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Summary. Hyperpolarization of voltage-clamped Paramecium 
tetraurelia in K + solutions elicits a complex of Ca 2+ and K* 
currents. The tail current that accompanies a return to holding 
potential ( - 4 0  mV) contains two K -  components .  The tail cur- 
rent elicited by a step to - 110 mV of ->50-msec duration contains 
fast-decaying (7 ~ 3.5 msec) and slow-decaying (7 ~ 20 msec) 
components.  The reversal potential of both components  shifts by 
55-57 mV/10-fold change in external [K+], suggesting that they 
represent pure K + currents. The dependence of the relative am- 
plitudes of  the two tail currents on duration of  hyperpolarization 
suggests that the slow K § current activates slowly and is sus- 
tained, whereas the fast current activates rapidly during hyper- 
polarization and then rapidly inactivates. Iontophoretic injection 
of a Ca 2+ chelator, EGTA, specifically reduces slow tail-current 
amplitude without affecting the fast tail component.  Both K + 
currents are inhibited by extracellular TEA + in a concentration- 
dependent,  noncooperative manner,  whereas the fast K + current 
alone is inhibited by 0.7 mM quinidine. 

Key Words inward rectification �9 voltage-dependent K + cur- 
rent �9 Ca2+-dependent K + current . Paramecium 

Introduction 

Although considered to be a primitive animal, Para- 
mecium performs within a single cell many of the 
biological functions more commonly associated 
with higher organisms. The complexity of mem- 
brane excitation in Paramecium epitomizes the de- 
gree of specialization achieved by this protozoan: at 
least eight ion conductances have been described to 
date (Machemer, 1988a). Since ciliary activity is 
coupled to changes in the membrane potential of 
Paramecium, this complexity may reflect the organ- 
ism's need for a fine control over its locomotory 
behavior. 

A regenerative depolarization of Paramecium 
and consequential behavioral events have been well 
characterized and are described in detail elsewhere 
(Eckert & Brehm, 1979; Kung & Saimi, 1982; Saimi 
& Kung, 1987; Machemer, 1988b), but this organ- 
ism also demonstrates a regenerative hyperpolar- 
ization when extracellular K + concentrations are 

low (Satow & Kung, 1977). This transient may re- 
flect activation of an inwardly rectifying K + current 
(Oertel, Schein & Kung, 1978). Although originally 
considered to be an anomaly (Katz, 1949), inward 
rectification is a property of many cell types (see 
review by Rudy, 1988). The phenomenon is usually 
attributed to K § channels, characterized by their 
tendency to open during hyperpolarization and 
close when the cell is depolarized. As a class, in- 
ward rectifiers are poorly understood, as is their 
function. Hille (1984) speculates that their closure 
upon depolarization may help minimize antagonis- 
tic ion current flow during the prolonged depolariza- 
tions that are characteristic of oocytes upon fertil- 
ization and of heart cells. Since inward rectifiers 
generally drive membrane potentials toward EK 
when activated, they may also serve to modulate 
cell excitability. 

The ionic basis of inward rectification in Para- 
mecium has not previously been characterized. 
Saimi (1986) suggested that hyperpolarization of P. 
tetraurelia activates a Ca 2+ current, and there have 
been reports of K § currents activated upon hyper- 
polarization (Oertel et al., 1978; Richard, Saimi & 
Kung, 1986), but the nature and relative contribu- 
tions of these currents to the total membrane re- 
sponse has not been determined. The present study 
re-examines the currents activated upon hyperpo- 
larization of voltage-clamped Paramecium tetraure- 
lia, and details two K § currents that are kinetically 
and pharmacologically distinct. 

Materials and Methods 

C E L L  STOCKS AND C U L T U R E  CONDITIONS 

In order to facilitate cell penetration by microelectrodes and to 
minimize damage resulting from trichocyst release, a trichocyst 
nondischarge mutant line derived from Paramecium tetraurelia 
wild-type stock 51s, nd-6 (nd6/nd6: Sonneborn,  1975), was used 
throughout this study. The electrophysiological and behavioral 
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characteristics of rid-6 are indistinguishable from those of wild- 
type P. tetraurelia (R.R. Preston & Y. Saimi, unpublished). 
Cells were grown and maintained at room temperature (22-24~ 
on a chemically defined, monoxenic medium containing 0.1 g/ 
liter (0.5 mM) glucose, 0.1 g/liter (1.3 raM) NHgacetate, 0.5 mM 
KzHPO4, 0.2 mMMgSO4, 0.5 mM CaC12, 5 mM HEPES buffer, 3 
m s  NaOH, 1 mg/liter stigmasterol, and 7.5 rag/liter phenol red. 
The culture medium was inoculated with Enterobacter aero- 
genes 24 hr prior to use. 

SOLUTIONS 

All solutions contained 1 mM Ca 2+, 0.01 mM EDTA, 1 mM 
HEPES buffer, pH 7.2. The following ion concentrations (in mg) 
were added as required: K'-solut ion:  4 KC1; K+-choline solu- 
tion: 4 KC1, 10 choline C1; K+-TEA + solution: 4 KC1, 10 te- 
traethylammonium (TEA +) chloride; and TEA+-solution: 10 
TEA+C1. 

ELECTROPHYSIOLOGICAL RECORDING 

The techniques used to monitor the membrane currents of Para- 
mecium under two electrode voltage clamp were similar to those 
described previously (Naitoh & Eckert, 1972; Hinrichsen & 
Saimi, 1984). Depending on the nature of the experiment, volt- 
age-recording and current-injection glass capillary microelec- 
trodes were filled with either 3 M KC1 or 4 M C s C 1 ,  tip resistance 
15-25 MII. The cell membrane was voltage clamped near resting 
potential in K+-solution ( -40  mV) using an Axoclamp 2A cur- 
rent- and voltage-clamp module (Axon Instruments), Commands 
for the Axoclamp were provided by a WPI 1830 series stimulator 
(World Precision Instruments), or an S-95 tri-level stimulator 
(Medical Systems). Membrane potential and current signals were 
digitized and displayed on a Nicolet 201 digital oscilloscope (Ni- 
colet Instrument) and stored on magnetic disks for later analysis. 
Membrane currents were filtered at 2 kHz (slow membrane 
events at 1 kHz) using an 8-pole Bessel filter (Frequency De- 
vices, Model 902 LPF). EGTA was injected iontophoretically 
into cells using a third intracellular glass capillary microelectrode 
filled with 100 mM K2EGTA, 1 mM HEPES, pH 7.2. ion- 
tophoretic electrodes filled with the above solution had tip resis- 
tances of 100-200 M~). When necessary, the contents of the 
experimental chamber (capacity ~ 1 ml) were changed using a 
gravity-fed perfusion system with a flow rate of 4 ml/min. 

All experiments were performed at room temperature (22- 
24~ 

DATA ANALYSIS 

Tail current time courses were computer-fitted to single or dou- 
ble exponents using a least-squares method ( 'Asystant+'  data 
analysis program; Asyst Software Technologies). Observations 
of responses to small voltage steps (< 15 mV), or to larger voltage 
steps (30-90 mV) in the presence of K+-current inhibitors, sug- 
gest that capacitive transients settle within 0.5-1 msec of termi- 
nating the voltage command. These transients were excluded 
from estimations of tail-current amplitudes and time constants by 
collecting and fitting data at >-2-3 msec after terminating the 
voltage step. Tail-current amplitudes at the moment of return to 
holding level were thus determined by back-extrapolation and 
are presented relative to holding currents. All data are expressed 
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Fig. 1. Currents activated by hyperpolarization of Paramecium 
tetraurelia in K+-solution. (A) 500-msec hyperpolarizations in 
K+-solution ( -90  to -120 mV in 10-mV steps) activate inward 
current complexes. The broken lines in these and subsequent 
figures represent zero current levels. (B) The amplitude of these 
currents (I,,) at their peak (filled symbols) and at 500 msec (open 
symbols) are plotted as a function of membrane potential (V,~). 
Data are means -+ SD of 16 cells 

as means -+ SD; levels of statistical significance between means 
were assessed using a Student's t test. Recent evidence suggests 
that even small (<12 mV) negative steps from holding potential 
elicit active membrane responses from Paramecium (R.R. Pres- 
ton, unpublished; see also Machemer, 1988a), so currents are 
presented without leakage correction. The membrane resistance 
of each cell was tested with 0.1-0.2 nA current pulses at the 
beginning of the recording period. Cells with resistances of <50 
Mf~ were discarded. 

Results 

HYPERPOLARIZATION-ACTIVATED CURRENTS 

In K+-solution, 500-msec step hyperpolarizations of 
P. tetraurelia under voltage clamp elicit inward cur- 
rents (Fig. IA). These currents typically peak at 
35-95 msec (the current activated by a step to -110 
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Fig. 2. Inhibition of the K + currents by TEA +. (A) Families of 
currents elicited by 500-msec hyperpolarizations (-90 to -120 
mV in 10-mV steps) in K+-choline solution (left), and responses 
to identical voltage steps in K+-TEA + solution (middle). Traces 
to the right show the amount of current that is suppressed by 
TEA + , produced by electronic subtraction of the first two sets of 
traces shown. (B) Concentration dependence of inhibition of the 
fast-decaying (open symbols) and slow-decaying (filled symbols) 
tail currents by TEA +. 75- or 750-msec steps to -110 mV were 
used to elicit tail currents that comprised predominantly fast- and 
slow-decaying components, respectively. Amplitudes of the indi- 
vidual components were first determined in K+-solution, and 
then in the presence of varying concentrations of TEA + . Cho- 
line + was used as a counterion, maintaining the combined TEA+/ 
choline + concentration at 20 m~. Data are the means -+ so of 3-9 
specimens. Inhibition curves were fitted assuming a single TEA + 
binding site 

mV peaks at 55.5 -+ 6.8 msec, n = 38), decay in the 
subsequent 60-100 msec, and then again rise to- 
ward a second peak or plateau. The amplitude of 
the first, peak current and currents at 500 msec are 
shown as a function of  membrane potential in Fig. 
lB. 

These hyperpolarization-activated inward cur- 
rents in K+-solution actually represent a complex of 
currents.  These composites include 'leak' current, 
an inward Ca 2+ current  (Saimi, 1986; Hennessey,  
1987; see below), and one or more K + currents. 
Adding 10 mM TEA + (a commonly used K + channel 
inhibitor) to the extracellular solution reduces the 
amplitude of the peak current and the current at 500 
msec by ->70% (Fig. 2A and Table 1,A), and almost 
completely suppresses the outward tail current ob- 
served in a control solution. This suggests that the 
outward tail current  and a major portion of the in- 
ward current are carried by K +. Previous studies 
have suggested that the K + current(s) activated by 
hyperpolarization of Paramec ium may have voltage 

and/or  Ca 2+ dependence (Oertel et al., 1978; Rich- 
ard et al., 1986). The precise nature and number of 
K + currents,  or their relative contributions to the 
total inward current  observed following hyperpolar- 
ization, was unknown, however.  The composite na- 
ture of the inward current precludes a study of the 
properties of the individual K + currents in isolation. 
However ,  it may be possible to draw conclusions 
about the properties of these currents from a study 
of their tail currents upon returning to holding po- 
tential. First, it was necessary to determine the rela- 
tive purity of the tail current by examining possible 
contributions from other hyperpolarization-acti- 
vated currents. 

HYPERPOLARIZATION-AcTIVATED 

C a  2+ CURRENT 

K + currents were suppressed by bathing cells in 
K+-free, 'TEA+-solution ', and by the use of Cs +- 
filled voltage-recording and current-injection micro- 
electrodes. Cs + is presumed to diffuse from the 
electrodes and inhibit the K + currents internally. 
The Ca2+-dependent Na + current  is not observed in 
the absence of  external Na +, so the currents that 
remain under these conditions are suggested to 
comprise ' leak' current and a hyperpolarization-ac- 
tivated Ca 2+ current.  

In TEA+-solution, a 500-msec step hyperpolar- 
ization to -110  mV activates an inward current that 
peaks at 30-40 msec and then decays rapidly to a 
new, sustained level (Table 1,D). The peak repre- 
sents a novel Ca 2+ current (Saimi, 1986; Hennes- 
sey, 1987). Termination of the voltage step during 
the inward peak elicits a small inward tail current (a 
40-msec step to - 110 mV elicits a tail of  - 1.3 -+ 0.4 
hA, mean + SD, n = 15). This tail current rapidly 
decreases in amplitude with increasing step dura- 
tion; steps of >70-100 msec elicit tail currents too 
small to be measured with accuracy. 

The inward tail currents in TEA+-solution are 
small and inactivating, suggesting that the tails ob- 
served following hyperpolarization in K+-solution 
are relatively pure K + currents.  Thus, we can use 
these tails to characterize the associated inward K + 
current(s), bearing in mind that outward tail cur- 
rents elicited by short (<100 msec) steps may be 
contaminated by a small inward component.  

T w o  KINETICALLY DISTINCT K + CURRENTS 

ACTIVATED UPON HYPERPOLARIZATION 

The tail current that follows a 500-msec step to 
- 1 1 0  mV in K+-solution decays with a time course 
that is approximated by the sum of  two exponents 
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Table 1. Values for peak and sustained components  of the in- 
ward currents act ivated by 500-msec hyperpolarizations in vari- 
ous solutions 

/peak, nA 15oo, nA n 

A K+-choline -13 .7  -+ 4.2 - 1 2 , 9  +- 3.5 
K+-TEA + - 4 . 3  + 1.0 --4.1 -+ 1.0 

B K+-solution - I 7 . 2  -+ 3.1 - 1 3 . 6  + 2.5 
after EGTA - 7 . 7  -+ 1.9 - 8 . 4  +_ 1.8 

C + Quinidine inhibited - 1 2 . 2  
after EGTA - -  - 8 . 3  

K + currents  suppressed  a 
D Cs+/TEA + - 3 , 9  + 0.8 --2.5 +- 0.5 
E Cs+/TEA + - 4 . 2  -+ 1.0 - 2 . 8  + 0.5 

after EGTA - 3 . 9  -+ 0.9 - 3 . 2  +- 0.3 
F Cs+ /TEA + - 3 . 7  -+ 0.7 - 2 . 4  _+ 0.6 

after quinidine - 3 . 6  +- 0.5 - 2 . 5  _+ 0.4 

A 500-msec step to - t  10 mV from - 4 0  mV was used to elicit 
peak currents  (/~eak) and currents  at 500 msec  (1500) in various 
solutions. 

a CsC1 electrodes were used in combinat ion with 10 mM 
external TEA + to suppress  K + currents .  Values are mean -- sD 
responses  of  n cells. 

A: Ampli tudes  of currents  in K+-solution supplemented 
with 10 mM choline CI are compared  with those  in K+-solution 
supplemented with 10 mM T E A +. B: Membrane  current  re- 
sponses  of  cells in K+-solution before and after a 20-sec, - 7 . 5 -  
nA iontophoretic injection of EGTA.  C: The current  that remains  
following exposure  to 0.7 mM quinidine in K--solu t ion  is reduced 
in ampli tude by a 20-sec, - 7 . 5 - n A  iontophoretic injection of  
EGTA. Hyperpolar izat ion no longer yields a peak after quinidine 
exposure;  this value is therefore omitted from the Table. D: Val- 
ues for peak and total currents  elicited following suppress ion of 
K + currents.  E: Responses  of  ceils bathed in TEA+-solut ion be- 
fore and after a 20-sec, - 7 . 5 - h A  injection of EGTA.  EGTA has 
no significant effect on the ampli tudes of  either the peak or the 
sustained current.  F: The peak and susta ined components  of  the 
currents act ivated in TEA+-solut ion are unaffected by exposure  
to 0.7 mM quinidine. 

(Fig. 3A, right). The faster-decaying component  has 
a time constant of 3.7 msec (+ 1.3 msec, n = 20), 
whereas the slower-decaying component  has a time 
constant of 19.6 msec (+6.2 msec, n = 20). This 
suggests that Paramecium's membrane response to 
hyperpolarization includes two K + currents with 
distinct deactivation kinetics. The two tail-current 
components  are also distinct in their kinetics of acti- 
vation. Specimens in K+-solution were hyperpolar- 
ized to -110  mV for periods of 10 msec to 2 sec. In 
each case, the time course of decay of the tail cur- 
rent elicited upon returning to - 4 0  mV was fitted 
with one or two exponents (Fig. 3A), and the ampli- 
tude of each component  extracted. These ampli- 
tudes are plotted against step duration in Fig. 3B. 
The tail current elicited following short (<50 msec) 
hyperpolarizations decays with a time course that is 
best fitted with a single exponent  (r ~ 3.5 msec; Fig. 

3A, left). This current activates rapidly to a peak of 
ca. 10 nA at 40-60 msec, and then inactivates. A 
slow-decaying tail component  (r ~ 20 msec) is not 
observed until a hyperpolarization to -110  mV ex- 
ceeds 40 msec (Fig. 3A, middle and right), and then 

7 this current increases slowly in amplitude with in- 
7 creasing step duration to a plateau after 400-800 

16 msec. The time constants of the fast and slow com- 
16 ponents of the tail current are not affected by in- 
2 creasing step duration (not shown). Thus, the K + 
2 tail current observed following a 500-msec step 

15 hyperpolarization comprises two components:  
7 a fast-activating, fast-decaying component ,  and a 
7 slow-activating, slow-decaying component .  The 
4 dependence of the amplitudes of both the fast and 
4 slow tail-current components  on membrane poten- 

tial is presented in Fig. 3C. Tail-current decay rates 
are not dependent  on the magnitude of  the mem- 
brane potential change (not shown). 

R E V E R S A L  P O T E N T I A L S  OF THE K + C U R R E N T S  

K + was confirmed as the carrier of  the major por- 
tion of the inward current  upon hyperpolarization of 
Paramecium, and also of the two components  of the 
tail current, by determining the reversal potentials 
of  the tail components .  The two K + tail components  
have distinct activation and inactivation kinetics, so 
that a 750-msec hyperpolarization can be used to 
elicit a tail current that comprises largely slow com- 
ponent,  whereas a 75-msec step elicits a tail current 
that comprises largely fast component .  Cells in K +- 
solution were hyperpolarized to -120  mV for 750 
msec to activate the inward currents,  and then the 
voltage step terminated by stepping to various 
membrane potentials (Fig. 4A). The amplitude of 
each resultant membrane current relative to zero 
current level was determined 12 msec after stepping 
to the new holding level, so that this amplitude 
largely reflected the slow component  of the tail cur- 
rent. These amplitudes are plotted against mem- 
brane potential in Fig. 4B. The second line of shal- 
lower slope in Fig. 4B was generated by measuring 
membrane current amplitudes 12 msec after termi- 
nating a 750-msec voltage step to -100  inV. The 
two lines intersect at the tail current 's  reversal po- 
tential (E,.). The reversal potential varies by ca. 57 
mV/decade change in external K + concentration 
(Fig. 4C), which is close to the theoretical 58 mV/ 
decade change expected of a pure K + current. 

Similar measurements of tail-current ampli- 
tudes 2 msec after a 75-msec voltage step yielded 
reversal potentials that varied by 55 mV/decade 
change in [K+]o, suggesting that the peak inward 
current in K+-solution and its associated fast tail are 
also carried by K + (Fig. 4C). 



R.R. Preston et al.: Two Inward K" Currents in Paramecium 45 

A 40 ms 100 ms 

<~ 12~ - ~-- 

o 20 
ms 

0 20 
ms 

500 ms 

ix,'  
40 0 20 40 60 80 

ms 

B 
< 
,.~= 10 

o 
"tin 

-~ 5 
E 

0 

C 

t ~ \ i i ~ 0 ~  o 
I I [ I 1 I I I I 

0 1 2 -130  -100 - 7 0  

s tep dura t ion  (s} V m (mV) 

20 .. 

3 

e -  

g- 

0 '-~ 

Fig. 3. Tail currents in K+-solution comprise fast-decaying and slow-decaying exponential components. (.4) Tail currents elicited by 
40-, 100- and 500-msec steps to -110 mV in K+-solution are displayed graphically. The original current traces are shown in the three 
corresponding insets. The tail current elicited by a 40-msec hyperpolarization (left) can be fitted with a single exponent (solid line), r = 
3.6 msec. Hyperpolarizations of increasing duration elicit tail currents that contain a second exponentially decaying component, r ~ 20 
msec (middle and right). (B) Specimens were stepped to -110 mV for periods of 10 msec to 2 sec and resultant tail currents fitted to 
single or double exponents. The open symbols show that the fast-decaying component of the tail current activates rapidly upon 
hyperpolarization and inactivates thereafter. The slow-decaying component (filled symbols) activates slowly during the voltage step. 
Points are means from 11-22 specimens. For clarity, error bars are provided for one time point only; other values were similarly 
variable. (C) The amplitudes of the fast (open symbols) and slow (filled symbols) tail-current components are plotted as a function of 
membrane potential (V~). Data points are means +- SD of 13 specimens 

C a  2+ DEPENDENCE OF THE SLOW-ACTIVATING 

K + CURRENT 

Richard et al. (1986) suggested that there may be 
Ca 2+ dependence to the inward current elicited by 
hyperpolarization of  P. tetraurelia. To determine 
the relative Ca > sensitivities of  the two currents 
described here,  specimens in K+-solution were in- 
jected iontophoretically with the Ca 2§ chelator, 
EGTA. Cells were first hyperpolarized for 500 msec 
to elicit control responses and then injected with 
EGTA for 20 sec at - 7 . 5  nA. This injection reduces 
the amplitude of both the peak inward current and 
the current  at 500 msec compared with control re- 
sponses (Fig. 5A and B). EGTA injection also re- 
duces the amplitude of the slow tail current by 60- 

65% (Fig. 5C, lower). Similar EGTA injections had 
no effect on Ca2+-current amplitude, or on other 
currents activated upon hyperpolarization in TEA +- 
solution (Table 1,E), suggesting that the effects on 
K+-current amplitude do not reflect a decrease in 
the amount of Ca 2+ entering the cell during hyper- 
polarization, 

A 20 sec, - 7 . 5  nA EG TA  injection had no ef- 
fect on the amplitude of the fast tail current (Fig. 
5C, upper), or on the time constant of either compo- 
nent of  the K + tail current (not shown). 

INHIBITION BY T E A  + AND QUINIDINE 

The relative sensitivities of the two K + currents to 
external TEA + was investigated, using 75- and 750- 
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Fig. 4. Reversal potentials of the two K + tail currents. (A) Cells 
were hyperpolarized to -120 mV for 750 msec to activate K + 
currents, and then stepped to various potentials to elicit the tail 
currents shown. (B) Tail current amplitudes (Ira) relative to zero 
current level as a function of membrane potential (Vm). Open 
symbols indicate currents elicited by a 750-msec step to -120 
mV, whereas the filled symbols indicate the amplitudes of tail 
currents elicited by a 750-msec step to -100 inV. Arrowhead 
indicates the tail current's reversal potential (Er). (C) K § concen- 
tration dependence of reversal potentials (E~). Open symbols 
show reversal potentials of tail currents elicited by 75-msec hy- 
perpolarizations, filled symbols indicate reversal potentials of 
tails elicited by 750-msec steps. Data points are means -+ SD of 6- 
9 cells 

msec  hyperpo la r i za t ions  to - 1 1 0  mV to elicit tail 
cu r ren t s  that  compr i se  largely fast and  slow compo-  
nents ,  respec t ive ly .  Cont ro l  responses  were  elicited 
by hyperpo la r i za t ions  in K+-so lu t ion  supp lemen ted  
with 20 mM chol ine  + , and  the ampl i tudes  of the two 
c o m p o n e n t s  of the tail cur ren ts  extracted.  0 .02-20 
mM T E A  + was  then  added to the solut ion (maintain-  
ing the c o m b i n e d  T E A + / c h o l i n e  + concen t r a t i on  at 
20 mM) and  the cells again hyperpo la r ized  to elicit 
tail cur ren ts .  T E A  § inhibi ts  both  the fast  and slow 
c o m p o n e n t s  of the tail cu r ren t  in a concen t ra t ion-  
d e p e n d e n t  m a n n e r  (Fig. 2B), a l though the fast corn- 
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F i g .  5. Effects of EGTA injection. (.4) Families of inward cur- 
rents elicited by 500-msec hyperpolarizations in K+-solution 
(-90 to -120 mV in 10-mV steps) before (left) and after (middle) 
a 20-sec, -7.5-nA EGTA injection. Electronic subtraction of 
these two sets of traces yields the amount of current that is 
EGTA inhibited (right). (B) Effects of EGTA injection on the 
amplitudes of peak currents (filled symbols) and currents at 500 
msec (open symbols) elicited by hyperpolarization in K+-solu - 
tion. The squares indicate the amplitudes of these currents (I,~) 
before EGTA injection as a function of membrane potential (Vm), 
whereas the circles show the responses of the same cells after a 
20-sec, -7.5-hA EGTA injection. (C) Effects of EGTA on the 
amplitudes of the fast (upper) and slow (lower) tail-current com- 
ponents. In both plots, filled circles denote tail-current ampli- 
tudes before EGTA injection, the open circles denote amplitudes 
after injection. Data points are the means -+ sD from 13 speci- 
mens 

ponen t  shows slightly e n h a n c e d  sensi t iv i ty  to T E A  + 
compared  with the slow cur ren t  (Ki = 0.33 and  1.36 
mM, respect ively) .  Hill ana lyses  of the inhibi t ion  of 
the two c o m p o n e n t s  y ie lded coefficients of 0,88 and 
0.96 for the fast  and  slow c o m p o n e n t s ,  respect ively ,  
suggest ing that  T E A  + in terac ts  with the channe l s  in 
a n o n c o o p e r a t i v e  ma nne r .  

The K + cur ren t s  show differential  sensi t iv i ty  to 
quinid ine .  Spec imens  in K+-so lu t ion  were hyperpo-  
larized to - 1 1 0  mV for 70 or 700 msec  to elicit 
cont ro l  r e sponses ,  and then  exposed  to 0.7 mM 
quin id ine  for 1 min.  The  cells were  then  washed  in 
K+-solu t ion ,  and  their  m e m b r a n e  r e sponses  to hy- 
perpolar iza t ion  re -examined .  E x p o s u r e  to qu in id ine  
causes  a revers ib le  loss of the inward  peak,  and a 
comple te  bu t  revers ib le  inh ib i t ion  of the associa ted  
fast tail cu r ren t  (Fig. 6A). 

The  s low-act iva t ing  K + cu r ren t  is compara-  
t ively insens i t ive  to qu in id ine  (Fig. 6B). The  ampli-  
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Fig. 6. Inhibition of the voltage-dependent K § current by quini- 
dine. (,4) Families of currents elicited by 70-msec or (B) 700-msec 
hyperpolarizations ( -90  to -120 mV in 10-mV steps) in K +- 
solution. Lower traces show respbnses of the same cells to iden- 
tical voltage steps following exposure to 0.7 mM quinidine. 
Quinidine completely inhibits the fast-decaying, but not the 
slow-decaying component of the K + tail current, although the 
time constant of the latter component is increased by quinidine 
treatment 

tude of the inward current elicited at 700 msec by a 
step to - 110 mV decreased from - 11.3 -+ 2.2 nA to 
-8 .4  _+ 1.5 nA (n = 8) after exposure to 0.7 mN 
quinidine, whereas the slow tail amplitude de- 
creased from 4.5 _+ 1.6 nA to 3.1 -+ 1.2 nA (n = 8). 
The decrease in tail-current amplitude is not statisti- 
cally significant. Quinidine (0.7 mN) also caused a 
reversible increase in the time constant of the slow 
tail current (Fig. 6B), from 17.2 to 60.0 msec (+ 5.8 
and 15 msec, respectively, n = 8). EGTA injection 
reduces the amplitude of both the inward current 
and the very slow tail current observed following 
quinidine treatment (Table 1,C). Quinidine had no 
effect on the hyperpolarization-activated Ca 2+ cur- 
rent (Table 1,F). 

Discussion 

Hyperpolarization of voltage-clamped Paramecium 
tetraurelia in K+-solution elicits an inward current 
complex. This complex comprises 'leak' current, a 
C a  2+ current, and two K + currents. These K + cur- 
rents are distinct in their kinetics of activation, de- 
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activation, and inactivation, in their Ca > sensitivi- 
ties, and in their sensitivities to K+-current 
inhibitors. 

After the K + currents are suppressed with inter- 
nal Cs + and extracellular TEA +, a step hyperpolar- 
ization activates a current that comprises peak and 
sustained components.  The small inward tail ob- 
served upon returning to holding potential activates 
and subsequently inactivates with a time course 
that mirrors the peak of the inward current. These 
currents represent a novel, hyperpolarization-acti- 
vated Ca 2+ current and its associated tail (Saimi, 
1986; Hennessey,  1987; R.R. Preston & Y. Saimi, in 
preparation). The sustained current in TEA+-solu - 
tion presumably represents 'leak' current. The 
'leak' current may contain a small active element: 
this possibility is being investigated further (see also 
Machemer, 1988a). 

The majority of the inward current elicited by 
hyperpolarization of Paramecium in K+-solution is 
carried by K + (ca. 80% at 500 msec; Table 1). The 
hyperpolarization-activated tail in K+-solutions is 
almost pure K + current, although we recognize that 
hyperpolarizations of ca. 40 msec elicit an outward 
K + tail that contains a small inward Ca 2§ compo- 
nent. Thus, Fig. 3B underestimates the rate at 
which the fast tail amplitude rises. The Ca 2+ current 
contributes less than 3% to the amplitude of tail 
currents elicited by hyperpolarizations of >70-100 
msec in K+-solution, so we feel justified in using 
these tails to characterize the associated inward K § 
currents. 

Using EK values calculated from the reversal 
potentials of the tail currents, the Nernst equation 
yields internal K + concentrations of 61-82 mM. The 
values are high compared with the 17-18 mM esti- 
mated by Oertel et al. (1978) for P. tetraurelia, and 
the 34 mM calculated by Ogura and Machemer 
(1980) from reversal potentials of K + responses in 
P. caudatum. Similar values for [K+]i (ca. 18 mM) 
were provided by Hansma (1974) for P. tetraurelia 
using flame photometry.  Since low resistance, high 
molarity K + electrodes were used in the present 
study, it is possible that diffusion and iontophoresis 
of the electrode contents during the voltage clamp 
raised [K+]i to artificially high levels. 

EVIDENCE FOR T W O  K § CURRENTS ACTIVATED 

UPON HYPERPOLAR1ZATION 

The Two K + Currents Are Kinetically Distinct 

Tail-current analyses suggest that hyperpolarization 
of Paramecium activates two K + currents that may 
be readily distinguished on the basis of their kinetic 
properties. The first K + current activates rapidly 
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upon hyperpolarization, peaks, and subsequently 
inactivates (Fig. 3B). The time course of inactiva- 
tion can be described by the sum of two exponents 
with time constants of ca. 62 msec and 2.0 sec. 
These values remain approximations, however.  
Long hyperpolarizations elicit tail currents that 
contain both fast and slow components;  since the 
relative contributions of the fast component  is small 
after long voltage steps, it is difficult to determine 
its amplitude, and hence the time course of reduc- 
tion in amplitude, with accuracy. The second K + 
current activates gradually during hyperpolariza- 
tions of >-50 msec and is sustained (for at least 2 
sec, Fig. 3B). The difference in deactivation kinet- 
ics of the two K + currents is readily apparent in the 
time constants of the two K § tails (r ~ 3.5 and 20 
msec). 

The Two K + Currents Can Be Distinguished 
by Their Ca > Sensitivity 

EGTA injection reduces the amplitude of the slow 
K + tail current without affecting the fast K + tail 
(Fig. 5C). This suggests that the slow tail is Ca 2+- 
dependent,  whereas the fast tail is not. EGTA sup- 
pression of the slow tail is incomplete, however  
(Fig. 5C, lower). A possible explanation is that the 
slow current can be activated by Ca 2+ or voltage, so 
that a voltage stimulus accounts for activation of 
the current after EGTA injection. An alternative 
explanation is that EGTA incompletely suppresses 
a hyperpolarization-induced rise in [Ca2+]i. How- 
ever, prolonged injections of EGTA (60 sec) or of 
BAPTA, a more efficient Ca 2§ chelator, also failed 
to inhibit the slow K + current by >80% (R.R. Pres- 
ton, Y. Saimi & C. Kung, unpublished). Determin- 
ing the exact extent  of Ca 2+ dependence of the slow 
K + current would necessitate removing all external 
Ca 2+. However ,  the membrane of Paramecium, like 
that of many systems, is unstable in the absence of 
external divalent cations. Exchanging [Ca2+]o for 
other divalent cations is inappropriate, since Mg 2+ 
and Ba 2+ commonly inhibit K + currents,  including 
those of Paramecium. 

EGTA significantly reduces the amplitude of 
the peak inward current (Fig. 5B). This reduction is 
not due to EGTA effects on Ca 2+ or 'leak' currents 
(Table 1), and tail-current analyses suggest that the 
peak occurs before there is a significant activation 
of the slow K + current. We might thus conclude 
that the reduced peak reflects inhibition of the fast 
K + current by EGTA. EGTA has no effect on the 
amplitude of the fast K + tail current,  however  (Fig. 
5C). Possible explanations for this apparent dis- 

crepancy include an EGTA-induced shift in the 
voltage dependence of the peak. Alternatively, the 
tail currents may not accurately reflect the behavior 
of the associated inward currents.  Since EGTA in- 
jection has no effect on the responses to hyperpo- 
larization of pantophobiac mutants that lack the 
slow K § current (Preston et al., 1990b), we believe 
the fast K § current to be genuinely Ca 2§ insensitive. 
Thus, in the wild type, the peak inward current 
must contain a Ca2+-sensitive element whose deac- 
tivation is not detected in tail analyses. Whether 
this element represents the slow-activating current 
is uncertain; we are continuing to investigate this 
possibility. 

Since EGTA reduces the amplitude of both the 
slow inward current and its associated slow K § tail 
current, we consider this current to be primarily 
Ca :§ dependent.  A >70% reduction in the ampli- 
tude of the slow tail following inhibition of the hy- 
perpolarization-activated Ca 2§ current (using 1 mM 
amiloride; R.R. Preston & Y. Saimi, in preparation) 
is consistent with this hypothesis. The fast K * cur- 
rent is presently considered to be voltage-depen- 
dent. 

The Two K + Currents Are 
Pharmacologically Distinct 

The two K § currents are distinct in their relative 
sensitivities to TEA § and quinidine. The fast K § 
current is approximately four times more sensitive 
to TEA § than the slow current (Fig. 2B). The differ- 
ence in the sensitivities of the two K § currents to 
quinidine is more significant (Fig. 6). Whereas 0.7 
mM quinidine inhibits the fast K § current com- 
pletely, it has little effect on the amplitude of the 
slow K § current (Table 1,C). The increase in the 
time constant of the slow K § tail current in the pres- 
ence of quinidine may simply reflect a nonspecific 
perturbation of membrane function by this mem- 
brane-permeant drug (Yeh & Narahashi,  1976). The 
very slow current is EG TA  sensitive (Table 1,C), 
suggesting that it indeed represents the Ca2+-depen - 
dent K § current rather than a new, quinidine-in- 
duced current. This notion is supported by the in- 
ability of quinidine to .induce a slow tail current in 
pantophobiac,  a mutant that lacks a Ca >-dependent  
K § current upon hyperpolarization (R.R. Preston & 
Y. Saimi, unpublished). 

Both K + currents are inhibited by Ba 2§ (10 
mM), and quinine (1 raM), and both are insensitive 
to gallamine (10 raM), 4-aminopyridine (10 mM), 
tolbutamide (1 raM), and the bee venom apamin (10 
~ g ;  R.R. Preston, unpublished). 
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Separation of The Two Currents by Mutation 

In separate studies (Preston et al., 1990a,b), the ion 
currents of two pantophobiac mutants of P. te- 
traurelia are described. These mutants lack the 
slow K + current activated upon hyperpolarization 
of the wild type, but the fast K + current is to all 
intents normal. Thus, the slow current can be sup- 
pressed by mutation independently of the fast cur- 
rent, providing additional evidence for two distinct 
hyperpolarization-activated K + currents in Para- 
mecium. 

lowered sufficiently, the hyperpolarization becomes 
regenerative (Satow & Kung, 1977), perhaps re- 
flecting fast K+-current activation. 

Although their functions are not understood 
fully, the existence of at least four currents acti- 
vated by hyperpolarization of Paramecium clearly 
indicates that they are important for the day-to-day 
survival of the unicell. Further analysis of pan- 
tophobiacs and other mutants defective in their hy- 
perpolarization-activated currents should provide 
insight into the functions and possible regulatory 
pathways of the inward rectifiers in Paramecium. 

POSSIBLE ROLES OF INWARD RECTIFICATION 

IN P a r a m e c i u m  

Activation of K + currents drives the membrane po- 
tential of a cell toward E~:, thereby reducing the 
probability of regenerative depolarization. Thus, in- 
ward K + rectifiers often function to stabilize the 
membrane potentials of excitable cells, particularly 
of cells with endogenous spiking activity, such as 
pacemakers. Although there are many examples of 
voltage-dependent inward rectifiers, and even of an 
inward rectifier that is activated by Ca 2+ release 
from intracellular stores (Sauv6 et al., 1986, 1987), 
Paramecium is unique in its possession of two K + 
currents that are activated upon hyperpolarization. 
Saimi (1986) additionally showed a novel Ca 2+ 
current and Ca2+-dependent Na + current to be 
activated by negative voltage steps from rest. The 
complexity of Paramecium's responses to hyperpo- 
larization make it less easy to assign specific roles 
to the individual currents, but it is possible that they 
also serve to stabilize membrane potential. When 
the slow K + current is enhanced by mutation (rest- 
less), the cell's membrane potential behaves like a 
pure K + electrode in response to changes in [K+]o 
(Richard, Hinrichsen & Kung, 1985). Since this cur- 
rent has no obvious role in excitation, and since its 
activity must be controlled in the wild type (the 
wild-type membrane does not behave like a K + 
electrode), Richard et al. (1986) suggest that its 
main function may be in membrane potential regula- 
tion. Pantophobiac shows little difference in 'rest- 
ing' potential compared with the wild type (Saimi et 
al., 1983), despite its lack of the slow K + current, 
suggesting that the fast K + current may also be a 
determinant of membrane potential. This current 
may also be involved in the escape response of Par- 
amecium. The escape response comprises a sudden 
increase in forward swimming speed in response to 
posterior mechano-stimulation, resulting from a 
K+-mediated, hyperpolarizing transient. If [K+]o is 
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