
ELSEVIER European Journal of Pharmacology 315 (1996) 115-118 

ejp 
Short communication 

Trypsin alters ATP sensitivity of KATp channels in control and 
hypertrophied myocytes 

Vandana H. Sodder *, Lisa D. Bowie, John S. Cameron 
Department of Biological Sciences, Wellesley College, Wellesley, MA 02181, USA 

Received 20 August 1996; accepted 23 August 1996 

Abstract 

Increased ATP-sensitive potassium (KAT p) channel activity in cardiac muscle during hypertension and myocardial hypertrophy may be 
induced by the release of endogenous proteases, altering inhibitory binding sites for intracellular ATP. To test this hypothesis, we studied 
the effects of trypsin (1.5 mg/ml) on channel sensitivity to ATP in myocytes from control (WKY) and spontaneously hypertensive rats 
(SHR). Trypsin increased channel activity in 63% of membrane patches from WKY rats, but in only 29% from SHR. Pre-treatment with 
trypsin decreased sensitivity to the inhibitory effects of ATP in both groups. These results support the possibility that KAy P channel 
modification during chronic metabolic stress is caused by intracellular proteolysis, which decreases sensitivity to [ATP],. 
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1. Introduction 

The activation of adenosine 5'-triphosphate-sensitive 
p o t a s s i u m  (KAT p) channels is inhibited by physiological 
concentrations of intracellular ATP. In cardiac muscle, 
these channels are opened in ischemia and hypoxia, con- 
tributing to the shortening of action potential duration 
characteristic of those conditions (Venkatesh et al., 1991). 
This result of KAT p activation could be perceived as 
contributing to tissue damage, loss of cellular K + and 
failure of action potential duration to recover upon reperfu- 
sion. Other evidence suggests, however, that KAy p chan- 
nels play a beneficial role in adaptation to acute or chronic 
hypoxia and in myocardial hypertrophy. Cameron et al. 
(1988) reported that K AT p channels in hypertrophied hearts 
were less sensitive to the inhibitory effects of ATP than 
those in control cells, suggesting that the current was more 
readily activated in metabolically compromised tissues. 
Increased channel activity in the heart could serve to 
maintain resting potential and reduce Ca 2+ influx and 
contractile activity, thus preserving high energy phosphate 
levels. 

Any enhanced activation of cardiac KAT P channels in 
animal models of hypertension and myocardial hypertro- 
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phy could reflect an intrinsic alteration of the channel 
itself, or might occur through the influence of extrinsic 
modulators (Cameron and Baghdady, 1994). It has been 
suggested that endogenous proteases, released as oxygen 
levels fall, can remove inhibitory binding sites or 'inactiva- 
tion sequences" from channel proteins (Mayorga-Wark et 
al., 1993), To explore this possibility, previous investiga- 
tors have studied the effects of trypsin on  KAT p channels 
in normal muscle cells. The sensitivity of the KAT P chan- 
nel to ATP was significantly reduced after trypsin treat- 
ment in guinea pig and rabbit myocytes (Deutsch and 
Weiss, 1994) and in pancreatic/3-cells (Proks and Ashcroft, 
1993). To date, there have been no studies of the effects of 
trypsin on KAy p channels from ischemic or metabolically 
compromised hearts. The purpose of the present study, 
then, was to examine the effects of trypsin on channel 
activity and ATP sensitivity in control and hypertrophied 
cardiac myocytes. Our goal was to clarify the mechanism 
underlying enhanced KAT e channel activity in hyper- 
tension and left ventricular enlargement. 

2. Materials and methods 

Cardiac ventricular myocytes were isolated from spon- 
taneously hypertensive (SHR) and Wistar-Kyoto (WKY) 
control rats as previously described (Ciampolillo et al., 
1992), using a 50-50 mixture of collagenase C-0130 and 
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C-1085 (Sigma). Cells were studied within 48 h of isola- 
tion. SHR rats have been shown to have an increased heart 
to body mass ratio (Cameron et al., 1990), with enlarged 
ventricular myocytes. 

Single-channel K + currents were recorded at room 
temperature from inside-out membrane patches (Hamill et 
a[., 1981; Ciampolillo et al., 1992) clamped at a range of 
holding potentials. Cells were placed in a tissue bath 
containing (in raM): 140 KCI, 5 HEPES and 1 EGTA (pH 
7.4. free Ca ~+ <0.1 /~M); recording electrodes were 
filled with the same high K + solution. Trypsin (1.5 m g / m l ,  
type IX; Sigma) or ATP (1 -2  raM; Sigma) were adminis- 
tered to the 'intracellular' side of the patch for 2 rain prior 
to recordings. In some experiments, trypsin was followed 
by ATP (at 2 rain) in the continued presence of the 
enzyme. 

Open-state probability (P , )  was taken as the primary 
indicator of channel activity; it was calculated by measur- 
ing the times ti, spent at current levels corresponding to 
j = 0,1,2,3...N channels open. Po was then given by the 
equation: 

t, /TN 
j =  [ 

where T was the total observation time (5 s) and N was 
the number of active channels in the patch. For each patch, 
P,, was determined at several different holding potentials 
before and after drug administration. The results reported 
were obtained in patches from at least 3 different cell 
preparations for each rat type and drug combination stud- 
ied. Analysis of variance (ANOVA) for repeated measures 
with post-hoc Fisher PLSD (protected least significant 
differences) and Scheffe F-tests were used to determine 
statistical significance ( P  < 0.05) among group means; 
results were expressed as mean ___ S.E. 
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Fig. I. Effect of trypsin on KAT e channel open-state probability (P,,). 
Inside-out patches from ventricular myocytes were incubated with trypsin 
( 1.5 m g / m l )  for 2 min and channel activity was subsequently recorded at 
a series of holding potentials. (A) In myocytes from WKY hearts, 
administration of trypsin to the intracellular surface of the membrane 
significantly increased P~, at most voltages (n >_ 7, * P < 0.05). (B) In 
myocytes from hypertensive rat hearts (SHR), trypsin did not signifi- 
cantly increase P~, at any potential 07 >_ 4). 

3. Results 

ATP-sensitive K + channel activity was characterized in 
cardiac myocytes from WKY and SHR rats prior to the 
addition of trypsin or ATP. Current-voltage (I-V) curves 
for both groups showed no significant difference in con- 
ductance between control vs, hypertrophied myocytes (60 
+ I vs. 61 + I pS, respectively). Over a range of holding 
potentials, however, channel activity (Po) was greater in 
patches from SHR rats relative to WKY as previously 
reported (Ciampolillo et al., 1992; Fig. 1). 

3.1. E[J~lct of trypsin on P,, qf KAT P channels 

Channel activity was recorded in cardiac myocytes from 
SHR and WKY rats at a number of holding potentials in 
the presence of trypsin (I.5 mg /ml ) .  In the WKY group, 
channel activity was increased in the majority of  experi- 
ments (12 of 19 patches, 63%). The overall increase was 

statistically significant over a range of holding potentials; 
at - 80 mV, for example, Po increased from 0.328 _+ 0.055 
to 0.554 _+ 0.083 ( P  < 0.05; Fig. IA). In the SHR group, 
trypsin consistently increased P,, and overall channel activ- 
ity at most holding potentials, but in fewer than half of the 
experiments (4 of  14 patches, 29%). The overall increase 
in activity was not statistically significant (Fig. I B). There 
was no significant difference in control channel activity 
between patches that responded to trypsin administration 
and those that did not. 

3.2. Mod(h'cation by tr).,psin of channel ATP sensitit:ity 

To test the effect of trypsin on ATP sensitivity of KAT P 

channels, membrane patches were treated with the enzyme 
and subsequently exposed to ATP at concentrations which 
abolished most channel activity (Cameron et al., 1988; Fig. 
2). Six of  9 patches (67%) from WKY myocytes showed a 
decreased sensitivity to 2 mM ATP; channel activity was 
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Fig. 2. Effect of trypsin on KATp channel sensitivity to ATP-induced 
inhibition. At 2.0 mMATP,  channel open-state probability (Po) in cells 
from both WKY and SHR hearts (holding potential = - 6 0  mV) was 
markedly decreased relative to control (left; n > 8). However, pre-treat- 
ment with trypsin (1.5 mg/ml)  prevented the ATe-induced inhibition of 
channel activity in both WKY (n = 5) and SHR (n = 7) patches (right). 
Insets show channel activity in a WKY patch before and after administra- 
tion of ATP (baseline at c - ;  horizontal scale, 1 s; vertical, 4 pA). 

not significantly reduced by the addition of ATP after 
trypsin proteolysis (Fig. 2). At a holding potential of - 8 0  
mV, for example, overall Po prior to ATP was 0.508 + 
0.164 vs. 0.510 +0.097 after administration of the nu- 
cleotide. In the SHR myocytes, however, ATP sensitivity 
was eliminated in only 3 of the 8 patches examined (38%). 
The overall decrease in Po with ATP was still not signifi- 
cant, however (at - 8 0  mV, for example, Po decreased 
from 0.492 _+ 0.072 to 0.419 _+ 0.073 after treatment with 
ATP). 

4. D i s c u s s i o n  

The present study indicates that KATP channels in ex- 
cised, inside-out membrane patches from WKY ventricular 
myocytes exhibit increased activity after tryptic digestion. 
These findings are in general agreement with those of 
Furukawa et al. (1993) and Proks and Ashcroft (1993), 
who showed that trypsin reactivated KATP channels (after 
run-down) in ventricular myocytes and pancreatic fl-cells, 
respectively. The enzyme has also been shown to activate 
muscarinic K + channels in atrial myocytes (Kirsch and 
Brown, 1989). In none of these studies did trypsin alter 
single-channel conductance. 

A similar increase in activity was not observed in 
channels from SHR myocytes after trypsin treatment. Prior 
to drug administration, overall KAT e channel activity may 
be enhanced in SHR myocytes relative to WKY (Ciampo- 

lillo et al., 1992; Fig. 1). One interpretation of this obser- 
vation is that KATP channels in the heart are intrinsically 
altered during long-term metabolic stress, promoting their 
activation and providing a counter-regulatory mechanism 
to enhance cardiac muscle relaxation and distensibility. 
These chronically altered channels may not be subject to 
further stimulation by trypsin. 

In WKY, the addition of trypsin to the intracellular 
surface of membrane patches resulted in a greatly reduced 
sensitivity of KATp channels to the inhibitory effects of 
ATP. A similar effect has been reported in pancreatic 
/3-cells (Proks and Ashcroft, 1993) and in guinea pig 
ventricular myocytes (Deutsch and Weiss, 1994), where 
sensitivity of KATP channels to ATP was significantly 
reduced in the presence of trypsin. This suggests an extrin- 
sic alteration in channel structure that in some way influ- 
ences (or eliminates) the binding site for ATP. In support 
of the possibility that such a mechanism could be at work 
in hypertension and myocardial hypertrophy is our previ- 
ous report that channel sensitivity to ATP is diminished in 
hypertrophied myocytes (Cameron et al., 1988). In addi- 
tion, the present observation that trypsin did not signifi- 
cantly alter KAT e channel sensitivity to ATP in SHR 
myocytes suggests that these channels had already been 
modified in vivo, and could not be further affected by the 
enzyme. Decreased sensitivity to ATP inhibition in hyper- 
trophied heart muscle could provide a mechanism for 
enhanced activity of KATP channels, even when high en- 
ergy phosphates are not significantly depleted. 

In contrast to studies cited above, other groups have 
reported that trypsin does not affect, or affects only slightly, 
the ATP sensitivity of KATP channels from normal ventric- 
ular myocytes (Fan and Makielski, 1993; Furukawa et al., 
1993; Nichols and Lopatin, 1993). Trypsin did reduce or 
abolish sensitivity to the inhibitory effects of gliben- 
clamide, however (Nichols and Lopatin, 1993; Deutsch 
and Weiss, 1994). The source of the variability in previous 
studies is unclear, but may reflect the complex series of 
interactions that apparently underlie KATP channel regula- 
tion in different tissues and species (Findlay, 1994). Proks 
and Ashcroft (1993) postulate that large molecules, such as 
trypsin, may be restricted in terms of access to the 'intra- 
cellular' surface of inside-out patches that are drawn up 
into a microelectrode. Variations in experimental protocol 
may also alter results, including the presence or absence of 
intracellular Mg 2+ and/or  Ca ~+ during the application of 
trypsin (Deutsch and Weiss, 1994; Proks and Ashcroft, 
1993). 

This is the first report describing the effects of trypsin 
on KATe channel activity in hypertrophied ventricular 
myocytes. Similar to KATP channels in myocytes subjected 
to severe metabolic inhibition (Deutsch and Weiss, 1994), 
channels in SHR myocytes are less sensitive to the in- 
hibitory effects of ATP (Cameron et al., 1988), while 
showing more overall activity than their counterparts in 
control cells. The present data indicate that trypsin does 
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not further activate the KAT e channel in SHR heart, nor 
does it incrementally decrease the sensitivity of the chan- 
nel to ATP, as in control. These results support the hypoth- 
esis that channel sensitivity to ATP inhibition is reduced 
during long-term metabolic stress, enhancing channel ac- 
tivity, and that the alteration results from partial digestion 
of cytosolic channel proteins by endogenous proteases. 
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