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Single-channel recordings of a voltage-dependent potassium channel in brown adipocytes of the rat confirm recordings of 
macroscopic currents. Single-channel conductance (3') is 8 pS at 20°C in KF solution inside vs. a modified Ringer's solution 
outside. With KCI solution outside, y is 17 pS for outward currents and 21 pS for inward currents. The majority of the channels 
inactivate with a time constant around 200 ms; deactivation occurs within milliseconds. The channel is blocked by tetraethyl- 
ammonium (TEA) with an inhibiting constant of 1.8 mM. The type of block is fast. Selectivity sequence for monovalent cations is 
K+> Rb ÷ >> NH~- >> Li+> Na += Cs +. Cs + at the outside causes a voltage-dependent block of inward currents. This channel is 
remarkably similar to the delayed rectifier of the F-type in the node of Ranvier. Occasionally, an additional K ÷ channel was 
found. This channel is voltage-insensitive, not blocked by 10 mM TEA, and has not been recorded in brown adipocytes before. 
Physiological relevance of this channel could be the steady-state membrane potential. 

Introduction 

In small mammals brown adipose tissue is the main 
site of thermoregulatory heat production by nonshiver- 
ing thermogenesis [1] due to its ability to uncouple the 
mitochondrial respiratory chain from ATP-generation. 
Nonshivering thermogenesis is activated by /3-adren- 
ergic stimulation. Apart  from the pathway leading to 
uncoupling of the mitochondria, norepinephrine in- 
duces multiple conductance changes in the plasma 
membrane [2,3]. Na+-influx and membrane depolariza- 
tion can probably be explained by a nonselective chan- 
nel for monovalent cations [4-7]. Flux measurements 
and patch clamp experiments in the whole-cell configu- 
ration have shown that the potassium effiux is due to a 
calcium-activated potassium channel [8,9] a n d / o r  to a 
voltage-dependent potassium channel [10]. It is not 
known if the observed increase in Ca 2÷ is caused by 
opening of Ca 2÷ channels in the plasma membrane 
[11]. So far no Ca 2÷ channels have been identified at 
the single-channel level. 

In this paper we report details of the potassium 
fluxes based on the recordings of single-channel cur- 
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rents. These currents flow through (i) an inactivating 
voltage-dependent potassium channel which can be 
blocked by TEA, and (ii) a voltage-independent chan- 
nel that is insensitive to TEA. There are widely diverse 
types of voltage-dependent potassium channels of the 
delayed-rectifier type. Jonas et al. [12] have shown that, 
in the amphibian node of Ranvier, a classical prepara- 
tion for studying this type of channel, there are at least 
three types termed I, F, and S for ' intermediate' ,  'fast', 
and 'slow' with respect to their deactivation kinetics 
after a depolarizing test pulse. In the rat node, I- and 
F-channels show inactivation with time constants of 
about 7.4 s and 143 ms, respectively, at +40 mV [13]. 
Like most potassium channels, they may be blocked by 
external tetraethylammonium ions, although with dif- 
ferent sensitivities. 

A previous study has shown dearly that a voltage- 
dependent  potassium current is the main carrier of 
charge during hyperpolarization of the brown adipocyte 
plasma membrane [10]. Almost all the data in that 
study were measured in the whole-cell configuration. 
Only a few cell-attached recordings demonstrated the 
channel which is responsible for the current. Here  we 
examine the characteristics of this channel in excised 
patch recordings in order to establish detailed informa- 
tion under well defined conditions to compare it with 
delayed rectifiers from other preparations. 
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We have also recorded a voltage-insensitive potas- 
sium channel in brown adipocytes but find it far less 
frequently than the delayed rectifier. This channel has 
not been observed previously. Preliminary results have 
appeared elsewhere [14,15]. 

Materials and Methods 

Prepara t i on  a n d  e x p e r i m e n t a l  condi t ions .  Brown 
adipocytes were dissected from interscapular and cervi- 
cal tissue of 6-8-week-old male or female Sprague- 
Dawley rats as described previously [5]. After collage- 
nase treatment (type II, Sigma, St. Louis, MO) for 25 
min, cells were centrifuged at 1000 × g, leaving most of 
the precursor cells with little or no fat content at the 
bottom and the mature, filled cells in a thin layer at the 
top of the vial just below the uppermost layer of fat 
from destroyed cells. Neither sex nor developmental 
stage of the rat made any difference to the occurrence 
of the channels described below. Mature cells were 
grown on Heraeus 'Biofolie' and kept up to 10 days 
under tissue culture conditions in a CO 2 incubator [5]. 
Cells growing at the bottom of 35-mm Petri dishes out 
of precursers were kept up to 4 weeks and used for 
some control experiments. As no significant differences 
of the single-channel parameter  were obvious, only 
mature cells were used for the experiments described 
in this paper. For channel recordings we used the 
patch-clamp technique as described by Hamill et al. 
[16]. During whole-cell experiments 80-90% of the 
series resistance was compensated for. Pipette resis- 
tance was about 4 MO for experiments in the whole-cell 
configuration and 13 MO for the other experiments. 

Analys i s .  Data were digitized by a Labmaster TM-40 
A D / D A  board (Scientific Solutions, Solon, OH). 
PCLAMP-software (version 5.5, Axon Instruments, 
Foster City, CA) on an IBM-compatible 486 AT com- 
puter was used for the analysis. Leakage current and 
capacitive current were subtracted by the p /4-method  
in whole-cell experiments. In single-channel analysis, 
currents were corrected by subtraction of silent traces. 

Kinetics of whole-cell currents and averaged single- 
channel currents were determined by least square fit 
using the function: 

I = I 0 - I~ e - , / ~ .  + l i .  I e - ' / ' i . ,  + Ii,2 e - t / ' i ' 2  (1) 

where I0, Ia, Ii,1, and Ii,2 a re  the current components 
of the total K+-current ( I )  at t = 0, r a is the activation 
time constant and riA , and ri,2 are the inactivation 
time constants. 

Single-channel current vs. voltage curves were 
adapted to data by optical fit using a modified Gold- 
man-Hodgkin-Katz (GHK) current equation in order 
to determine the relative permeabilities. To account 
for inward rectification and for presence of the test 

ion, two more current terms were added, assuming 
independence of the different current components: 

F 2 E  [K]i - [K]o e-FE/RT 

i = P K o  R T  1 - e - F E / R T  

FZE [K]o - [K]i e -FE/RT 

+ PK~ RT 1 - e -rE/RT 

F2E [X]o - [X]i e-zxFE/nr 
Pxz~v R--'-T 1 -- e -zxFE/RT (2) 

where i is the single-channel current, E the applied 
membrane potential, z x the valence of the test ion, 
[K]i, [K]o, [X]i, and [X] o the internal and the external 
concentrations of potassium ions and of the test ion, 
respectively (cf. Ref. 17). F, R, and T are the usual 
thermodynamic t e r m s .  P x / P K i  gives the relative per- 
meability for the test ion. 

Blocking characteristics were determined by least 
square fitting of the data with the modified Hill equa- 
tion: 

C n 
B (3) 

C n + IC~o 

where B is the fractional block, C is the blocker 
concentration, IC50 is the half-maximal inhibition, and 
n is the Hill coefficient. 

Solu t ions .  Test solutions were applied by a peri- 
staltic pump driven 'sewer pipe' system as described by 
Yellen [18]. Solutions were composed as follows (con- 
centrations in mM). Bath solution (modified Ringer's): 
134 NaCI, 6 KC1, 10 Na-Hepes, 1.2 CaCI2, 1.2 MgCI2, 
11 Glucose (pH 7.4). Pipette solution: 139 KF, 4 KCI, 
10 K-Hepes, 5 E G T A  (pH 7.4). Potassium fluoride was 
used to avoid unphysiologically high chloride concen- 
trations at the cytoplasmic surface of the cell mem- 
brane. As all recordings were made without free Ca 2÷ 
in the pipette, i.e., at the internal side of the mem- 
brane, the nonselective cation channel was inactive 
[5,7]. NaCI solution: 153 NaCI, 10 Na-Hepes, 1.2 CaCI2, 
1.2 MgCI 2 (pH 7.4). KC1 solution: 153 KC1, 10 K-Hepes, 
1.2 CaCle, 1.2 MgCI z (pH 7.4). Temperature  was kept 
constant at 20 + 0.4°C. 

Results 

Whole -ce l l  m e a s u r e m e n t s  

Fig. 1A shows current-families from whole-cell mea- 
surements in mature brown adipocytes with KF solu- 
tion in the pipette and NaC1 solution in the bath. 
Together with recordings in symmetrical potassium 
concentrations in both pipette and flow system (Fig. 
1B), they demonstrate the presence of 'macroscopic' 
potassium currents similar to those described by Lucero 
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Fig. 1. Whole-cell currents of mature brown adipocytes in NaCI and 
in KCI solution. Pulse program: holding potential of -60 mV, 
prepulse of -100 mV for 1 s, test pulse variable from -60 mV to 
+ 60 mV, 250 ms duration. (A) Pipette solution at the membrane 
inside vs. NaCI solution at the outside. (B) Pipette solution at the 
membrane inside vs. KCI solution. (C) Peak-current-voltage rela- 
tions for currents shown in (A, e) as well as in (B, •). Same cell in 

(A) and (B), 20°C. 

and Pappone [10]. Related peak current voltage curves 
are shown in Fig. 1C. Inward currents in symmetrical 
K ÷ solutions pass through a minimum at - 2 0  mV. 
The activation time constant decreased slightly from 
about 15 ms to 8 ms with increasing depolarizations to 
different potentials from 0 mV to +40  mV, as ex- 
pected for channels of the delayed-rectifier type [19]. 
Inactivation kinetics of the whole-cell currents were 
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best described by a single exponential (Ii,2 = 0 in Eqn. 
1). The time constant for test potentials between 0 mV 
and + 60 mV, scattered in the range from 35 ms to 350 
ms (approx. 100 ms in Fig. 1A and 55 ms in Fig. 1B) 
almost independently of the holding potential. Further- 
more, we found a component of the whole-cell current 
which did not inactivate within 500 ms. Its contribution 
differed from patch to patch. 

Outside-out patches 
Density. Single channels were recorded from out- 

side-out patches under the same conditions used for 
whole-cell measurements (Fig. 2). Generally, every sec- 
ond reliable patch showed events of the voltage-depen- 
dent, inactivating channel described here, that could be 
blocked by TEA. The maximum number of current 
levels per patch was 5, the mean was 1.5. Assuming a 
maximum patch area of 5 /zm 2 it follows a minimum 
density of 0.3 channels per /zm 2. With a mean cell 
diameter of a brown adipocyte of 30/zm,  a minimum 
number of 850 channels per cell can be calculated. 
This value is in agreement with the values calculated 
by dividing the macroscopic K+-conductance by the 
single-channel conductance and with the value found 
by Lucero and Pappone [10]. 

Kinetics. Current traces from 192 depolarizing test 
pulses applied to outside-out patches were averaged 
for comparison of kinetic data with those obtained 
from the whole-cell recordings (Fig. 3). Using Eqn. 1 
two exponentials for inactivation yielded a better fit for 
the time course of the single-channel data, but as the 
slow time constant was only 4-10-times slower than the 

+ 60 mV 

+ 40 mV 

+ 20 mV 

0 mV 

- 20 mV 

/ 

5Oms ._J 1 pA 

Fig. 2. Single-channel recordings of delayed-rectifier potassium chan- 
nels. Test pulse potential indicated at the right. Holding potential: 
- 40 mV, prepulse of - 120 mV for 2 s. Outside-out patch, pipette 
solution with 153 K + at the membrane inside, bath solution with 144 
Na ÷ and 6 K + at the outside of the patch. Lower current level is 

always the closed-level. 
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Fig. 3. Kinetics of a vol tage-dependent  potassium current  recon- 
structed from single-channel data of  outside-out patches by averag- 
ing 192 records. Prepulse potential - 120 mV; test pulse potential 20 
mV. Pipette solution at membrane  inside, bath solution at the 
outside of the patch. Continuous curve fitted by the least-squares 
method using Eqn. 1. Best fit was obtained with ~'a = 15.5 ms, 
~'i.1 = 130 ms, and ~'i.2 = 608 ms. The corresponding I values were 

I o = 0.09 pA, I a = 0.8 pA, Ii,1 = 0.55 pA, and Ii.2 = 0.22 pA. 

fast, the functional background of a second time con- 
stant seems to be uncertain. Single-channel activity was 
reduced by decreasing the prepulse duration of 2 s to 
less than 1 s. Prepulse durations of less than 250 ms led 
to current traces without any current events. Deactiva- 
tion after a brief depolarizing pulse is completed within 
milliseconds. 

Conductance. A single-channel conductance y = 8 
pS (n = 9 patches) was observed in outside-out patches 
with a physiological distribution of Na ÷- and K÷-ions, 
i.e., pipette solution vs. modified Ringer's. Extrapola- 
tion of the related i - E  curve to negative potentials by 
means of the G H K  current equation (see Materials 
and Methods) yielded a reversal potential of - 6 3  mV 
(data not shown). Switching to solutions with symmetri- 
cal K+-concentrations increased y to 20.5 pS for in- 
ward currents and to 17 pS for outward currents (n = 29 
patches), thus showing a weak inward rectification (see 
also • in Fig. 4). In two inside-out patches, channel 
activity with about the same mean y (7.5 pS) appeared 
under physiological conditions. 

Inactivation curve. When the amplitude of a 2-s 
prepulse is stepped from - 1 7 0  mV to - 5 0  mV, the 
K-single-channel events during a 500 ms test pulse 
at + 40 mV vanish completely (pipette solution vs. 
modified Ringer's). To obtain the inactivation curve, 
the currents during 32 test pulses at each prepulse 
potential were summed, integrated and normalized to 
the maximum value. In two experiments, the half-maxi- 
mum of this curve was found at a prepulse potential of 
- 9 4  mV. This is a surprisingly low value compared 
with other voltage-dependent ion channels. 

Selectivity. Experiments using outside-out patches 
always started with pipette solution at the inner side of 

~ -1.11 • 

-1.5 

Fig 4. Selectivity for Na + and K + ions. i - E  relations for the 
voltage-dependent  K + channel before ( v )  and after exchanging 
50% ( A )  and 100% ( • ) ,  respectively, of the K+-ions at the outside 
by Na +. Inward current  reduced in 50% Na + and missing in 100% 
Na +. Membrane  inside: pipette solution; membrane  outside: NaCI 
solution, KC1 solution, or mixtures of equal parts of  these solutions. 
Continuous curves calculated by means  of Eqn. 2. Standard deviation 

is only given if it exceeds the size of the symbol. 

the membrane and KCI solution in the flow system. We 
then exchanged 50% and 100% of the potassium at the 
outside for a test ion. Each trial, thus consisting of 
three runs, was performed repeatedly. Test ions were 
four different alkali metal ions, two earth alkali metal 
ions or NH~- ions. A concentration of 102 mM was 
used for divalents instead of 153 mM for the monova- 
lents in order to maintain osmolarity as well as iso- 
electricity. Data from three experiments with Na + as 
test ion are shown in Fig. 4 as an example. Inward 
conductances and, to smaller extent, also outward con- 
ductances were reduced as compared with the control 
in plain K ÷. The reversal potential was shifted to the 
left. 

The ion permeability was determined by fitting the 
data using an extended form of the G H K  current 
equation (Eqn. 2, see Materials and Methods). The 
resulting permeabilities relative to that for potassium 
are summarized in Table I. A voltage-dependent block 

TABLE I 

Results of ion exchange experiments for determination of relative 
permeabilities (Px / PK ) 

Several control experiments were performed for each ion tested. 
Mean values of control experiments are given in the line for K ÷. 
Right column gives number  of  trials, each consisting of three subse- 
quent  i - E  curves as described in Results.  Number  of outside-out 
patches in brackets. 

Ion Px/PK (inward) No. of  trials 
(No. of  patches) 

K ÷ 1 8 0  ( 2 9 )  

Rb ÷ 0.79 10 (1) 
NH~- 0.23 9 (6) 
Li ÷ 0.037 10 (5) 
Na ÷ 0.030 10 (3) 
Cs ÷ 0.030 10 (2) 
Ba 2+ 0.015 18 (6) 
Ca z+ 0 13 (6) 
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Fig. 5. (A) i - E  relations for the voltage-dependent K + channels 
before ( • )  and after exchanging 50% (A) and 100% ( * )  of the K ÷ 
ions at the outside by Cs +. Solutions as in Fig. 4 but Cs ÷ instead of 
Na +. Analysis as in Fig. 4. Note voltage-dependent block of the 
inward current with 50% Cs ÷ at the membrane outside. Relative 
permeability given in Table I. (B) Dose-response relation of 
voltage-sensitive Cs+-block. Reduction of single-channel current at 
different Cs ÷ concentrations normalized by control current in plain 
K ÷ solution (fractional block) is shown, t3: normalized block at - 4 0  
mV. o: normalized block at - 6 0  mV. Bars show standard deviation 
and are only given if they exceed the size of the symbol. Data were 
fitted by Eqn. 3 with a Hill coefficient of 1.4. IC50 values were 44.9 
mM and 35.8 mM at - 4 0  mV ( - - - - - - )  and - 6 0  mV ( ), 

respectively. 

was observed using Cs + (Fig. 5A) and Ca 2+ as test 
ions; this bent the currents towards the x-axis at more 
negative potentials. The voltage dependence and the 
concentration dependence of the Cs+-block are shown 
in Fig. 5B. When fitting data by Eqn. 3 with a variable 
Hill coefficient, a value of 1.4 proved to be optimal. 

T h e / - E - c u r v e s  with Ba 2+ or Ca 2+ as test ions were 
shifted by about - 1 0  mV. The shifts are comparable 
to those due to the Gouy-Chapman-Stern effect (cf. 
Ref. 19) observed by Vogel [20] for sodium and potas- 
sium channels in the node of Ranvier. 

Block. It was not possible to block the voltage-de- 
pendent  K + channel with 1.0 ~ M  tetrodotoxin (TFX), 
0.3 mM verapamil or by 0.5/zM apamin as would have 
been expected for voltage-dependent Na + channels, 
Ca 2+ channels of the L-type or Ca2+-sensitive SK- 
channels, respectively. 1.0 mM Ba 2+ and 0.01 mM 
dendrotoxin (DTX), two well known blockers of volt- 
age-dependent K + channels, did not effect the chan- 
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Fig. 6. Dose-response relation for the block of the voltage-depen- 
dent K + channel by external TEA. Pulse program: holding potential 
- 4 0  mV, prepulse -120 mV for 2 s, test pulse+20 mV for 500 ms. 
Membrane inside: pipette solution, membrane outside: substitution 
of part of the NaCI from bath solution against the TEA concentra- 
tion tested. Data were collected from four experiments in which two 
TEA concentrations were tested and from five experiments with one 
TEA concentration. Reduction of single-channel conductance was 
normalized to control. The point at 10 mM TEA was not included in 
the determination of the IC50 as it was impossible to determine 
whether single-channel events of small amplitude were hidden in the 
noise. Continuous curve was calculated with Eqn. 3 and a Hill 

coefficient of 1, yielding an ICs0of 1.84 mM. 
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Fig. 7. Single-channel current traces of the voltage-insensitive K + 
channel at the indicated membrane potentials (A) and related cur- 
rent-voltage relationship (B). Membrane inside: pipette solution; 
membrane outside: 148 KCI, 10 K-Hepes, 1.2 CaCI2, 1.2 MgCI2, pH 
7.4 (A and • in B) or modified Ringer's ( •  in B). v :  mean of two 
experiments; o: mean of three experiments; standard deviation bars 

smaller than symbols. 
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nel. 50% Cs ÷ and 100% Ca 2÷ at the membrane out- 
side caused voltage-dependent block of the inward 
current (Fig. 5), but did not alter the outward current. 
Tetraethylammonium (TEA) is a common blocker of 
many K ÷ channels. In brown adipocytes, when given 
from the membrane outside, it blocks the voltage-de- 
pendent K ÷ channel by reducing its single-channel 
current amplitude. Fig. 6 shows a dose-response curve 
with an IC50 Of 1.84 mM. 

Voltage-independent potassium channel 
In 13 patches we found an almost voltage-insensitive 

K ÷ channel that has not been reported before (Fig. 
7A). In 7 of these patches, this channel appeared 
together with the voltage-sensitive channel. The volt- 
age-insensitive channel showed inward rectification in 
symmetrical K÷-concentrations with a single-channel 
outward conductance of 12 pS and an inward conduc- 
tance of 25 pS (Fig. 7B). No inward currents could be 
measured with modified Ringer's at the outside. The 
outward conductance increased only insignificantly to 
14 pS. The channel showed fast open and closed kinet- 
ics, sometimes giving the single-channel events a flick- 
ering appearance (Fig. 7A, lower trace). Occasionally, 
periods of lower activity occurred for some seconds as 
shown in Fig. 7A (first and third trace). Neither 0.5 
/zM apamin nor 10 mM TEA could block the channel. 

Discussion 

Voltage-dependent potassium channel 
Classification of voltage-dependent K + channels of 

the delayed-rectifier type depends mostly on single- 
channel conductance, voltage dependence of activa- 
tion, time course of inactivation and deactivation and, 
finally, on the ability of different agents to block the 
channel. At the node of Ranvier, three distinct classes, 
called I, F, and S, can be distinguished using these 
criteria [12,13]. The voltage-dependent K ÷ channel, 
described here, is similar to the F-channel (time con- 
stants, TEA blocking constant, low DTX-sensitivity) 
but also shows a difference (smaller single-channel 
conductance resembling the I-type). 

Inactivation. Schwarz and Vogel [21] first described 
inactivation of voltage-dependent K--currents in frog 
nodes during long depolarizing pulses. They found two 
time constants, a fast one of 600 ms and a slow one of 
several seconds (voltage-dependent). K ÷ channel inac- 
tivation always remained incomplete and the amplitude 
of the noninactivating component varied considerably. 
In our whole-cell experiments (pulse duration 250 ms 
or 500 ms), one time-constant yields optimal fits. We 
detected a second time-constant for inactivation in 
averaged single-channel data when using longer pulse 
duration (1 s or 2 s). Lucero and Pappone [10] found a 
fast component of the order of hundreds of millisec- 

onds and a slow component of the order of 2 s in the 
potential range of 0 to + 40 mV. In contrast to their 
results, our fast component of about 200 ms is always 
the dominating one. This difference becomes most 
prominent when comparing their Fig. 2 with our Fig. 
1A. Our fast inactivation time constant, as well as the 
presence of a noninactivating component which may 
hide further slow inactivation, are in good agreement 
with the data of Safronov et al. [13] for the K r chan- 
nel. 

50%-inactivation appeared at - 4 6  mV [10] or at 
- 6 2  mV (slow component found by Schwarz and Vo- 
gel [21]). In our single-channel experiments, however, 
we reconstructed the total K+-current from single- 
channel data and found a 50% inactivation at - 9 4  
mV, i.e., a 10-20% availability at rest. The reason for 
this difference in voltage dependence is unknown but it 
should be noted that the preparations and, in the case 
of Schwarz and Vogel [21], also temperature differed. 
It is possible that excising a patch changes protein 
conformation in a way which influences voltage depen- 
dence of the gating mechanism [22]. Only A-channels 
are known to be almost completely inactivated at rest- 
ing potential [23,24]. 

Selectivity. Table I gives the selectivity sequence for 
the delayed rectifier of brown adipocytes. It is similar 
to the sequence found by Lucero and Pappone [10] for 
macroscopic currents: K÷(1.00) > Rb÷(0.81) > NH~ 
(0.18) > Na÷(0.03) -- Cs÷(0.02). In their sequence, the 
permeabilities for Na ÷ and Cs ÷ are reversed as com- 
pared with ours, but the last digit of these small 
numbers is difficult to determine. For delayed recti- 
fiers in the node of Ranvier, Hille [25] determined: 
K+(1.00) > Rb÷(0.91) > NH~- (0.13) > Cs÷(<  0.077) > 
Li÷( < 0.018) = N a ÷ ( <  0.010), again from macroscopic 
currents but close to our single-channel data. i -E 
curves with Cs ÷, Ba 2÷, Ca 2+ at the outside differed 
from the G H K  model, partly due to voltage-dependent 
block (Cs ÷) or possibly due to the Gouy-Chapman- 
Stern effect (divalents). 

Block. TEA, a blocker of many K ÷ channels, may 
block at either side of the membrane in different 
concentrations [27]. While internal TEA receptors seem 
to show little variation, there is larger variation at the 
membrane outside [19]. In ATP-sensitive K ÷ channels 
of frog skeletal muscle, TEA block shows an IC50 of 
6 -7  mM, clearly higher than at delayed rectifiers [28]. 
In the delayed rectifier of brown adipocytes TEA com- 
pletely abolished the voltage-dependent current with a 
constant of 50% inhibition of 1.84 mM, if given from 
the outside. This value is closest to an IC50 of 1.7 
found in a voltage-dependent K ÷ channel (RCK2) 
derived from rat brain and expressed in Xenopus 
oocytes [29]. Whole-cell measurements at the delayed 
rectifier of brown adipocytes showed an IC50 between 
1-2 mM both for TEA and for 4-aminopyridine [10]. 



Compared with S-, F-, or I-channels from peripheral 
nerves of the Xenopus-node of Ranvier [12], the brown 
adipocyte result corresponds best to that of F-channels 
(1 mM). In the peripheral node of rats the ICs0 of 
S-channels (1.4 mM) and of F-channels (1.2 mM) show 
very little difference [13]. A-channels are generally less 
sensitive to TEA [30]. Hill coefficients of 1.0 are gener- 
ally found in different K + channels of the node of 
Ranvier [13,31,32]. TEA-block in brown adipocytes be- 
longs to the fast type, i.e., the amplitude of the single- 
channel events decreased with increasing TEA concen- 
tration. Kinetics of activation, inactivation, deactivation 
as well as single-channel kinetics were not influenced 
by TEA (data not shown). 

Fitting our data at - 40  and at -60  mV for the 
voltage-dependent Cs +-block by the Hill equation (Eqn. 
3) yielded Hill coefficients higher than 1, as it has been 
shown for K + channel in the squid axon by Adelman 
and French [26]. These authors found a 1 : 1 stoichiom- 
etry at a potential of 26 mV increasing to a 2:1 stoi- 
chiometry at - 86  mV. 1 /xM DTX, a toxin of the 
eastern green mamba (Dendroaspis angusticeps), blocks 
voltage-dependent K ÷ channels of the I-type but not 
the F-type [12]. It did not show any effect on brown 
adipocytes. 

Voltage-insensitive potassium channel 
A potassium channel, insensitive to voltage, to Ca 2+ 

and to 10 mM TEA was found for the first time in 
adipocytes. Such channels are suspected of being re- 
sponsible for the resting membrane potential in pe- 
ripheral nerves [32] or in sympathetic ganglia [33]. They 
obviously need not all be the same type of potassium 
channel. For example, an ATP-sensitive K + channel 
determines the resting potential in pancreatic /3-cells 
[34]. It has been asked for some time why the resting 
potential as a potassium equilibrium potential has a 
very low sensitivity to TEA although nearly all potas- 
sium channels are blocked by this substance. The chan- 
nel described here may explain this phenomenon for 
brown adipocytes. Unfortunately, the channel was ob- 
served only infrequently so that we were not able to 
test it systematically for blocking substances like Ba 2+ 
[33]. Blocking it specifically could easily show whether 
the channel is functionally related to the resting poten- 
tial or not. 

So far, three ion channels have been shown on the 
single-channel level in brown adipocytes: (i) a nonse- 
lective channel for monovalent cations, activated by 
cytosolic Ca 2+ but indirectly probably also by/3-agonists 
[4,7], (ii) a potassium channel of the delayed-rectifier 
type, and (iii) a voltage-independent potassium chan- 
nel. In perforated-patch whole-cell recordings, a Ca 2 +- 
activated K + channel (apamin- and TEA-sensitive) has 
been described [9] and Ca2+-influx has been reported 
on the basis of fura-2 measurements [11]. As a result of 
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their stimulation by noradrenaline, brown adipocytes 
undergo a biphasic depolarization interrupted by a 
brief hyperpolarization [2]. The fast transient inward 
current and a slower K+-carried outward current are 
a-mediated, while the sustained inward current follows 
/3-receptor activation [3,9]. The physiological signifi- 
cance of the membrane fluxes induced by noradrena- 
line stimulation remains to be resolved. Potassium ef- 
flux together with Na+-influx through the nonselective 
channel drive the Na+/K+-ATPase whose activity is 
thought to be responsible for about 5-15% of the heat 
production of an activated cell [6]. In contrast, Pap- 
pone and Lucero [35] found that blocking the TEA- 
sensitive channels did not reduce the maximum 
metabolic response to adrenergic stimulation. How- 
ever, a response as small as 5% of total heat produc- 
tion is about of the size of their error bars, so it may 
have escaped detection. Nevertheless, brown adipocytes 
possess a much more powerful heat source by their 
uncoupling mechanism in the inner mitochondrial 
membrane and it is likely that there is a further and as 
yet unknown reason for developing such a complex 
electrical response to noradrenaline stimulation. 
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