
J. Membrane Biol. 122, 177-187 (1991) 

002226319100091X 
The Journal of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1991 

Analysis and Use of the Perforated Patch Technique for Recording Ionic Currents in 
Pancreatic/3-Cells 

Salvador Sala, Ramin V. Parsey, Akiva S. Cohen, and Donald R. Matteson 
Department of Biophysics, University of Maryland, Baltimore, Maryland 21201 

Summary. We have used the nystatin perforated patch technique 
to study ionic currents in rat pancreatic/3-cells. The access resis- 
tance (R,) between the pipette and the cell cytoplasm, measured 
by analyzing capacitive currents, decreased with a slow exponen- 
tial time course (r = 5.4 -+ 2.7 min) after seal formation. As R,, 
decreased, the magnitude of voltage-dependent K and Ca currents 
increased with a similar time course, and their activation kinetics 
became faster. After R,, stabilized, the macroscopic currents re- 
mained stable for up to an hour or more. When the final R~, was 
sufficiently low, Ca tail currents could be resolved which had 
properties similar to those recorded with the classical whole-cell 
technique. Two types of K channels could be characterized with 
perforated patch recordings of macroscopic K currents: (i) ATP- 
blockable K (KATp) channels which generate a time and voltage 
independent current that is blocked by glyburide and enhanced 
by pinacidil and (ii) voltage-dependent K (Kv) channels. Whole- 
cell recordings of KAT P currents in the absence of ATP in the 
pipette showed that the maximum KAT P conductance of the B-cell 
was 83.8 -+ 40 nS. Perforated patch recordings show that the 
resting KAT P conductance is 3.57 -+ 2.09 nS, which corresponds 
to about 4% of the channels being open in the intact f-celt. In 
classical whole-cell recordings, K v activation kinetics become 
faster during the first 10-15 min of recording, probably due to a 
dissipating Donnan potential. In perforated patch recordings 
where the Donnan potential is very small, K~ activation kinetics 
were nearly identical to the steady-state whole cell measure- 
ments. 

K e y  W o r d s  p e r f o r a t e d - p a t c h  �9 n y s t a t i n  �9 patch clamp . 

B-cell �9 K channel �9 Ca channel 

Introduction 

One of the most powerful techniques used in the elec- 
trophysiological study of cells is the whole cell variant 
of the patch-clamp technique (Hamill et al., 1981). 
Proper implementation of this method provides a high 
resistance seal between the glass electrode and the 
cell membrane, along with a low resistance access to 
the cell interior. The main disadvantage of the tech- 
nique concerns the loss of the soluble constituents of 
the cell through the patch electrode. This dialysis or 

washout has been cited as a possible explanation for 
the loss of cellular responsiveness to known stimu- 
lants (Lucero & Pappone, 1990), the diminution or 
"rundown" of Ca currents (Hagiwara & Byerly, 
1983), or the slow shift in voltage-dependent pro- 
cesses due to a slowly diffusing Donnan potential 
(Marry & Neher, 1983; Fernandez, Fox & Krasne, 
1984; Cahalan et al., 1985; Cota, 1986). 

Recently, using the on-cell configuration of the 
patch-clamp technique, attempts have been made to 
permeabilize the membrane under the electrode tip 
with pores permeable to small ions. Ideally this 
would allow electrical access to the cell interior with- 
out the washout of larger molecules. Lindau and 
Fernandez (1986), using 400 tZM ATP in the pipette as 
the pore-forming agent, reduced the loss of stimulus- 
secretion coupling in mast cells but reported access 
resistances in the 200 to 5000 M~ range. Horn and 
Marty (1988) greatly improved the technique by us- 
ing the pore-forming agent nystatin, and achieved 
access resistances in the 4-50 M~ range. With this 
"perforated patch" technique Ca-activated K and 
C1 currents responded to activation of muscarinic 
receptors for up to 1 hr, in contrast to only 5 rain with 
the classical whole-cell technique (Horn & Marty, 
1988). Several investigators have now used the nys- 
tatin perforated patch technique to reduce Ca cur- 
rent rundown and to study membrane events that 
require an intact cytoplasm for expression (Falke et 
al., 1989; Korn & Horn, 1989; Kurachi et al., 1989, 
Lucero & Pappone, 1990). 

The purpose of our study was to examine the 
nystatin perforated patch technique in detail and to 
use it to record macroscopic currents from isolated 
rat pancreatic B-cells. The perforated patch tech- 
nique will likely be an extremely useful tool for 
studying stimulus-secretion coupling in the pancre- 
atic B-cell because it allows accurate whole-cell mea- 
surements while leaving the internal cellular envi- 



178 S. Sala et al.: Perforated Patch Recordings from B-Cells 

A 

Rp 

Rs 
Rn 

B C 

/ / 0.25 ms .~ .~  ~l 0.25 mS 
= �9 

Fig. 1. Procedure for measuring the total access resistance (R,,). (A) Equivalent circuit of the nystatin perforated patch configuration. 
The components represent the pipette resistance (Rp), seal resistance (R0, nystatin perforated patch resistance (R,), cell membrane 
resistance (Rm) and cell capacitance (Cm). V~ is the command voltage. (B) These currents were generated by 5 msec steps of - 10 mV, 
and the current was sampled at 100 kHz. The trace labeled t = 0 was recorded immediately after seal formation, and t = 25 was 
recorded 25 min later after nystatin perforations had developed. (C) The dotted trace labeled t(25)-t(O) is the difference between the 
two traces shown in B, and it is the current required to charge the cell capacitance through Rp and R~. The smooth curve (labeled exp 
fit) is the fit of a single exponential to the difference record 

ronment undisturbed. A preliminary report of these 
results has appeared (Cohen et al., 1990). 

Materials and Methods 

CELL CULTURE 

The pancreas was excised from adult male Sprague-Dawley rats 
anesthetized with Nembutal (1 ml/kg body weight). The tissue 
was minced and washed in Hank's Balanced Salt Solution (HBSS) 
containing 5 mg/ml bovine serum albumin (BSA) and then di- 
gested with Type IV collagenase at 37~ for approximately 1 hr. 
Islets were washed several times in HBSS and then picked by 
hand using a Lang-Levi pipette. The islets were then dispersed 
by mechanical agitation in a Spinner solution containing 1 mM 
EGTA and 10 mg/ml BSA. Cells were washed in RPMI 1640 
media with 10 mg/ml BSA several times and then plated on cov- 
erslips in final culture media (RPMI supplemented with 10% fetal 
bovine serum, l% glutamine, 100 U/ml penicillin and 100 p~g/ml 
streptomycin). Cells were maintained at 37~ in 5% CO2 and used 
for up to one week. All of the culture solutions were made with 
salts obtained from Sigma. We have previously shown that about 
89% of the dispersed cells cultured in this way are insulin-secre- 
ting fl-cells (Hiriart & Matteson, 1988). Thus, the majority of cells 
recorded from in this study were/3-cells, although no attempt was 
made to identify individual cells. 

ACCESS RESISTANCE CALCULATION 

Our method of determining the access resistance (R,) between 
the pipette and the cell interior is illustrated in Fig. 1. An equiva- 
lent circuit of the perforated patch configuration is shown in Fig. 

IA. In this circuit a step change in the command voltage (V,) 
produces an exponentially decaying current in the patch electrode 
(lp) which has a time constant ('r,,) given by the following: 

~-~, = (1) 
Rp R~ R~( Rp) 

where C,,, is the membrane capacitance and Rt,, R.,, R m and R n are 
the resistances of the pipette, seal, membrane and perforated 
patch, respectively. Rp is usually much smaller than either R, or 
R,,  therefore % becomes 

Cm (Rp + Rn) (2) 
T~r = R, 

l + - -  
R,~ 

IfR~ is much less than R m then ro/C m gives an estimate of the total 
R, (which is equal to Rp + R,,). IfR~ is large compared to R,,,, 7,/ 
Cm underestimates the access resistance by the factor (1 + R,] 
R,,). This underestimate would be significant only in the early 
stages of nystatin action, when the perforated patch resistance is 
large. 

In order to measure 7 a and Cm, we obtained records of the 
current required to discharge C,,. These were obtained by sub- 
tracting an lp recorded immediately after sealing (Fig. 1B, t = 0) 
from an Ip recorded later (e.g., t = 25). The early record is 
measured before nystatin perforations develop and is thus due 
primarily to the electrode capacitance and stray capacitance to 
ground. As nystatin perforations develop, there is an increase in 
the magnitude of lp. The subtracted record (t (25)-t (0)) reflects the 
charging of C,~ through the access resistance. By integrating this 
current we can get the total charge (Q) required to change the 
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External Solutions 

Solution NaCI CaCL KC1 MgC12 HEPES 

A 114 ~ 2 30 2 10 
B 136 10 - -  - -  10 

Solution CsCI 

Internal Solutions 

Cs2SO4 CsGlu KGlu MgCI2 KCI K2SO 4 EGTA HEPES 

C 55 
D 30 
E 
F 

70 - -  - -  7 - -  - -  - -  10 
- -  1 0 0  - -  2 - -  - -  10 10 
- -  - -  - -  7 5 5  7 0  - -  1 0  

- -  - -  1 0 0  2 3 0  - -  1 0  1 0  

All concentrat ions  are in mM. 

membrane  potential by V mV. and by fitting an exponent ia l  to the 
current  we obtained the time cons tant  (z.). R.  was then calculated 
using the relationships C,,, = Q/V and R.  = r./Cm. We tested this 
method on a model of  the circuit shown in Fig. IA using R~ = 1 
M ~ , R ~  = R,,, = 1000 MI). R,, = 1 0 M ~ a n d C  m = 1 0 p F a n d  
obtained 11.4 Ms for L,/C,,. which is close to the total access  
resistance of  11 MD.. 

E L E C T R O D E S  

Patch electrodes were pulled from either soda-lime glass or Corn- 
ing N51A borosilicate glass and fire-polished before use. In an 
a t tempt  to minimize R,  in perforated patch exper iments  we made 
steeply tapered,  large diameter  electrodes using soda-lime glass. 
Electrode res is tances  varied from 0.5 to 2 M ~ .  In nystat in experi- 
ments ,  the electrodes were quickly dipped into a nystat in free 
internal solution immediate ly  before use,  and then back-filled with 
the nystat in  containing solution. Positive pressure  was applied 
briefly while moving the electrode through the air /water  interface 
and then discont inued.  

S O L U T I O N S  

The composi t ions  of  all solutions are shown in the Table. Two 
external  solutions were prepared: solution A for measur ing  po- 
t ass ium currents  and solution B for measur ing  calcium currents.  
The pH of  both solutions was adjusted to 7.40. Internal solutions 
C and E were modelled after those  in Korn  and Horn (1989) for 
perforated patch exper iments  and were designed to minimize 
the Donnan  potential created by large impermeant  intracellular 
anions.  With these  solutions,  and as suming  an intracellular imper- 
meant  anion concentra t ion of  100 mM, the Donnan potential 
would be about 2 mV with the cell negative to the pipette (@ 
Horn & Marry, 1988). The pH of  the internal solutions was 7.30. 
A 10 mM stock solution of glyburide (Sigma) was made up in 
dimethyl sulfoxide (DMSO) and subsequent ly  diluted in external  
solution A jus t  before use. A 50 mM stock solut ion of pinacidil (a 
gift from Lilly Research  Laborator ies ,  Indianapolis,  IN) was 
made in 0.05 N HCI and diluted in external  solution A for use. 

A nystat in  (Sigma) stock solution of 25 mg/ml  in DMSO was 
stored at - 4~ in the dark for up to one week. This stock solution 
was diluted in the appropriate filtered internal solution to give a 
final nystat in  concentra t ion of  100/xg/ml and sonicated briefly to 

ensure  proper dispersion.  This final solution was kept in the dark 
at room temperature  and used for up to 5 hr. 

Pluronic (Molecular Probes) stock solution was made by 
dissolving 25 mg in 1 ml of  DMSO at 37~ for 10 min. Stock 
solution was stored at - 4 ~  and used for up to 1 month.  This 
stock was diluted to a final concentrat ion of  0.05% in the internal 
solution containing 100/zg/ml nystat in and used as soon as possi- 

ble. When  using pluronic, it was not necessary  to sonicate the 
solution. In control exper iments ,  pipette solutions containing 
DMSO and pluronic alone did not produce the changes  in capaci- 
tive current  indicative of nystat in action (see Results) .  

D A T A  A C Q U I S I T I O N  AND A N A L Y S I S  

Two patch-clamp configurations were used to record macroscopic  
currents:  the classical whole cell configuration descr ibed by Ham- 
ill et al. (1981) and the nystat in perforated patch technique  of  
Horn and Marty (1988). Voltage-clamp pulses were applied with 
a programmable  14 bit D/A converter .  7ue  output  of  the voltage 
clamp was filtered at 10 kHz  with an 8-pole Bessel  filter and 
sampled at rates up to 100 kHz with a 16 bit A /D  conver ter .  The 
patch clamp and compute r  interface were designed and built in 
our lab. Data acquisition and analysis  were done on a Compaq  
386 computer  using software writ ten in C. All exper iments  were 
done at room temperature  (22-24~ The holding potential was 

80 mV unless otherwise indicated. 
When used,  linear leak subtract ion was performed in two 

different ways.  In all Ca current  measu remen t s  and classical 
whole-cell measu remen t s  of  vol tage-dependent  K currents ,  a P/ 
2 procedure was used (Armstrong & Bezanilla, 1974). In o ther  
exper iments  where K current  was measured  there was often 
significant current  through KAT e channels .  The open probability 
of  these channels  is voltage independent ,  but  the single channel  
current  voltage relationship is nonl inear  (Ashcroft ,  Kakei & 
Kelly, 1989), so P/2 does not work properly. If linear leak subtrac-  
tion was required in these exper iments ,  the vol tage- independent  
current  generated by a small depolarization was scaled and sub- 
tracted fi'om the data. 

The fast and slow componen ts  of  Ca tail currents  were sepa- 
rated with a stripping procedure.  First,  an exponential  was fit to 
the slow componen t  of  the tail, and the extrapolated ampli tude 
of the exponential  was used as a measure  of  this component .  This 
slow exponential  was then subtracted from the tail current ,  and 
the measured  amplitude of  the remaining current  was used as a 
measure  of the fast component .  
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Fig. 2. Time course of stabilization of  the access resistance (cal- 
culated as %/Cm) and the outward K current. (A) K currents 
generated by 37 msec steps to + 70 mV, 7 or 30 min after seal 
formation. At 30 min, the current is larger and activates more 
rapidly. (B) The maximum amplitude of the K current at + 70 mV 
and the access resistance are plotted vs. time after seal formation. 
The smooth curve is the fit of a single exponential with a time 
constant of 3.0 min. The access resistance stabilized at 19.3 M~'I 
and the K current reached a value of 1.58 nA in approximately 
35 rain, Solutions used were, external solution A and internal 

solution E 
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Fig. 3. (A) Calcium currents recorded at 2.2 and 53 min after seal 
formation using 10 msec steps to + 10 mV from a holding potential 
of - 80 mV. The calcium current at 53 min is nearly twice as large 
as the current at 2.2 min. The earlier current activates more 
slowly, and there is a pronounced " h u m p "  in the tail current. (B) 
Peak calcium current and access resistance are plotted versus  

time after seal formation. The rise in calcium current amplitude 
and the fall in the access resistance have similar time courses. 
The smooth curve is the fit of an exponential function with a time 
constant of 3.3 min. The Ca current stabilized within 20 min 
and remained constant for at least 30 min. Solutions used were 
external solution B and internal solution C. Final R, = 14 Mfh 

C m = 4.9 pF; % = 70/*see 

in potassium channel experiments, we have used the steady- 
state K conductance (gK) of the cell as a measure of KaT e channel 
activity. The steady-state gK was calculated by fitting a least 
squares regression line to the steady-state current voltage rela- 
tionship over a negative voltage range (from - 120 to - 4 0  mV). 

Results 

T I M E  COURSE OF PATCH PERFORATIONS 
BY N Y S T A T I N  

Our first step in analyzing the perforated patch tech- 
nique was to characterize the time course and extent 
of the perforations, and to study the effect of changes 
in R~ on the measurement of voltage-dependent cur- 
rents generated by the fi-cells. Rat pancreatic/3-cells 

are known to contain several populations of ionic 
channels; e.g. two types of Ca channels (Hiriart & 
Matteson, 1988; Sala & Matteson, 1990; Ashcroft, 
Kelly & Smith, 1990) and various types of K chan- 
nels, including voltage-dependent K channels (Rors- 
man & Trube, 1986). In Figs. 2 and 3, we have 
compared changes in R~ to changes in the magnitude 
of either the voltage-dependent K current (Fig. 2) or 
the inward Ca current (Fig. 3). As shown in Figs. (2) 
and (3) a single exponential function provides a good 
fit to the time course of R,. In experiments done in 
the absence of the dispersant pluronic in the pipette, 
the time constant of the decline in Ra averaged 5.4 
_+ 2.7 min (n = 17), and the steady-state level of R~ 
typically ranged from 5 to 20 M~). Several factors 
seem to affect this time course and its variability. 
For example, the use of steeply tapered electrodes 
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decreased the time required to equilibrate. The 
amount of nystatin free solution in the tip will obvi- 
ously affect the time course, and should be mini- 
mized. In addition, the presence of pluronic tended 
to decrease the time constant,  but we have not quan- 
titated this effect. 

While the nystatin perforations are developing, 
the amplitude and time course of the recorded K and 
Ca currents are changing (Fig. 2 and 3). The outward 
potassium current was monitored by applying 37 
msec steps to +70 mV from a holding potential of 
- 80 mV. Calcium currents were monitored in other 
experiments by depolarizing to + 10 mV from the 
same holding potential. The amplitude of both the K 
current (Fig. 2) and the Ca current (Fig. 3) increased 
with approximately the same time course as the de- 
crease in R~, and then became stable at about the 
same time that R~, stabilized. The current traces in 
Figs. 2A and 3A also illustrate that the activation 
kinetics are faster when R~, decreases. The mem- 
brane currents activate faster, in part, because the 
membrane voltage rises more rapidly, and also be- 
cause the voltage drop across the series resistance is 
smaller (see Discussion). An important consequence 
of the changing ionic currents is that one must wait 
(for up to 20-30 rain) for the currents to stabilize 
before initiating any experimental intervention. 

In order to confirm whether or not we were still 
in the perforated patch mode and not whole cell, we 
applied a brief pulse of suction of sufficient pressure 
to rupture the patch under the electrode. This usu- 
ally produced a sharp decrease in R,. In Ca channel 
experiments, a complete disappearance of Ca cur- 
rents occurred within 1 to 2 rain. In K channel exper- 
iments, rupturing the patch caused an increase in 
the holding current, presumably due to the opening 
of KAT P channels that were being blocked by intra- 
cellular ATP (see below). In all experiments the cells 
became leaky a few minutes after break-in, probably 
as a result of  nystatin entry into the cell and insertion 
into the entire cell surface. 

Ca TAIL CURRENTS IN PERFORATED PATCH 

In rat B-cells it has been shown that there are two 
types of Ca channels; a fast deactivating (FD) chan- 
nel and a more Slowly deactivating (SD) channel 
which can readily be studied using tail currents (Hiri- 
art & Matteson, 1988). In nystatin experiments, the 
relatively high access resistance could prevent accu- 
rate tail current measurements due to poor temporal 
resolution. Therefore, we attempted to minimize R~ 
by using relatively large diameter, steeply tapered 
patch electrodes in order to measure Ca tail currents 
using the perforated patch configuration. These re- 
cordings were compared with whole-cell measure- 
ments. In many perforated patch experiments (e.g., 
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Fig. 4. Ca tail currents. (A) Perforated patch recording showing 
bad temporal resolution of tail currents. The record was taken 
with a 10 msec step to + l0 mV from a holding potential of -80 
mV. R~, = 13 MEt; C m = 9.3 pF; z, - 120/zsec. (B) Perforated 
patch record showing good temporal resolution of tail currents. 
The record was obtained with the same pulse protocol as in A. 
The tail current clearly consists of two components, one fast and 
the other slow. R, = 5.6 M12; C m = 6.6 pF; z~, = 37/zsec. (C) 
The noisy line is the tail current from the same record as in B, 
and the solid line is an exponential fit to the slow component. (D) 
The dotted trace is the result of subtracting the slow fit from the 
tail. The solid line is an exponential fit to the remaining data. Note 
that the scale is different than in C. The extrapolated amplitude 
of this fast component is several times larger than the data. We 
therefore use the amplitude of the remaining current as a measure 
of the fast component because of the likelihood of significant 
extrapolation error. Solutions used were external solution B and 
internal solution C 

Fig. 4A), we found that a large R a produced a hooked 
or rounded tail current which was inappropriate for 
quantitative analysis. The time constant for charging 
the membrane capacitance (za) was 120/J.sec in the 
cell illustrated in Fig. 4A. An example of a tail cur- 
rent without a pronounced hook is shown in Fig. 4B, 
from a cell with a final R~ of 5 ME~ and a ~'a of 37 
/xsec. It is clear that the tail current is composed of  
both a fast and a slow deactivating component .  

The voltage dependence of SD and FD Ca chan- 
nel activation can be studied by analyzing Ca tail 
currents as shown in Fig. 4C and D (cf. Matteson & 
Armstrong, 1986; Hiriart & Matteson, 1988). The 
tail currents are separated into two components  by 
a stripping routine, as described in Materials and 
Methods. Figure 4C illustrates an exponential fit of  
the slow component,  which in this case has a time 
constant of 4.33 msec. The remaining fast compo- 
nent could be fit with a time constant of 124/xsec. In 
experiments with ~-a < 100/xsec, the time constants 
averaged 202 _+ 72/xsec and 4.3 -+ 0.70 msec for the 
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Fig. 5. Conductance-voltage relationships for fast and slow deac- 
tivating Ca channels. The normalized amplitudes of the slow and 
fast Ca tail currents (which are measures of the SD and FD 
channel conductance, respectively) are plotted v s .  the voltage of 
the activating pulse. Open symbols represent data from 15 cells 
with classical whole cell recording, and the filled symbols are 
from three cells in the perforated patch configuration. Data are 
plotted as mean -+ SD. Solutions for the perforated patch experi- 
ments were external solution B and internal solution C, and for 
whole cell they were external solution B and internal solution D 
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125 
fast  and  s low c o m p o n e n t s ,  r e s p e c t i v e l y .  T h e s e  t ime 
cons t an t s  a re  la rger  than  those  found  us ing  the  clas-  ~ 100 
sical  whole -ce l l  t e chn ique  in rat  B-cel ls  (Hi r i a r t  & ~" 

lad 

M a t t e s o n ,  1988), p r o b a b l y  d u e t o  the  r e l a t i ve ly  large ~ 75 
R~. In F igu re  5, the  n o r m a l i z e d  ampl i t udes  o f  the  +a 

s low and  fas t  c o m p o n e n t s  a re  p lo t t ed  as  a func t ion  ~ 50 
of  the  ac t i va t i on  vo l t age  in e i the r  pe r fo r a t ed  pa t ch  
or  c l ass ica l  who le -ce l l  e x p e r i m e n t s .  In both  cases ,  ~0 25 
the s low c o m p o n e n t  of  the  tai l  (gene ra ted  by  SD Ca Fa 

0 
channe l s )  a c t i va t e s  o v e r  a more  nega t ive  vo l tage  
range  than  the  fas t  c o m p o n e n t .  The  ha l f -maximal  
vo l tage  for  the  s low c o m p o n e n t  is abou t  - 7 mV and 
abou t  + 18 m V  for  the  fast  c o m p o n e n t .  Thus ,  the 
d a t a  f rom the  p e r f o r a t e d  pa t ch  e x p e r i m e n t s  c lose ly  
r e s e m b l e  that  f rom whole -ce l l .  

WHOLE-CELL K CURRENTS AND THE MAXIMUM 
KAT P CONDUCTANCE 

The  p e r f o r a t e d  p a t c h  t echn ique  offers  d is t inc t  ad- 
van t ages  for  s t udy ing  the ac t iv i ty  o f  A T P - b l o c k a b l e  
K (KarP) channe l s  in an in tac t  B-cell ,  b e c a u s e  it 
l eaves  the  in te rna l  mi l ieu  o f  the  cell  in tact .  The  use 
o f  c l ass ica l  who le -ce l l  r eco rd ings  ( i .e . ,  r up tu red  
pa tch)  o f  KAT P channe l s  is l imi ted  by  the d ia lys i s  of  
the  so lub le  c o m p o n e n t s  o f  the  cell  t h rough  the pa t ch  
e l ec t rode ,  as s h o w n  in Fig.  6. The  cu r ren t s  in Fig.  
6A, t aken  wi th  no A T P  in the  p ipe t te ,  show that  the  
ho ld ing  cu r r en t  and  the  s t e a d y - s t a t e  o u t w a r d  cu r ren t  
bo th  i n c r e a s e  wi th  t ime  af te r  b reak- in .  The  s t eady-  
s ta te  cu r r en t  r e v e r s e s  nea r  E K ind ica t ing  that  K-  
se l ec t ive  channe l s  c a r r y  the  cur ren t .  The  inc rease  in 
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Fig. 6. K currents recorded with the classical whole-cell variation 
of the patch-clamp technique. (A) Currents obtained in response 
to 37 msec pulses to +70 mV with no ATP in the pipette. The 
time after breaking into the cell is given next to each trace. The 
holding current and the steady-state component of the outward 
current both increase with time. (B) Whole cell K currents re- 
corded with 4 mM ATP in the pipette, using the same pulse pattern 
as in A. Two currents are shown: one recorded immediately after 
break-in and the other one 30 rain later. Note that there is no 
change in the holding current or the outward current when ATP 
is included in the pipette. (C) Steady state gK is plotted v s .  the 
concentration of ATP in the pipette, showing that the conductance 
is sensitive to intracellular [ATP]. Data are plotted as mean -+ SD. 
Solutions used were external solution A and internal solution F 

s t e a d y - s t a t e  gK is due  to the  loss  o f  A T P  th rough  the 
pa t ch  e l e c t rode ,  as  sugges ted  by  the resul t s  of  Fig.  
6B, wh ich  show tha t  in the  p r e s e n c e  o f  4 mM A T P  
in the p ipe t t e  the re  is no i n c r e a s e  in gK af te r  30 
min (Fig.  6B). The  m a g n i t u d e  o f  the  s t e a d y - s t a t e  gK 
d e c r e a s e s  wi th  inc reas ing  c o n c e n t r a t i o n s  o f  A T P  in 
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Fig. 7. K currents recorded with the perforated patch configura- 
tion. (A) Family of records obtained with 37 msec steps to the 
indicated potentials. Voltages positive to - 20 mV activated volt- 
age-dependent outward potassium current. At negative voltages, 
an inward time-independent current was evident. (B) Peak I -V 

relationship obtained from the records shown in A. The straight 
line fit to the inward currents yielded a steady-state conductance 
of 2.52 nS and a reversal potential of -41.5  mV. Solutions used 
were external solution A and internal solution E 

the pipette (Fig. 6C), suggesting that this conduc- 
tance is due to KATp channels. The maximum KATP 
conductance,  measured in the absence of ATP, was 
83.8 + 40 nS (n = 12), and it provides a measure of 
the maximum number  of KATp channels in the cell. 

PERFORATED PATCH RECORDINGS AND THE 

RESTING KATP CONDUCTANCE 

Using perforated patch recordings, internal ATP 
cannot  leave the cell, and therefore the magnitude 

of  the resting KAT e conductance can be measured. 
The family of records in Fig. 7.4 were obtained in 
the nystatin perforated patch configuration after the 
access resistance had stabilized. The outward cur- 
rents are clearly voltage dependent ,  activating faster 
at more depolarized voltages and are caused by volt- 
age-dependent K (K~) channels. The inward currents 
do not show any voltage or time dependence.  A plot 
of the maximum current as a function of  the pulse 
voltage is shown in Fig. 7B. Between - 140 and - 60 
mV the I- V relationship is linear and reverses at - 4 l 
mV, near the expected E K. In 13 cells, this steady- 
state inward K conductance averaged 3.57 _+ 2.09 
nS. This conductance gives a measure of  the number 
of KATp channels open at rest. By dividing this 
steady-state KATe conductance in the intact cell by 
the maximum KAT e conductance we estimate that 
only about 4% of the KATp channels are open. 

GLYBUR1DE BLOCK OF KATP 

It has previously been shown that sulfonylureas, like 
glyburide, are selective blockers of KAT e channels in 
pancreatic/3-cells (Sturgess et al., 1985; Trube,  RoTs- 
man & Ohno-Shosaku, 1986), so we have tested its 
effect on the steady-state gK to provide additional evi- 
dence that KAT e channels carry this current.  The inset 
in Fig. 8A shows currents generated by 37 msec steps 
to - 100 mV with (open circles) and without (filled 
circles) 10/XM glyburide. The holding current and the 
current during the pulse are both attenuated in the 
presence ofglyburide. The I- V shows that the steady- 
state gK, in the range of - 120 to - 40 mV, decreased 
from 2.46 to 0.08 nS upon addition ofglyburide.  Simi- 
lar result s were obtained in four other cells. Glyburide 
has a much smaller effect on K o channels, as shown 
in Fig. 8B. The outward current at + 70 mV decreased 
by 10% after applying glyburide. These experiments 
confirm that KaT e channels are responsible for the 
majority of  the steady-state gK- 

PINACIDIL ENHANCES KATP CONDUCTANCE 

The steady-state gK can be enhanced by the applica- 
tion of pinacidil, a KAy p channel opener  (Arena & 
Kass, 1989). The inward current generated by a step 
to - 120 mV increased about 4.3 times in the pres- 
ence of 500 flCM pinacidil, and the effect was revers- 
ible (Fig. 9A). In the experiment of Fig. 9, the control 
gK was 5.11 nS, and it increased to 28.1 nS after 
being exposed to 500 /J.M pinacidil for 15 min, and 
then returned to 6.48 nS after washing out the drug. 

COMPARISON OF K~, KINETICS IN W H O L E  CELL 
VERSUS PERFORATED PATCH 

As an additional check on the accuracy of perforated 
patch recordings, we have compared activation ki- 



184 S. Sala et al.: Perforated Patch Recordings from/3-Cells 

o ~ ~ ~ ~  o 

�9 _ _  

I0 ms 

I -120 -80  -40  / 

O Gtyburid O/ ' /  �9 Control e 

:(pA) 

200 

4 v (my) 

-i00 

-200 

B 
Control 

�9 , i ~ / ' ~  
' i/ ~, 5 ms 

Fig. 8. (A) Glyburide block OfKAT p currents in a nystatin perfora- 
ted patch experiment. Currents were obtained in respone to 37 
msec pulses to various potentials, and the inset illustrates traces 
at - 100 mV. I - V  relationships were obtained after the access 
resistance had stabilized (control, filled circles) and then 2 min 
after the introduction of 10 /,cM glyburide (open circles). The 
steady-state potassium conductance decreased from 2.46 nS in 
control to 0.08 nS after adding glyburide. Immediately after seal- 
ing, before any nystatin effect was seen, an identical I -V  was 
applied to measure the seal resistance. The conductance obtained 
by this 1-V was subtracted from subsequent I -V's .  (B) Voltage- 
dependent K currents generated in response to 37 msec steps to 
+70 inV. There is only a 10% decrease in the current after 4 
min in 10/zM glyburide. Solutions were external solution A and 
internal solution E 

netics of Kv currents obtained in whole cell mode 
with perforated patch recordings. The time to half 
maximal outward current (t~/2) was used as a mea- 
sure of the activation kinetics. When using the 
whole-cell configuration, the rate of K~ channel acti- 
vation increases over the first 10 rain of recording 
and then stabilizes. In Fig. 10, the tl/2 u s .  voltage 
curve taken 15 rain after break-in (filled circles) is 
shifted in the hyperpolarizing direction relative to 
the curve taken immediately after break-in (open 
circles). This result is similar to previous reports of 
a shift in voltage-dependence as a function of time 
in whole-cell recordings and has been attributed to 
the rundown of a Donnan potential caused by large, 
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Fig. 9. Pinacidil activation of steady-state K conductance. (A) 
Currents recorded during 37 msec steps to -120 mV before 
(control), during (pinacidil) and after application of 500/xM pinaci- 
dil. Pinacidil increased the holding current and the magnitude of 
the current during the pulse. (B) 1-V relationships obtained from 
currents generated by 37 msec steps to various voltages. The 
steady-state K conductance, estimated from straight line fits to 
the data, was 5.11 nS in control, 28.1 nS in pinacidil and decreased 
to 6.48 nS after washout. Solutions used were external solution 
A and internal solution E 

r e l a t i v e l y  i m m o b i l e  i n t r a c e l l u l a r  a n i o n s  ( M a r r y  & 
N e h e r ,  1983; F e r n a n d e z  e t  a l . ,  1984). I f  a d i s s i p a t i n g  

D o n n a n  p o t e n t i a l  c a u s e s  t he  shif t ,  t h e n  k i n e t i c  m e a -  
s u r e m e n t s  o b t a i n e d  w i t h  t h e  p e r f o r a t e d  p a t c h  s h o u l d  
a g r e e  wi th  t he  la te  w h o l e  ce l l  r e c o r d i n g s ,  b e c a u s e  

the  D o n n a n  p o t e n t i a l  is v e r y  sma l l  in t h e  p e r f o r a t e d  
p a t c h  c o n f i g u r a t i o n  ( s e e  M a t e r i a l s  a n d  M e t h o d s ) .  
F i g u r e  I0 in f ac t  i l l u s t r a t e s  t ha t  t h e  Ko a c t i v a t i o n  

k ine t i c s  in p e r f o r a t e d  p a t c h  a r e  n e a r l y  i d e n t i c a l  to  
t h e  la te  w h o l e  ce l l  da t a .  F i g u r e  10B s h o w s  tha t  w h e n  

the  p e r f o r a t e d  p a t c h  and  la te  w h o l e  ce l t  d a t a  a r e  
sh i f t ed  27 m V  in t he  d e p o l a r i z i n g  d i r e c t i o n ,  t h e y  
a g r e e  q u a n t i t a t i v e l y  w i t h  t h e  e a r l y  w h o l e - c e l l  da ta .  

Discussion 

In many respects, channel studies involving whole- 
cell measurements of ionic currents are easier to 
perform and analyze than single channel recordings. 
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Fig. 10. Activation kinetics of  K~ currents in whole cell versus 
perforated patch. (A) Currents  were recorded during 37 msec  
pulses to voltages in the range 0 to 90 mV. The time to half- 
max imum current  (tl/2) was measured ,  and is plotted vs. voltage. 
In whole cell exper iments ,  leak-subtracted currents  were ob- 
tained immediately after break-in (open circles) and 15 rain later 
(filled circles). Similar measu remen t s  were made using the perfo- 
rated patch configuration after the access  resistance had stabi- 
lized. The smooth  curve is the fit of  a single exponential  to the 
early whole cell data. Each symbol  is the mean  -+ SD (n -- 3). (B) 
The smooth  curve is the same exponential  as in (A), and the filled 
circles and open squares  are the late whole cell and perforated 
patch data shifted by +27 mV. Solutions used were external 
solution A, internal solution F with 4 mM ATP for the whole cell 
data, and solution E for the nystat in data 

Hogvever, there are a number of limitations associ- 
ated with the whole-cell variation of the patch-clamp 
technique. In this configuration, the dialysis of the 
cell interior against the contents of the patch elec- 
trode can have many effects: e.g., the loss of respon- 
siveness to receptor-coupled second-messenger sys- 
tems, rundown of Ca currents, or slow shifts in 
voltage-dependent parameters. The perforated- 
patch configuration presents a possible solution to 
these problems. It offers a method of whole-cell 
recording without dialysis by perforating the mem- 
brane under the electrode tip with monovalent selec- 
tive channels. However, because of the potentially 
high access resistance between the pipette and the 

cell interior, the time resolution in this patch-clamp 
configuration will be less than that possible with the 
classical whole-cell variation. It has not yet been 
shown that this technical limitation can be over- 
come, so that rapid, voltage-dependent ionic cur- 
rents, like fast Ca tail currents, can be measured 
accurately. We have now shown that within these 
technical limitations the technique can in fact be 
used to accurately resolve Ca tail currents and K U 
activation kinetics. 

I M P O R T A N C E  OF M O N I T O R I N G  

THE ACCESS R E S I S T A N C E  

As seen in Figs. 2 and 3, the outward K current and 
the inward Ca current increase in magnitude as R, 
decreases. This change in current magnitude most 
likely results from a decrease of the series resis- 
tance, which in this configuration is R n + R n (see  
Fig. 1). For example, in the case of the K currents, 
the voltage drop caused by current flowing through 
Rn + Rp would decrease the membrane voltage be- 
low the command voltage (Vc). This would decrease 
the driving force on K + and thus the magnitude of 
the K current. In the experiment illustrated in Fig. 
2, the early K current (in the presence of a high R,) 
generated by a Vc to +70 mV has about the same 
magnitude as the later K current (with low Ra) in 
response to a V,. to + 10 inV. Thus, the larger R, at 
the earlier time produced a larger series resistance 
error and a smaller K current. By monitoring R~ as 
nystatin perforations develop, its steady-state mag- 
nitude can be determined and series resistance com- 
pensation set appropriately. 

Another reason for carefully following R~ con- 
cerns sudden changes which sometimes occur. For 
example, while we have observed Ca currents with- 
out rundown for over 90 rain, we have also occasion- 
ally seen rundown of Ca currents that starts at almost 
any time during an experiment. This is often accom- 
panied by a small decrease in R, suggesting that it is 
due to a spontaneous break-in. This effect is easy to 
document with periodic estimates of R~. 

C a  T A I L  C U R R E N T S  

Macroscopic currents have been used to character- 
ize multiple types of Ca channels in various cells 
(Carbone & Lux, 1984; Armstrong & Matteson, 
1985; Nowycky, Fox & Tsien, 1985) including pan- 
creatic/~-cells (Hiriart & Matteson, 1988). One of 
the most accurate ways of distinguishing between 
the Ca channel subtypes using whole-cell recordings 
has been with tail currents (Matteson & Armstrong, 
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1986; Cota, 1986; Carbone & Lux, 1987; Cohen et 
al., 1988; Satin & Cook, 1988; Chen& Hess, 1990). 
In order to use the perforated patch technique to 
study Ca channel subtypes, we had to demonstrate 
our ability to resolve tail currents with this tech- 
nique. In experiments with sufficiently low r~, two 
components of the tails were easily distinguished. 
Conductance-voltage relationships obtained with 
the perforated patch measurements were compara- 
ble to those found in whole cell experiments (Fig. 
5), demonstrating that under appropriate conditions, 
perforated patch can be used to accurately study 
multiple components of Ca tail currents. 

ACTIVATION KINETICS 
AND THE DONNAN POTENTIAL 

I 

Marty and Neher (1983) were the first to predict that 
a slowly dissipating liquid junction potential could 
form at the tip of a patch pipette after establishing 
a whole-cell recording, due to relatively immobile 
anions in the cell. This Donnan potential, which 
would make the cell interior more negative than the 
pipette, would decrease in time as the anions diffuse 
out of the cell, leading to a slow change in the mem- 
brane potential in spite of a constant command po- 
tential. Subsequently, there were several reports of 
slow shifts in the voltage dependence of various 
channel properties which were attributed to a Don- 
nan potential which decreased with time (Fernandez 
et al., 1984; Cahalan et al., 1985; Cota, 1986). Our 
results with the perforated patch configuration sup- 
port this idea. Using the whole-cell configuration of 
the patch clamp we found that K v activation kinetics 
became faster with time after break in, consistent 
with a dissipating Donnan potential. In perforated 
patch experiments, the pipette solution was de- 
signed to minimize the Donnan potential (cf. Materi- 
als and Methods and Horn & Marty, 1988), so these 
measurements should be similar to the late whole 
cell measurements. Figure 10 shows that this was, 
in fact, the case. These results also demonstrate that 
the perforated patch configuration can be used to 
accurately measure Kv activation kinetics. 

KAT e RESTING CONDUCTANCE IN /~-CELLS 

There is evidence that modulation of KAT P channel 
activity is responsible for glucose induced electrical 
activity in pancreatic B-cells (Ashcroft, 1988). Fur- 
thermore, it is believed that intracellular ATP is the 
physiological regulator of the channel. However, 
single channel studies have demonstrated a high af- 
finity block of the channels by ATP (K I = 0.015 mM: 

Cook & Hales, 1984), so that in the presence of 
millimolar concentrations of ATP in the cell nearly 
all of the channels would be blocked. Several expla- 
nations have been offered to explain this apparent 
discrepancy. For example, one possibility is that 
very few KATp channels are, in fact, open in the 
intact /3-cell, and closure of only a few channels 
depolarizes the cell to threshold (Cook et al., 1988). 
Another factor is that the apparent Kz for ATP block 
of the channel is increased in the presence of physio- 
logical concentrations of ADP. For example, Kakei 
et al. (1986) report that in the presence of 2 mM ADP 
the Kt for ATP increases to 0.145 mM. Because of 
these considerations we wanted to estimate the frac- 
tion of open KATp channels in the intact cell to see 
if it was consistent with known intracellular concen- 
trations of ATP and ADP. Prior to the development 
of the perforated patch technique the only noninva- 
sive method of recording KATe channel activity used 
on-cell single channel recording (e.g. Ashcroft, Har- 
rison & Ashcroft, 1984), and with this configuration 
it was not possible to estimate the fraction of open 
channels. We have now shown that stable recordings 
of KAT e channels can be obtained from the entire 
cell surface with the perforated patch configuration, 
allowing us to study the average activity of a large 
number of KAT e channels in an intact /3-cell. By 
comparing the steady-state gK measured in perfora- 
ted patch experiments with classical whole-cell re- 
cordings obtained in the absence of intracellular 
ATP, we have estimated that only about 4% of the 
/3-cell's KATe channels are open in the absence of 
extracellular glucose. With a KI of 0.145 mM (i.e., in 
the presence of 2 mM ADP), 4% of the channels 
would be open at an ATP concentration of 3.5 raM, 
which is close to that found experimentally (Kakei 
et al., 1986). 
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