretch-activated channels in a 
wide variety of cell types (see Ref. 18) for review) has 
prompted speculation that such channels may be in- 
volved in the swelling-activated regulatory volume de- 
creases which have been observed in different cell 
types [10-21]. In the simplest paradigm, cell swelling 
would induce tension in the plasma membrane, thus 
opening stretch-sensitive K channels and triggering an 
increase in K effl,_,x. A s:wbseqnem reduction in cell 
volume .would relieve membrane tension, allowing 
channels to close spontaneously. Recently, K channels 
exhibiting such behrvior were found in the basolateral 
membrane of N, cturus proximal tubule using the 
patch-clamp technique [22]. Although this system is 
attractive in its simplicity, the mechanism by which 
membrane stretch activates K channels in other ceil 
types can be less direct. Stretch-activated channels 
have been found which trigger membrane depolariza- 



tion or  calcium influx, thus opening vol tage-gated or  
calcium-activated K channels,  respectively [19,20]. 

The  results  o f  the present  study do not support  a 
s imple model  in which the  volume-act iva ted  K 
conductance  of  turtle colon is med:tated by s'~.retch-sen - 
sitive K channels.  Besides the obvious quest ion as  to 
whe ther  significant stretch actually occurs in a basolat- 
eral mc, . tbrane which is chaiacter ized by extensive 
infolding, there is the problem that  if  the  quinidine-  
sensitive conductance  did in fact consist o f  such chan-  
nels, it is expected that cell shr inkage  would inactivate 
the conductance  regardless  of  whctBer  metabol ic  in- 
hibitors were  present  o r  not. It is still possible that 
m e m b r a n e  stretch may directly or  indirectly induce K 
channel  opening,  but  the results implicate the  involve- 
ment  of  o the r  processes  which are not simply stretch- 
sensitive. 
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