
J. Membrane Biol. 132, 229-241 (1993) The Journal of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1993 

A Comparison o f  K + Channel  Characteristics in H u m a n  T Cells: 
Perforated-Patch v e r s u s  Whole-Cel l  Recording Techniques  

Dorothy R. Oleson, Louis J. DeFelice, and Robert M. Donahoe 
Department of Psychiatry, and Department of Anatomy and Cell Biology, Emory University, Atlanta, Georgia 

Summary. Standard whole-cell records using the patch-clamp 
technique are obtained after rupturing the cell membrane just 
below the patch pipette. Inherent problems, such as the disruption 
of cellular architecture and the displacement of cytosol, are un- 
avoidable. In the present report, a whole-cell recording technique 
which makes use of a monovalent cation ionophore, nystatin, 
was applied to lymphocytes. Nystatin-perforated patches allow 
electrical access to the cell interior while virtually blocking the 
diffusion of cellular constituents into the electrode. By comparing 
standard whole-ceU and perforated-patch techniques we observed 
marked differences in: activation, inactivation, and deactivation 
kinetics; steady-state inactivation; and the conductance-voltage 
relationship of K + currents in activated human T cells. 
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Introduction 

Prolonged depolarization of T cells in the presence 
of high K + solutions can bypass the antigen receptor 
complex (TCR-CD3) and induce proliferation [31]. 
In addition, the membrane potential (Vm) appears 
to play a major role in T cell signal transduction by 
regulating the influx of C a  2+ through ligand-gated 
channels that open following stimulation of TCR- 
CD3 [10, 26]. T cells treated with K + channel block- 
ers depolarize, indicating that K + channels regulate 
V~ and thereby influence Ca 2+ influx [17]. Con- 
versely, both intracellular and extracellular Ca 2 + ion 
concentrations regulate T cell K + channel function 
by accelerating inactivation and diminishing the 
number of channels capable of being activated [2, 
12]. The intimate connection between cation fluxes 
across lymphocytic membranes is apparent; how- 
ever, their relationship following antigenic chal- 
lenge, and the mechanisms behind the dependence 
of T cell activity on ionic fluxes, remain largely un- 
discovered. The perforated-patch technique allows 
intracellular divalent ions, such as  C a  2+, to change 

without the presence of disrupting nonphysiologic 
buffers in the intracellular space [14, 18]. 

The major voltage-gated K + channel in T cells 
is an inactivating delayed rectifier [5, 24, 30], which 
has been cloned and expressed in Xenopus oocytes 
[9]. It is related to the Drosophila Shaker A-channel, 
and shares 60 to 70% of its amino acids with the 
Shaker core sequence. The T cell K + channel is 
comprised of 525 amino acids and appears to have 
six transmembrane domains (S1-$6), which con- 
form to the pattern seen in primary subunits of volt- 
age-gated Na + and Ca 2+ channels [13]. Multimeric 
subunit assembly or interaction with another protein 
is likely due to the presence of a leucine zipper 
[9]. Potential phosphorylation sites are numerous; 
multiple serine, threonine, and tyrosine residues are 
present as well as a possible protein kinase A site. 
Stimulation of the antigen receptor complex (TCR- 
CD3) activates tyrosine kinases and phosphatases, 
induces the turnover of phosphotidylinositol 4,5 bi- 
phosphate (PIP2), and increases the production of 
cyclic adenosine monophosphate (cAMP) [7, 16, 19, 
25]. Thus, stimulation of TCR-CD3 may regulate 
T cell K + channels through a variety of potential 
phosphorylation and/or dephosphorylation events. 
In this report, we used a permeabilized membrane 
technique, as first proposed by Lindau and Fernan- 
dez [23] and developed by Horn and Marty [14], 
through which identification of an interface between 
stimulation of TCR-CD3 and K + conductance (gK) 
in lymphocytes may be facilitated. 

Materials and Methods 

CELL PREPARATION 

Lymphocyte isolation and culture were designed to obtain acti- 
vated, essentially pure T cell populations. Human subjects, ages 
25-40, were volunteers from the Pheresis Unit of Emory Univer- 
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sity Hospital. The Pheresis Unit nursing staff informed volunteers 
of risks associated with leukapheresis and obtained signed ac- 
knowledgments from the subjects in accordance with Emory Uni- 
versity's Institutional Review Board. Peripheral blood mononu- 
clear cells (PBMC) were isolated by density gradient centrif- 
ugation on Ficoll Paque (Pharmacia, Uppsala, Sweden). Separa- 
tion of T and B lymphocytes from monocytes and remaining 
platelets was completed by adherence to plastic and a Sepracell 
gradient (Sepratech, Oklahoma City, OK). Lymphocytes were 
frozen in Roswell Park Memorial Institute (RPMI) 1640 media 
(GIBCO, Grand Island, NY) containing 10% dimethyl sulfoxide 
(Sigma, St. Louis, MO) and 50% fetal bovine serum (FBS) 
(Hyclone, Logan, UT). Cryopreserved cells, frozen no longer 
than six months, were rapidly thawed at 37~ washed, and resus- 
pended in complete medium [RPMI 1640 supplemented with: 10% 
FBS, 2 mM L-glutamine (GIBCO), and 20 /xg/ml gentamycin 
(Sigma)] at a concentration of 106/ml and incubated at 37~ in a 
5% COz atmosphere. On the following day, lymphocytes were 
stimulated with 5 ~g/ml phytohemmaglutinin (PHA) (Sigma) and 
40 units/ml recombinant human interleukin-2 (rIL-2) (Boehringer 
Mannheim, Indianapolis, IN). Subsequently, every 72 hr cells 
were counted and resuspended at a concentration of 2 x 106/ml 
in fresh complete medium supplemented with 40 units/ml rIL-2. 
PHA-activated human T cells, isolated from peripheral blood, 
convert from a mixed population of naive and memory cells to 
an essentially pure memory cell population within 3-5 days [1,28, 
29]. Using these so-called "pr imed" T cells reduced variability in 
gK between cells considerably. All experiments were performed 
on cells cultured from 5-14 days. 

ELECTRODES AND SOLUTIONS 

Patch electrodes of 3-5 M ~  were pulled from borosilicate glass 
and fire-polished right before use. Gigaohm seals were routinely 
achieved by applying negative pressure of approximately 30-40 
cm H20 for 1-2 sec to the pipette and catching the cells directly 
above the bottom of a 35-mm plastic petri dish; negative pressure 
was then immediately released. On occasion, additional suction 
of a smaller magnitude (10-20 cm H20) was necessary to seal the 
cells. Whole-cell currents were recorded following: (A) rupture of 
the membrane pulled within an electrode filled with (in mM) 125 
K-aspartate, 30 KC1, 4 NaC1, 2 MgC12, 0.55 CaC12, 1.1 EGTA 
(pCa 7), and 10 K-HEPES, pH 7.2, 297 mOsm, or alternatively 
(B) by perforating the membrane patch with nystatin (50-100/xg/ 
ml) in an electrode filled with (in mM) 125 K-aspartate, 30 KCI, 
4 NaC1, 1 EGTA, and 10 K-HEPES, pH 7.2,293 mOsm. Nystatin 
(Sigma) was dissolved in HPLC grade methanol (Fisher Scientific) 
at a concentration of 5 mg/ml, sonicated, and stored at 4~ for 
up to three days. All experiments were done at room temperature 
(24-27~ Bath solutions consisted of a standard solution com- 
posed of (mM) 140 NaC1, 5 KC1, 2 CaC12, 2 MgC12, and 10 Na- 
HEPES, pH 7.4, 290 mOsm, or a Ca2+-ffee bath solution com- 
posed of (mM) 140 NaC1, 5 KC1, 4 MgC12, 1 EGTA, and 10 Na- 
HEPES, pH 7.4, 295 mOsm. 

EQUIPMENT AND DATA ANALYSIS 

Cells were voltage clamped by controlling the positive input of 
a current-voltage converter (List L/M EPC-7, List Electric, 
Darmstadt/Eberestadt,  Germany). Membrane voltage was 
clamped, or held at a specific level, and the currents required to 
maintain that voltage were recorded with the List L/M EPC-7 

low-pass filtered at a bandwidth of 5 kHz (Ithaco 4302 dual filter, 
Ithaca, NY). Experiments were monitored on a Nicolet 4094C 
digital oscilloscope (Nicolet, Madison, WI) interfaced with an 
analog-digital converter (Neuro-corder DR-484, Neuro Data In- 
struments, NY, NY) and recorded on video tape. A holding 
potential of E = - 60 mV was maintained throughout all experi- 
ments with the exception of steady-state inactivation. Data analy- 
sis was accomplished by employing software programs, FIT and 
WAVES, developed by William Goolsby and Louis J. DeFelice, 
Anatomy and Cell Biology Department, Emory University 
School of Medicine, Atlanta, GA. FIT, a nonlinear curve-fitting 
program that uses least-squares criterion to determine conver- 
gence, was utilized to calculate inactivation time constants. 
WAVES, an advanced integrative mathematical program, was 
used to download digitized waveforms from the Nicolet to a 
personal computer for further analysis (IBM PS/2, Armonk, NY) 
and to correct for linear leakage. Records were leak subtracted 
from current responses to voltage steps from E = - 100 to - 5 0  
mV, delivered in 10-mV increments immediately before a series 
of voltage steps used to determine the I-V relationship. When 
appropriate, data are represented as mean -+ SEM. 

FORMATION OF NYSTATIN PORES 

Nystatin-containing electrodes form gigaohm seals far less fre- 
quently than standard electrodes and do not always achieve an 
acceptable access resistance [14, 18]. Optimal concentrations 
ranged from 50-100 /zg/ml, formed pores within l0 min, and 
produced an access resistance of 20-50 M~. Precise temporal 
comparisons between the two techniques are not possible due 
to time elapsed during pore formation. However, since most 
alterations in lymphocyte K + channel characteristics occur dur- 
ing the first ten minutes of whole-cell recording [3, 8], the time 
elapsed during construction of nystatin pores would make differ- 
ences between the two techniques smaller, not greater. In 
K-aspartate solutions, nystatin pores were stable and T cells 
remained electrically viable for longer than 30 min. T cells deterio- 
rated rapidly in the presence of 140 mM KC1 and the patch sponta- 
neously ruptured with as little as 10 /zg/ml of nystatin in KF 
solutions. Therefore, aspartate was the anion of choice. 
K-aspartate solutions are second only to KF solutions in their 
ability to stabilize T celt electrical properties [3], and serve as a 
basis of comparison between the present report and those of 
others [3, 12, 22]. 

Gigaohm seal formation was monitored with a test pulse of 
l0 mV, duration 10 msec; transient capacitance due to the record- 
ing pipette was canceled with the C-FAST circuitry of the List 
L/M EPC-7 for both whole-cell and perforated-patch recordings. 
Whole-cell configuration was achieved by applying brief bursts 
of negative pressure to the cell membrane within the electrode. 
An abrupt increase in the capacitive transient was used as an 
indication of electrical access to the cell interior (Fig. 1A). Perfo- 
rated-patch configuration was attained by passively observing a 
gradual increase in the amplitude and decay of the capacitive 
current (Fig. 1B). The membrane capacitance (Cm) and access 
(series) resistance (R~) were estimated by canceling the remaining 
capacitive transient with the C-SLOW and G-SERIES controls, 
respectively, of the List amplifier. The series resistance circuitry 
of the List amplifier (RS-COMP) was not used. Cm values obtained 
with the perforated-patch method ranged from 2.7-5.2 pF, and 
agreed closely with whole-cell Cm values ranging from 2.9-6.4 
pF. R~ was --4 • higher during perforated-patch recordings, in- 
creasing the average time constant (CmRa) of the capacitive tran- 
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Fig. 1. Capacitive transient cancellation. Pulses (10 mV) from E = - 6 0  mV, duration 10 msec, were delivered every 100 msec. T 
cell current responses were filtered at 5 kHz and sampled every 10/zsec. At time = 0, the C-fast circuitry of the patch-clamp amplifier 
had already been adjusted to cancel the capacitance of the patch pipette. (A) Representative traces during formation of whole-cell 
configuration. At time = 8 sec the membrane within the electrode was ruptured by applying suction. Final trace was recorded following 
capacitive cancellation with the C-slow and G-series circuitry of the List amplifier, C,, = 3.62 pF, R,, = 6.5 M~. (B) Typical current 
responses with 75 tzg/ml nystatin in the electrode over a period of 1 min. After capacitance due to the cell membrane was cancelled, 
Cm = 3.85 pF, Ra = 52.6 MO, the bottom trace was recorded. 

sient from -40/~sec (whole-cell) to - 160/zsec (perforated-patch). 
The cells diminished in size over the course of the experiment, 
which lasted 25-30 rain, in both whole-cell and perforated-patch 
configuration. In an attempt to correct this situation, the ratio of 
K-aspartate/KC1 was varied in the patch pipette. No ratio (or 
anion) was found that fully prevents cell shrinkage or swelling 
(swelling occurs with 140 mM C1 in the pipette). The present 
solution is a compromise designed to minimize cell volume 
changes and offset potentials between the patch pipette and bath 
electrodes. Cm fell in the present report during whole-cell experi- 
ments from 4.29 -+ 0.34 to 3.63 -+ 0.31 pF, and during perforated- 
patch recordings from 4.68 -+ 0.21 to 3.72 -+ 0.24 pF. Volt- 
age-gated K + channels, as initially proposed by Deutsch and 
colleagues [8], appear to mediate what is known as regulatory 
volume decrease (RVD) in response to osmotic shock in periph- 
eral blood lymphocytes [11]. This biological function of T cell 
K + channels may explain why, in our hands, volume loss during 
patch-clamp experiments was unavoidable. Ra was relatively sta- 

ble in whole-cell configuration, rising from 9.0 -+ 0.8 to 
13.3 -+ 1.9 MIL To evaluate the effects of R~, in perforated-patch 
configuration, we arbitrarily divided the cells into two groups. 
In the first group, which is designated high Ra, the series resis- 
tance fell from 47.0 -+ 2.0 to 37.8 -+ 2.8 MI); and in the second 
group, which is termed low Ra, the series resistance fell from 
29.1 -+ 2.2 to 23.4 -+ 2.0 M~. The average diameter of the cells 
was 11.3 /~M, assuming 1 p~F/cm 2 and a membrane capacitance 
of 4.0 pF. 

Results 

RESTING MEMBRANE POTENTIAL 

Immediately after attaining acceptable whole-cell or 
perforated-patch conditions, the resting membrane 
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potential (Vm) was recorded for 30-60 sec with the 
current-clamp circuitry of the List. V,, measure- 
ments clustered in two groups: -32  to -45  mV, 
and -60  to -72  mV. The majority of Vm measure- 
ments fell into the first group (33/46) irrespective of 
recording configuration. The average value of Vm 
also did not differ significantly between the two tech- 
niques (whole-cell: Vm = -44.5 -+ 2.8 mV, n = 19; 
perforated-patch: V m = -39.7 -+ 2.4 mV, n = 27). 

EARLY CHANGES IN T CELL K + CONDUCTANCE 

different potentials, 10 mV in standard whole-cell 
recordings, as opposed to 50 mV under all perfora- 
ted-patch conditions (Fig. 5I). Activation kinetics 
were taken from the same voltage-step series used 
to determine K + conductance and measured by the 
amount of time taken to reach current maxima from 
the beginning of each voltage step. Perforated-patch 
currents with high R~ values reached a peak at a 
consistently slower rate, while whole-cell and low 
R~ perforated-patch experiments had similar if not 
identical activation kinetics at 0 mV and above (Fig. 
511). 

Voltage-step protocol sequences were aimed at in- 
vestigating alterations in gK following dissolution of 
cell membrane integrity, and avoiding "rundown" 
as long as possible. The first series of voltage steps 
were begun 1-2 min into recording and were com- 
prised of four depolarizing one-second pulses to 40 
mV, delivered every 30 sec. These initial pulses were 
designed to monitor peak current responses and ac- 
celeration in the rate of K + current activation and 
inactivation commonly seen in T lymphocytes dur- 
ing the first 10 min of whole-cell recording [3, 8]. 
Voltage-step protocols which produced the current 
responses depicted in Fig. 2 were begun next, 4-5 
min after gaining adequate conductivity. When R~ = 
35-50 M~, the kinetics of activation and inactivation 
were markedly slower using the perforated-patch 
technique (Fig. 2). In contrast, as R~ approached 25 
MFt in perforated patches, the fast component of 
inactivation increased to a point beyond that of 
whole cell (Fig. 3C, Table I). After waiting 15 min 
for nystatin pores to form, inactivation rates were 
typically about 2 x faster (Fig. 4), suggesting that 
the acceleration in inactivation is influenced by the 
movement of monovalent ions and/or small mole- 
cules (less than 200 D) through nystatin pores. In 
addition, pulses to 40 mV revealed a slight rise in 
peak currents from 832 -+ 70 to 951 -+ 49 pA 
(n = 9), during the first 10 rain of perforated-patch 
recordings with high R~ values (35-50 Mf~), and a 
drop in current maximum from 1,551 _+ 215 to 
1,208 + 169 pA (n = 5) at lowRa values (R~ = 
20-35 Mfl). Peak currents also declined in whole- 
cell configuration over the same time period from 
an initial value of 1,462 -+ 144 to 1,174 +- 115 pA 
(n = 9). 

I -V  RELATION AND ACTIVATION KINETICS 

Maximum K + conductance did not vary significantly 
between the two methods at 10.4 -+ 1.0 nS (n = 9) 
in whole-cell and 10.0 +- 0.8 nS (n = 14) in perforated 
patch. However, maximum gK was reached at very 

ACCUMULATION OF INACTIVATION 

K + current inactivation not only becomes faster 
over time during whole-cell recordings, but it is also 
more complete [3]. To explore this phenomena, a 
train of voltage steps to 40 mV with a pulse interval 
of 1 sec, pulse duration 200 msec, was applied to 
each cell 14-15 min after electrical access was 
achieved. Peak currents elicited by the second pulse 
fell by an average of 52% in whole-cell conformation, 
as compared to 34% in perforated-patch configura- 
tion with low R~, and 21% in perforated patch with 
high R~ (Fig. 5111). 

STEADY-STATE INACTIVATION 

Examination of T cell K + channel inactivation in 
relation to the holding potential was accomplished 
with a standard steady-state inactivation protocol 
begun 15-16 min into recording. Test pulses to 40 
mV were applied every 30 sec from holding poten- 
tials of - 100 to 0 mV. Steady-state inactivation was 
shifted in the depolarizing direction by approxi- 
mately 10 to 20 mV in perforated-patch experiments 
with both high and low R~ values (Fig. 5IV). 

DEACTIVATION KINETICS 

Tail current protocols were begun after completion 
of steady-state protocols whenever possible. The 
seal was lost after holding at 0 mV during steady- 
state protocols in 3/9 whole-cell experiments and 
1/14 perforated-patch experiments. Currents re- 
versed at -78.7 + 0.5 mV in whole-cell configura- 
tion as opposed to -70.4 -+ 2.2 mV in perforated 
patch with high R a and -70.9 -+ 1.3 mV with low 
Ra. K + channel closing was notably different be- 
tween the two techniques (Fig. 6). Deactivation time 
constants were 189.3 -+ 14.2 msec at - 3 0  mV and 
40.9 + 4.3 msec at - 50 mV during whole-cell experi- 
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Fig. 2. Whole-cell  currents  in T cells. Voltage-steps were applied in 10 mV increments  for 1 sec f rom - 100 to 60 mV every  30 sec. 
Sample  intervals were 1 msec .  (A) Whole-cell  recording, Cm = 4.13 pF, R, = 7.9 MI2. (B) Perforated-patch recording,  Cm = 4.42 
pF,  R~, = 50.0 MI~. 

ments as compared to 21.1 -+ 4.2 msec and 12.9 -+ 
2.6, respectively, during perforated-patch experi- 
ments with high R~ (42.1 + 3.7 Mf~). At R, = 
22.6 -+ 1.6 Mf~ in perforated-patch configuration, 
deactivation time constants were 22.9 -+ 3.2 msec 
at - 3 0  mV and 9.8 -+ 1.2 msec at - 5 0  mV. Time 
constants were calculated with single exponential 
functions from currents initially stepped to - 10 mV. 

T H R E S H O L D  P O T E N T I A L S  

The voltage associated with K + channel opening or 
threshold potential in T cells usually shifts - 10 to 
- 15 mV during the first 10 min of whole-cell record- 
ing, settling around - 4 0  mV [3, 8, 30]. Although 
early shifts in the voltage dependence o f K  + channel 
opening were not investigated in the present report, 
differences in threshold potentials between the two 
techniques may be related to this phenomenon. 
Threshold potentials (measured at 5-6 min) aver- 
aged -39 .4  + 0.8 mV in whole-cell configuration 

as opposed to -33 .9  + 0.3 mV (regardless of Ra) in 
perforated-patch experiments. The voltage at which 
K + channels opened was determined from current 
maxima by linear regression from voltage steps of 
- 4 0  to 10 mV during the series of voltage steps 
shown in Fig. 2. 

R E C O V E R Y  FROM I N A C T I V A T I O N  

Inactivation recovery was determined 5 min into 
recording using additional cells. K + channels recov- 
ered slightly faster from inactivation under perfo- 
rated-patch conditions as compared to whole cell 
(Fig. 7). 

C a 2 + - F R E E  B A T H  E X P E R I M E N T S  

Inactivation time constants decreased over time in 
standard bath solutions in all perforated-patch and 
whole-cell experiments. To test the hypothesis that 
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Fig. 3. Perforated-patch inactivation kinetics and their relationship to R,,. T cells were initially challenged with four 100-mV depolarizing 
voltage steps, delivered every 30 sec. Current responses to the first two pulses are depicted; the second pulse is slightly faster in 
each case. Next, a voltage-step series was begun 4-5 min after achieving adequate conductivity; pulses were applied in 10-mV 
increments for 1 sec from - 100 to 60 mV every 30 sec (same as in Fig. 2). (A) Representative experiment with a stable Ra of 50 MFt, 
the peak current of the second pulse is higher, rising from an initial value of 921 to 983 pA. During the voltage-step series shown on 
the right, the maximum current response to the same voltage challenge was 1,112 pA. (B) Typical currents representing the average 
fall in series resistance during high Ra experiments. Current maxima rose from 581 to 631 pA during the first two pulses, and reached 
704 pA during the voltage-step series, approximately 8-9 min later. (C) Representative experiment with a relatively stable R, of -20 
MfL The first two current maxima are identical at 2,055 pA; during the voltage-step series, the peak current at 40 mV fell to 1,729 
pA. 

this  i n c r e a s e  in i n a c t i v a t i o n  ra t e s  m a y  be  due  to 
C a  z+ ions  en t e r ing  the  channe l  f rom the  ou t s i de  [12], 
w e  c h a l l e n g e d  T ce l l s  wi th  i den t i ca l  vo l t age  p r o t o -  
co ls  in a Ca2+-f ree  b a t h  so lu t ion .  T h e  i n c r e a s e  in 
the  ra te  o f  K + channe l  i n a c t i v a t i o n  was  lef t  l a rge ly  
u n c h a n g e d  in w h o l e - c e l l  e x p e r i m e n t s  dur ing  the  first  
10 min  (Tab le  2). In  c o n t r a s t ,  i nac t i va t i on  o f  the  
m a j o r i t y  o f  the  c u r r e n t  was  s l o w e d  d r a m a t i c a l l y  in 
Ca2§ b a t h  so lu t ions  in p e r f o r a t e d - p a t c h  exper i -  
m e n t s  wi th  b o t h  h igh  and  low Ra va lues  (Tab le  2). 
T h e  p e a k  c u r r e n t  r e s p o n s e  b e h a v e d  v i r tua l ly  the  
s a m e  dur ing  w h o l e - c e l l  r e c o r d i n g s  in C a  2 §  solu-  

t ions ,  dec l in ing  f rom 1,632 -+ 220 to 1,308 - 177 p A  
(n = 5). Cu r r e n t  m a x i m a  r e m a i n e d  at  a p p r o x i m a t e l y  
the  s ame  leve l  dur ing  p e r f o r a t e d - p a t c h  e x p e r i m e n t s  
wi th  l o w R  a , m o v i n g  f rom 1,190 - 199to  1,167 --- 265 
p A  (n = 3), and  fell  in p e r f o r a t e d - p a t c h  e x p e r i m e n t s  
wi th  high R a va lue s  f rom 1,251 --- 214 to  914 --- 64 
p A  (n = 5). 

The  c o n d u c t a n c e - v o l t a g e  r e l a t i o n s h i p  d id  not  
change  s igni f icant ly  us ing  e i the r  t e c h n i q u e  in C a  2+- 
f ree  so lu t ions  (Fig.  8). M a x i m u m  g K  and  t h r e s h o l d  
po t en t i a l s  we re  a l so  u n a l t e r e d  in Ca2+-free  b a t h  so- 
lu t ions  [whole  cel l :  m a x i m u m  g K  = 11.5 -+ 1.5 nS,  
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Exper imenta l  Minutes  into rl I i  "i'2 12 
condit ion recording 

Whole celP 

Perforated patch (high Ra) b 

Perforated patch (low Ra) ~ 

1-2 317 -+ 52 1,143 _+ 130 2,106 _+ 485 332 +_ 63 
8 -9  228 -+ 23 959 + 116 1,379 _+ 134 175 _+ 43 

1-2 931 -+ 106 898 -+ 65 840 -+ 298 131 _+ 36 
8 -9  686-+ 93 959-+ 78 778 +- 207 144_+ 52 

1-2 223 + 50 828 +- 132 3,578 -+ 1,507 355 _+ 78 
8 -9  120 -+ 20 685 + 79 2,799 -+ 1,593 248 -+ 62 

Time cons tan ts  were calculated from the current  response  to the  first 100-mV depolarizing pulse applied 
after acceptable  recording condit ions were achieved,  and the 100-mV pulse delivered 8 -9  min later during 
the series of  voltage s teps depicted in Fig. 2. Data are represented  as the mean  _+ SEM. 7 (msec),  I (pA). 
a n = 9, R ,  = 7.9 -+ 0.8 (begin) to 16.1 -+ 2.5 Mf~ (end). 
b n = 9 ,  R, ,  = 48.9 -+ 1.7 (begin) to 42.1 +- 3.7 Mf~ (end). 
c n = 5, R,, = 28.4 -+ 3.4 (begin) to 22.6 +- 1.6 Mr/  (end). Currents  were fit to a double exponent ia l  
funct ion as follows: 

l ( t )  = I l e - t / ~ t  + 12 e - t / ' "  - 

400 pA l _ _  

200 msec 

Fig. 4. Alterat ions in perforated-patch inactivation rates over  
time. Current  r e sponses  to the first 100-mV depolarizing pulse, 
sampled every  msec.  Time cons tan ts  were calculated with a dou- 
ble exponent ial  function.  (1) Representa t ive  cell in which nystat in 
pores  formed within the first 2 rain, TI = 434 msec;  T2 = 9,560 
msec ,  C,,, = 5.56 pF,  R ,  = 18.5 MI) (same as in Fig. 3C). (2) 
Typical current  after waiting 15-20 min for nystat in  pores  to 
form, TI = 245 msec;  T2 = 5,087 msec ,  C,, = 5.14 pF,  Ra = 
35.7 MD.. 

Eopen = -40.4 -+ 0.7 mV, n = 5; perforated patch 
(regardless of Ra): maximum gK = 9.9 -+ 1.2 nS, 
Eopcn = -34.6-+ 0.2mV, n = 8]. 

K + currents reversed at very similar voltages 
during Ca2+-free bath experiments [whole cell: 
-76.1 -+ 0.9 mV, n = 5; perforated patch: -70.8 - 
1.1 mV, n = 8]. However, K + channels appeared 
to close more slowly in a Ca2+-free bath with time 
constants of 228.9 -+ 17.3 msec (E = -30  mV) 
and 49.5 _+ 1.6 (E = - 5 0  mV) under whole-cell 
conditions and 53.5 -+ 7.9 msec (E = -30  mV) 
and 22.0 + 1.9 (E = -50  mV) in perforated-patch 
experiments (regardless of R~). 

Discussion 

The recording configuration directly affects the ki- 
netics ofT cell K + currents. Moreover, these kinetic 
changes cannot be entirely attributed to variations 
in R a or liquid junction potentials. Inactivation in- 
creases over time in all whole-cell and perforated- 
patch configurations. After approximately 10 rain, 
inactivation is fastest in perforated-patch recordings 
with low Ra values (20-33 M~), and it is slowest 
during perforated-patch experiments with relatively 
high R a values (35-50 Mf~). By comparison, during 
the same time period, inactivation appears to stabi- 
lize at an intermediate level in whole-cell configura- 
tion (Ro = 5-12 M~). In contrast, deactivation ki- 
netics are essentially identical in all perforated-patch 
experiments, regardless of R~, and are slowest in 
whole-cell configuration. Ra discrepancies introduce 
an error in the I-V relationship, and may slow the 
rate at which currents activate and inactivate in high 
R~ experiments by shifting the voltage curve to the 
right. However, differences in R~ values or junction 
potentials cannot explain the increase in inactivation 
during low Ro experiments or the ubiquitous in- 
crease in channel closing during all perforated-patch 
experiments. 

Whole-cell K + conductance reaches a maximum 
at potentials approximately 40 mV more negative 
than perforated-patch K + conductance. Threshold 
potentials as well as reversal potentials were also 
shifted in a negative direction during whole-cell re- 
cordings but to a lesser extent (5 to 8 mV, respec- 



236 D.R. Oleson et al.: T Cell Potassium Channels 

gK 

gK (max) 
0.5 

0 
-60 -40 -20 0 20 40 60 

Vm (mV) 

time to peak 

(msec) 

100 

80 

60 

40 

0 
-40 -20 0 20 40 60 

V t e s t  (mV) 

I 

I (max) 

1 1 

0.5 

III 

~F--.~. __~_ 

'--*--~ ~ - - + ~  A 

I 

I (max) 
0.5 

0 1 3 5 7 9 11 -100 

pulse # Vm (mV) 

IV 

-80 -60 40 -20 0 

A . . . .  Whole-cell 
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Fig. 5. Normalized data comparing the conductance-voltage relation, activation kinetics, cumulative inactivation, and steady-state 
inactivation during whole-cell and perforated-patch recordings. Data are represented as mean -+ SEM. (A) Whole cell (n = 9), R,, rose 
from 7.9 --- 0.8 to 16.1 -+ 2.5 MfL (B) Perforated-patch (n = 9), R,, fell from 48.9 - 1.6 to 42.1 -+ 3.7 MfL (C) Perforated-patch (n 
= 5), Ra fell from 28.4 -+ 3.4 to 22.6 -+ 1.6 MfL (I) Conductance-voltage relation. Current responses  were taken from the voltage- 
step series begun 4-5  min after attaining electrical access to the cells (same as in Figs. 2 and 3). Potassium conductance (gK) was 
calculated by the formula: 

gK = l ( p e a k ) / ( V  - Erev) 

Erev was determined individually using the instantaneous I - V  relation, when available, or assumed to be - 7 8 . 7  mV during whole-cell 
recordings and - 7 0 . 6  mV during perforated-patch experiments.  (II) Activation kinetics as measured by the time to peak current.  
Current responses  were taken from the same voltage-step series as in Fig. 41 sampled every 100/zsec. A number of  currents reached 
a sustained plateau during voltage steps from - 3 0  to - 1 0  mV and were assigned a time to peak of  100 msec to facilitate graphic 
representation.  (II1) Cumulative inactivation. Voltage steps of  100 mV, duration 200 msec,  sample interval 20/~sec, were delivered 
every second approximately 14-15 rain into recording. Data were normalized by assigning I (max) to the peak current o f  the first 
pulse. ( IV)  Steady-state inactivation. Holding potentials of  E = - 100 mV to E = 0 mV were maintained for 30 sec prior to challenging 
the membrane with a 1-sec pulse to 40 mV. Data were normalized by assigning I (max) to the peak current of  the first pulse. 
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40 pAL__ 
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Fig. 6. Ins tan taneous  current-vol tage (I-V) relation. T cells were 
depolarized to - 10 mV for I00 msec  then s tepped to voltages 
ranging f rom - 30 to - 110 mV for an additional 200 msec  before 
re turning to the holding potential  (E = - 6 0  mV). Pulses were 
applied every  30 sec. Representa t ive  currents  f rom T cells in 
whole-cell and perforated-patch configurations were sampled ev- 
ery 200/xsec.  (A) Whole  cell, C,,, = 4.13 pF, R,  = 7.9 MfL (B) 
Perforated patch,  Cm = 3.26 pF, R ,  = 50.0 M ~ .  (C) Perforated 
patch,  C,, = 4.45 pF,  R,, = 20.8 M ~ .  

tively). Differences in R~ values and liquid junction 
potentials probably contribute to these disparities 
but cannot account for them entirely. If, for exam- 
ple, a large chloride disequilibrium existed across 
perforated patches, Vm measurements might be low- 
ered as much as - 57.5 mV (assuming internal chlo- 
ride = 3 raM, and perfect chloride selectivity). How- 
ever, junction potential differences between whole- 
cell and perforated-patch configuration were, in ef- 
fect, measured in current clamp mode by holding 
I = 0, and Vm measurements differed between the 
two techniques by only an average of 4.8 mV. If R a 
represents only the resistance between the cytosol 
and patch pipette, the potential drop across perfo- 
rated patches would be equal to 50 mV, when IK = 
1 nA, Ra = 50 MI); and 25 mV, when IK = 1 nA, 
Ra = 25 MfL However, R~ measurements actually 
include resistances of the electrode, patch, cell, and 

12 

11 
m 0 . 5  

B 

0 . . . . .  , / , r  

0 10 20 30 6'0 
time (sec) 

A . . . .  Whole-cell 
B . . . . . . . . .  Perforated-patch 

Fig. 7. Recovery  from inactivation. Twin pulses  to 40 mV were 
applied every 90 sec. Pulse length was 500 msec ,  t ime be tween 
pulses ranged from 1 sec to 60 sec and is represented  on the 
abscissa.  Data  were normal ized by assigning I l to the cur rent  
maxima  of  the first pulse minus  its min imum,  and 12 to the current  
maxima of  the second pulse minus  the min imum value of  the 
first. Mean  + SEM. (A) Whole  cell (n = 5), R,, = 8.0 -+ 0.9 (begin) 
to 10.5 -+ 2.4 M12 (end). (B) Perforated patch (n = 5), R,, = 47.3 
-+ 2.8 (begin) to 27.0 -+ 2.3 Mfl  (end). 

seal. Since maximal gK was reached at nearly identi- 
cal potentials in all perforated-patch experiments 
independently of R~, the resistance of the cell, or 
the channels in its membrane, must also contribute 
to the difference in the conductance-voltage rela- 
tionship. 

T cell K + channel inactivation is enhanced by 
increasing either internal or external Ca 2+ concen- 
trations, and decreased by raising K + concentra- 
tions, suggesting competition between K + and Ca 2 + 
for the same site within the channel [2, 12]. Perfo- 
rated-patch experiments revealed the expected rela- 
tionship between external C a  2+ ion levels and inacti- 
vation, while whole-cell inactivation rates decayed 
in a surprisingly similar manner in both standard 
and CaZ+-free bath solutions. In the present report, 
whole-cell internal solutions contained Ca 2+ ion 
concentrations of 10 -7 M, which may have masked 
the influence of external Ca 2+. As a precedent for 
this, after varying Ca 2+ concentrations on both the 
inside and outside of the T cell line, Jurkat, Grissmer 
and Calahan [12] reported that internal Ca 2+ levels 
influenced the effect of external Ca 2+ on K + current 
inactivation rates. 

Whole-cell peak current amplitudes fell approx- 
imately 20% in both standard and Ca>-free bath 
solutions. A voltage shift is probably not involved, 
because the negative shift in the I-V relation which 
ordinarily occurs during the first 10 min of whole- 
cell recording would raise peak currents, not lower 
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Table 2. Inactivation time constants in Ca-free bath solution 

D.R. Oleson et al.: T Cell Potassium Channels 

Experimental Minutes into ri 1i ~'2 12 
condition recording 

Whole cell" 

Perforated patch (high Ra) b 

Perforated patch (low Ro) c 

1-2 264 • 16 1,090 • 140 2,463 • 913 429 • 87 
8-9 230 • 20 923 • 144 1,456 • 287 363 • 125 
1-2 1,263 • 188 1,192 • 151 1,149 • 349 136 • 79 
8-9 1,623 • 356 918 • 63 974 • 328 75 • 31 

1-2 1,322 • 384 960 • 174 246 • 33 219 • 107 
8-9 758 • 231 608 • 148 718 • 537 205 • 119 

Time constants were calculated as in Table 1. Data are represented as the mean -+ SEM. ~" (msec), I (pA). 
a n = 5, Ra = 9.4 -+ 1.3 (begin) to 14.4 • 4.6 MI2 (end). 
b n = 5, Ra = 37.4 • 7.3 (begin) to 43.8 • 2.9 MI2 (end). 
c n = 3, Ra = 30.2 • 1.6 (begin) to 24.8 • 4.5 Mf~ (end). 

A, B, 

gK 
gK (max) 

0.5 gK 
gK (max) 

0.5 

0-60 -40 -20 0 20 40 60 0-60' 

V (mV) 

§ . 

,~3, ~ "" 

-40 -20 0 20 40  60  

V (mV) 

Whole-cell Perforated-patch (high Re) Perforated-patch (low Re) 

- - - Standard bath - - ~ Standard bath . . . . . . . .  Standard bath 

. . . . . . .  Ca-free bath . . . . . . . .  Ca-free bath . . . .  Ca-free bath 

Fig. 8. Potassium conductance (gK) in standard bath (same as in Fig. 4) and Ca-flee bath solutions. Mean • SEM. (A) Whole-cell 
configuration: Standard bath (n = 9), R,, = 7.9 • 0.6 (begin) to 16.1 • 2.5 Mf~ (end); Ca-free bath (n = 5), R a = 9.4 - 1.4 (begin) 
to 14.4 • 2.9 M~ (end). (B) Perforated-patch configuration: High RJstandard bath (n = 9), R a = 48.9 • 1.6 (begin) to 42.1 • 3.7 
MI2 (end); High R a / C a - f r e e  bath (n = 5), R,, = 41.7 • 4.6 (begin) to 43.6 • 2.9 MI2 (end); Low RJstandard bath (n = 5), R a = 28.4 
• 3.4 (begin) to 22.6 -+ 1.6 Mf~ (end); Low RJCa-free bath (n = 3), R, = 30.2 +- 1.6 (begin) to 24.8 • 4.5 MI2 (end). 

t h e m  [3, 8, 30]. T h e  c o n s i s t e n t  fal l  in K + c u r r e n t s  

in w h o l e - c e l l  c o n f i g u r a t i o n  m a y  b e  d u e  to  a u s e -  
d e p e n d e n t  b l o c k  o f  t h e  c h a n n e l s  b y  an  i n t e r n a l  
C a  2+ c o n c e n t r a t i o n  o f  10 -7 M. A l t h o u g h  a d i r e c t  

c o m p a r i s o n  b e t w e e n  th i s  r e p o r t  a n d  o t h e r s  is '  n o t  
a v a i l a b l e ,  i n t e r n a l  C a  2+ c o n c e n t r a t i o n s  o f  10 -6 M 

h a v e  d e c r e a s e d  T l y m p h o c y t e  g K  d u r i n g  t h e  first  
5 m i n  o f  w h o l e - c e l l  r e c o r d i n g ,  w h i l e  i n t e r n a l  C a  2+ 
c o n c e n t r a t i o n s  o f  10 -8 M i n c r e a s e d  g K  o v e r  t h e  

s a m e  t i m e  p e r i o d  [2, 3]. A l t e r n a t i v e l y ,  t h e  d e c l i n e  
in g K  m a y  b e  a t t r i b u t e d  to  t h e  lo s s  o f  a c e l l u l a r  
c o m p o n e n t  w h i c h  i n f l u e n c e s  t h e  v o l t a g e  s e n s i t i v i t y  
o f  t h e  c h a n n e l .  D u r i n g  s t e a d y - s t a t e  i n a c t i v a t i o n ,  

at  h o l d i n g  p o t e n t i a l s  o f  - 4 0  m V ,  c l o s e  to  t h e  
a v e r a g e  r e s t i n g  m e m b r a n e  p o t e n t i a l  o f  - 4 4 . 5  m V  
in w h o l e - c e l l  e x p e r i m e n t s ,  o n l y  3 0 %  o f  t h e  c u r r e n t  

is lef t ,  a n d  y e t  t h e  l a r g e s t  c u r r e n t s  a r e  r e c o r d e d  

u p o n  f i rs t  b r e a k i n g  in to  w h o l e - c e l l  c o n f i g u r a t i o n .  
I n  p h y s i o l o g i c  s o l u t i o n s ,  c u r r e n t  m a x i m a  fe l l  b y  

2 1 %  in p e r f o r a t e d - p a t c h  e x p e r i m e n t s  w i t h  l o w  R a 

and  r e m a i n e d  r e l a t i v e l y  s t a b l e  in C a 2 + - f r e e  so lu -  
t ions .  T h e  lo s s  o f  a c y t o s o l i c  c o n s t i t u e n t  w h i c h  in- 
f l u e n c e s  v o l t a g e - d e p e n d e n t  i n a c t i v a t i o n  is n o t  as  
l ike ly  in th is  c a s e  d u e  to  t h e  d i s p a r i t y  b e t w e e n  b a t h  
s o l u t i o n s ,  a n d  b e c a u s e  9 9 %  o f  t h e  c u r r e n t  is st i l l  
p r e s e n t  at  h o l d i n g  p o t e n t i a l s  as  l o w  as  - 5 0  m V .  I t  
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seems more probable that the decay ofgK over time 
in low Ra experiments is due to an altered cyto- 
plasmic ionic environment, created by the diffusion 
of monovalent ions through nystatin pores, which 
may influence the extent of divalent ion inactivation 
and/or block of the channel. In conjunction with 
this, the increase in the fast component of inactiva- 
tion during low Ra experiments in perforated-patch 
configuration is strikingly similar to that found when 
raising external Ca 2+ from 2 mM to 12 mM in whole- 
cell configuration [12]. Comparisons between cells 
in which nystatin pores formed over a period of 
1-2 min as opposed to 15-20 min present further 
evidence that the movement of monovalent ions (or 
small neutral molecules) through nystatin pores in- 
fluences K current kinetics (see Fig. 4). 

The 12.5% increase in K + currents in standard 
bath solutions during perforated-patch recordings 
with high R a could be attributed to a decline in the 
series resistance, which would shift the I-V relation 
to the left. However, when Ra values remained sta- 
ble, the currents continued to rise (example in Fig. 
3A). A removal of voltage-dependent inactivation 
by holding potentials of -60  mV may have raised 
currents in this case because 11% of the current is 
inactivated at holding potentials of -40  mV, which 
approaches the resting membrane potential. Alter- 
natively, patches with fewer nystatin pores may re- 
tard equilibration between the pipette solution and 
cytosol, particularly of monovalent anions, such as 
aspartate [14, 18], and allow a use-dependent un- 
block of the channels by K + entry to occur. We 
favor a use-dependent unblock, because in contrast 
to the increase in standard bath solutions, current 
maxima fell by 26.8% in CaZ+-free bath solutions 
during high Ra recordings. CaZ+-dependent block of 
the channels has been estimated at approximately 
25% under normal conditions, and the loading of 
blocking Ca 2+ ions (as opposed to inactivating) ap- 
pears to occur exclusively from the inside i12]. As 
first proposed by Grissmer and Calahan [12], Ca 2+ 
may be able to leave this blocking site when the 
channel is closed. Our data support this contention, 
because Ca 2+ ions loaded from the inside would be 
expected to move through the channel to the outside 
in a Ca2+-free bath solution, increasing K + currents 
by approximately 25% during the initial pulse. 

Activation and inactivation rates were slowest 
during perforated-patch recordings with high Ra. 
Again, this may simply reflect a shift in the/- V curve, 
or may be related to the diffusion rates of monova- 
lent ions and small molecules through nystatin 
pores. Both of these events probably contribute to 
the slower kinetics of high Ra experiments. How- 
ever, the latter possibility appears to contribute the 
greater share, because at Ra = 35.7 MD, after wait- 

ing 15 min for the nystatin pores to form, inactivation 
time constants are very close to whole-cell values 
(Fig. 4). 

The accumulation of inactivation gradually in- 
creases in human T cell K-- channels following rup- 
ture of the membrane or "break-in" during whole- 
cell recording [3]. The extent of inactivation is not as 
great at metabolic temperatures and recovery from 
cumulative inactivation is also markedly faster at 
37~ as opposed to 25~ [20]. The onset of accumula- 
tion of inactivation in the current report was slower 
in perforated-patch configuration and was not as 
complete. Taken together, these results suggest that 
a temperature-sensitive, biochemical pathway 
which is influenced by the recording configuration 
may regulate K § channel inactivation. This hypoth- 
esis is supported by results from standard recovery 
protocols. Shaker K § channel inactivation analysis, 
using trypsin digests, deletion mutants, and syn- 
thetic peptides, conforms to a cytoplasmic "ball and 
chain model" of inactivation with both fast and slow 
components [15, 32]. Due to the close homology 
between Shaker K § channels and T cell K § channels 
it seems reasonable to propose that a metabolic 
event, such as phosphorylation of an analogous re- 
gion, may regulate lymphocyte K § channel inacti- 
vation. 

Steady-state inactivation varied in accordance 
with the recording configuration and, thus appeared 
to depend on the series resistance. However, hold- 
ing potentials were virtually equivalent in all experi- 
ments because, as the current approaches zero, so 
does the potential drop between the cytosol and 
patch pipette. Also, current maxima were normal- 
ized, which should eliminate errors due to variations 
in R a as the currents rose. At holding potentials of 
-40  mV, 89% of the current was left in perforated- 
patch configuration regardless of Ra, as compared 
to 29% during whole-cell experiments. Discrepanc- 
ies in steady-state inactivation occurred between 
whole-cell and perforated-patch experiments from 

- 60 to - 30 mV, and within perforated-patch exper- 
iments from - 30 to - 20 mV. Therefore, it appears 
likely that the voltage-dependent inactivation of T 
cell K § channels is influenced by the loss of a cellular 
component in whole-cell configuration, as well as 
by the movement of diffusible elements through nys- 
tatin pores. 

Tail currents were noticeably slower in whole- 
cell, as opposed to perforated-patch configuration. 
Comparable differences in deactivation time con- 
stants are seen in murine lymphocyte type n (normal) 
and l (lpr) channels [4, 6, 21]. Moreover, differences 
between perforated-patch and whole-cell currents in 
the conductance-voltage relation and steady-state 
inactivation are similar t o " / "  and " n "  type designa- 
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tions, respectively. In its homozygous state the lpr 
gene mutation is associated with lymphadenopathy, 
acceleration of autoimmune phenomena, and consti- 
tutive phosphorylation of the TCR-CD3 zeta chain 
[27]. As previously discussed by DeCoursey et al. 
[6], the Ipr gene locus may modulate cellular constit- 
uents which regulate lymphocyte K + channels. We 
present evidence in this report that some of these 
cellular components are conserved in perforated- 
patch configuration. 

In conclusion, by blocking the diffusion of rela- 
tively large cellular components into the pipette, and 
retarding the equilibration of monovalent ions and/ 
or small neutral molecules, the perforated-patch 
technique appears to have dramatically altered the 
behavior of K + channels in activated human T cells. 
Although perforated-patch experiments sacrifice the 
voltage-clamp quality, they appear to provide an 
additional means of identifying biochemical path- 
ways which regulate T lymphocyte K + channel char- 
acteristics. 

We thank Kathleen Brattain for useful comments on the manu- 
script. This work was supported by NIDA grants DA04498-03 and 
DA01451-15, the State of Georgia Human Resources Department, 
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