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Summary.  Cell-attached patch-clamp recordings from Ehrlich as- 
cites tumor cells reveal nonselective cation channels which are 
activated by mechanical deformation of the membrane. These 
channels are seen when suction is applied to the patch pipette or 
after osmotic cell swelling. The channel activation does not occur 
instantaneously but within a time delay of �89 to 1 min. The channel 
is permeable to Ba z+ and hence presumably to Ca 2+. It seems 
likely that the function of the nonselective, stretch-activated 
channels is correlated with their inferred Ca 2+ permeability, as 
part of the volume-activated signal system. In isolated inside- 
out patches a Ca2+-dependent, inwardly rectifying K + channel 
is demonstrated. The single-channel conductance recorded with 
symmetrical 150 mM K + solutions is for inward current estimated 
at 40 pS and for outward current at 15 pS. Activation of the K § 
channel takes place after an increase in Ca 2+ from 10 .7 to l0 6 g 
which is in the physiological range. Patch-clamp studies in cell- 
attached mode show K § channels with spontaneous activity and 
with characteristics similar to those of the K § channel seen in 
excised patches. The single-channel conductance for outward 
current at 5 mM external K + is estimated at about 7 pS. A K § 
channel with similar properties can be activated in the cell- 
attached mode by addition of Ca 2§ plus ionophore A23187. The 
channel is also activated by cell swelling, within 1 min following 
hypotonic exposure. No evidence was found of channel activation 
by membrane stretch (suction). The time-averaged number of 
open K § channels during regulatory volume decrease (RVD) can 
be estimated at 40 per cell. The number of open K + channels 
following addition of Ca 2+ plus ionophore A23187 was estimated 
at 250 per cell. Concurrent activation in cell-attached patches of 
stretch-activated, nonselective cation channels and K § channels 
in the presence of 3 mM Ca 2§ in the pipette suggests a close spatial 
relationship between the two channels. In excised inside-out 
patches (with NMDG chloride on both sides) a small 5-pS chloride 
channel with low spontaneous activity is observed. The channel 
activity was not dependent on Ca 2§ and could not be activated 
by membrane stretch (suction). In cell-attached mode single- 
channel currents with characteristics similar to the channels seen 
in isolated patches are seen. In contrast to the channels seen in 
isolated patches, the channels in the cell-attached mode could be 
activated by addition of Ca 2§ plus ionophore A23187. The channel 
is also activated by hypotonic exposure with a single-channel 
conductance at 7 pS (or less) and with a time delay at about 1 
min. The number of open channels during RVD is estimated at 
80 per cell. Two other types of C1- channels were regularly re- 

corded in excised inside-out patches: a voltage-activated 400-pS 
channel and a 34-pS CI- channel which show properties similar 
to the C1- channel in the apical membrane in human airway 
epithelial cells. There is no evidence for a role in RVD for either 
of these two channels. 

Key Words K + channel. C1- channel, patch clamp, nonselec- 
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Introduction 

Volume regulation is a feature common to many 
vertebrate cells (for references, see recent reviews 
by Hoffmann & Simonsen, 1989; Okada & Hazama, 
1989; Schultz, 1989; Chamberlin & Strange, 1990; 
Lewis & Donaldson, 1990; Hoffmann & Kolb, 1991; 
Spring & Hoffmann, 1991; Hoffmann & Ussing, 
1992). When placed in a hypotonic bathing solution, 
these cells initially swell, but then, over several mi- 
nutes, shrink back to near their resting volume. The 
regulatory volume decrease (RVD) is usually ac- 
companied by the loss of intracellular K § and 
anions, mainly C1-. Several transport mechanisms 
have been proposed to be activated during RVD (see 
Hoffmann & Simonsen, 1989). Activation by cell 
swelling of separate, conductive K + and C1- trans- 
port pathways in single cells was first proposed for 
Ehrlich ascites tumor cells (Hoffmann, 1978). This 
notion has been confirmed in later studies of RVD in 
Ehrlich cells (see Hoffmann, Lambert & Simonsen, 
1988) as well as in many other vertebrate cells (see 
Hoffmann & Simonsen, 1989). Activation of ion 
channels in hypotonically swollen Ehrlich cells has 
been directly demonstrated in studies using the 
patch-clamp technique (Hudson & Schultz, 1988). 

The mechanism of volume-induced activation of 
the K § and C1- channels is only partly understood, 
but Ca z+ seems to be involved in the RVD response 
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in most cell types investigated (for a recent review 
see Pierce & Politis, 1990). In Ehrlich cells both Ca 2+ 
entry and Ca z+ release from intracellular stores has 
been reported to play a role in the RVD response 
(see Hoffmann et al., 1988; Hoffmann & Simonsen, 
1989). An increase in [Ca2+]i could directly activate 
a Ca2+-activated K + channel. The role of [Ca2+]i in 
the activation of the C1- channel has been proposed 
to be indirect and mediated via CaZ+-induced stimu- 
lation of leukotriene synthesis (see Hoffmann et al., 
1988). 

The nature of the sensory mechanisms detecting 
the volume changes during RVD is, as yet, totally 
unknown. Over the last couple of years, however, 
stretch-activated, cation-selective ion channels, 
which appear to be ubiquitous (Guharay & Sachs, 
1984; Christensen, 1987; Lansman, Hallam & Rink, 
1987; Kirber, Walsh & Singer, 1988; Falke & Misler, 
1989; Sackin, 1989; Hoffmann & Kolb, 1991) have 
been proposed as a possible candidate for the "sen- 
sor" mechanisms in cell volume regulation. The 
stretch-activated channel reported by Sackin (1989) 
in the basolateral membrane of Necturus proximal 
tubules is K + selective, in contrast to the stretch- 
activated cation channels in most other cell types 
which have been found to be cation nonspecific. The 
channels are in general permeable to Ca 2+ and may 
allow sufficient Ca 2+ to enter to serve a second mes- 
senger function (Christensen, 1987; Lansman et al., 
1987). 

In the present report we demonstrate nonselec- 
tive cation channels in Ehrlich cells which can be 
activated either after osmotic cell swelling or by 
mechanical stress (suction). The channel conducts 
Ba 2+, an often used indication of Ca 2+ conductance. 
The activity of the stretch-activated, nonselective 
cation channels increases shortly after the onset of 
osmotically induced cell swelling and gradually de- 
creases during RVD. 

The present study also reports patch-clamp 
studies to characterize the K + and C1 channels 
activated by cell swelling in Ehrlich cells. The 
volume-activated C1- channel is small with a single- 
channel conductance of 2 to 7 pS. In inside-out 
patches the C1- channel cannot be activated by 
Ca 2+. The volume-activated K + channel is a C a  2+- 

activated inward-rectifier channel with 40-pS con- 
ductance for inward currents and 15 pS for outward 
currents, similar to the small, CaZ+-activated K + 
channel in red cells (Grygorczyk, Schwarz & Pas- 
sow, 1984) and HeLa cells (Sauv6 et at., 1986, 
1988). In inside-out patches neither of the channels 
are stretch activated. In cell-attached patches both 
the K + and the C1- channel are fully activated by 
hypotonic cell swelling and by addition of the 
C a  2+ ionophore A23187. The activation of the CI- 

channel after hypotonic exposure is delayed about 
30-50 sec. 

It seems likely that the function of the stretch- 
activated, nonselective cation channels is correlated 
with their putative C a  2+ permeability. In combina- 
tion with C a  2+ release from internal stores this could 
produce an increase in [Ca2+]i  which could in turn 
directly or indirectly activate the K + and C1- chan- 
nels which are not directly activated by mechanical 
stress. A significant cell depolarization during RVD 
has been observed in Ehrlich cells (see Hoffmann 
& Kolb, 1991) and may play a role in K + channel 
activation as proposed in other cell types (for refer- 
ences see Hoffmann & Simonsen, 1989; Rotin et al., 
1991); such depolarization will be enhanced by the 
activation of stretch-activated, nonselective cation 
channels. Part of this work has been published pre- 
viously in abstract form (Jakobsen, Christensen & 
Hoffmann, 1989). In inside-out patches neither of 
the channels are stretch activated. In cell-attached 
patches both the K + and the C1 channel are fully 
activated by hypotonic cell swelling and by addition 
of the Ca 2+ ionophore A23187. The activation of 
the CI- channel after hypotonic exposure is delayed 
about 30-50 sec. 

Materials and Methods 

CELL SUSPENSIONS 

Ehrlich mouse ascites tumor (EAT) cells (hyperdiploid strain) 
were maintained in the peritoneal cavity of white female Theiler 
mice by weekly transplantation and harvested eight days after 
transplantation. The ascites fluid was diluted in a standard salt 
solution (see below) containing heparin (2.5 IU/ml), and centri- 
fuged (700 x g, 45 sec). The packed cells were resuspended 
and washed twice by centrifugation, once with the standard salt 
solution and once with the standard incubation medium (see be- 
low). The cells were finally resuspended in standard incubation 
medium, the cytocrit adjusted to 1% and the cell suspension 
incubated in a shaking bath at 37~ 

All experiments were performed at room temperature. Con- 
trol experiments show that Ehrlich cells undergo RVD at this 
temperature at a rate of about three times lower than that pre- 
viously described at 37~ (see Hoffmann, Lambert & Simonsen, 
1986). 

SOLUTIONS 

The standard incubation medium was a RPMI-1640 medium (Bi- 
ochrom KG) supplemented with salts to obtain final concentra- 
tions (in raM) of: NaC1 143, KCI 5, CaC1 z 1, MgSO 4 1, NaHzPO 4 
1, and with TES (N-tris-(hydroxymethyl)methyl-2-amino-ethane 
sulfonic acid) 3.3, and Tris (tris(hydroxymethylaminomethane)) 
8.0. The final osmolality was 323 mOsm. Standard salt solution 
had the same salts and buffers as the standard incubation medium 
and nothing else. Hypotonic incubation medium was prepared by 
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diluting the isotonic standard incubation medium with one volume 
of a solution of TES and Tris in distilled water in concentrations 
as above (pH 7.4). Medium used with the Ca 2+ ionophore A23187 
had CaC12 reduced to 0.15 mM and MgSO 4 reduced to 0.01 mg.  
Electrode solutions (see below) contained 150 mM NaC1, KC1 or 
N-methyl-D-glucamineC1 (NMDGC1). All solutions were buffered 
by 8 mM Tris and 3.3 mM TES and pH was adjusted to 7.4. The 
ionophore A23187 was administered in a concentration of 10/xM 
in a solution with 20/.~M albumin (1,34 mg/ml) as a carrier. This 
produces about 2 tXM free ionophore (L.O. Simonsen, personal 
communication). K solutions buffered to different Ca 2+ concen- 
trations were made as described elsewhere (Christensen & Zeu- 
then, 1987). 

PATCH-CLAMP TECHNIQUE 

The patch-clamp recordings were carried out essentially ac- 
cording to the method of Neher and Sakmann as described by 
Hamill et al. (1981) using the "cell-attached" and the "inside- 
out" configurations. Electrodes were pulled from borosilicate 
glass capillary tubes typically having a resistance of 5 Mf~ when 
filled with 150-raM NaC1 solution. They were covered by Sylgard | 
to reduce the current noise. Enzymatic cleaning of the cells was 
not necessary to obtain giga-seals. 

EAT cells seal to the electrode quite easily. It is in most 
cases not possible to rupture the patch by suction. This makes it 
difficult to form the whole-cell configuration on these cells. Inside- 
out patches were formed directly from the cell-attached patches 
since vesicles at the electrode tip were not formed. 

The current signal was digitized and recorded on a video 
recorder using a SONY PCM-701 ES converter modified to record 
DC signals. Most examples on single-channel currents shown 
here were played back from tape and filtered at 1 kHz (3 dB; 24 
dB/octave; Bessel response) if not otherwise stated. 

Electrical current is positive (upward deflections) when di- 
rected outward from the cell into the electrode (cell-attached 
patch) or from the bath into the electrode (inside-out patches). In 
our set-up, bath voltage was changed and the interior of the patch 
electrode was always nominally at zero voltage. This is in contrast 
to the basic circuit described by Hamill et al. (1981). Thus, the 
bath voltage used in the present investigation is equal to the 
negative value of the electrode holding voltage. The potential of 
the membrane patch (Vp) in a cell-attached patch equals the bath 
voltage (Vb) plus the (negative) cell membrane potential (Vm), 
i.e.: 

V, : G + % .  (1) 

The current reversal potential (Vrev) is the value of bath voltage 
where the single-channel current changes sign. At this voltage 
the patch membrane potential equals the weighted sum of the 
equilibrium potentials (Ei) for the ion(s) passing through the chan- 
nels of the patch (s where the weighting factor t~ = 
gi/~gi and gi is the conductance of the ion. Thus, using Eq. (1) 
we get 

Vrov = ~tiEi - V,,. (2) 

Experimental Chamber 

The experimental chamber was a modified version of the chamber 
described earlier (Christensen, Simon & Randlev, 1989). The time 
required to change solutions was measured using a TMA-selective 

electrode and TMA solutions with various concentrations. Solu- 
tion change took place with an initial time lag of 10 sec followed 
by a mixing phase with a half time of 10 sec. 

How to Distinguish between Different Channels in 
Cell-Attached Patches 

In this work we will describe three different types of channel: a 
K + channel, a stretch-activated cation channel and a C1- channel. 
Often we see several channels in one patch. In order to be able 
to distinguish between these channels when they are activated in 
cell-attached patches, we have used different electrolytes in the 
electrode. We refer to zero and negative bath voltages. (i) With 
NMDGCL in the electrode, K + can only move outwards, which 
gives a positive patch current. The calculated C1- equilibrium 
potential will be less negative than the membrane potential (see 
Table 1), resulting also in outward movements of CI-, giving a 
negative patch current. Outward movements of K + and Na + 
through the nonspecific cation channel also give a positive cur- 
rent, but this turns out to be too small to be observed at normal 
to hyperpolarizing patch potentials. The C1- channel is here un- 
ambiguously defined. (ii) With NaC1 in the electrode the only 
change is that Na + moves inwards through the cation channel, 
creating a negative current. This may sometimes obscure the C1- 
current, but in this situation, the K + current is unambiguously 
determined as the sole positive current. The cation channel is 
usually easy to distinguish from the small C1 channel because 
the conductance of the cation channel is much larger than that of 
the CI- channel. (iii) With KCI in the electrode Vp is more negative 
(at zero or negative bath voltage) than the equilibrium potential 
for any of the ions and all channel openings lead to negative 
currents. The K + and the cation channel are dominant here be- 
cause of their larger conductance, and it is only possible to distin- 
guish between these channels because of their different gating 
behaviors. Nevertheless, this situation gives larger K + unitary 
current amplitudes and was used in many cases. 

Results 

NONSELECTIVE CATION CHANNEL:  

CELL-ATTACHED PATCHES 

Conductance and Reversal Potential 

F i g u r e  1 s h o w s  t y p i c a l  d a t a  f o r  s p o n t a n e o u s l y  a c t i v e  

c a t i o n  c h a n n e l s  in  c e l l - a t t a c h e d  p a t c h e s .  P o s i t i v e  

s i n g l e - c h a n n e l  c u r r e n t s  c o r r e s p o n d  t o  a n  o u t w a r d  

m o v e m e n t  o f  c a t i o n s  f r o m  t h e  ce l l  i n t o  t h e  e l e c t r o d e .  

C o n d u c t a n c e  d a t a  f o r  t h i s  c h a n n e l  t y p e  w a s  o b t a i n e d  

o n  30 p a t c h e s .  I n  11 o f  t h e s e ,  t h e  e l e c t r o d e  c o n t a i n e d  

150 m M  NaC1 .  I n  19 o t h e r  p a t c h e s  w i t h  150 m M  K C I  

in  t h e  e l e c t r o d e  (not shown) w e  h a v e  s e e n  c h a n n e l s  

w i t h  s i m i l a r  c h a r a c t e r i s t i c s .  T h e  c h a n n e l  is t h e r e f o r e  

a c a t i o n  c h a n n e l  s e l e c t i v e  b o t h  f o r  N a  § a n d  K +. A t  

t h e  b o t t o m  p a n e l  o f  F ig .  1 i t  is  d e m o n s t r a t e d  t h a t  

n e g a t i v e  s i n g l e - c h a n n e l  c u r r e n t s  c a n  b e  o b t a i n e d  

a l s o  w i t h  B a  2+ in  t h e  e l e c t r o d e ,  i n d i c a t i n g  t h a t  t h e  
B a  2+ c a n  p a s s  t h r o u g h  t h e  c h a n n e l .  
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Table 1. Expected reversal potentials for channels in cell-attached patches 

Type of channel K + C1- Nonselective cation 
Electrode contents (mM) 150 K + 150 C1- 150 Na + or K + 

Reference situation 
Internal concentration (mM) a 
Equilibrium potential (mV) b 
Measured Vre v (mV) 
Estimated Vrev with Vc = -61 c 
Estimated Vrev with Vc = -57 c 
Calculated V,~ (mV) 

Hypotonically swollen cells 
Internal concentration (mM) ~ 
Equilibrium potential (mV) 
Measured Vrev (mV) 
Estimated Vr~ v with Vc = -41 c 
Calculated V,, (mV) 

187.7 -+ 3.2(46) 64.8 -+ 2.6(44) 210.0 -+ 4.3(37) 
-5.7 -+ 0.1(46) -21.26 -+ 0.9(44) -8.5 -+ 0.2(37) 
49 -+ 5(1) 25 34 -+ 3(30) 
55.3 39 52.5 
51.3 35 48.5 

-55 -+ 5.1(11) -45 -43 -+ 3.2(30) 

93.9 32.4 105 
11.9 -38.8 9 
60 -+ 4(4) - -  54 +- 3(10) 
52.8 2.2 50 

-48(4) - -  -45(10) 

a Calculated as a mean of all separate experiments included in Hoffmann, Simonsen & SjCholm (1979); Hoffmann, Lambert & Simonsen 
(1986); KramhCft et al. (1986), and Lambert et al. (1989). In hypotonically swollen cells the internal concentrations are given at half 
the value in isotonic medium as Ehrlich cells behave initially as perfect osmometers (Hoffmann et al., 1984). 
b E = z - 25.3 - ln(Co/Ci); where Co and Ci are the external and the internal concentrations, respectively, and z the charge number of 
the ion. The temperature was 21~ 
r Gstein et al. (1987) report Vc = -57 mV at 37~ Lambert et al. (1989) report Vc = -61 mV in reference situation and Vc = -41 mV 
in hypotonic solution (at 37~ Values are given as mean -+ SEM with the number of independent experiments in parentheses. 

T h e  s lope  o f  the  I-V c u r v e  is usua l ly  la rger  at  
n e g a t i v e  vo l t ages  than  at  pos i t i ve  vo l t ages .  The  
s lope  m e a s u r e d  in the  t yp i ca l  r ange  o f  0 to 40 mV 
gives  a channe l  c o n d u c t a n c e  o f  23.0 -+ 1.2 pS (SEM, 
n = 30). The  m e a n  cu r r en t  r e v e r s a l  vo l t age  (Vrev) 
was  34.0 -+ 2.6 m V  (SEM, n = 30). Va lues  o f  Vrev 
o b t a i n e d  wi th  KC1 in the  e l e c t r o d e  we re  no t  signifi- 
c an t l y  d i f fe ren t  f rom va lues  o b t a i n e d  wi th  NaC1 in 
the  e l e c t r o d e ,  i nd ica t ing  a s e l ec t iv i t y  ra t io  N a  : K o f  
un i ty .  W i t h  150 mM N M D G C 1  in the  e l e c t r o d e ,  this  
channe l  was  no t  seen .  Thus  the  channe l  is not  p e r m e -  
ab le  to the  large  ca t i on  N M D G  § 

A t  the  r e v e r s a l  po t en t i a l  the  p a t c h  m e m b r a n e  
po t en t i a l  equa l s  the  w e i g h t e d  sum of  the  equ i l ib r ium 
po ten t i a l s  for  the  ca t ions  a c r o s s  the  pa t ch .  The  in ter -  
nal  c a t i on  c o n c e n t r a t i o n  in the  cel l  a m o u n t s  to 210.0 
mM (187.7 mM f rom K + and  22.3 mM f rom N a  + ions)  
(see T a b l e  1). R e l a t i v e  to the  150-mu N a  + and  K + in 
the  e l e c t r o d e ,  th is  p r o d u c e s  an equ i l i b r ium po ten t i a l  
fo r  the  sum of  the  ca t i on  o f  - 8 . 5  m V  p r o v i d e d  tha t  
N a  § and  K § c o n d u c t a n c e s  a re  ident ica l .  S ince  the  
c u r r e n t  r e v e r s a l  vo l t age  (V~ev) equa l s  34 mV,  the  
e x p e c t e d  cel l  p o t e n t i a l  is c a l c u l a t e d  at  - 9  + - 3 4  
m V  = - 4 3  m V  us ing  Eq.  (2). This  can  be  c o m p a r e d  
to a cel l  po t en t i a l  o f  - 5 6  mV,  as  m e a s u r e d  in Ehr l i ch  
ce l l s  b y  m i c r o e l e c t r o d e  (Gs t re in ,  Pau lmich l  & Lang ,  
1987) and  to  - 6 1  m V  m e a s u r e d  b y  a po t en t i a l - s ens i -  
t ive  f l uo re scen t  p r o b e  ( L a m b e r t ,  H o f f m a n n  & 
JCrgensen ,  1989). I t  shou ld  be  n o t e d  tha t  t h e s e  mem-  
b r a n e  po t en t i a l s  a re  b o t h  m e a s u r e d  at  37~ w h e r e a s  

the  p a t c h - c l a m p  e x p e r i m e n t s  a re  c a r r i e d  ou t  at  r o o m  
t e m p e r a t u r e .  

W e  were  p a r t i c u l a r l y  i n t e r e s t e d  in w h e t h e r  t he  
n o n s e l e c t i v e  ca t ion  channe l  c o n d u c t s  Ca  2+ b e c a u s e  
it then  m a y  let  Ca  2+ into  the  cel l  w h e n  the  cel l  v o l u m e  
is changed .  W i t h  90 mM CaC12 in the  e l e c t r o d e ,  we  
o b s e r v e d  in m o s t  p a t c h e s  sp ike - l ike  c u r r e n t s  hav ing  
l i t t le  r e s e m b l a n c e  to un i t a ry  c u r r e n t  e ve n t s .  In  a 
single pa t ch ,  we have  seen  u n i t a r y  c u r r e n t  e v e n t s  o f  
ve ry  low ac t i v i t y  in an o t h e r w i s e  inac t ive  p a t c h ,  
ind ica t ing  Ca  z+ p a s s a g e  t h rough  this  channe l .  E x t e r -  
nal  Ca  2+ at  high c o n c e n t r a t i o n s  has  b e e n  r e p o r t e d  
to resu l t  in v e r y  shor t  c ha nne l  o p e n i n g s  in o t h e r  
n o n s e l e c t i v e  ca t ion  c h a n n e l s  ( M o o d y  & B o s m a ,  
1989). Due  to the  t e chn i ca l  di f f icul t ies  e n c o u n t e r e d ,  
we  u sed  Ba  2+ as a subs t i t u t e  for  Ca  2+. W i t h  Ba  2+ in 
the  e l e c t rode ,  we  o b s e r v e d  s ing l e - channe l  c u r r e n t s  
due  to p a s s a g e  o f  B a  2+ t h rough  the  c h a n n e l ,  see 
Fig.  1, b o t t o m  pane l .  T h e  c o n d u c t a n c e  wi th  100 mM 
BaC12 in the  e l e c t r o d e  was  15-17 pS  ( th ree  p a t c h e s ) .  

Gating Behavior for Spontaneously Active 
Nonspecific Cation Channels in the 
Cell-Attached Mode 

The  c u r r e n t  t r aces  in Fig .  2 s h o w  t y p i c a l  s ingle-  
channe l  c u r r e n t s  in s p o n t a n e o u s l y  a c t i v e  channe l s .  
In  t r ace  A o f  the  f igure is s h o w n  the  m o s t  c o m m o n  
gat ing  b e h a v i o r  (22 o f  30 pa t ches ) .  In  the  o p e n  s ta te  
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Fig. 1. Spontaneous single-channel current v e r s u s  bath voltage 
for the nonselective cation channel in cell-attached patches. Data 
are shown with the electrode containing 150 mM NaCI (+) and 
100 mM BaCI2 (ik). The middle and bottom panels show typical 
current traces. The data shown with the electrode containing 150 
mM NaC1 are typical for 11 separate experiments; the data shown 
with BaClz in the electrode are typical for 3 separate experiments. 
Low-pass filtered with 600-Hz bandwidth. 

the single-channel current fluctuates. In a few 
patches (trace B), those fluctuations appear more 
like brief transitions to the channel closed state, 
giving a burst-like gating behavior. Often channel 
openings are seen with different current amplitudes 
from one channel opening to another (trace C). This 
may be due to discrete substates. In spontaneously 
active patches displaying the kinetic behavior shown 
in traces A and B, the open probability was low, 
typically 0.01. In the two traces in D of Fig. 2 are 
shown a gating mode with channel openings which 
last typically 1 to 10 sec and in some cases up to 
minutes. The current fluctuates vigorously. This gat- 

ing behavior was observed in 9 of 30 patches. The 
open probability is much higher, about 0.1-0.6 eval- 
uated over periods of minutes. In one patch, the 
normal as well as the noisy kinetic forms were ob- 
served simultaneously. Both gating modes occasion- 
ally show a behavior (Fig. 2, traces E and F)  where 
the channel current changes almost continuously be- 
tween the typical open channel current and zero 
current in the closed state. Histograms of current 
amplitude had Gaussian shape when averaged over 
many unitary single-channel current events. The 
three openings shown in the two D traces of Fig. 2 
all had Gaussian-shaped amplitude histograms but 
with different position of the mean, i.e., current am- 
plitude. 

STRETCH ACTIVATION OF THE CHANNEL 

The nonselective channel discussed above is acti- 
vated by membrane stretch. In Fig. 3, upper panel, 
this is illustrated for a cell-attached patch. The 
stretch is produced by electrode suction to different 
negative pressures. The figure shows an example 
where the channel open probability initially was zero 
and gradually increases with increasing suction. The 
increase in channel open probability appears mainly 
to be due to increase of channel open time with 
increasing suction. Stretch activation by electrode 
suction could be performed only in about 30% of all 
cell-attached patches. This should be compared with 
the 50% activation by the hypotonic cell swelling. 

Figure 3, bottom panel, shows stretch activation 
of cation channels in an inside-out patch with 
NMDGC1 in the electrode. Only in 23 inside-out 
patches out of around 60 did we find stretch activa- 
tion of channel activity produced by pipette suction. 

Figure 4 demonstrates two phenomena, which 
may explain the failure to stretch activate channels 
in some patches. The first is the phenomenon of 
desensitization shown in Figure 4A. Upon repeat- 
edly changing the "suction" to study stretch activa- 
tion, we found that, at some point, the channel activ- 
ity did not respond to changes in "suction" any 
more (activity did not turn off going to 0 cm in third 
trace), the channel was now permanently at a higher 
open probability. This might explain why channel 
activity could not be changed by electrode suction 
in many spontaneously active patches. In other 
patches, we have observed the adaptation phenome- 
non shown in Fig. 4B: the initially induced channel 
activity disappears before electrode suction is re- 
lieved. In these cases, further attempts to induce 
activity required a more negative electrode pressure 
(increased suction) if at all possible. 

The absence of stretch activation may therefore 
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Fig. 2. Examples of the kinetic behavior of the SA channel in cell-attached patches obtained at 0- to -20-mV bath voltage and with 
150 mM NaC1 in the electrode. Trace A: The most commonly observed gating behavior. During channel openings, the current amplitude 
fluctuates in a noise-like manner. Trace B: In some cases, the current amplitude in the open state fluctuates so much that fluctuations 
appear to be fast closures, giving a burst-like gating behavior. Trace C: The spontaneous variation in single-channel current amplitude 
from one channel opening to the next. Trace D: Typical examples of channel current in the gating mode with long (> seconds) openings 
with vigorously fluctuating amplitude. The two traces in D show three openings at the same voltage. Trace E: An example of incomplete 
channel opening (or channel closure), appearing as a noisy baseline. Trace F: The opening and closing of a channel in the long bursting 
mode (cf. trade D). Notice the almost continuous transition to the channel closed state. 
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Fig. 3. Stretch-activation of the cation channel produced by pipette suction. The upper panel shows current recordings from an attached 
patch. The numbers on the left indicate the electrode pressure (cm H20), negative numbers indicate suction. Recordings obtained with 
NaC1 in the electrode at 0-mV bath voltage. Notice the substate at -40 cm water pressure. The current trace at the bottom of the figure 
shows stretch activation of cation channels in an inside-out patch with NMDGCI in the electrode and NaC1 in the bath. Horizontal 
arrows indicate baseline. Vertical arrows indicate change of pipette suction. 

be due to the initial phases of giga-seal formation 
where part of  the cell is deformed and pulled into the 
electrode by low electrode pressure. The possible 
desensitization or adaptation during this phase could 
be responsible for the failure to induce further activ- 
ity in some patches. 

THE STRETCH-ACTIVATED (SA) CATION 

CHANNEL: INSIDE-OUT PATCHES 

In excised patches,  the nonselective cation channel 
had a much higher spontaneous open probability 
(about 0.5) than in cell-attached patches. Further- 
more,  the single-channel currents showed usually 
'well-behaved'  unitary single-channel events with 
long (seconds) open and closed times rather than the 
more flickering behavior  in cell-attached patches. In 
Fig. 5 are shown I -V  curves for this channel under 
different conditions. The I -V  curve is linear in 
symmetrical  solutions of 150 mM NaC1 (squares) 

with a conductance of  24.3 -+ 1.6 pS ( S E M ,  n = 

6). When Na + is replaced by the impermeant  ion 
NMDG § in the electrode (circles) or in the bath 
(triangles), single-channel currents are observed 
which go from the bath to the pipette (positive 
current) or from the pipette to the bath, respec- 
tively, at both positive and negative patch poten- 
tials. This indicates that the selectivity is much 
larger for Na + than for C1-. 

With NMDGC1 in the electrode the current  was 
the same with Na § Li § or K § in the bath (K § chan- 
nel activity was avoided by using a Ca2§ solu- 
tion). Thus the selectivity ratio is PK : PNa : PLi = I. 
With Ba 2§ in the electrode (crosses), the current  is 
reduced to about 60% of the one obtained with Na § 
giving a conductance of  15 pS. With 90 mM Ca 2+ on 
the inside, no channel activity was seen and activity 
did not immediately return when the bath medium 
was returned to NaC1. Internal Ca 2+ was not neces- 
sary for channel activity. 

We have not found any blockers for  this chan- 
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Fig. 4. (A) Desensitization of stretch activation in an attached 
patch. The upper trace shows the first activation of the cation 
channels with pipette suction. After about 5 min of manipulations 
with pipette suction (see Fig. 3) the activation is repeated success- 
fully in the second trace, but when the suction is relieved in the 
third trace (second and third traces are continuous), the channels 
remain activated. (B) Adaptation to stretch activation in another 
patch: upon application of 50 cm H20 suction to the pipette, the 
channel is immediately activated but channel activity stops before 
the suction is relieved. Data obtained at 0-mV bath voltage with 
NaC1 in the electrode. 

nel. Gadol in ium has recent ly  been  shown to b lock 
some s t re tch-ac t iva ted  channels  f rom the outs ide  
(Yang & Sachs ,  1989). Ne i the r  external  Gd  3+ (10, 
20 and 10 /aM) nor  internal Gd  3+ (10 /aM) had any 
effect  on  SA channe l  act ivi ty  in inside-out  pa tches  
in the presen t  invest igat ion.  It  was,  however ,  possi-  
ble to demons t r a t e  a s t rong inhibition by 10 /aM 
Gd 3+ o f  the R V D  response  seen after  cell swelling 
(data not shown).  This is under  fur ther  investi- 
gation.  

THE POTASSIUM CHANNEL: INSIDE-OuT PATCHES 

Figure  6A shows  the I-V curves  for  the K channel  
obta ined  in inside-out  patches .  In  symmet r ica l  KC1 
solut ions (circles), there  is a p r o n o u n c e d  curva tu re  
o f  the I-V curve  with higher  c o n d u c t a n c e  for  inward 
currents  f rom pipette  to bath  (36 pS in the physiologi-  
cal range o f  - 4 0  to - 9 0  mV) than for  ou tward  cur- 
rents  f rom bath  to pipet te  (15 pS i n t h e  range 40-70  

inside-out patches 
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Fig. 5. Data for the SA cation channel in inside-out patches. 
The upper panel shows the I-V curve for four patches with the 
following solutions (electrode/bath): squares (NaC1/NaCI), trian- 
gles (NaC1/NMDGCI), circles (NMDGC1/NaC1), and crosses 
(BaCIdNMDGCI). NaCI and NMDGCI are 150 raM; BaCI2 is 100 
mM. The lower panel shows recordings of single-channel current 
at the voltage indicated. The symbol to the right of the current 
trace corresponds to the symbol on the I-V curve. 

mV). W h e n  internal  K + is rep laced  by  N a  + 
(squares),  only  negat ive  s ingle-channel  cur ren ts  
f rom pipette  to bath are seen,  exc luding  the possibil-  
ity o f  a C1- channel .  There  was  no SA ca t ion  chan-  
nels act ive in these  pa tches .  With  NaC1 on the inside 
(bath), the slope c o n d u c t a n c e  in the range - 5 0  to 
- 9 0  mV was 37 -+ 6 pS (SEM, n = 6). The  channe l  
cur rent  t races  s h o w n  in Fig. 6B d e m o n s t r a t e  two 
basically different  gat ing modes .  The  m o s t  c o m -  
monly  occur r ing  m o d e  is the one  s h o w n  at 50 and 
- 4 0  mV.  At  - 6 0  m V  is s h o w n  a less f requent ly  
occur r ing  gating mode  where  the channe l  is fully 
open  mos t  o f  the t ime. Ampl i tude  h i s tograms  show 
that  the s ingle-channel  cur ren t  in this m o d e  is abou t  
20% larger than the cur ren t  in the normal  mode .  
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Fig, 6, (A) Example o f  I -V  curve for the inward-rectif ier po- 
tassium channel obtained on an inside-out patch with KCI in 
the electrode and with KCI (0)  and NaCI (MI) on the inside. In 
symmetrical 150-mM KC1 solutions, the limiting conductance was 
36 pS at negative voltages and 15 pS at positive voltages. (B) 
Typical single-channel currents obtained with KC1 in the elec- 
trode and KCI, pCa = 6 on the inside. Numbers give membrane 
potential and arrows indicate baseline. Notice two different types 
of gating at - 60  mV. (C) Calcium dependence of gating for inside- 
out patch bathed in KC1 on both sides. Membrane potential was 
- 60  mV. The data are sections of a continuous recording and 
are displayed in chronological order. Notice change in channel 
activity with time at pCa = 6. The result is typical for three 
independent experiments. 

The inward-rectifier K + channel is activated by 
i n t e r n a l  C a  2+ ions. An example of this is shown in 
Fig. 6C. At a Ca 2+ concentrat ion of 0.1 /XM there is 
very  little channel activity. The channel is activated 
at 1/,M C a  2+ , and activity is unchanged at concentra- 
tions larger than 10 /XM. It can be seen that the 
channel activity was not reproducible at pCa = 6. 
Such apparently spontaneous variations were com- 
monly seen and indicate that the channel gating is 

determined by factors other  than C a  2+. For  example,  
the gating of the inwardly rectifying K + channel  in 
endothelial cells depends on internal ATP. In spite 
of such variations, internal Ca 2+ did in all cases 
activate the channels. We did not observe any sig- 
nificant voltage-dependent  gating. The channel 
could not be activated by suction (negative pres sure) 
and was thus not stretch activated. 

THE K + CHANNEL:  CELL-ATTACHED PATCHES 

Most patches showed very  little spontaneous K + 
channel activity. Figure 7 gives t h e / - V  relationships 
for the inward-rectifier K + channel obtained with 
KC1 and with NMDGC1 in the electrode.  

The I-V curve with K + in the electrode is very  
similar to the one seen in inside-out patches (Fig. 6) 
in symmetrical solutions o f K  + except  for  a displace- 
ment on the voltage axis created by the cell potential.  
In 11 patches which showed spontaneous activity, 
the conductance was 34 -+ 4 pS (SEM, n = 8) at 
negative (hyperpolarizing) bath voltages and 29 - 
3 pS (SEM, n = 1 l) at positive (depolarizing) bath 
voltages. This corresponds to the value of  37 -+ 6 pS 
at negative membrane potentials found in isolated 
patches. The reversal potential (Vrcv) for the K + cur- 
rent was 49 + 5 mV (SEM, n = I1). 

With a value of 187.7 mM for the intracellular 
K + concentrat ion (see Table 1) and 150 mM K + in 
the electrode, the K + equilibrium potential across 
the patch (EK) amounts to - 5 . 7  mV (inside nega- 
tive). From Eq. (2) the cell membrane potential  (Vm) 
can thus be calculated at 49 - ( -5 .7 )  mV = -54 .7  
mV at room temperature,  to be compared with previ- 
ous measurements at - 5 7  mV, recorded by Gstrein 
et al. (1987), and -6 1  mV (Lambert  et al., 1989), 
both measured at 37~ It is likely that the mere 
observation of  spontaneous K + channel activity in a 
cell-attached patch indicate that the cell membrane  
potential in the cell under investigation might be 
hyperpolarized compared to an average cell. This 
would explain why the membrane potential calcu- 
lated from K + channel recordings is slightly more 
negative than the membrane potential  calculated 
from the C1- channel or the nonselective cation 
channel (Table 1). The fact that the membrane  poten- 
tials found in the present  investigation are slightly 
less negative than expected from previous measure- 
ments at 37~ is likely to be caused by a lower 
potassium permeability at 21 than at 37~ 

THE CHLORIDE CHANNEL:  

CELL-ATTACHED PATCHES 

In cell-attached patches,  we have found a chloride 
channel which was first observed in ceils swollen 
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Fig. 7. The upper panel shows the 
relationship between bath voltage and patch 
current in cell-attached patches showing 
spontaneous activity of the inward-rectifier 
K + channel. Data are from a patch with KCI 
in the pipette (negative current) and with 
NMDGCI in the pipette (positive current). 
With external K, the conductance was 37 pS 
at negative voltages and 22 pS at positive 
voltages. With external NMDGC1, the 
conductance at zero bath voltage was 7 pS, 
increasing at positive voltages to 11 pS. The 
single-channel K" current at zero bath voltage 
is 0.5 pA at zero external K + (NMDGC1) and 
-1.4 pA at 150 mM external K +. The lower 
panel shows typical single-channel currents 
for the two cases at different potentials. The 
arrows indicate the baseline. 

in hypotonic medium. This channel is rarely seen 
active in cell-attached patches under isotonic con- 
ditions. Since the channel conductance is very low, 
a detailed description of  this channel is difficult. 
Figure 8 shows some data on the channel. 

In cell,attached patches, there seems to be a 
fully activated and a partly activated form of this 
channel. Figure 8A shows current traces for the 
fully activated form, corresponding to the I-V curve 
marked with crosses. This is a rare example show- 
ing spontaneous activity of the fully activated form. 
The conductance is 7 pS and the (extrapolated) 
current reversal voltage is 25 mV. Figure 8B shows 
current traces for a partly activated C1- channel 
with a different gating. These data were obtained 
after hypotonic stimulation and return to normal 
tonicity. The conductance was in two experiments 
3 and 3.2 pS, respectively, and the current reversal 
voltage was about 30 mV. The simplest interpreta- 

tion is that this channel represents a partly acti- 
vated state of the 7-pS channel. The data presented 
here were obtained with NMDGC1 in the electrode 
which gives an unambiguous identification of chlo- 
ride channels in cell-attached patches. 

This channel was activated by hypotonic shock 
in most cell-attached patches (see below), and it 
was also activated when the Ca ~+ ionophore 
A23187 was added to the medium bathing the cell. 
The gating mode in these cases was the fully 
activated form. The channel was not activated by 
membrane stretch. 

THE CHLORIDE CHANNEL: INSIDE-OUT PATCHES 

In inside-out patches with NMDGCI on both sides 
(bottom panel of  Fig. 8), the conductance was 4-5 
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Fig. 8. I-V curves and typical current traces 
for the chloride channel. The values next to 
current traces are bath voltages (= membrane 
potential for inside-out patches). (A) Current 
traces for a cell-attached patch corresponding 
to the I-V curve shown with crosses. This is a 
rare example of spontaneous activity of the 
fully activated chloride channel. (B) Channel 
activity of the partly activated chloride 
channel in a cell-attached patch. Notice at 60 
and -80 mV the different current levels in the 
open state. The bottom panel shows current 
traces of a partly activated channel in an 
inside-out patch. The open and filled triangles 
in the I-V curve correspond to two types of 
channels or substates of the same channel. 
This is best seen in the current tracing at 80 
and at -80  inV. The electrode contains 
NMDGC1 for all data. For inside-out patches, 
the bath was also NMDGC1, and for the cell- 
attached patches, the cell was bathed in 
normal tonicity NaC1 Ringer's solution. 

pS, but there were also levels with a conductance of 
1.1 and 2.4 pS in different patches. The open and 
filled triangles on the I-V curve in Fig. 8, upper 
panel, correspond to two conductance levels and 
represent either two types of channels or, more 
likely, substates of the same channel, since they are 
often observed together. Identical data were ob- 
tained with NaC1 in the bath (in patches not con- 
taining the SA channel). The gating of this channel 
is indistinguishable from the gating of the partly acti- 
vated C1- channel in cell-attached patches, cf. Fig. 
8B and bottom panel. We have never seen the fully 
activated form of the C1- channel in inside-out 
patches. 

In inside-out patches, channel activity was not 
dependent on internal Ca 2+. The channel could not 
be activated by suction (negative pressure). 

OTHER CHANNEL TYPES IN INSIDE-OUT PATCHES 

The Large Cl Channel 

This channel has a conductance around 400 pS 
when measured with 150 mM C1- on both sides 
(see Fig. 9). Similar channels have been reported 
for many cell types (Blatz & Magleby, 1983, Kolb 
& Ubl, 1987; Bosma, 1989). One or more of this 
type of channel was always present in inside-out 
patches obtained with large electrodes (2 M~). 
This made study of the K + channel difficult. In 
order to avoid the large C1- channel, smaller elec- 
trodes (6 M~) were used. Channel activity for the 
large C1- channel does not depend on internal Ca 2+. 
Open-state probability is zero when membrane 
potential becomes more negative than -30 to -40  
mV. At positive membrane potentials the open- 



24 O. Christensen and E.K. Hoffmann: Swelling and Stretch-Activated Channels 

20 

E 

-60 

NaCI 10 - 

/ 
/ � 9  

-40/, / ,'/ 

�9 / �9 ~/- 1 , , /  0 -  

�9 " -40 - 

:)A 

A/ 
/ 

, / � 9  / i /  401 
/ 0" , /  membrane 

/ 

I 

potential [mV] 

�9 75 NaCI 

" � 9  150 NaCI 

�9 300 NaCI 

mV 

24 ~ . . . . .  

-6 ~ . j _ _ . , _ . ~ ~ .  L . . . . . . . . . . .  ~ m ~ _ ~ L " - -  

-36 ~ ~ ~  1 3 t ~ " -  
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state probability is close to one (see Fig. 9, lower 
panel). The channel is thus activated by voltage. 
We have never observed this channel in cell- 
attached patches. 

The 34-pS Cl- Channel 

We have also in four inside-out patches from Ehrlich 
cells seen the chloride channel which was described 
by Welsh (1986) and by Frizell, Rechkemmer and 
Shoemaker (1986) for human airway epithelium (Fig. 
10). The four patches represent patches with this 
channel but without the large CI- channel, which 
made impossible observation of other channels si- 
multaneously present in the patch. The channel might 
therefore be present in higher density than indicated 
by the four patches. This channel has higher conduc- 
tance at positive membrane potentials (55 pS) than at 

negative potentials (~ 17 pS). The conductance at 0 
mV was ~34 pS. This channel is proposed to be the 
conductive pathway which is activated by cAMP (Li 
et al., 1989). Hudson and Schultz (1988) first observed 
this channel in inside-out patches of Ehrlich ascites 
tumor cells, and they claim that the channel was acti- 
vated during cell swelling produced by uptake of ala- 
nine. However from their current recordings, they 
appear to have observed activation of the SA channel 
or, in some cases, ofK + channels. Both types of chan- 
nels are much more frequently observed in inside-out 
patches than the 34-pS C1- channel. We have never 
seen this channel in cell-attached patches. 

EFFECT OF THE Ca 2+ IONOPHORE A23187 ON 
CHANNEL ACTIVITY IN CELL-ATTACHED PATCHES 

In order to study the direct or indirect effect of 
internal Ca 2+ on the ion channels in the intact cell 
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membrane, we have performed experiments in 
which 2/J,M of the Ca 2+ ionophore A23187 was added 
to the medium bathing the cell while the patch cur- 
rent was monitored in cell-attached patches (Fig. 
11). 

We have separately investigated the effect of 
A23187 on the inward-rectifier K + channel, on the 
SA cation channel, and on the chloride channel. 

THE K + CHANNEL 

The inward-rectifier K + channel was activated after 
addition of A23187 in five of six patches with KC1 in 
the electrode (Fig. 11A-C) and in a patch with NaC1 
in the electrode (Fig. 11D). Similar results, as in Fig. 
11D, are found with NMDGC1 in the electrode. Note 
that with KC1 in the electrode (Fig. 11A-C) all chan- 
nel openings lead to negative currents, but with NaCt 
in the electrode (Fig. 11D and E) K + channel open- 

ings will give positive currents and C1- channel open- 
ings negative currents (see Materials and Methods). 
The activity started 34 _+ 6 sec (SEM, n = 7) after 
change to A23187-containing external solution. The 
change of solution took about 10-20 sec. In most 
cases the channel activity appeared in bursts of activ- 
ity of minute-long duration separated by minute-long 
pauses (Fig. llB). This is taken to indicate that the 
Ca 2+ pump becomes activated and removes Ca 2+ 
from the cytosol. In Fig. 11A only a single burst is 
seen; Fig. t 1B shows an example with several bursts. 
The recording in Fig. 11C shows a gradual increase in 
activity after a time lag of several minutes. Maybe 
these examples represent situations with different 
balance between Ca 2+ entry and Ca ~+ removal. 

The SA Channel 

Application of C a  2+ ionophore had no apparent ef- 
fect on the SA cation channel. In !1 patches there 
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Fig. 11. The patch current in cell-attached patches when 2/xM of the Ca 2+ ionophore A23187 is added to the bath solution. (A, B and 
C) Obtained with KCI in the electrode. In these panels, inward K + currents are shown as negative (downward) deflections. (D and E) 
Obtained with NaCI in the electrode; upwards deflections represent outward K + current. In all five panels outward moving chloride 
(inward current) corresponds to downward deflection. The bath voltage for each panel was (in mV): A: -20; B: 0; C: 0; D: -20; and 
E: 0. The vertical arrows indicate the change to Ca 2+ ionophore-containing medium. The two bottom panels show details on a faster 
time scale. 

was no activity of this channel before application and 
no activity after application. Five patches showed 
initial SA channel activity, with low opening proba- 
bility, Po < 0.02. After change to ionophore- 
containing medium, there was no systematic change 
in the open probability. Thus it appears that internal 
Ca z+ has no regulating effect on the SA channel. 

This shows that the SA channel is independent 
of internal Ca 2+, but dependent on membrane 
stretch. Apparently, the channel activity is also inde- 
pendent of possible internal factors mediated by an 
increase of internal Ca z+ and by the hyperpolariza- 

tion of the cell membrane seen after addition of the 
C a  2+ ionophore (Lambert et al., 1989). 

The Chloride Channel 

Contrary to this, internal Ca 2+ seems to influence 
the activity of the small chloride channel. Figure 
11D and E, show recordings of patch current with 
NaCI in the electrode. Some minutes after change 
to 2/xM external A23187, a noisy negative current 
appears which is due to outward C1- movement 
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(there were no SA channels active in the patch). The 
patch current from Fig. 11Eis shown on an expanded 
scale at the bottom. There is a clear difference be- 
tween the current before and after stimulation with 
A23187. The onset of activity of the CI- channel 
shows fairly clear single-channel structure, but when 
many channels are active (Fig. 1 ID) it is not possible 
to distinguish single-channel current levels. Appar- 
ently the chloride channel has different gating 
modes. The details from points " b "  and " c "  indi- 
cate different conductances. Possibly, the detail at 
" c "  gives the full current amplitude and the detail 
" b "  is a substate with about half conductance. Even 
when the channel at " c "  has closed, the baseline is 
changed, indicating another gating mode. 

Simultaneous activation of K § and C1- channels 
were often seen. This is most clearly seen in Fig. 
l lD where K § currents (upwards deflections) and 
C1- currents (downward deflections) have opposite 
signs. The baseline deflection occurring simultane- 
ously with the high K § channel activity in Fig. l lA 
and B is presumably also due to C1- activity, which 
will create a negative current. 

The influence of A23187 on the C1- channel ac- 
tivity was investigated in 20 patches. Of these, seven 
were rejected because the baseline was not initially 
"clean" enough to permit identification of channel 
activity with this small amplitude. Of the 13 re- 
maining (3 with KCI, 7 with NaC1 and 3 with 
NMDGC1 in the electrode), C1- channel activity was 
induced by the Ca 2+ ionophore A23187 in 10 patches. 
In three patches, the channel was not stimulated. 
The average time lag before activation was 67 - 19 
sec (n = 10). 

ACTIVATION OF CHANNELS AFTER CELL 
SWELLING IN HYPOTONIC SOLUTIONS 

In the cell-attached configuration, an osmotic gradi- 
ent (extracellular hypotonicity) causes cell swelling 
followed by a RVD. Therefore, such on-cell mode of 
the pipette configuration was used to measure the 
effect of cell swelling on the ion transport systems. 
The SA cation channel, the inward-rectifier K + 
channel and the CI- channel were all activated dur- 
ing volume regulation although to a different degree. 
The activation of these channels in cell-attached 
patches during RVD following hypotonic shock to 
half tonicity are shown in Figs. 13-15. Table 2 gives 
a schematic presentation of the results. 

Change to hypotonic solution was successfully 
undertaken on 45 patches. The electrode electrolyte 
were KC1 (18 patches), NaC1 (19 patches) and 
NMDGC1 (8 patches). In order to determine whether 
a channel type becomes activated after cell swelling 
we have, for each type of channel, first selected 

the patches in which we know that the channel is 
present, either because it was activated, because 
it showed spontaneous activity, or because it was 
observed after the end of the hypotonic stimulation 
when the patch was isolated as an inside-out patch. 
Table 2 also gives the change of patch currents due 
to activation of the three types of channel. The data 
are scaled to give values corresponding to 0 mV bath 
voltage, i.e., resting cell potential. 

The experimental protocol for the SA channel 
and the C1- channel was in most cases the following: 
5-min observation of the reference situation, change 
to hypotonic solution and 10-rain observation, and 
change to normal tonicity and at least 5-rain observa- 
tion. In our initial protocol for the K + channel, we 
have only 5 to 10 min of observation after hypotonic 
shock. 

The SA Cation Channel 

This channel was activated in 13 out of 28 patches 
in which channel existence was confirmed either by 
spontaneous channel activity during the preincuba- 
tion in isotonic medium or by channel activity after 
formation of an inside-out patch after the end of 
the experiment. The patches were selected from 18 
patches with KC1 in the electrode and 19 patches 
with NaC1 in the electrode. Typical activation cur- 
rents are shown for the SA channel in Fig. 12. Acti- 
vation in the sense used here means a visually sig- 
nificant change of channel activity. This covers 
cases with a clear activation (traces A and D) but 
also cases like trace C, in which the channel is acti- 
vated but with an extremely low opening probability. 
Trace E shows an extreme case in which there was 
no activity under hypotonic conditions but where 
cell shrinkage upon return to normal tonicity acti- 
vated the channel. 

Only very small currents were carried by the 
SA channel. The open probability of the activated 
channel in most patches was only 0.02-0.06. Be- 
cause of this, the time averaged patch current is very 
low (-0.07 -+ 0.04 pA) (see Table 2). 

For the SA channel there is an almost 20-mV 
increase of reversal potential. This corresponds to 
an expected 18-mV increase due to dilution of the 
internal concentration of cations by a factor of 2 (see 
below, "Electrochemical Relations"). 

The K + Channel 

Activation of channels was observed in all patches 
at patch potentials equal to normal cell potential (= 
zero bath voltage) or at 20- to 40-mV hyperpolariza- 
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Table 2. Activation of channels following hypotonic shock 

Channel type K + SA C1- 

Patches known to contain channel 13 28 
Number of above patches activated 9 13 
Activation time (sec) 65 +_ 10.9(8) 80 +- 7.5(13) 
Activated patch current (pA) - 4  _+ 1.1(8) ~ -0.07 -+ 0.04(7) 

at V b = 0 mV 
Reversal potentials 

In all patches (mV) 49 -+ 5(11) 34 • 3(30) 
In NaC1 (mV) 44 + 6(4) 34 _+ 4(7) 
In �89 (mV) 60 _+ 4(4) 54 -+ 3(10) 

28 
20 
100 -+ 14.6(17) 
-0.3 -+ 0.09(12) 

F 

m 

a With 150 mM K + in the electrode. 
These data were obtained on 45 cell-attached patches (18 with KC1, 19 with NaC1 and 8 with NMDGC1 in the electrode). Data for K + 
channel activation were obtained with KC1 in the electrode. Data for SA channel activation were obtained with NaCI or KC1 in the 
electrode. Data for C1- channel activation were obtained with NMDGC1 or NaC1 in the electrode. 'Reversal potentials in all patches' 
is for all patches initially investigated in NaC1 before the systematic study of the effects of hypotonic shock was undertaken. 'Reversal 
potentials in NaCI' and 'in �89 are in most cases based on paired data before and after stimulation with a few unpaired values. 
Activated patch current is an estimated mean value over 2-3 rain at the maximal activation. It is scaled to 0 mV using the actual value 
and the reversal potential. For the C1- channel currents, a reversal potential of 20 mV was used. The values are given as mean +- SEM 
with the number of independent experiments in parentheses. 
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Fig. 12. The influence of hypotonic shock on 
the activity of the SA channel in cell-attached 
patches. NaC1 in the electrode and -20-mV 
bath voltage (hyperpolarization of patch). 
Inward current through the SA channels are 
shown as negative deflections. The external 
NaCI Ringers's solution is changed from 
normal tonicity to half tonicity at the arrow 
(current traces A, B, C and D) or from half 
tonicity to normal tonicity (trace E). 
Recordings A, B and C show typical reactions 
to hypotonic shock. Recording D shows an 
extreme case with activation of many SA 
channels. Recording E shows an extreme case 
of activation following return to normal 
tonicity. 
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Fig. 13. The activation of K + channels in 
cell-attached patches when the outside 
medium was changed from normal to half 
tonicity. The electrode contains KCI and 
the bath voltage was 0 mV in traces A and 
B and -20 mV in trace C. Below trace B 
is shown an expanded view of the channel 
activity, Trace B shows induced activity of 
both the SA channel and of the K + 
channel. The SA channels give a rather 
steady activity, whereas the K § channels 
give bursts of activity. The K § channels 
have somewhat larger single-channel 
amplitude than the SA channels. This is 
illustrated in the detail on an expanded 
time scale below trace C. 

tion. Under  these circumstances,  the K + channel 
can be observed with certainty only if the electrode 
contains KC1, in which case K + channel openings 
lead to negative currents.  The positive K § currents 
from the cell into an electrode containing NaC1 or 
NMDGC1 are too small to be reliable when observed 
in the presence of  other active channels (cf. Fig. 7). 
We have observed activation of  K § channels with 
NaC1 in the electrode (cf Fig. 11), but failure of 
activation could easily mean that the current ampli- 
tude is actually too small to allow observation when 
other channels in the patch are activated. We there- 
fore used mainly patches with KC1 in the electrode 
for swelling experiments.  Of 18 patches examined, 
the existence of  the K + channel was confirmed in 13 
patches and of  these K+channels were activated in 
9 patches.  Figure 13 shows some examples of K § 
channel activation. The most common picture is the 
one shown in trace C. The characteristic feature is 

that K + activity occurs in waves and that the activity 
often is so high that it becomes impossible to distin- 
guish clear unitary K + currents.  In trace C we also 
see activation of the SA channel which is much more 
steady than the K § current  and usually with slower 
kinetics (see Fig. 13, lower panel). The time for onset 
of channel activity after hypotonic shock was 65 - 
31 sec (SD, n = 8). The single-channel current rever- 
sal voltage (Vrev) increases from 49 to 60 mV during 
cell swelling. This is 7 mV less than the 18-mV (25.3 
x In 2) increase in Vrev which could be expected due 
to a factor  2 dilution of internal K § provided the cell 
membrane potential stayed constant.  This indicates 
that a 7-mV depolarization of the cell membrane is 
seen after cell swelling at room temperature  com- 
pared to a 20-mV depolarization after cell swelling 
at 37~ (Lambert  et al., 1989) (see also below, "Elec-  
trochemical Relat ions") .  

The K § channels activated gave rise to an in- 
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Fig. 14. Activation of the chloride channel by hypotonic shock in four cell-attached patches with KCI in the electrode and 0-mV bath 
potential. At the first arrow on each trace, the external medium is changed from normal tonicity Ringers to half tonicity and at the 
second arrow, the medium is returned to normal tonicity. The current trace at the bottom is interrupted by three intervals where voltage 
was changed to obtain an 1-V curve. Downward deflections from baseline are due to outward C1- movement. Upward deflections at 
the bottom trace are due to outward K* movement. Notice that the baseline level is unchanged after the experiment. 

ward current (KCI in electrode) through the patch 
of typically - 4  +- 3 pA (sD, n = 8) (see Table 2). 

The Cl- Channel 

This channel was activated in 20 patches out of 28 
in which C1- channel existence was confirmed by 
spontaneous activity in isotonic medium during pre- 
incubation or by the channel activity after the hypo- 
tonic chock. Most data are from patches with 
NMDGC1 and NaC1 in the electrode, in which case 
C1- channel openings lead to negative currents seen 
as downward deflections (outward movement of 
CI-). Figure 14 shows activation of the C1- channel 
in four current traces. The single-channel currents 
are so small that the unitary nature of the patch 
current is easily overlooked. The channels seem to 
activate in an all or none fashion rather than gradu- 
ally to change the open probability. In the third 
trace, the changes in current during the first minutes 
do not appear to have much single-channel nature. 

Upon return to normal tonicity of the external 
medium, the current first increases and then de- 
creases in a stepwise fashion as the individual C1- 
channels inactivate. The initial increase in current is 

due to the increase of internal chloride concentration 
after the cell shrinkage. Closure of the channel after 
returning to isotonic medium is also seen in the sec- 
ond trace. The upper and bottom traces show very 
clearly the unitary nature of the current. Although 
the contribution to the current (chloride outflux) 
from the single channels is very small, the contribu- 
tion to the electrical current across the patch is much 
larger than the contribution from the SA channels 
(see Table 2). After 5 to 10 min ofRVD, C1- channels 
were active in most patches. This activity disap- 
peared however within 0.5 to 2.5 min after return to 
normal external tonicity. Thus, the small C1- chan- 
nel is dramatically activated during RVD in hypo- 
tonic medium and closed when the medium again is 
made isotonic. 

Electrochemical Relations 

In Table 1, we have evaluated the expected current 
reversal voltages (Vrev see Eq. (2)) for the K + chan- 
nel, the CI- channel, and the SA cation channel 
both for normal cells (reference situation) and for 
hypotonically swollen cells. A cell membrane poten- 
tial (Vm) is either -57 mV (Gstrein et al., 1987) or 
-61 mV (Lambert et al., 1989) for cells in isotonic 
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Fig. 15. Current trace from an attached patch 
with spontaneous activation, first of the SA 
channel and then of the K § channel. Note 
that Na + influx via the SA cation channel is 
seen as downward current deflections and K + 
efflux via K + channels as upward current 
deflections. Lower trace is an expansion of 
upper trace. The electrode contained NaC1 
with 3 mM CaCI 2 added. Bath voltage was 0 
mV. The figure represents three independent 
experiments. 

reference situation and -41 mV for cells in hypo- 
tonic solution (Lambert et al., 1989). The ionic equi- 
librium potentials are calculated from previous esti- 
mations of the cellular ionic concentrations (see 
legend to Table 1). 

After the initial swelling following hypotonic 
shock, the intracellular concentrations attain one- 
half of their initial value. This produces a 25.3 x 
In 2 mV = 17.5-mV shift of equilibrium potential. 
Provided the cell membrane is depolarized after cell 
swelling, the shift of reversal potential will be 
smaller. It can be seen from Table 1 that only a minor 
depolarization seems to take place. The estimated 
depolarization is only 7 and 0 mV from measure- 
ments on the K § channel and the nonspecific cation 
channel, respectively, both measured at 21~ At 
38~ a depolarization of 20 mV at 150 mOsm (Lam- 
bert et al., 1989) and 10 mV at 225 mOsm (Gstrein 
et al., 1987) has been reported. 

Concurrent Activation of  Nonselective, Stretch- 
Activated Cation Channels and Ca2+-Activated 
K + Channels 

In experiments with Ca2*-containing NaC1 solutions 
(3 mM Ca 2+) in the pipette, concurrent activation of 
SA cation channels and K + channels was consis- 
tently observed (see Fig. 15). Spontaneous activa- 
tion of a SA cation channel, seen as downward cur- 
rent deflection, is followed after about 20 sec by 
activation of a K + channel (upward current deflec- 
tion) taken to represent the inward-rectifier K § 
channel. 

We interpret this as follows: the initial activation 
of the SA channel leads to influx of Ca 2+ from the 
electrode into the cell. This again results in activa- 

tion of neighboring K § channels in the patch. In a 
series of previous experiments with activation of SA 
channels by electrode suction and with no Ca2+in 
the NaCl electrode solution in the pipette, a similar 
delayed K § channel activation was very seldom ob- 
served. A more systematic investigation of this cou- 
pling between the SA cation channel and the inward- 
rectifier K + channel has not yet been undertaken. 

Discussion 

NONSELECTIVE CATION CHANNELS ACTIVATED 

BY STRETCH 

The conductance to Na + was measured at 24 pS in 
cell-attached patches as well as in inside-out 
patches, indicating that the same channel is indeed 
present in inside-out and in cell-attached patches. 
Also, the channels can be stretch activated by elec- 
trode suction in both types of patches, which further- 
more substantiates this identity. The channel is, 
however, usually closed in cell-attached patches, 
unless deliberately provoked to be active, and it 
is usually open in excised patches. In some cell- 
attached patches the channel fluctuates (see Fig. 
2D). The complexity of regulation of these channels 
may indicate that they are modulated by more than 
direct membrane stretch. 

Guharay and Sachs (1984) have advanced the 
idea that the SA channels are attached to the cy- 
toskeletal strands and that channels open when 
membrane stretch is transmitted to the channel 
through this network. Thus, the cytoskeleton has 
been proposed (Sachs, 1986, 1987, 1988) as the sen- 
sor and mechano-transducer of SA channel activa- 
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tion. It is tempting to suggest the desensitization 
and adaptation phenomena described in the present 
paper as being due to mechanical relaxation in the 
cytoskeleton network following deformation. 

SA cation channels conducting both mono- and 
divalent cations (e.g., Na + , K +, and Ca 2+) have been 
observed in a variety of biological systems: in endo- 
thelial cells (Lansman et al., 1987), frog oocytes 
(Taglietti & Toselli, 1988), smooth muscle (Kirber 
et al., 1988), ascidian oocytes (Moody & Bosma, 
1989), in an osteoblast-like cell line (Duncan & Mis- 
let, 1989), in the stretch receptor organ of the cray- 
fish (Erxleben, 1989), in Xenopus oocytes (Yang & 
Sachs, 1989), neuroblastoma cells (Falke & Misler, 
1989), and in a variety of epithelia, including: cho- 
roid plexus (Christensen, 1987), intestine (Okada, 
Hazama & Yuan, 1990), opossum kidney cells (Ubl, 
Murer & Kolb, 1988), juxtaglomerular cells (Kurtz, 
1990), and medullary thick ascending limb cells 
(Taniguchi & Guggino, 1989). For a recent compre- 
hensive review on mechano-sensitive channels see 
(Morris 1990). 

THE Ca 2+ ACTIVATED K + CHANNEL 

The results presented above indicate that the surface 
membrane of Ehrlich cells contains inwardly rectify- 
ing calcium-dependent potassium channels. The 
channel conductance for inward currents was esti- 
mated at 40 pS and the conductance for outward 
currents at 15 pS. Single-channel openings could 
be triggered in inside-out patches at internal Ca 2+ 
concentrations 1 ~M or higher. In the second part of 
this work, it is shown, using cell-attached patches, 
that the same K + channel is activated by cell swelling 
and by addition of Ca 2+ plus ionophore A23187. 

Potassium-selective channels with similar con- 
ductance and I-V characteristics have previously 
been characterized in other cellular preparations 
like: human erythrocytes (Grygorczyk & Schwartz, 
1983), HeLa cells (Sauv6 et al., 1986), aortic endo- 
thelial cells (Sauv6 et al., 1988), renal epithelial cells 
(MDCK) (Friedrich et al., 1988), and rabbit proximal 
tubule cells (Parent, Cardinal & Sauv6, 1988). All 
these channels have a similar Ca 2+ dependence on 
the channel activation with little or no influence of 
membrane potential on open probability. Sauv6 et 
al. (1988) also report the two different kinetic forms 
we have found in the present channel. 

Previous measurements of the K + conductance 
in standard salt solution after Ca 2+ activation have 
indicated a cellular K + conductance of 134/,S/cm 2 
(Lambert et al., 1989). The channel conductance at 
5 mM external K + (standard salt solution) may be 
estimated from Fig. 7 (the curve representing 

NMDG in the electrode) to about 7 pS. From these 
data we estimate the number of Ca2+-activated K + 
channels in the Ehrlich cell at -20  x 106 cm -2 or 
about 250 per cell (using a surface area of 1381/xm2/ 
cell (Hoffmann et al., 1986)). This estimate assumes 
an open-state probability (Po) of 1 for the Ca2+-acti - 
vated K* channel, which is rather unlikely. Thus, 
the estimate of channel density can be regarded as 
a minimum. It is tempting to suggest that the volume- 
induced conductive K + transport seen in many cells 
is always mediated by this type of Ca 2+ activated 
channels; this may, however, be an oversimplifica- 
tion (see Hoffmann & Ussing, 1992). 

THE SMALL CHLORIDE CHANNEL 

We propose the hypothesis that the small Cl chan- 
nel activated by cell swelling and by Ca 2+ ionophore 
in cell-attached patches, the spontaneous active 
small C1- channel occasionally seen in cell-attached 
patches and the small C1 channel seen in isolated 
patches are all identical. 

The similarity between the channel in isolated 
patches and the "partly activated" channel in cell- 
attached patches is strongly indicated by the identi- 
cal channel gating behavior shown in Fig. 8B and 
bottom panel. The conductance with 150 mM 
NMDGC1 on both sides was 5 pS and the conduc- 
tance in cell-attached patches with about 65 mM 
cellular CI- (see Table 1) was 3 pS which is quite 
reasonable because most of the I-V curves for the 
channel correspond to outward movement of CI-, 
where the conductance tends to reflect internal C1 
concentration. 

The similarity between the fully and partly acti- 
vated channel in cell-attached patches was assumed 
in order not to introduce more channels than neces- 
sary. We have only one conductance value for the 
fully activated channel (7 pS) which is rather differ- 
ent from the value of 3 pS for patches with "partly 
activated" channels. However, there is not signifi- 
cant basis to postulate two small C1- channels due 
to the difference in conductance. Also, if the "partly 
activated" channel is a pre-stage to the fully acti- 
vated channel, it seems not unreasonable that the 
fully activated channel should have the largest con- 
ductance. 

For the "partly activated" channel, there seems 
to be many different conductance levels. We do not 
presently know whether these levels represent other 
C1 channels or substates of the larger channel. The 
kinetics of the smaller levels often show a more 'box- 
like' character while the kinetics of the larger level 
is more burst-like, with many excursions to a state 
of about half conductance (Fig. 8, bottom panel at 
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-80 mV). It is tempting to suggest that the larger 
channel is a polymer of several smaller units some 
of which are seen as individual levels. 

The channel is fully activated in cell-attached 
patches either by cell swelling or by addition of the 
Ca 2+ ionophore A23187. In inside-out patches, inter- 
nal Ca 2+ had no effect on channel gating. This indi- 
cates that activation by Ca 2+ ionophore is an indirect 
consequence of a cascade of events initiated by an 
increase in internal Ca 2+ and leading to activation of 
the small C1- channel (see below). We have never 
been able to activate the 400-pS C1 channel or the 
34-pS CI- channel by neither A23187 or by hypo- 
tonic shock. 

Comparison with Other Ct Channels 

Christensen et al. (1989) have reported a C1- channel 
in the choroid plexus epithelium from Necturus with 
a conductance of 7 pS with 112 mM C1- on both sides. 
The channel was activated during volume regulation 
after hypotonic shock and had a conductance of 2 
pS in cell-attached patches. Also, the channel gating 
seems rather similar to the present channel in the 
fully activated mode. 

F. Pedersen and O. Christensen (unpublished 
data) have observed a CI- channel in human sweat 
duct epithelial cells. Both conductance and gating in 
inside-out patches were similar to the data observed 
here for the partly activated C1 channel. 

Marty, Tan and Trautmann (1984) have reported 
C1- channels of estimated 2-5 pS unitary conduc- 
tance in rat lacrimal glands. The channels were acti- 
vated by external carbamylcholine and by external 
Ca 2+ ionophore. In contrast to the present channels, 
they seem to be activated directly by internal Ca 2+ 
in inside-out patches. 

SWELLING ACTIVATION 

When Ehrlich cells are suspended in hypotonic me- 
dium, a RVD response occurs which decreases the 
Na + permeability, but greatly increases both the K + 
and C1- permeability and causes a net efflux of K + 
and C1- with a concomitant loss of cell water, to 
restore cell volume (see e.g., Hoffmann & Si- 
monsen, 1989). The K + and CI- channels activated 
by cell swelling as characterized in patch-clamp 
studies are described above. 

If the K + and the C1- channel are to account for 
the export of K + and C1- during the phase of RVD, 
then there must be an approximate identity between 
the K § current and the CI- current. The K + current 
from pipette to cell is measured at - 4  pA with 150 

mM K * in the electrode at zero bath voltage (see 
Table 2). For a low K + medium (standard Ringer 
solution) in the pipette this would correspond to 
about 1 pA of outward current through the K § chan- 
nel(s) in the patch. This can be estimated from data 
for K § current amplitude at zero bath voltage with 
KC1 and NMDG in the electrode, respectively (see 
Fig. 7) as - 4  (0.5/_ 1.4) pA - 1 pA. The corresponding 
C1- current through the patch is -0.3 pA (see Table 
2). It is likely that the remaining negative current 
represents efflux of H C O 3 ,  since we have demon- 
strated an acidification during RVD (see Hoffmann 
& Kolb, 1991). 

From the measured single-channel conductance 
at 7 pS (Fig. 7, see above) and 7 pS (Fig. 8, see 
above) for the K § and CI- channels, respectively, 
and the K + and CI conductances after cell swelling 
at 19 and 41 /zS/cm 2, respectively (Lambert et al., 
1989), the number of volume-activated K + and CI- 
channels in the Ehrlich cell can be estimated at 3 • 
106 and 6 x 106 cm -2 assuming Po = 1. This corre- 
sponds to about 40 "swelling-activated K § chan- 
nels" and 80 "swelling-activated C1- channels" per 
cell, or only 0.3 active K § channel and 0.6 active 
C1- channel per mean patch area (approx. 10 .7 cm2). 

In Ehrlich cells it has been shown that the stimu- 
lation of channel activity during RVD is "triggered" 
by an average increase in cell volume that does not 
exceed 5% (Hudson & Schultz, 1988). The actual 
mechanism of activation of the RVD response is, 
however, still only partly understood, and several 
factors have been assigned a regulatory function, 
e.g., Ca 2+, calmodulin, cAMP, eicosanoids, poly- 
phosphoinositide metabolism, protein kinases, and 
the microfitament network. Factors which have been 
proposed to play a role in the RVD response in 
Ehrlich cells are shown in Fig. 16 of Hoffmann et al. 
(1988). 

There is evidence that Ca 2* and calmodulin play 
a role in RVD in Ehrlich cells: the response is re- 
duced in Ca2+-depleted cells, is accelerated by a 
stepwise increase in external Ca 2+ or by addition 
of the Ca 2* ionophore A23187 during the volume 
recovery, and is inhibited by anti-calmodulin drugs. 
Moreover, addition of ionophore A23187 in isotonic 
medium induces a KC1 loss which shows several 
parallels to the volume-induced KC1 loss seen during 
RVD. The KC1 loss induced by cell swelling and by 
addition of ionophore A23187 are, however, also 
occurring in CaZ+-free media containing excess 
EGTA, showing that Ca 2+ entry across the cell mem- 
brane is not a necessity and suggesting a role for 
Ca 2* release from internal stores (see Hoffmann, 
Simonsen & Lambert, 1984; Hoffmann et al., 1986). 

Based on tracer flux measurements and mea- 
surements of the membrane potential using a fluo- 
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rescent probe and employing an improved calibra- 
tion technique we have demonstrated a substantial 
Ca2+-induced increase in conductive PK and Pc~ 
(Lambert et al., 1989). In the present experiments 
we find that the same inward-rectifier K § channel is 
activated in Ehrlich cells after cell swelling and after 
addition of the Ca 2+ ionophore A23187. The activa- 
tion of the K + channel in inside-out patches bathed 
in KC1 on both sides and at a membrane potential at 
-40 mV takes place after an increase in [Ca2+]i from 
10 -7 to  10 -6 M, which is in the physiological range, 
supporting the hypothesis that the volume-induced 
K + transport is mediated by the Ca2+-activated K + 
channels. 

The C1- channel cannot be activated by C a  2+ in 
inside-out patches. The activation of C1- channels 
in intact Ehrlich cells by increase in intracellular 
C a  2+ is probably an indirect effect caused by a stimu- 
lated synthesis of leukotrienes. For a recent review 
of the role of Ca 2+ in cell volume regulation, see 
Pierce and Politis (1990). 

The nature of the sensory mechanisms detecting 
the volume changes during RVD is, as yet, totally 
unknown. We have in the present investigation dem- 
onstrated nonselective cation channels which can be 
activated either by cell swelling or by mechanical 
stress (suction). 

The volume activation of the SA channels is 
variable (see Fig. 13). Often we observed that, where 
it was impossible to activate the channel by suction, 
it was activated by cell swelling. After prolonged 
hypotonic cell swelling, channel activation could 
also be observed following restoration of tonicity 
(see Fig. 12, trace E). It is presumably so, that the 
channel is activated during deformation of the cell 
which sets up a tension in the cytoskeletal strands 
connected to the channel. We have previously dem- 
onstrated that cytochalasin B which disrupts the ac- 
tin filaments inhibits the RVD (see Hoffmann & 
Kolb, 1991). It is interesting to note that the activa- 
tion of the SA channels after cell swelling does not 
occur instantaneously but seems to be correlated to 
a certain cell size, which is usually reached after 
0.5-1 min. At that time the cell will be at least 25% 
swollen. Disregarding membrane infoldings, Sackin 
(1989) estimated for a spherical cell that membrane 
stretch induced by cell volume increase as small as 
1% will be sufficient for SA channel activation. Cells 
are, however, not osmometric balloons. They can 
expand membrane folds when subjected to hypo- 
tonic swelling. Volume-activated channels have pre- 
viously been demonstrated in Ehrlich cells after a 
volume increase of only 5%. The 0.5-I min delay 
in SA channel activation (see above) may perhaps 
reflect the involvement of other factors rather than 
simply the degree of swelling. It is possible, for ex- 

ample, that the acidification occurring during RVD 
(see Hoffmann & Kolb, 1991) can affect the attach- 
ment of the actin filaments to the membrane pro- 
teins. 

The SA channel described here is a nonselective 
cation channel. This property seems to contradict 
an involvement of SA channels as pathways for the 
K + and C1- efflux. The volume-activated K + and 
C1- channels described above cannot be activated 
by mechanical stress (suction). Therefore, it seems 
likely that the function of these stretch-activated 
channels is correlated with their Ca 2+ permeability. 
A resulting increase in [Ca2+] i could be part of the 
volume-activated signal system. 

The fact that Ba 2+ (and hence presumably Ca 2+) 
passes through the SA channel means that a change 
in volume gives rise to Ca 2+ influx into the cell. 
The rise in internal calcium activates K § channels 
directly and CI- channels via some intermediate 
Ca2+-dependent step. These channels mediate a net 
outflux of K + and C1- which through the osmotic 
drag leads to a decrease of cell volume. The SA 
channel would thus be part of the triggering mecha- 
nism for initiating the RVD, as suggested by Chris- 
tensen (1987) for amphibian choroid plexus cells. 

The activity of the K + channel induced by swell- 
ing often occurred in 'waves' (see Fig. 12) which 
was not the case for the CI- channel. If the waves 
of K + activity represent oscillations of internal Ca 2§ 
then the conclusion from the more steady C1- activ- 
ity is again that the activity is initiated by a rise of 
internal Ca 2+ but does not reflect the actual immedi- 
ate Ca 2+ level. This is consistent with the K + channel 
being directly dependent on internal Ca 2+ (Fig. 6), 
whereas the C1- channel seems to have an indirect 
dependence because it is not activated by internal 
Ca 2+ in inside-out patches. 

There seems to be a quantitative mismatch be- 
tween the amount of Ca 2+ that would enter the cells 
and the amount necessary to turn on Ca2+-sensitive 
K + channels. At physiological Ca 2+ concentration 
the Ca 2+ current is very small through the SA chan- 
nels. The estimated cation current is 1400 fA per 
channel, thus there will be only about 20 fA of Ca 2§ 
current through the open channel. For channels fur- 
ther than 1 txm apart, the diffusion equations predict 
that 0.5/xm from the channel the excess Ca 2+ will 
be less than 8 riM. In order to activate any Ca 2+- 
activated K § channels, the K § channels would have 
to be extremely close to the SA channels to provide 
direct coupling or else both channels would have to 
be in a confined space that would allow the Ca 2+ 
to build up to reasonable level, e.g., between the 
endoplasmic reticulum and the plasmalemma. Alter- 
natively, some second messenger (e.g., IP3) could 
be developed in a confined space and amplify the 
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signal by releasing stored Ca z+. The finding of con- 
current activation of SA channels and K + channels 
in the presence of 3 mM Ca 2+ in the electrode (see 
Fig. 14) might support the notion of a close spatial 
relation between SA and K + channels. 

Although the hypothesis that Ca 2+ entry via SA 
channels could be part of the volume-activated sig- 
nal system is attractive, it has to be remembered 
that many cells including Ehrlich cells can show a 
RVD response also in the absence of external C a  2+, 

suggesting a causal role for volume-induced Ca 2+ 
mobilization from internal stores. In addition, it 
should be recalled that a significant cell depolariza- 
tion during RVD has been observed for several cell 
systems including Ehrlich cells (see Hoffmann & 
Ussing, 1992) and may play a role in K + channel 
activation; such depolarization will be enhanced by 
the activation of nonselective, stretch-activated cat- 
ion channels. A more complete understanding of the 
contribution of the SA channel to RVD in Ehrlich 
cells would require, among other approaches, moni- 
toring of "whole-cell" membrane potential and cur- 
rents during volume regulation in the presence and 
absence of specific inhibitors of the SA channels. 
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