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Summary. Under  voltage clamp, a mutan t  of  Parame- 
cium tetraurelia (teaB) shows a shift in the positive 
direction of  the voltage sensitivity of  the Ca conduc-  
tance and the depolar izat ion inactivation curve by 
10 mV with no change in the total conductance.  This 
effect can be mimicked in the wild type by the addi- 
t ion of  external Ca 2 + or Mg 2+. The muta t ion  also 
shifts the resting potential  and the voltage sensitivities 
o f  the delayed rectification (depolarization-sensitive) 
K conductance  and the anomalous  rectification (hy- 
perpolarization-sensitive) K conductance  in the posi- 
tive direction to a similar extent. This systematic shift 
o f  channel  voltage sensitivities is best explained by 
the reduct ion o f  the surface negative charges of  the 
membrane  due to the mutat ion.  

The "stabil izing effect"  o f  C a  2 + surrounding excit- 
able membranes  has been well known since Franken-  
haeuser and Hodgk in  (1957) first studied this phe- 
nomenon  in the squid axon. In a variety o f  excitable 
membranes,  an increase in the external Ca 2 + concen- 
t rat ion causes a shift o f  the activation and inactivation 
o f  Na-  or Ca-channels  in the direction o f  positive 
potential  (Frankenhaeuser  & Hodgkin ,  1957; Gedul-  
dig & Gruener,  1970; Ohmor i  & Yoshii, 1977). This 
shift has been explained by the binding or the screen- 
ing by Ca z+ of  the fixed negative charges on the 
surface membrane,  causing an increase in the mem-  
brane potential  difference across the domain  in which 
the dipoles of  the channels reside. Addi t ion  o f  Ca 2 + 
or Mg 2+ also shifts positively the apparent  voltage 
sensitivity o f  the Ca- and K-channels  o f  Paramecium, 
and the above mechanism has been invoked to explain 
the positive shift (Satow & Kung,  1979; Eckert  & 
Brehm, 1979). 

The fixed negative charges are borne by membrane  
molecules, which may  be altered by genetic manipula-  

tions. A variety o f  mutants  defective in the behavior  
and in the electrophysiological traits have been isolat- 
ed in P. tetraurelia. In this paper, we describe a muta-  
tion, teaB, which causes a positive shift of  about  
10 mV in the voltage sensitivities o f  the Ca-channel,  
the delayed rectifying K-channel,  and the anomalous  
rectifying K-channel.  Wild-type paramecia  incubated 
in high concentra t ions  of  Ca 2§ stimulate the mutan t  
behaviorally and electrophysiologically. The simplest 
interpretation o f  these results is that  the teaB muta-  
t ion reduces the density o f  the fixed surface negative 
charges leading to an apparent  shift in the voltage 
sensitivity of  ion channels. A par t  of  this work has 
been reported previously (Satow, 1979). 

Materials and Methods 

Stocks and Cultures 

Wild-type Paramecium tetraurelia (stock 51s) and single-gene mu- 
tants derived from this stock were used. The mutant stocks were 
the "TEA +-insensitive mutant" (genotype teaB/teaB, stock d4-588), 
two "pawn mutants" (genotype pwA/pwA, stocks d4-500 and d4- 
94). The TEA+-insensitive mutant, abbreviated as teaB herein, 
is the subject of this study. It was isolated from a mutagenized 
population of wild type, 51 s, using a column of solution containing 
i0 mM of TEA-C1 by S.-Y. Chang and C. Kung (unpublished) in 
a manner described previously (Chang & Kung, i976). Pawns are 
mutants with little or no Ca-inward current (Kung & Eckert, 1972; 
Oertel, Schein & Kung, 1977; Satow & Kung, 1980a), The pawn 
mutations have been employed in several experiments where it 
was necessary to suppress the Ca-inward current or the Ca-induced 
K current. Of the two pawn mutants, d4-500 (designated pwAsoo) 
is phenotypically nonleaky and d4-94 (designated pwA94 ) is slightly 
leaky. This means that pwA94 cells show a range of behavior from 
completely lacking the avoiding reactions to showing a few weak 
avoiding reactions upon stimulation (Kung, 1971; Chang et al., 
1974; Satow & Kung, 1976b, 1980a). Those pwAga showing no 
avoiding reactions, like pwA soo, have no detectable inward currents 
upon step depolarization of their membranes. Thus, the current 
profiles of these pwA94 and pwAsoo are essentially identical In 
some of the experiments below, we studied the teaB effect in a 
pawn genetic background using a teaB-pawn double mutant. 

0022-2631/81/0059-0179 $02.40 
�9 1981 Springer-Verlag New York  Inc. 



180 Y. Satow and C. Kung:  Surface Charge and teaB Mutant  

pwAso o grows poorly and it is therefore difficult to construct  the 
double mutant .  The double mutan t  used in this study is the teaB- 
pwA94 double mutant .  Whenever pwA94 is involved we used only 
those cells that  showed no avoiding reactions. 

Cells were cultured in Cerophyl medium bacterized with Enter- 
obacter aerogenes 20 hr before use (Sonneborn, 1970). Only robust 
cells in log-phase growth were used for experimentation. All experi- 
ments were performed at room temperature (22 _+ 1 ~ To examine 
the effect on growth at an elevated temperature, cells were grown 
at 34_+ 1 ~ overnight (17-24 hr) and tested at room temperature 
within 30 rain. 

Solutions 

A standard solution containing 1 mM Ca(OH)2, 0.5 mM CaCl2, 
4 mM KCI and 1 mM citric acid adjusted to pH 7.2 with ~1,3 mM 
Tris was used. The free Ca ~+ concentration in this solution is 
calculated to be 0.91 mM. The different solutions with Ca 2 +, Mg 2+ 
or K ~ concentrations were prepared by the addition or reduction 
of CaCI2, MgC12 or KCI in the standard solution. Since object 
of  this paper is wild-type-mutant comparison, no attempts were 
made to keep the ionic strength of the solutions constant. There 
is systematic effect of  ionic strength (Figs. 8-1l) ,  but no large 
effect of  anion concentration on the electric properties of  the para- 
mecium membrane.  

Recordings 

Voltage clamp techniques and methods of recording the current 
were described in detail by Satow and Kung  (1979). Microelec- 
trodes filled with 3.0 3.5 M potassium acetate mixed with 10-20% 
KC1 were used, and the resistances of  the microelectrodes were 
8-20 MO. The cells were transferred from the culture medium 
to a test solution, and the microelectrodes were inserted after about  
10 min adaptat ion in the test solution. The membrane was held 
at or near the resting potential in the test solutions, unless otherwise 
noted. The currents induced by the step membrane  depolarization 
or hyperpolarization from the holding potential were recorded. 

Calculation of the Ca-Conductance (Gca) 

A subtraction method was used to isolate the Ca current (/ca) 
from the total current induced by a step depolarization; i.e., the 
outward current from a membrane  with pwA background (the 
pawn mutan t  or the pawn-TEA%insensit ive double mutant)  was 
subtracted from the current of a membrane  of wild background 
(wild type or the TEA+-insensitive single mutant ,  respectively). 
For this study, only the currents at times after depolarization when 
the maximal  inward current appeared were examined. Ca-conduc- 
tances (Gc,) were derived as chord conductances, using the equation 
Ica/(Ec~ - V), where V is the clamped voltage and Eca is the equilib- 
rium potential of  Ca z+, calculated by assuming an internal Ca z+ 
concentration to be 10-7 M in both wild type and teaB. [See Satow 
& Kung  (1980a) for details.] 

Calculation of the Depolarization-Sensitive 
K-Conductance (~v) 

The depolarization-sensitive K-outward current induced by step 
depolarizations was obtained by subtracting the leakage current, 
estimated from the linear portion of the I -  V plot near zero current, 
from the total outward current. Because of the presence of a Ca- 
induced slow K-outward current in the wild-type membrane,  mem- 

branes with pwA background were used (Satow & Kung, 1980b). 
The G v was calculated as the chord conductance and the equilibri- 
u m  potential of K +, EK, was estimated to be - 5 2 . 5  mV in 4 mM 
external K § and - 2 9  mV in 10 mM. The reversal potentials of  
the inward tail current after step hyperpolarization (Satow & Kung, 
1980a) were - 5 2 . 3  +3.4 mV (n=6)  in wild-type membrane  and 
- 5 3 . 2 + 3 . 6  mV (n=7)  in the teaB membrane  in 4 m ~  external 
K + ' 

Results 

Ca Conductance 

Membrane currents are recorded under the voltage 
clamp and in the standard Ca-K solution. The mem- 
brane is first held at the resting potential ( - 3 1  mV 
in wild type, - 2 5  mV in teaB) and the inward tran- 
sient and the delayed outward current are induced 
by step depolarizations (Fig. 1). The transient inward 
Ca-currents are seen when the step exceeds - 12.5 mV 
in the wild type and - 5  mV in the mutant, teaB. 
The maximal inward current is seen when the step 
is at - l m V  in the wild type, but + 6 . 5 m V  in the 
mutant. The mutant has a smaller maximal net inward 
current than that of the wild type, but there is little 
difference in the time after the step at which the cur- 
rent peaks. Table 1 summarizes the results of these 
parameters. 

The early inward currents are further examined. 
These currents are mixtures of inward and outward 
currents and the true inward current can be isolated 
by subtracting the outward current found in the 
" p a w n "  mutant which lacks an inward transient 
(Oertel et al., 1977 ; Satow & Kung, 1980a). The cur- 
rent-voltage relations in wild type and in a pawn 
mutant (pwAsoo) are shown in Fig. 2A; those in the 
teaB and the teaB.pwA94 double mutant in Fig. 2B. 
The true inward currents of  wild type and teaB after 
subtractions are shown in Fig. 2C. The Ca conduc- 
tances calculated from these currents are plotted 
against step voltages in Fig. 2D. The maximal Ca 
conductance is about 40 nmho/cell in the wild type 
and in the teaB mutant. However, the voltage sensitiv- 
ity of the Ca conductance is clearly shifted to the 
right (more positive) by about 10 mV in the case of 
the teaB mutant. 

Depolarization Inactivation of the Ca-Channels 

In the above studies, we follow the previous strategy 
of holding the membrane at its resting level before 
depolarization (Satow & Kung, 1979). The wild type 
and teaB differ in their resting levels (Table 1 and 
Discussion) and hence the holding levels of the above 
experiments are different. The V-Gca relations are 
now investigated by holding the two membranes at 
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Fig. 1. Membrane current upon step depolarizations in a pawn mutant (pwAsoo, left), wild type (middle), and a "TEA'-insensitive '' 
mutant (teaB, right) bathed in the standard Ca-K solution (0.91 mM Ca 2+ and 4 mM K+). The membranes were held at the resting 
potentials of each cell: -29,  -31,  and -25  mV in pwAsoo, wild type, and teaB, respectively. At time 0 as marked at the bottom 
of the figure, the voltages were stepped to various levels as indicated by the numbers (in mV) associated with individual current 
traces. Upper panels are currents induced by steps up to about 0 inV. Note that there is a transient inward current in the wild-type 
membrane, a smaller current in teaB, and no inward transient in pwAsoo. The lower panels are composites of tracing of currents 
induced by different steps 

Table 1. Resting potentials and parameters related to the Ca-inward transients of Paramecium showing 
certain differences between the wild type and the teaB mutant both grown at 22 ~ and lack of 
them at 34 ~ ~ 

Strain 

Wild type teaB 

Growth temperature 

22 ~ 34 ~ 22 ~ 34 ~ 

V~o~, (mV) -32.6+4.2 c -24.9+2.5 -25.6+3.8 -27.2_+4.4 
Im,~ (hA) --4.I + 1.3 --3.1 + 1.2 --3.3 -+0.4 --2.7-+0.6 
V,~ (mV) --0.5_+5.7 b +6.6-+3.7 +5.3+4.2 +3.7_+3.6 
Tma~ (ms) 2.3-+0.i 3.3_+0.4 ~ 2.0-+0.2 2.0-+ 1.1 
maxlc~ (hA) --4.8 -4.1 -4.3 --4.1 
max Gc, (nmho/cell) 41 39 38 37 
V1/2 (mV) 15 - 3 - 5 - 3  
n 8 5 8 6 

Vrest: Resting potential (= Holding potential); /max: The maximal peak inward current; Vmax: Voltage 
where /max is seen; Tmax: Peak time of /max; maX/ca: The maximal Ca current; maxGca: The maximal 
Ca conductance; V1/2: Voltage where Gc, is half maximum; n: Number of cells examined. 
a Tested in the standard Ca-K solution; showing mean + SD. 
b Significantly different from the other entries of the same row (P < 0.05). 
~ Highly significantly different from the other entries of the same row (P<0.0I). 

the  s a m e  levels.  H o l d i n g  the  m u t a n t  m e m b r a n e  at  

a d e e p e r  level  ( - 3 2  m V ,  the  res t ing  level  o f  the  wi ld  

type)  does  n o t  a l t e r  the  V - G c ~  re la t ion ,  a n d  the dif- 

f e rence  b e t w e e n  the  m u t a n t  a n d  the  wi ld  type  r e m a i n s  

(Fig.  3A). H o w e v e r ,  h o l d i n g  the  m e m b r a n e  at  a less 

nega t i ve  level  ( - 2 4 . 5  m V )  appea r s  to  c h a n g e  the  vol -  
tage  sens i t iv i ty  o f  the  C a - c h a n n e l s ,  even  t h o u g h  the  

m a x i m a l  Gca r e m a i n s  the  s a m e  (Fig.  3 B). T h e  vo l t ages  

where  Gc~ is h a l f  m a x i m u m  are  a b o u t  - 5  m V  in 

b o t h  wi ld  type  and  leaB (Fig.  3 B). A l t h o u g h  the  rea-  

sons fo r  the  c h a n g e  o f  vo l t age  sensi t iv i t ies  by the  

h o l d i n g  p o t e n t i a l  at  a less n e g a t i v e  level  a re  n o t  

k n o w n ,  this  m a y  be  r e l a t ed  to an  a p p a r e n t  d e p o l a r i z a -  
t ion  i n a c t i v a t i o n  o f  the  C a - c h a n n e l s  in Paramec ium 
m e m b r a n e .  

This  a p p a r e n t  d e p o l a r i z a t i o n  i n a c t i v a t i o n  o f  the  

Ca  c o n d u c t a n c e  is e x a m i n e d  sys temat i ca l ly  by p lo t -  

t ing the  m a x i m a l  Gca aga ins t  the  h o l d i n g  p o t e n t i a l  
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Fig. 2. Relations between voltage and membrane  current (Iz.a~= or Iz~=), Ca current (I~=), and Ca conductance (Go=) from different 
strains bathed in the standard Ca-K solution. (A): The relation between the membrane current at 2.2 msec (mean • and step-voltage 
level in pwAsoo (filled triangles, n = 5 )  and in wild type (filled circles, n=8) .  2.2 msec is approximately the time after the voltage 
step at which the inward transient peaks in the wild type. The membranes  were held at the resting levels of  each cell ( - 3 2 . 6  +4.2 mV 
in wild type, - 33.4 _+ 3.8 mV in pwAsoo). (B) : The V -  I relation at 2 msec in pwA so0 (open triangles, mean _+ SD, n = 5), the teaB.pwA 94 
double mutan t  (crosses, mean, n = 5 )  and teaB mutant  (open circles, mean_+sD, n=9) .  2 msec is approximately the time at which 
the inward transient peaks in the teaB mutant. For comparison, the pwA5oo membrane was first held at -24 mV (-24.6 +3.1 mV), 
which is the resting potential of the teaB membrane (-25.6_+3.8 mV, n=8). (C): The relation between the Ca current and the step 
voltage. The Ca current (lc~) was isolated by the subtraction of the outward currents in the pawn membrane from the inward current 
of wild type or teaB shown in (A) and (B) as explained in Materials and Methods. Note that the size and shape of the two curves 
(wild type, filled circles, and teaB, open circles) are not different, but the teaB curve is shifted to more positive along the voltage 
axis. (D): The relation between the Ca conductance and step voltage. Ca conductance is calculated by the procedure described in 
Materials and Methods. Note that the voltage sensitivity of Gc~ is shifted by about 10 mV more positive in the case of teaB (open 
circles) than wild type (filled circles). 

(Fig. 4). Al though the mechanism of  this apparent  
depolarizat ion inactivation is not  well unders tood 
(Eckert & Brehm, 1979), it is clear that  both  the 
mutan t  and wild type show similar inactivation. This 
inactivation is seen when the wild-type membrane  
was first held at - 1 5  mV but  it is not  seen in the 
teaB membrane  until it was first held at - 7 . 5  mV. 
Thus, the depolarizing arm of  the curve for the teaB 
mutant  is again shifted to the more  positive by about  
10 mV (Fig. 4). 

Al though it is possible that  the teaB muta t ion  
affects both  the processes of  activation and the depo- 
larization inactivation of  the Ca-channel,  the simplest 
explanation of  the systematic positive shifts is a con- 
stant increase in voltage due to a constant  reduct ion 
in the surface charge. 

Voltage Sensit ivi ty 
o f  the Depolarization-Sensitive K-Channel  

If  the teaB defect is a reduct ion of  the surface charge, 
this change may  be reflected in the voltage sensitivities 
o f  other  voltage-sensitive ion channels, such as the 

delayed rectifying K-channel  and the anomalous  recti- 
fying K-channel.  The Paramecium membrane  is com- 
plicated by the presence of  Ca-sensitive conductances.  
To reduce the contamina t ion  of  the Ca-induced K 
current  in our studies o f  the voltage-sensitive K cur- 
rent, the membranes  with an added " p a w n "  defect 
are again employed, since such membranes  have little 
Ca current and other currents induced by internal 
Ca 2+ (Satow & Kung,  1980a, b). 

Figure 5A and B show the difference between the 
wild-type and the teaB membranes  in the background  
of  a pawn muta t ion  (pwA94). It is clear that  the depo- 
larization-induced outward currents are smaller and 
have a more  positive threshold in the teaB mutant .  
Holding the teaB membrane  at - 3 2  mV does not  
affect this difference. The depolarizat ion-activated K 
current  can be isolated by subtracting the estimated 
leakage current (Fig. 5 B and C). F r o m  such estimates 
o f  the K current, the voltage-sensitive K conductances  
can be calculated. When  the conductances  are plotted 
against the step voltages, the teaB mutat ion  moves 
the voltage-sensitivity curve o f  this K-channel  to the 
more  positive by about  10 mV (Figs. 5D and 9). At  
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of the curves. The depolarization inactivation is shifted toward 
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The Paramecium membrane has a hyperpolarization- 
sensitive K-channel responsible for the anomalous- 
rectification phenomenon (Oertel, Schein & Kung, 
1967; Naitoh & Eckert, 1968). Figure 6A shows that 
the normal membrane (in the " p a w n "  background) 
generates an inward-going rectifying current upon a 
large hyperpolarization step, whereas the teaB mem- 
brane (also in the " p a w n "  background) generates 
this rectifying current at a smaller step. Figure 6B 
shows a plot of the early inward current at 10 msec 
against the level of the hyperpolarization steps. An 
over 10-mV shift of the teaB mutant toward the less 
negative is evident. 

The inward rectifying current is not at a steady 
state at 10 msec. Late currents measured at 1 sec after 
the hyperpolarization steps reach the steady state. 
The I -  V plots also show an ~10-mV shift of the 
voltage sensitivities of the inward current by the muta- 
tion (Fig. 7). 

That the voltage sensitivities of the Ca-channel, 
the delayed rectifying K-channel, and the anomalous 
rectifying K-channel are all shifted approximately 
10 mV toward the more positive in the mutant is 
best explained by the reduction of the surface poten- 
tial by the mutation. 

Effects of External Ca 2+ Concentration 

In accordance with the usual practice of studying 
the perturbation of surface charge by changing the 
external Ca 2+ concentration, we examined various 
membrane electric parameters in paramecia bathed 
in solutions containing different concentrations of 
C a  2 +. 

The resting potentials (Vm) at various external 
Ca 2 + concentrations are shown in Fig. 8. At or above 
0.91 mM external Ca 2+, the resting potential of the 
teaB mutant is consistently more positive than that 
of wild type by several millivolts. These alterations 
in the V~ of fresh-water protozoa in response to the 
changes of external cations are unorthodox. This re- 
sponse and the results in Fig. 8 will be discussed be- 
low. 
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Para l l e l  to  the  shif t  o f  the  res t ing  po ten t i a l s ,  the re  

is a shif t  o f  the  d e p o l a r i z a t i o n - s e n s i t i v e  o u t w a r d  cur-  

rent .  T h e  a c t i v a t i o n  o f  this  cu r r en t  occurs  at  a m o r e  

pos i t ive  level  in h ighe r  c o n c e n t r a t i o n s  o f  ex te rna l  
Ca  2 + in b o t h  the  w i ld - type  m e m b r a n e  (Fig.  9A)  a n d  

the  teaB m e m b r a n e  (Fig.  9B). A t  any  c o n c e n t r a t i o n  
o f  Ca  2 § a b o v e  0.91 mM, the  a c t i v a t i o n  o f  the  o u t w a r d  

cu r r en t  in the  m u t a n t  is a lways  severa l  mi l l ivo l t s  m o r e  

pos i t ive  t h a n  in the  wi ld  type.  
Para l l e l  to the  shif t  o f  the  res t ing  po ten t i a l s ,  the re  

is a lso  a shif t  o f  the  C a - t r a n s i e n t  i n w a r d  cu r ren t .  
T h e  changes  in the  a p p a r e n t  vo l t age  sensi t iv i ty  o f  
this  cu r r en t  in d i f fe ren t  Ca  2+ c o n c e n t r a t i o n s  in the  

wi ld  type  h a v e  been  sys temat i ca l ly  s tud ied  a n d  r epo r t -  
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Fig. 6. The early inward-going currents induced by 
membrane hyperpolarization from the resting level 
in pwA94 (filled circles) and teaB.pwAg, (open 
circles). The test solution is the standard Ca-K 
solution. (A): The currents recorded at 10 msec 
after step hyperpolarizations at time 0 from the 
holding potential at rest in pwA94 (left) and in 
teaB.pwA94 (right). Numbers indicated in each 
current trace show the voltage in mV at which the 
currents were recorded. Upper panels are actual 
current traces induced by step hyperpolarization to 
about -74.5 mV. Note that this is an activation 
of the inward-going current in teaB.pwA94 and 
not in pwA94. Lower panels are composites of 
tracings of currents induced by different 
hyperpolarization steps. (B) : The relation between 
the step voltage and the induced inward current 
at 10 msec after the step (mean + sD). ]'he arrows 
show the holding potentials (=resting potentials) 
in pwA9r (-33.3 +_3.4 mV, n=6) and teaB.pwAg~ 
(-23.8 +3.5 mV, n=7). Note that the curve of the 
mutant with the teaB mutation is at the more 
positive voltages than the one without 

ed previously (Satow & Kung,  1979). F r o m  the Ca 
conductance-vol tage  plots, it is also clear that  at high- 
er concentrat ions o f  external Ca 2+, the curve shifts 
toward a more  positive level (Fig. 10A and B for 
wild type, Figs. 2 and 10A for teaB). Again, at any 
concentra t ion o f  external Ca 2§ above 0.91 mM, the 
curve o f  the teaB mutan t  is always several millivolts 
more  positive than that  o f  wild type. As in the case 
o f  the resting potential  and the outward  current,  the 
Ca conductance  o f  the wild type and the mutan t  is 
not  significantly different in its voltage sensitivity at 
low (0.54raM) external concentra t ions  o f  Ca 2+ 
(Fig. 10A). 

The voltage sensitivity o f  the Gca shifts toward  
the positive by 15 mV when the free [Ca2+]o is in- 
creased f rom 0.91 to 1.78 mM by the addi t ion o f  1 mM 
CaC12 in the s tandard solution, calculated to contain 
0.91 mM free Ca 2+. Addi t ion  o f  1 mM of  MgCI2 to 
the s tandard solution also shifts the curve toward 
the positive by 15 mV (Fig. 10B). Thus, Mg 2+ as 
well as Ca 2 + has the "s tab i l iz ing"  effect on the para-  
mecium membrane.  The differences in maximal  Gca 

in various test solutions, shown in Fig. 10, may be 

due partly to the differences in the local concentra-  
tions o f  Ca 2+ at or  near the Ca-channel.  

Effect of  External K + Concentration 

K + permeabili ty is considered the major  resting per- 
meability in the wild-type paramecium membrane  
(Satow & Kung,  1976a). Increases in the external 
K + concentra t ion f rom 0 to 4 mM do not  significantly 
affect the resting potential  level ( - 3 2  mV). Increases 
o f  K + f rom 4 to 10 raM, however, depolarizes the 
resting membrane  to - 1 8 . 5  mV (Fig. 11). Similarly, 
there is no clear shift o f  the voltage sensitivity o f  
the Gca when the external K + concentra t ion increases 
f rom 0 to 4 raM, but there is a positive shift o f  over 
1 0 m V  when K + increases f rom 4 to 10ram 
(Fig. 11A). A positive shift o f  the vol tage-dependent  
K conductance  (G~) is also seen when the external 
K + concentra t ion increases f rom 4 to 10ram 
(Fig. 11 B). This experiment indicates that  change in 
the concentra t ion o f  K + in bath solutions o f  such 
low ionic strength may also affect the surface-charge 
pat tern significantly and, therefore, that  the depolar-  
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membrane hyperpolarizations from the resting 
level in pwA94 (filled circles) and teaB.pwA94 
(open circles) in the standard Ca-K solution. 
(A): The currents recorded at 1 sec after step 
hyperpolarizations at time 0 from the holding 
potential at rest in pwA94 (left) and in teaB.pwA94 
(right). Upper panels are actual current traces 
induced by step hyperpolarization to about 
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the right the step levels. (B): The relation between 
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30.7 +2.8 mV (n=5) in pwA94 and -23 .7  _+ 
3.4 mV (n=5) in teaB.pwA94. Note that the curve 
of the mutant with the teaB mutation is at the 
more positive voltages than the one without 
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Fig. 8. The resting potentials (V~, mean_+sD, n = 5 - - 7 )  in bath 
solutions of different Ca 2 + concentrations in pwA94 (filled circles) 
and teaB.pwA94 (open circles). The solutions all contain 4 mM 
K +. Note that the mutant with the teaB mutation is more depolar- 
ized than the one without, except at the lowest Ca a + concentration 

ization of the resting potential due to added external 
K § may not be explained by the resting permeability 
alone. The slope of the resting membrane potential 
is about 35 mV for a tenfold change in the external 
K § concentration between 4 to 16 mM (Satow & 
Kung, 1976a). 

The Effects of Growth Temperatures 

teaB has also been found to be a thermotactic variant. 
Wild-type paramecia grown at room temperature 
avoid a zone of higher temperature (e.g., 35 ~ teaB 
can pass through this zone efficiently (T. Hennessey, 
personal communication) and so can wild type pre- 
viously grown at 35 ~ (Hennessey & Nelson, 1979). 
Because the wild type grown at the elevated tempera- 
tures phenocopies of the teaB mutant thermotacti- 
cally, it should be of interest to examine the various 
bioelectric properties of the membrane of such a wild 
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type to see whether they are similar to those of teaB 
grown at room temperature. 

Table 1 summarizes the results from wild type and 
teaB, each grown at two temperatures, 22 and 34 ~ 
Wild type grown at 34 ~ have a resting membrane 
potential (Vm)~ 8 mV less negative than those grown 
at 22 ~ The positive shift in the V,, caused by the 
elevated growth temperature is echoed by the positive 
shift of the voltage sensitivity of the Ca conductance, 
as indicated by the voltage at which the Ca conduc- 
tance is half maximal (V~/2). Such positive shifts are 
not observed when the external Ca 2 + concentration 
is low (e.g., 0.5 mM) (Satow & Kung, 1976b). Both 
the Vm and V1/2 of the wild type grown at 34 ~ 
are statistically indistinguishable from those of teaB 
grown at 22 ~ 
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Fig. 10. The effect of  Ca 2- or Mg 2+ concentration on the voltage 
vs. Ca conductance ( V - G a )  relations. (A): The V-Gc~ relations 
in wild type (filled circles) and the teaB mutan t  (open circles) 
in a solution of 0.54 mM Ca 2+ and 4 mM K ' .  The holding poten- 
tials are shown with arrows ( - 3 2 . 4 + 6 . 1  mV, n=6, in wild type; 
- 3 1 . 3  • 3.1 mV, n = 5, in teaB). These holding potentials (i.e., rest- 
ing potentials) are not significantly different in this solution of 
low Ca 2+ concentration. Note that the V-Gc,  relation in teaB 
is very similar to that in wild type. (B): The V-Gca relations 
of wild type in 0.91 mM Ca 2+ (open circles), 1.78 mM Ca 2+ (filled 
circles and pulses) and 1.78 mM Ca 2+ and Mg 2+ (open triangles, 
i.e., 1 mM MgC12 added to the standard Ca-K solution). All solu- 
tions contain 4 mM K +. Arrows show the holding potentials in 
each test solution; -31 .5_+2 .4mV,  n - 8 ;  -25.5_+3.3 mV, n = 5 ;  
- 3 0 . 4 + 2 . 8 m V ,  n = 7 ;  -22 .7_+2.0mV,  n - 6  in Ca 2+ 0.91 mM 
(open circles), 1.78 mM (filled circles), 1.78 mM (pluses) and 1.78 mM 
[Ca 2 + + M g  2+] (open triangles), respectively. In 1.78 m~a Ca 2+, 
the V Gc~ relation is the same whether the membrane  was held 
at the resting potential (filled circles) or at - 3 0  mV (pluses) 

Elevated growth temperature has other effects of 
the wild-type membrane as well. While it does not 
change the maximal Ca conductance (Table 1), it 
slows the Ca-inward current as shown in Fig. 12. The 
time to peak of  the maximal inward current is delayed 
by about 1 msec (Table 1). The effect of the kinetics 
of the Ca current is not mimicked by the teaB muta- 
tion. 

None of the effects of the elevated growth temper- 
ature on wild type is observed in teaB. There appears 
to be no significant difference in the V,,, V1,2, maximal 
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the V - G c ,  relations in wild type (filled circles) and the teaB (open 
circles). Compared with Fig. 2D, the elevated growth temperature 
shifts the wild-type curve toward the positive direction. This effect 
of temperature is like that of the teaB mutation. The teaB mutant 
is not further affected by the higher growth temperature (see text 
for details) 

Ca conductance  and kinetics of  the Ca current upon  
a change of  growth temperature f rom 22 to 34 ~ 

In the wild type, the effects of  34 ~ growth tem- 
perature appear  fully after 4-8 hr of  incubation. The 
critical temperature appears to be about  27 ~ since 
wild type grown at 28.5 ~ have a change in resting 
potential  (V,, = -  23.9 _+ 5.8 mV, n = 7), similar to the 
change in cells grown at 34 ~ and cells grown at 
26 ~ have a resting potential (V,, = - 3 1 . 3  +_2.5 mV, 

n = 5) indistinguishable f rom that  o f  those grown at 
22 ~ (Table 1). 

Discussion 

By measuring the voltage sensitivities of  sensor mole- 
cules on the membrane  such as the Ca-channel  and 
the K-channels,  we have indirectly studied the sur- 
face-charge density and its changes in P. tetraurelia 
by external ion concentrat ion,  by growth- temperature  
alteration, and by a mutat ion.  

We show here that  a single-gene mutat ion,  teaB, 
causes a positive shift o f  approximately  10 mV in 
the resting potential  (Table 1) and in all three voltage- 
sensitive conductances : the Ca conductance  (Fig. 2D, 
Table 1), the delayed rectifying K conductance  
(Fig. 5D) and the anomalous  rectifying K conduc-  
tance (Figs. 6 and 7). Though  possible, it is highly 
unlikely that  a single-gene product  is responsible for 
or  controls the voltage sensitivities of  three or more  
kinds o f  ion-channel  molecules with very different 
characteristics. The simplest interpretation of  the ob- 
servations is that  there is no real change in the voltage 
sensitivities in any of  the channel molecules, but, be- 
cause of  a mutat ional ly induced reduction in the sur- 
face potential,  there is an apparent  parallel positive 
shift of  the voltage sensitivities o f  these channels. It 
should be noted that  the shift o f  the voltage sensitivity 
of  Ca-channels is observed, when the wild-type mem-  
brane is first held at - 2 4 . 5  mV, a level less negative 
than the resting level (Fig. 3 B) without  any change 
in external ion concentrations.  This phenomenon  is 
also seen in the teaB membrane  first held at - 15 mV 
(data no t  shown). 

Because of  the low ionic strength and the varia- 
bility o f  the ionic strength and species in fresh water 
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and the presence of certain mechanisms which appear 
to have evolved to deal with these conditions, the 
paramecium membrane is unorthodox in some ways 
when compared to metazoan excitable membranes 
which are bathed in constant and high ionic strength 
plasma or sea water. All cations cause positive shifts 
of the resting potential of Paramecium (Naitoh & 
Eckert, 1968). These apparent depolarizations were 
first interpreted as indicating permeabilities to these 
cations (Naitoh & Eckert, 1968; Eckert, Naitoh & 
Machemer, 1976). More recently, the possible effects 
of the surface potential on the measured resting po- 
tential and the voltage sensitivity of the Ca-channel 
have been discussed (Satow & Kung, 1979; Eckert 
& Brehm, 1979). Eckert and Brehm (1979) have pro- 
posed a reasonable hypothesis for the apparent posi- 
tive shifts, which involves the screening or binding 
of fixed surface negative charges by the cations and 
not their permeation. According to this hypothesis, 
masking of fixed surface negative charges first in- 
creases the potential difference across the true mem- 
brane domain in which the channel dipoles reside, 
then triggers a mechanism which causes a charge 
movement to readjust this potential difference to the 
original level. Although the original potential differ- 
ence across the channel dipoles is restored, the read- 
justment leads to a positive shift of the resting poten- 
tial and the voltage sensitivities of all ion channels 
as measured by the electrodes situated in the cyto- 
plasm and the bath (see Fig. 5 of Eckert & Brehm, 
1979, for details). 

We propose that the teaB mutation reduces the 
surface negative charge densities. The loss of the sur- 
face potential triggers the readjustment mechanism 
to restore the normal potential difference across the 
membrane domain in which the channel dipoles re- 
side. When the channel dipoles are no longer sub- 
jected to an altered potential difference, the electrodes 
detect a uniform positive shift of the resting potential 
and voltage sensitivities of all channels. 

It is well known that addition of external divalent 
cations, which are largely impermeant to the resting 
membrane, reduces the surface potential. We have 
established that the increase in external Ca 2 § concen- 
tration causes a positive shift in the resting potential 
(Fig. 8), the voltage sensitivity of the Ca conductance 
(Fig. 10) and the voltage sensitivity of the depolariza- 
tion-sensitive K conductance (Fig. 9) of both the wild 
type and the teaB mutant. Adding Mg 2 § has a similar 
effect (Fig. 10B). At or above 0.91 mM external Ca 2+, 
the effects of external Ca 2§ on the mutant parallel 
those on the wild type; i.e., the extent of positive 
shift by a given addition of Ca/+ is the same for 
both strains, although there is always an added fixed 
positive shift due to the mutation in the mutant. This 

observation suggests that the membrane mechanisms 
responding to perturbation of surface potential are 
intact in the mutant. At a low concentration of exter- 
nal Ca 2§ (0.54 mM), the difference between the two 
strains becomes insignificant. This is true of the rest- 
ing potential (Fig. 8), the voltage sensitivity of the 
Ca conductance (Fig. 10A) and the voltage sensitivity 
of the depolarization-sensitive K conductance 
(Fig. 9). This concomitant extinction of the mutation- 
ally induced differences at low external concentrations 
of Ca 2§ suggests that the mutation-related loss in 
surface potential is small compared to the very large 
surface potential under such a condition. 

K +, externally added, also causes a positive shift 
of the wild-type resting potential (Fig. 11 ; Naitoh & 
Eckert, 1968; Satow & Kung, 1976a), and the voltage 
sensitivity of the Ca conductance (Fig. 11). Consistent 
with the hypothesis above, one can interpret this to 
mean that K § though monovalent, has significant 
masking effects on the surface negative charges at 
the condition of low ionic strength in which the para- 
mecium membrane operates. However, K § is per- 
meant in the resting membrane and at least part of 
the depolarization of the resting potential by added 
external K § should be the result of this permeability. 
Chandler, Hodgkin and Meres (1965) reported that 
the dilution of internal KC1 in squid giant axon shifts 
the sodium inactivation curve along the voltage axis 
in the positive direction. They concluded that the 
internal ionic strength determines the position of this 
curve. If the relative ionic strength between the exter- 
nal and the internal solutions is a controlling factor, 
our findings of positive shifts by external ionic- 
strength increase are consistent with their observa- 
tions. 

Ciliated protozoa alter their membrane lipid com- 
positions, depending on the growth temperature (Ka- 
sai et al., 1976; Hennessey & Nelson, 1979). It is likely 
that this change is adaptive and affects the electric 
properties of the membrane. Increasing the growth 
temperature from 22 to 34 ~ causes a positive shift 
of the resting potential, and the voltage-sensitivity 
of the Ca conductance (Table 1 and Fig. 12). These 
effects of increased growth temperature are similar 
to those of adding external cations and those of the 
teaB mutation and may have the same origin. If so, 
one of the adaptations to a warmer growth tempera- 
ture may be a reduction in the surface negative 
charges. It is interesting that the teaB mutant is not 
significantly affected by the warmer growth tempera- 
ture. It is therefore possible that the teaB mutation 
affects the adaptation mechanism which regulates the 
surface negative charges. In any case, teaB grown 
at 22 ~ is physiologically similar to the wild type 
grown at 34 ~ This similarity explains why the mu- 
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t a n t  is a l so  t h e r m o t a c t i c a l l y  a b n o r m a l ,  l ike  t he  wi ld  

t y p e  w h i c h  h a s  b e e n  a d a p t e d  to  a h i g h e r  g r o w t h  t e m -  

p e r a t u r e .  
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79-18554. 
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