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S u m m a r y .  Patch-clamp studies of single ion channel currents in 
freshly isolated murine B lymphocytes are characterized here 
according to their respective unitary conductances, ion selectivi- 
ties, regulatory factors, distributions and kinetic behavior. The 
most prevalent ion channel in murine B lymphocytes is a large 
conductance (348 pS) nonselective anion channel. This report 
characterizes additional conductances including: two chloride 
channels (40 and 128 pS), a calcium-activated potassium channel 
(93 pS), and an outwardly rectifying potassium channel which 
displays two distinct conductances (18 and 30 pS). Like the anion 
channel, both chloride channels exhibit little activity in the cell- 
attached patch configuration. The kinetic behavior of all of these 
channels is complex, with variable periods of bursting and flick- 
ering activity interspersed between prolonged closed/open inter- 
vals (dwell times). It is likely that some of these channels play an 
important role in the signal transduction of B cell activation. 

K e y  W o r d s  anion channel . potassium channel �9 chloride 
channel - patch clamp �9 single-channel recording - murine B lym- 
phocytes 

Introduction 

Crosslinking of membrane immunoglobulin (m)Ig 
on B lymphocytes stimulates B lymphocytes to en- 
ter the cell cycle. Recent studies have also impli- 
cated a number of second messenger systems in the 
transduction of the growth-promoting signal. Using 
mlg crosslinking to activate B cells, diacylglycerol 
and 1,4,5-trisinositolphosphate have been identified 
as primary second messengers responsible for an 
increase in intracellular Ca 2+, and activation of 
phosphokinase C which is, in turn, thought to be 
responsible for the transition of B cells from Go into 
S phase (Bailey & Siu, 1987). Moreover, rapid 
membrane depolarization occurs after crosslinking 
of mlg (Monroe & Cambier, 1983). These observa- 
tions suggest a role for ion channels as important 
components of initial signal transduction events. 
Only a few reports at this time have characterized 
ion channels in resting B cells and have explored 
their functional roles. Among the channels cur- 

rently reported are a large conductance nonselec- 
tive anion channel (Bosma, 1989; McCann et al., 
1989a) and a cyclic AMP modulated potassium 
channel (Choquet et al., 1987). Voltage-gated cal- 
cium channels have been identified in neoplastic 
lymphocytes (Fukushima & Hagiwara, 1983; Fu- 
kushima, Hagiwara & Saxton, 1984), where they 
are involved in regulation of the cell growth cycle 
(Fukushima & Hagiwara, 1985). In human tonsilar 
B lymphocytes, a chloride conductance has been 
related to volume regulation (Grinstein et al., 1983). 
The significance of differences observed in the ex- 
pression of ion channels in lymphocytes obtained 
from various sources (i.e., human lymphoid tissue, 
murine splenic cells, hybridomas derived from fu- 
sion with myeloma cells) remains to be determined. 
We have selected normal B lymphocytes freshly 
isolated from murine spleens in order to establish a 
data base from which to evaluate changes in ion 
channel conductances induced by mitogens, ligands 
for membrane immunoglobulin, and lymphokines. 
We have thus, constructed this profile of ion chan- 
nel conductances and their respective biophysical 
characteristics. 

Materials and Methods 

ISOLATION OF B LYMPHOCYTES 

B cells were prepared from the spleens of 8-12 week-old DBA/2J 
and C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME). 
Spleens were dissociated into a single cell suspension and eryth- 
rocytes were lysed by treatment with Tris-buffered ammonium 
chloride. T cells were cytotoxically eliminated by treatment of 
the spleen cells with anti-Thy 1.1 (HO-13.2; American Type Tis- 
sue Culture Assoc., Rocklyn Pike, MD) and a complement (Ac- 
curate Scientific, Westbury, NY). Viable cells were isolated by 
flotation on Ficoll-Hypaque (Sigma Chemical, St. Louis, MO). 
Purity of the cell preparation was verified by cytofluorimetry and 
found to be 95% B lymphocytes. 
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PREPARATION 

Electrodes were pulled from cleaned Corning #7052 glass capil- 
lary tube and coated with Sylgard 184 (Dow Coming). Tips were 
fire polished to resistances of 5 to 8 M~). Suction was applied by 
way of a syringe coupled to a manometer and the electrode 
holder. Freshly isolated B lymphocytes were placed in a cham- 
ber (0.15 ml volume) which was equipped with multiple pipettes 
that made individual connections with an array of test solutions. 
This method provided rapid exchange of the bath. Junction po- 
tentials were balanced out by way of a bath amplifier (Dagan) 
coupled through a 3 M KCl-filled conventional microelectrode. 
Bath ground was a silver-chloride wire coupled to the bath solu- 
tion via an agar-bridge. A volume of 0.15 ml of B lymphocytes 
(10 6 ) w a s  placed in the chamber and the cells were then washed 
very gently with physiological saline in the perfusion system. 
The chamber was placed on the stage of a Zeiss inverted phase 
microscope where cells were observed with a 40x water immer- 
sion objective in conjunction with 16x oculars. Inside-out 
patches were achieved by rapidly pulling the small section of 
membrane sealed to the pipette away from the cell. All experi- 
ments were carried out at room temperature (22-24~ 

SOLUTIONS 

All solutions were made with reagent grade chemicals and dis- 
tilled de-ionized water. Stock solutions were filtered through 
0.45 p~m nitrocellulose (Millipore, MA) and stored at 4~ Solu- 
tions for filling the bath and patch electrodes were again filtered 
through 0.22-p~m syringe filters immediately prior to use. The pH 
of the solutions was adjusted to 7.4 using a minimum of the base 
whose counter ion was already present in high concentration. 
Both EGTA and HEPES were used to buffer Ca 2- and pH, re- 
spectively. Except where noted, patch experiments were con- 
ducted in normal physiological gradients. Extracellular solution 
for these gradients consisted of (in raM): 140 NaC1, 4.5 KC1, 2 
CaC12, 1 MgC12, and 10 HEPES buffer. Intracellular solution 
consisted of(in mM): 140 KC1, 4.5 NaCI, 0.10 CaC12, 1 MgC12, 1.1 
EGTA, and 10 HEPES buffer. Ion substitution experiments were 
conducted as previously described (McCann et al., 1989a). 

ANALYSIS OF SINGLE-CHANNEL DATA 

Data were analyzed for conductance, selectivity, and kinetics 
with a computer program as previously described (McCann et 
al., 1987b). All measurements cited in the results section of this 
paper are reported with the number of observations (n) and stan- 
dard error in the 95% confidence range. Reversal potentials were 
derived for each experiment by extrapolating I vs. V curve to 
zero current. Conductances were calculated from the slope of 
the linear regression line of the I vs. V curve at points closest to 
ER. For nonrectifying conductances, only I vs. V curves with 
regression coefficients >0.95 for the root mean squared test were 
included in this report. Relative permeabilities of recorded chan- 
nels to ions in the bath and pipette solutions were determined 
using the Goldman-Hodgkin-Katz equation as described by Hille 
(1984): 

(R1)  ((PK[K]o + PNa[Na]o + Pc~[CI]i)I 
Erev = ~ In \(PK[K]I + P~a[Na]i + PcI[C1]o)/" 

Kinetic measurements were calculated from half-amplitude 
crossings of single-channel currents to baseline current. If more 
than one channel was present, the number of channels in the 
patch was estimated by finding the maximum number of discrete 
current steps of the appropriate amplitude for all recordings in a 
given patch. This method does not negate the possibility of the 
existence of additional channel(s) in the patch. The probability of 
a channel being open (percent open time) was determined by: 
~,~(nP,)/N (Palmer & Frindt, 1986), where N is the number of 
channels estimated to be in the patch and nP, refers to the proba- 
bility of n of the N channels in the patch being open as deter- 
mined by percent open time for n channels. Similarly, frequency 
of opening was defined as the number of half-amplitude crossings 
to the open current level, divided by the number of channels in 
the patch. All voltages presented follow the convention of refer- 
encing the inside of the cell membrane with respect to the outside 
of the cell membrane, and inward currents are downward, out- 
ward currents upward. 

Significant differences arising from experimental variables 
in conductance, reversal potential, and percent open time were 
determined by the unpaired Student's t test. Experimental data 
with p values less than 0.05 were considered significantly differ- 
ent. 

DATA ACQUISITION 

Single-channel currents were measured in either a cell-attached 
or inside-out (i/o) patch configuration using the model 8900 patch 
clamp/whole cell clamp head stage and amplifier circuit (Dagan, 
Minneapolis, MN). Only seal resistances greater than 1 Gfl, 
measured with a 20-mV square wave test pulse, were used for 
recording. 

Data were recorded on an IBM AT equipped with a hard 
disk via a 12 bit a/d converter (Data Translation, DT2801a). The 
program used for data collection was as previously described 
(McCann, Stibitz & Keller, 1987b). Cells were held at a predeter- 
mined membrane voltage close to the resting potential, then the 
command potential was stepped by 10-mV increments and chan- 
nel activity was recorded at each membrane potential for 20 sec. 
To allow recovery of the membrane from each command pulse, 
the voltage was returned to the holding voltage for a period of 20 
sec. In all experiments data were filtered at 300 Hz and digitized 
at 1 kHz. 

Results 

P r e v i o u s  s t u d i e s  o f  i n s i d e - o u t  p a t c h e s ,  o b t a i n e d  

f r o m  f r e s h l y  i s o l a t e d  u n t r e a t e d  B l y m p h o c y t e s ,  

c h a r a c t e r i z e d  a l a r g e  c o n d u c t a n c e  (348 pS )  a n i o n  

c h a n n e l  w h i c h  w a s  n o n s e l e c t i v e  to  a s p a r t a t e  ( M c -  

C a n n  e t  a l . ,  1989a) .  T h i s  c h a n n e l  h a s  a l s o  b e e n  
c h a r a c t e r i z e d  in a m o u s e  ce l l  l i n e  ( B o s m a ,  1989).  

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

i ze  f o u r  a d d i t i o n a l  c h a n n e l s  a c c o r d i n g  to  t h e i r  re -  

s p e c t i v e  s i n g l e - c h a n n e l  c o n d u c t a n c e ,  i o n  s e l e c t i v -  

i ty ,  r e g u l a t o r y  f a c t o r s  a n d  k i n e t i c s .  T h e s e  c h a n n e l s  
i n c l u d e :  a 4 0 - p S  c h l o r i d e  c h a n n e l ,  a 128-S c h l o r i d e  
c h a n n e l ,  a 9 3 - p S  c a l c i u m - a c t i v a t e d  p o t a s s i u m  c h a n -  

ne l ,  a n d  a n  o u t w a r d  r e c t i f i e r  p o t a s s i u m  c h a n n e l  
w i t h  t w o  p r e d o m i n a n t  c o n d u c t a n c e s  (18 a n d  30 pS) .  
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Table. Summary of channel characteristics 
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Channel Conductance Selectivity 
(pS) 

Kinetic effectors 

Voltage [ C a 2 + ] i  Excision 

Incidence 
(n = 221) 

Anion 348 • 4.4 

Outward-rectifying K + 18.5 +- 1.4 
30.1 -+ 2.7 

40-pS CI- 40.2 -+ 3.2 

128-pS C1- 128.0 -+ 14.6 

[CaZ+]ractivated K + 93.3 -+ 6.2 

C l - > A s p > N a  + > K  §  

K + > N a  § > C I  > A s p > T E A  
K + > N a *  > C 1 -  > A s p > T E A  

CI- > A s p >  K + > Na" > T E A  

CI > A s p >  K + > Na + > T E A  

K + > CI- > Na + > A s p > T E A  

yes no yes 87 

yes slight no 20 
yes no no 6 

yes no yes 23 

slight no yes 9 

yes yes yes 7 

We present individual characterizations for each of 
these channels and describe a composite profile of 
ion channels in murine B lymphocytes. A summary 
of these data is shown in the Table. 

O U T W A R D L Y  R E C T I F Y I N G  K + C H A N N E L  

An outwardly rectifying K + channel exhibiting two 
distinct conductances, 18.5 + 1.4 pS (n = 14) and 
30.1 _+ 2.7 pS (n = 6), was found in both cell-at- 
tached and i/o patches. No significant change in ki- 
netic behavior occurred as a result of patch exci- 
sion. In the majority of our experiments where this 
channel was observed, only one conductance was 
observed in the current recordings. The 18-pS con- 
ductance was usually found as a single unitary con- 
ductance with no evidence for an associated 30-pS 
conductance (n = 14). Conversely, opening and 
closing of the 30-pS conductance frequently exhib- 
ited fast transitions (flickering) to/from the 18-pS 
conductance (n = 6). Because these experiments 
displayed only occasional dwell times in this appar- 
ent 18-pS subconductance state, amplitude histo- 
grams were used to elucidate both conductances. 
Figure 1A shows an experiment in which both K § 
conductances are clearly visible. In these current 
recordings, the 18-pS conductance appears hidden 
in the fast transitions to the 30-pS open state from 
-40 to -20 mV. At - 10 mV the 30-pS conductance 
partially inactivates down to the 18-pS conductance 
and prevails at all subsequent depolarizing voltages. 
The I/V curve (Fig. 1B) shows that both conduc- 
tances have the same Erev and display the outward 
rectification characteristic of these channels. Fur- 
thermore, the conductances are exclusively selec- 
tive to K + (PK/PNa = 28 : 1, PK/PcI = 13 : 1) and are 
blocked by both TEA and Ba 2§ Ca z+ added intra- 
cellularly induced a slight decrease in the percent 
open time of the 18-pS conductance. Both conduc- 
tances display classic voltage-gated kinetics but are 

active in distinct voltage ranges. In particular, 
greater depolarizing pulses are required to activate 
the 18-pS conductance than the 30-pS conductance. 
(Fig. 1C and D). The 30-pS conductance generally 
exhibits much faster kinetics than the 18-pS con- 
ductance. Both conductances increase with de- 
polarizing voltages but do so at rates which bear no 
similarity. The possibility that both K + conduc- 
tances are independent channels with the same 
ionic selectivity is negated by the deviation of the 
amplitude histogram from the predicted binomial 
distribution for two independent channels (Fig. 1E). 
Similar deviations were observed for the majority of 
current traces exhibiting one or both of these K + 
channel conductances. Although cooperativity be- 
tween these two conductances is evident, they each 
display occasional long dwell times in their respec- 
tive open states and thus do not fall into the cate- 
gory of conventional subconductance states. 

40-pS C1- CHANNEL 

A 40.2 _+ 3.2 pS (n = 7) chloride channel was mea- 
sured in i-o patches. This channel, like the large 
conductance anion channel, was frequently inactive 
in the cell-attached patch configuration, becoming 
active with excision of the patch. The channel was 
voltage sensitive and exhibited greater kinetic activ- 
ity at positive than at negative command potentials. 
Occasionally, large depolarizing pulses induced 
channel activity in the cell-attached configuration. 
Figure 2_4 shows typical current recordings of C1- 
influx at positive voltages in symmetrical C1- gradi- 
ents. The corresponding I/V curve for this experi- 
ment displayed outward rectification characteristic 
of this channel (Fig. 2B). The channels were highly 
selective for C1 (PcI/PNa = 12, Pcl/PK = 16, Pcl/ 
eAsp = 16), which is illustrated by the resulting shift 
of Er~v to Ecl with aspartate substituted for CI- in 
the bath (Fig. 2C). Although percent open times for 
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Fig. 1. Characterization of outward-rectifier K + conductances. 
(A) Current recordings in an i/o patch in normal physiological 
gradients displaying both 18- and 30-pS conductances. In the first 
three recordings, only the 30-pS conductance prevails. Transient 
flickering to the 18-pS conductance can be resolved only via 
amplitude histograms (cf. methods). At - 10  mV the 30-pS con- 
ductance partially closes to the 18-pS conductance which pre- 
dominates over subsequent depolarizing voltages. (B) I/V curves 
showing the K + selectivity and characteristic outward rectifica- 
tion of both conductances (EK = - 86  mV). (C, D) Histograms of 
frequency of channel opening and percent open time, respec- 
tively, for both conductances. Each conductance displays kinet- 
ics which are classically voltage gated in respectively distinct 
ranges of voltage (n = 4). (E, F)  Cooperativity between conduc- 
tances. (E) A 2.5-sec current trace from which analysis in F was 
used. (F) Amplitude histogram (solid line), elucidating distinct 
current amplitudes in the recording. The binomial distribution 
(broken line) indicates the predicted current amplitudes for two 
independent channels in the patch, each with a probability of 
opening derived from the largest current amplitude measured in 
the amplitude histogram. The binomial was fitted to a normal 
distribution with variance determined from baseline current in E. 
The deviation between the two curves negates the possibility of 
independent conductances and suggests cooperativity between 
two subconductances which collectively define the 30-pS K + 
conductance 

this chloride channel (Fig. 2D) resembled those of 
the other channels described in this paper, it exhib- 
ited kinetics which were typically slower (Fig. 2E) 
with erratic dwell times (Fig. 2A). Our studies show 
that [Ca2+]i elicited no effect on this chloride chan- 
nel. 

128-pS C1- CHANNEL 

A 128.0 + 14.6 pS (n = 3) chloride channel was also 
found which, like the 40-pS chloride channel and 
the anion channel, was inactive in the cell-attached 
patch but activated with patch excision. Unlike the 
40-pS chloride channel, this chloride channel was 
only slightly sensitive to voltage and was active at 
more negative potentials. This conductance was 
usually composed of transient spikes between the 
open and closed states. These transitions were 
more sporadic than the frequent transitions with ac- 
tivation of the outward rectifying K + channel. Dis- 
tinct dwell times in the open state were rarely mea- 
sured. Both the infrequent dwell time openings and 
the more prevalent bursting of this channel are illus- 
trated in Fig. 3A. This channel was selective for Cl- 
over cations in the same manner as the 40-pS chlo- 
ride channel (Pcl/PNa = 11, Pcl/PK = 8), but was 
more permeable to the large aspartate anion (Pc1~ 
PA~p = 4). I/V plots showed a linear relationship 
(Fig. 3B) in contrast to the outward rectification 
characteristic of the 40-pS C1- channel. The kinet- 
ics of this channel resemble those of the 40-pS C1- 
channels but are less voltage sensitive by compari- 
son (Fig. 3C and D). 

Ca2+-ACTIVATED K + CHANNEL 

A 93.3 -+ 6.2 pS (n = 4) Ca2+-activated K + channel 
was recorded in only a small percentage of our ex- 
periments. The permeability of this channel was 
highly selective towards K § (PK/PNa = 21, PK/Pcl = 
20, cf. Fig. 4B). In cell-attached patches channel 
activity was observed only after applying large de- 
polarizin~ voltages (+50 mV) to elicit outward K + 
currents. Increasing [Ca2+]o has no effect on chan- 
nel activity in the cell-attached configuration. Exci- 
sion of the patch into the i/o configuration induced 
spontaneous channel activity in normal physiologi- 
cal gradient (10 .8 [Ca2+], -) at both negative and posi- 
tive potentials. Upon increasing [Ca2+]i, the kinetic 
activity of this channel increased in a dose-depen- 
dent manner. Adding EGTA to the bath (intracellu- 
lar side) reversibly inactivated the channel. The ki- 
netics of this channel were composed of both 
bursting activity and amplitudes with variable dwell 
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Fig. 2. Characterization o fa  40-pS chloride channel. (A) Current recordings from an i/o patch in symmetrical chloride gradients (140 
mM C1-) showing single-channel chloride currents at positive voltages. Both bursting and dwell times in the open state are displayed. 
(B) 1/V curve plotted from the current records in A displaying outward rectification. (C) I /V  curve of same channel with aspartate 
substituted for chloride in the bath. Note shift of Erev towards Ec[ (-86 mV). (D, E) Histograms for both frequency of channel opening 
and channel percent open time display voltage-gated kinetics at positive voltages (n = 5) 
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Fig. 3. Characterization of a 128-pS chloride channel. (A) Current recordings from an i/o patch in symmetrical chloride gradients. This 
channel displays more bursting activity and fewer distinct dwell times in the open state than does the 40-pS CI channel. (B) I /V plot for 
same experiment showing linear relationship. (C, D) Histograms of kinetic activity in symmetrical CI- gradients (n = 3). This channel is 
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Fig. 4. Characterization of a 93-pS calcium-activated potassium 
channel. (A) Current recordings of three consecutive experi- 
ments from the same i/o patch in different [Ca2+]i. Current re- 
cordings were obtained in 140 mM [K+]o and 5 mM [K+]i gradients 
to elucidate inward K + currents. (B) 1/V curve for same patch, in 
same gradients, demonstrating shift of Erev towards EK (+80 
mV). (C, D) Histograms displaying dose-dependent effect of 
[Ca2+]~ on both channel percent open time and frequency of 
opening (n = 3) 

times. At least two open states were apparent. Both 
the rate of channel opening and the aggregate dwell 
time of the channel increased in direct proportion to 
[Ca2+]i (Fig. 4C and D). [CaZ+]i induced both inward 
and outward K + currents at various voltages in i/o 
patches. Figure 4A illustrates Ca2+-activated in- 
ward current of this voltage-insensitive channel. Al- 
though not previously characterized in B lympho- 
cytes, indirect evidence has suggested the presence 
of this channel (Macdougall, Grinstein & Gelfand, 
1988a). 

OTHER CONDUCTANCES 

Additional single-channel currents were observed 
which we have not completely characterized due to 

their infrequent occurrence and lability. At least 
two different channels with single-channel conduc- 
tanes < 10 pS were recorded. One of these may cor- 
respond to the Ca 2+ conductance recorded in sev- 
eral lymphocyte cell lines (Fukushima & Hagiwara, 
1983; Kuno et al., 1986). Similarly, we observed a 
40-pS channel, distinct from the 40-pS chloride 
channel with properties that suggest Na + selectiv- 
ity. In addition to the ion channels characterized in 
the resting B lymphocytes, there probably are 
others that are revealed only upon activation. The 
large conductance anion channel is the predominant 
channel observed in i/o patches but remains inactive 
in the cell-attached patch configuration (McCann et 
al., 1989a; Bosma, 1989). Similarly, an inward-rec- 
tifying K + channel is found only in murine B cells 
cultured with lymphokine Interleukin-4 (McCann et 
al., 1989b). 

Discussion 

Single-channel currents measured in more than 200 
patches of murine B lymphocyte membranes has 
provided data for the construction of a composite 
profile of the predominant ion channels present and 
their respective biophysical properties. In addition 
to the large conductance nonselective anion chan- 
nel (348 pS) (McCann et al., 1989a), we now charac- 
terize four smaller conductance channels which in- 
clude: an outwardly rectifying potassium channel, 
two chloride channels (40 and 128 pS), and a cal- 
cium-activated potassium channel (93 pS). The out- 
wardly rectifying K + channel exhibited two distinct 
but cooperative conductances (18 and 30 pS). The 
anion channel and both chloride channels were fre- 
quently inactivated in the cell-attached configura- 
tion, becoming active with excision to an i-o patch. 
Similarly, the calcium-activated potassium channel 
displayed a twofold increase in percent open time 
with excision of the patch. All channels displayed 
some degree of voltage sensitivity. Similar to the 
anion channel, the 40-pS chloride channel required 
extensive depolarizing pulses to activate. Both out- 
wardly rectifying K + conductances displayed clas- 
sic voltage-gated kinetics. Although both conduc- 
tances of this channel required depolarization to 
activate, each remained active in relatively distinct 
ranges of voltage. All voltage-sensitive channels 
displayed some plasticity, activating at more nega- 
tive voltages following successive depolarizing 
pulses. Extreme depolarizing pulses (> +80 mV) of- 
ten inactivated these channels. A summary of the 
types of ion channels we have characterized is pre- 
sented in Fig. 5. 
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A 

Outward K+ Rectifier 

B 

Cell Attached 
Anion 4.3% 

Other 21.3% 

42.6% 

Ca++ activated K+ G.4% 

C~ 6.4 '/, . oo 

40 pS CI- 19,1% 

Inside/Out 

Anion 50.6% O~her 15.1% 

Car+~SCI~ aclivaled. 52. % K+ 4.1% 

Oulward K* Rectifier 11.6% 40 pS CI- 13.4% 

Fig. 5. Pie graphs summarizing and comparing the relative pres- 
ence of channel conductances in murine B lymphocytes in both 
(A) the cell-attached patch configuration and (B) the inside-out 
patch configuration. Graphs reflect frequency of channel occur- 
rence in the total number of recorded patches (n = 221). Percent- 
age values were normalized to the total number of distinct 
patches that expressed channel activity. Collectively, the graphs 
illustrate a significant difference in the composition of channel 
activity with respect to patch configuration. The large conduc- 
tance anion channel, predominant in i/o patches, remains virtu- 
ally inactive in the cell-attached configuration. Similarly, the 
chloride channels are frequently inactive in the cell-attached 
configuration. The delayed rectifier K + channel appears to pre- 
dominate in the cell-attached configuration in the absence of the 
large conductance anion channel 

have been the target for numerous ion channel stud- 
ies, but relatively few studies have focused on B 
cells. Both K + channels and Ca 2+ channels have 
been characterized in T cells and linked to cellular 
function (Chandy et al., 1984; Chandy et al., 1985; 
Gray et al., 1989). Cahalan et al. (1985) found de- 
layed rectifying K + channels predominant in T cells 
and have recently confirmed their presence in B 
lymphocytes (Sutro et al., 1988). A Ca2+-induced 
hyperpolarization was measured in human B lym- 
phocytes (Macdougall et al., 1988a), but single 
Ca2+-activated K + channels have not been previ- 
ously characterized in B lymphocytes. A large con- 
ductance anion channel, characterized in both mu- 
rine B lymphocytes (McCann et al., 1989a) and B 
cell hybridomas (Bosma, 1989), has not been identi- 
fied in T lymphocytes. Chloride channels have been 
identified in neoplastic B lymphocytes (Bosma, 
1989), Jurkat T cells, and B lymphoblasts (Chen, 
Schulman & Gardner, 1989). Calcium currents have 
been recorded in both B cell hybridomas (Fu- 
kushima 8: Hagiwara, 1983; Fukushima et al., 1984; 
Fukushima & Hagiwara, 1985) and human B cells 
(Macdougall et al., 1988a; Macdougall, Grinstein & 
Gelfand, 1988b), but single Ca 2+ channels have not 
yet been effectively characterized in B lymphocytes 
as they have in T lymphocytes (Kuno et al., 1986). 
Na + channels have not been found in B lympho- 
cytes, but an anti-IgM induced depolarizing Na + 
current has been observed in human tonsillar B cells 
(Macdougall et al., 1988b), and Na + can be con- 
ducted through Ca 2+ channels in mouse neoplastic 
B lymphocytes (Fukushima & Hagiwara, 1985). 

ION CHANNELS IN B LYMPHOCYTES 

Past electrophysiological studies on cells of the im- 
mune system have suggested that ion channels play 
a role in the immune response perhaps by initiating 
a biochemical cascade of enzymatically controlled 
events. Ion channels apparently mediate many im- 
munological functions including: IgE crosslinking in 
mast cells (Kanner & Metzger, 1984), phagocytosis 
and activation in macrophages (Ding-E Young et 
al., 1983a,b; Ince et al., 1988), and cytotoxicity of 
both killer T cells (Ding-E Young et al., 1986; Mi- 
kael, Janet & Maj-Britt, 1987; Sharma, 1988) and 
natural killer cells (Ng, Fredholm & Jondal, 1987). 
Moreover, some immunological cells behave as ex- 
citable cells (Gallin & Livengood, 1980; McCann et 
al., 1983). T lymphocytes, which arise from the 
same hematopoetic progenitor as B lymphocytes, 

THE OUTWARD RECTIFYING 

POTASSIUM CHANNEL 

Our studies define two subclasses of this channel by 
virtue of their respective conductances and voltage 
sensitivities (cf. Fig. 1). The 18-pS conductance re- 
sembles the delayed rectifier potassium channel de- 
scribed as the predominant ion channel in T lym- 
phocytes (Cahalan et al., 1985; Lewis & Cahalan, 
1988). We suggest that these conductances corre- 
spond to two of the three subclasses of outward 
rectifier K + channels (n, n', l) characterized in T 
lymphocytes (Lewis & Cahalan, 1988). Specifically, 
the 30-pS conductance appears similar to the/-type 
K + channel and the 18-pS to the n or n'-type K + 
channel. In patches where the 30-pS conductance 
was observed, the 18-pS conductance appeared as a 
subconductance state for the 30-pS unitary conduc- 
tance. However, the 18-pS conductance was most 
often observed as its own unitary conductance in 
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patches where no 30-pS conductance was found. 
Thus the 18-pS conductance does not fall into the 
category of conventional subconductance states. 
One possible structural model for this cooperativity 
is the physical association of two 18-pS K + chan- 
nels in the membrane to form a dimer complex 
which acts synnergistically to create a 30-pS con- 
ductance. Similar models have been used to explain 
the cooperative increases in ligand binding affinity 
of various receptors (e.g., the IL2 receptor (Smith, 
1988)). In channels which display numerous sub- 
conductance states, multibarrel models have been 
created to describe the complex gating mechanisms 
(Krouse, Schneider & Gage, 1986; Hunter & 
Giebisch, 1987). Voltage-gated K + channels, clearly 
present in lymphocytes, suggests that an outward 
rectifier K + channel can have a functional role in 
cells even though they are generally regarded as 
nonexcitable. Voltage-gated K § currents (whole 
cell) in T lymphocytes (DeCoursey et al., 1984; 
Deutsch, Krause & Lee, 1986; DeCoursey et al., 
1987) and in B lymphocytes (Fukushima & Hagi- 
wara, 1985) are generated by individual K + chan- 
nels that have similar electrical and pharmacologi- 
cal properties (Cahalan et al., 1985; Choquet et al., 
1987). The observed expression of this channel in 
the early developmental stages of both cell types 
(McKinnon & Ceredig, 1986; Schlichter, Sidelt & 
Hagiwara, 1986) suggests that the channel is com- 
mon to both T lymphocyte and B lymphocyte lin- 
eages and may share similar functional roles. In T 
cells three subclasses of the delayed rectifying K + 
channel have been characterized and correlated to 
T cell proliferation, differentiation, and mitogenic 
activation via whole cell recording measurements 
(Lewis & Cahalan, 1988). Conversely, Choquet et 
al. (1987) have shown that little change occurs in B 
lymphocyte whole cell K § currents induced by acti- 
vation, and suggest that the occurrence of this chan- 
nel is unrelated to immunocompetency. Serotonin, 
a well known modulator of voltage-gated K § con- 
ductances in the nervous system, regulates outward 
rectifier K + channels in a pre-B lymphocyte cell line 
(Choquet & Korn, 1988). Cyclic AMP also modu- 
lates the channel, decreasing outward K + currents 
and increasing the rate of inactivation (Choquet et 
al., 1987). 

CALCIUM-ACTIVATED POTASSIUM CHANNELS 

We also present evidence for the presence of a 93- 
pS conductance Ca 2+ and voltage-activated K + 
channel which has not been previously observed in 
B lymphocytes. Ca2§ K + channels have 
been found in macrophages (Gallin, 1984; McCann, 

Keller & Guyre, 1987a), T lymphocytes (Tsien, 
Pozzan & Rink, 1982), rat muscle (Blatz & 
Magleby, 1984), pituitary cells (Wong, Lecar & 
Adler, 1982), sympathetic nuerons (Adams et al., 
1982), Necturus  enterocytes (Sheppard, Giraldez & 
Sepulveda, 1988), and other cell types. [Ca2+]i-sen - 
sitive whole cell K § currents, described in B lym- 
phocytes, have been identified as a component in 
lymphocyte activation (Tsien et al., 1982; Mac- 
dougall et al., 1988a,b). Because we observed that 
[Ca2+]i induced both inward and outward K + cur- 
rents depending on the command potential, we sug- 
gest that the binding of calcium rather than the de- 
polarization associated with a rise in [Ca2+]i 
modulates this channel in the intact cell. These 
channels may act in concert with anion channels to 
regulate secretion in secretory vesicles (Stanley, 
Ehrenstein & Russell, 1988). In macrophages, the 
Ca2+-activated K + channel has been well defined 
and implicated in macrophage function (Persechini, 
Araiyo & Oliviera-Castro, 1980; Gallin, 1984; Mc- 
Cann et al., 1987a). However, these channels are 
not found in freshly isolated monocytes and thus 
are not likely involved in phagocytosis or chemo- 
taxis, functions which are observed in freshly iso- 
lated monocytes (Gallin, 1984; McCann et al., 
1987a). Other studies have attributed regulation of 
both volume and [K+]i to this channel (Deutsch et 
al., 1986). 

CHLORIDE CHANNELS 

We have presented evidence for the presence of 
two distinctly different types of C1- channels. They 
differ primarily in their conductances, sensitivities 
to transmembrane voltage and to a lesser degree, 
their ionic selectivities. C1- channels have been de- 
scribed in a variety of cells with conductances that 
range from <10 pS (Greger, Schlatter & Gogelein, 
1985) to >400 pS (Nelson, Tang & Palmer, 1984; 
Blatz & Magleby, 1985) indicating that multiple 
types exist and that each may express different 
functions. Our characterization of a 40-pS chloride 
channel correlates with other studies performed on 
this channel that suggest it to be the same chloride 
channel that is defective in cystic fibrosis patients 
(Chen et al., 1989). The 40-pS channel displays 
slower kinetics and operates in a voltage range 
more positive to the larger 128-pS channel. The out- 
ward rectification and activation at more positive 
voltages of the smaller channel indicates a role in 
membrane repolarization similar to the delayed rec- 
tification common to certain K § channels. The out- 
ward rectifier K + channel (cf. Fig. 1) may act in 
concert with this Cl- channel as in T lymphocytes 
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(Lee et al., 1988) to effectively regulate cell volume. 
We suggest that the small conductance rectifying 
C1- channel, the outward-rectifying K + channel, 
and the large conductance anion channel, charac- 
terized earlier (McCann et al., 1989a; Bosma et al., 
1989), all interact to endow the B lymphocyte with a 
volume regulatory mechanism required of a cell that 
must exercise vigorous secretory activity. Although 
these cells are resting and therefore presumably not 
secreting antibodies, the machinery is nevertheless 
present awaiting activation by appropriate ligands. 
The larger conductance C1- channel, in view of its 
activation at more negative voltages, may function 
in the control of the resting potential as proposed by 
Bosma (1989). 

OTHER CHANNELS 

The large conductance anion channel is the most 
predominant conductance present in i/o patches in 
B lymphocytes but it remains inactive in the cell- 
attached patch configuration (McCann et al., 1989a; 
Bosma, 1989). Thus, it is plausible that this channel 
is dormant in the intact resting B lymphocyte, re- 
quiring specific stimuli for activation. Indeed, a re- 
cent study on resting murine B lymphocytes reports 
whole cell currents that are primarily mediated by 
K + channels of the delayed rectifier type and not by 
the large conductance anion channel predominant 
in i/o patches (Sutro et al., 1988). Although specific 
functions attributable to anion channels have not 
been clearly defined, several studies have suggested 
a role for anion channels in osmoregulation (Bosma, 
1989) and in secretion (Stanley et al., 1988). 

Neither Ca 2+ nor Na + channels have been 
clearly defined in B lymphocytes. We have not ob- 
served distinct Ca 2+ channels in murine B cells, but 
have measured small unitary currents (<10 pS) 
which may be mediated via Ca ~+ channels. Al- 
though single Ca 2+ channels have not been clearly 
characterized in B lymphocytes, several studies 
have elucidated whole cell Ca 2+ currents. Further- 
more, distinct Ca 2+ channels in T lymphocytes have 
previously been described (Kuno et al., 1986; Pecht 
et al., 1987) as have Ca 2+ channels in a mouse B cell 
hybridoma cell line (Fukushima & Hagiwara, 1983; 
Fukushima & Hagiwara, 1985). We have also ob- 
served a 40-pS channel with properties distinct from 
the 40-pS chloride channel which displays Na + se- 
lectivity. While distinct sodium channels have also 
not yet been characterized in B lymphocytes, Na + 
currents have been recorded and a Na+/H + ex- 
change has been demonstrated in T lymphocytes 
(Dornand, Moatassim & Mani, 1987; Gelfand et al., 
1987). Na + can induce depolarization by conduction 

through Ca 2+ channels in lymphocytes (Fukushima 
& Hagiwara, 1985). Furthermore, voltage-gated 
Na + currents have been associated with drug-resist- 
ant human leukemia cells (Yamashita et al., 1987). 
Thus, although sodium and calcium fluxes have 
been demonstrated, the presence of sodium and cal- 
cium channels in B cells remains unsettled. Al- 
though no inward-rectifying K + channels have been 
characterized in lymphocytes as they have in mac- 
rophages (Gallin & McKinney, 1988), we have re- 
cently recorded them in cultured murine B lympho- 
cytes treated with the lymphokine Interleukin-4 
(McCann, McCarthy & Noelle, 1989b). 

Ion channels have now been shown to mediate 
specific physiological functions of cells involved 
with the immune response. Some of the channels 
characterized in this study are similar to those de- 
scribed in different cell types and may thus share 
similar functional roles in cellular physiology. Other 
channels are likely to be present in B cells and are 
likely to mediate cellular functions unique to their 
specific physiology. Further experimentation will 
elucidate their functional roles. 

This work was supported by U.S. Public Health Services grant 
no. NIH GM37767 and by the Norris Cotton Cancer Center Sup- 
port grant no. CA23018. 
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