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Summary. The membrane of Paramecium generates a Ca-depen- 
dent Na current upon depolarization. There is, however, also a 
Na current upon hyperpolarization in this membrane. The sec- 
ond Na current was analyzed under voltage clamp and found to 
have properties identical to those of the first. Both currents could 
be carried by Na and Li ions and not by K, Cs or choline ion. 
They were eliminated by either EGTA injection into the cell or 
Ca removal from the bath. Both currents were eliminated by a 
single-gene mutation, fast-2, that had no effect on Ca currents. 
These findings strongly suggest that these two currents are 
through the same Ca-dependent Na conductance. A hyperpolar- 
ization-induced Ca current was also identified, which served to 
activate the second Na current. These observations support a 
model that the Paramecium membrane has two Ca channels with 
different voltage dependencies and only one Na channel, which 
is elicited by a rise of the internal free Ca 2+ concentration. The 
function of the Ca-dependent Na conductance is discussed. 
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Introduction 

As in neurons, electrogenesis in Paramecium is the 
result of complex interactions of membrane cur- 
rents. Whereas a current elicited by depolarization 
may participate in membrane excitation, functions 
of hyperpolarization-induced currents are less obvi- 
ous. They may serve to regulate the resting mem- 
brane potential upon encountering different exter- 
nal ionic environments or be involved in the control 
of firing rate of action potentials as in the bursting 
neurons (Conner & Stevens, 1971). 

Upon depolarization of the Paramecium mem- 
brane under voltage clamp, voltage-activated Ca 
and K currents and a Ca-activated K current have 
been recorded (see for review Kung & Saimi, 
1982). In the presence of external Na § , a Na current 
(INa,d) has been observed with depolarizing voltage 
steps (Saimi & Kung, 1980). A 2eNa influx has also 
been shown to be related with depolarization 

(Hansma, 1979). Like the Ca-activated K current, 
INa,a is triggered by internal Ca 2+ entering the cyto- 
plasm through the Ca channel. In the presence of 
external Na + a hyperpolarization also induces an 
additional current noted in the previous work 
(Saimi & Kung, 1980). 

Further study of these Na currents was hin- 
dered in the past by the presence of the K currents. 
INa,a was first revealed with a mutant, whose Na 
current is enhanced (Saimi & Kung, 1980) but can 
only be examined at low levels of depolarization 
where the K-current activation is negligible. Recent 
success in suppressing the K currents using inter- 
nally applied Cs + and external TEA + (Hinrichsen & 
Saimi, 1984) now allows a detailed analysis of these 
Na currents. 

This report describes the current upon hyperpo- 
larization in the presence of Na +. This current has 
many similarities to the Ca-dependent Na current 
upon depolarization (INa,a)- A Ca current upon hy- 
perpolarization that is responsible for the activation 
of this Na current is discovered. This report also 
characterizes fast-2 mutation as a null mutation of 
the Ca-dependent Na currents. 

Materials and Methods 

STOCKS AND CULTURE 

Genetically homozygous stocks of P. tetraurelia, Dancer (d4- 
623; Hinrichsen, Saimi & Kung, 1984) and fast-2 (d4-91; Kung, 
Chang, Satow, Van Houten & Hansma, 1975), were derived 
from the wild type (51 s). A trichocyst-nondischarge mutant, nd-6 
(a gift of K. Aufderheide, see Sonneborn, 1975), was used to- 
gether with the above mutants in order to avoid trichocyst dis- 
charge due to irritation, which makes penetration with electrodes 
more difficult and weakens the cell. nd-6 has no detectable be- 
havioral or electrophysiological abnormality. Thus, double mu- 
tants, (Dancer)-(nd-6), OCast-2)-(nd-6), and a triple mutant, 
(Dancer)-(fast-2)-(nd-6), were genetically constructed and veri- 
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Fig. 1. The depolarization-activated Ca current and Ca-depen- 
dent Na current in wild-type Paramecium tetraurelia under volt- 
age clamp. (A) Ca current activated by depolarization to - 5  mV 
from the holding level of -40  mV in the Cs solution. K currents 
were suppressed with internal Cs + and external TEA +. (B-D) 
Families of membrane currents upon 500-msec depolarization 
(step voltages from -40  mV indicated on the right) in the pres- 
ence of 8 mM Na + in the bath (B) and those in the presence of 
Cs + (C) from the same cell. Comparisons would be made be- 
tween the membrane currents in the presence of Na + and Cs +. 
(D) Electronic subtractions of C from B to show the inward 
currents during the depolarization and the tails upon repolariza- 
tion due to the presence of Na +. All traces in this and following 
figures are presented without leakage correction. Dashed lines 
indicate zero current levels 

fled by conventional methods (Sonneborn, 1975). "Wild type," 
"Dancer," "fast-2"' and "(Daneer)-(fast-2) double mutant" in 
this paper refer to the derived stocks all having the nd-6 back- 
ground. The cells were grown and prepared as previously de- 
scribed (Hinrichsen & Saimi, 1984). 

ELECTROPHYS1OLOGICAL MEASUREMENTS 

The procedure of current measurement under voltage clamp was 
that described by Hinrichsen and Saimi (1984). The electrodes 
were filled with 4 M CsC1, and their resistances were approxi- 
mately 20 Mfl. The holding potential was -40  mV. The mem- 
brane current was filtered at 2 kHz; for the slow events it was 
filtered again at 1 kHz with 8-pole Bessel function. A linear 
leakage current was estimated with small hyperpolarization steps 
and subtracted before plotting I-V curves. 

The solutions contained 1 Ca z+, 10 TEA + (tetraethylammo- 
nium), 0.01 EDTA 2-, and 1 HEPES (in raM) at pH 7.2-7.4. Eight 
mM of Cs +, Na +, Li § K + , or choline + was added to the above 
basic composition to form the Cs solution, Na solution, etc. In 
the case where there was no added monovalent cation (the 
monovalent-cation-free solution), 10 mM TEA + was omitted 
from the basic solution. Chloride was the counter ion in all cases, 
except for the OH- used to adjust the pH. All salts were of 
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Fig. 2. The Ca and Na currents in wild type and Dancer. (A) Ca 
currents from the wild type (left) and Dancer mutant (right) acti- 
vated by depolarization steps to - 5  mV in the choline solution. 
The Ca current in the wild type inactivated very rapidly whereas 
that in the Dancer mutant showed less complete inactivation 
(arrow), leaving a greater residual Ca 2+ current. (B) Membrane 
currents from the wild type (left) and the Dancer mutant (right) 
by depolarization steps to -10  mV in the Na solution. (C) I-V 
plots showing the peak Ca currents from the wild type (open 
circles) and the Dancer mutant (open triangles) induced by depo- 
larizations from -40  inV. The currents at 500 msec during depo- 
larization steps in the presence of Na + are plotted for the wild 
type (filled circles) and the Dancer mutant (filled triangles). In 
the hyperpolarization region (left of -40  mV), peak currents 
(open symbols) and late currents at 500 msec (filled symbols) 
during voltage steps in the presence of Na § are also shown for 
the wild type (circles) and the Dancer mutant (triangles). All 
points ofl-V relations in this and the following figures are plotted 
after leakage correction 

reagent grade. The experiments were performed at room temper- 
atures of 20-23~ 

R e s u l t s  

THE Ca-DEPENDENT N a  CURRENT UPON 

DEPOLARIZATION IN THE WILD TYPE AND 

DANCER MUTANT 

A depolarization from the holding level of - 40  to 
- 5  mV elicited in the wild type an inward Ca 
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current which peaked within 5 msec and then inacti- 
vated rapidly to a very low level in the presence of 1 
mM Ca 2+ (Fig. IA). Because of the use of Cs+-filled 
electrodes and addition of external TEA +, K cur- 
rents were greatly reduced (Hinrichsen & Saimi, 
1984). When the bath also contained 8 mM Na +, a 
separate inward current slowly developed and sus- 
tained over the entire step depolarization of longer 
than 500 msec (Fig. 1B at -10 mV for the clearest 
case; Saimi & Kung, 1980). It was followed by a 
large tail inward current upon repolarization which 
approximated a single exponential with a 260-msec 
time constant except at the very early times. Such 
an inward current and its tail were not observed 
when 8 mM Cs + (Fig. 1C) or choline + (not shown) 
was substituted for Na +. As confirmed below, this 
slowly developing inward current and its tail are the 
Ca-dependent Na current (Saimi & Kung, 1980). 
This current will be called INa,d in this paper. Sub- 
traction of the current in the Cs solution from that in 
the Na solution (Fig. 1D) shows the difference, indi- 
cating the profile of Iya,d activation and deactiva- 
tion. 

The Ca channels activated by depolarization 
are shut down by the rise of the internal free Ca 
concentration (Brehm, Eckert & Tillotson, 1980). 
We have reported that this inactivation is weaker in 
the Dancer mutation, resulting in a larger Ca cur- 
rent sustained throughout depolarization (Hinrich- 
sen & Saimi, 1984). As lUa,d is dependent on internal 
Ca (below), INa,d should be magnified in Dancer. Fig- 
ure 2A shows the Ca currents in the choline solution 
from the wild type (left) and that from Dancer 
(right). The sustained Ca current in the Dancer mu- 
tant was larger (arrow) than in the wild type, al- 
though the peak Ca currents after subtraction of 
leak current were the same (the third column of 
Table 1). The maximal sustained Ca currents at the 
end of a 500-msec depolarization in the choline so- 
lution after leakage correction are listed in the 
fourth column. As will be described later, choline + 
or Cs + does not permeate the Ca-dependent Na 
channel (it will be called a channel in this paper 
though the permeation mechanism may be other- 
wise). 

The membrane current at 500 msec in the pres- 
ence of Na + was also larger in Dancer (Fig. 2B, 
right) than in the wild type (left) as was the tail 
current. Note that a late inward membrane current 
in the presence of Na + starts to appear very slowly 
after the transient surge of the Ca current, which 
lasts for only less than 10 msec. Filled symbols in 
Fig. 2C show the membrane currents at 500 msec 
plotted against the voltage steps. The late mem- 
brane current in the depolarization half (steps from 
-40 mV) was larger for Dancer (filled triangles) 
than for the wild type (filled circles, also see Table 
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Table 1. Membrane  currents  upon depolarization from three 
strains of  Paramecium in different solutions 

Stain Solution lEa,pea k Is00msec n 
(nA) (nA) 

Cs - 7 . 4  -+ 0.6 - 0 . 3  _+ 0.1 8 
Wild type Choline - 7 . 3  -+ 0.6 - 0 . 2  _+ 0.1 3 

Na - 7 . 8  -+ 0.6 - 1 . 1  + 0.2 4 

Monova len t  
cation-free - 8 . 8  -+ 1.9 - 1 . 6  + 0.5 4 

Cs - 7 . 3  -+ 1.1 - 0 . 9  _+ 0.3 9 
Dancer Choline - 9 . 0  -+ 1.6 - 1 . 6  _+ 0.3 8 

K - 5 . 7  -+ 1.0 - 0 . 6  -+ 0.2 3 
Li - 6 . 8  -+ 1.2 - 3 . 0  -+ 0.8 3 
Na  - 7 . 2  -+ 0.5 - 3 . 1  + 0.5 9 

fast-2-Dancer Choline - 7 . 4  -+ 1.0 - 0 . 9  + 0.2 9 
Na - 6 . 3  -+ 0.7 - 0 . 8  -+ 0.2 5 

Peak calcium currents  and currents  at 400 msec  during depolariza- 
tion steps f rom - 4 0  to - 5  mV in wild type,  Dancer mutant  and 
OCast-2)-(Dancer) double mu tan t  after subtract ion of linear leak- 
age (mean _+ SD: n = number  of  cells). Underl ined entries indi- 
cate late currents  f rom each strain in the Na solution to facilitate 
compar ison.  

1). Although the late membrane current certainly 
included at least the Ca current and INa,d, the promi- 
nent tail after return from depolarization voltages 
(<+ 10 mV) to the holding level of -40 mV was also 
larger in the Dancer mutant than in the wild type 
(Fig. 2B). This slow tail was strictly associated with 
INa,d and not with the Ca current (Hinrichsen & 
Saimi, 1984). Through this and a previous work 
(Hinrichsen & Saimi, 1984), no other alterations 
were noticed in the Dancer mutant besides the de- 
polarization-activated Ca current and its conse- 
quences such as Ina,d. Because of the larger but 
otherwise apparently normal INa,d in Dancer at the 
intermediate voltage range less than + 10 mV, I de- 
cided to use Dancer mutant to characterize INa,d 
further. Using Dancer mutant, a large INa,d was elic- 
ited with a relatively low depolarization, which 
avoided an unnecessary harm to the cell. 

A C U R R E N T  IN T H E  P R E S E N C E  

OF Na + U P O N  H Y P E R P O L A R I Z A T I O N  

In the absence of external Na +, a hyperpolarization 
step more negative than -60 mV elicited in Dancer 
a membrane current whose characteristics and time 
course were complex (Fig. 3B). There was an in- 
ward component in the total current upon hyperpo- 
larization that peaked at around 50 msec. The total 
membrane current then usually declined slightly but 
gradually increased again inwardly. Since I applied 
internal Cs + and external TEA + and also excluded 
K + from the bath, it is unlikely that the observed 
inward current upon hyperpolarization was a K cur- 
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Fig, 3. Hyperpolarization-induced currents in Dancer. (A) Fami- 
lies of membrane currents upon 500-msec hyperpolarization 
(step voltages indicated on the right) in the presence of Na + in 
the bath and (B) those in the presence of Cs § from the same 
Dancer cell. (C) Electronic subtractions of B from A to show the 
differences due to the presence of Na + 

rent. The peak current at around 50 msec appeared 
to have a Ca component (see below). 

In the presence of Na § in the bath, both the 
peak current and the later current during the step 
hyperpolarization (Fig. 3A) became larger in 
Dancer. These additional currents were therefore 
either due to Na § permeation or a stimulation of the 
existing currents by Na § The most notable change 
upon adding Na + to the bath was a large inward tail 
current that was seen upon return to the holding 
level. This tail current showed at least two expo- 
nential components, with time constants of 45 and 
>400 msec after a step to -90 mV. Figure 3C shows 
subtractions of the currents in Cs solution from 
those in the Na solution, showing the profile of the 
membrane current due to the presence of Na +. 

The properties of these currents from Dancer 
were identical to those from the wild type (see Ta- 
ble 2: third column for peak currents and fifth 
column for currents at 500 msec of voltage steps; 
also see Fig. 2C, left of -40 mV). This is consistent 
with the view that the primary defect of the Dancer 
mutation is in the depolarization-activated Ca cur- 
rent (Hinrichsen & Saimi, 1984) and in neither the 
Na channel nor the presumptive Ca current trig- 
gered by hyperpolarization (see below). 

A HYPERPOLARIZATION-INDUCED C a  CURRENT 

Because the hyperpolarization-induced currents 
were not previously characterized in the absence of 
Na + and in the presence of the K channel blockers, 
it was necessary to first examine currents upon hy- 
perpolarization without Na + before studying the ad- 
ditional currents due to Na +. When external Ca e+ 
was replaced with Mg 2+ in the Na+-free solution, 
the peak current at approximately 50 msec upon 
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Fig. 4. Effects of Ca substitution and EGTA injection on the 
membrane current in the Na+-free solution. (A) Effects of substi- 
tution of Mg 2§ for Ca 2§ on the peak currents from the Dancer 
mutant. Upper traces were induced by depolarization to - 5  mV, 
and lower ones by hyperpolarization to -90 mV in the Na-free 
choline solution with Ca 2§ (left) or Mg 2§ (right). (B) The peak Ca 
currents upon depolarization (right to -40  mV) and the peak 
current upon hyperpolarization (left) in the presence of Ca 2+ 
(circles) are plotted, whereas such peak currents upon both de- 
and hyperpolarization were not detected in the absence of Ca 2§ 
(triangles). (C) Effects of EGTA iontophoresis (9 nA, for 1 rain) 
into the Dancer mutant bathed in the choline solution. The mem- 
brane currents before (left) and after (right) the injection from the 
same cell are shown for depolarization (upper) and hyperpolar- 
ization steps (lower) 

hyperpolarization was lost (Fig. 4A, lower traces). 
The membrane currents were plotted against volt- 
age after subtraction of a linear leakage current 
(Fig. 4B). The I-V relation shows the peak ampli- 
tudes for the depolarization-activated Ca current 
and for the hyperpolarization-induced current at 
around 50 msec in the presence of Ca 2+ (circles). 
No such peak currents were observed in the Ca 2+- 
free Mg solution (triangles). These results indicate 
that the peak current upon hyperpolarization is a 
hitherto unknown Ca or Ca-activated conductance. 

In order to test whether this peak current upon 
hyperpolarization was a current through a Ca chan- 
nel or a current activated by internal Ca 2+, I in- 
jected EGTA 2 iontophoretically into Dancer cells. 
The effect of EGTA injection on the depolarization- 
activated Ca current has been well established 
(Brehm et al., 1980). Therefore, I used this current 
as an indicator of the effectiveness of EGTA injec- 
tion. Figure 4C shows current traces upon depolar- 
ization (upper) and hyperpolarization (lower). After 
EGTA was iontophoresed with a 9-nA current for 1 
min, the sustained inward Ca current upon depolar- 
ization in the choline solution increased (upper 
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Fig. 5. Ca dependence of  Na currents in Dancer. (A) Effects of  
substitution of  Mg 2+ for Ca 2. on the membrane currents from the 
Dancer mutant  bathed in the solution with Na +. (B) The late 
currents at 500 msec during voltage steps in the presence of  Na + 
with Ca 2+ (circles) or Mg 2+ (triangles) are plotted. (C) Effects of 
EGTA injection into the Dancer mutant bathed in the Na solu- 
tion. Except  for the presence of  Na* the procedures were similar 
to those for Fig. 4 

right). This was due to a removal of Ca-dependent 
Ca-channel inactivation by effective Ca z+ buffering 
(Brehm et al., 1980). Although the peak inward cur- 
rent upon hyperpolarization was reduced slightly by 
the EGTA injection (lower right), a large portion of 
the peak current was not affected. This mainte- 
nance of the peak current even after EGTA injec- 
tion was consistent with its being a Ca current, 
rather than an internal Ca2+-activated current. 

The Ca-substitution experiment and the EGTA- 
injected experiment suggest that the peak current 
upon hyperpolarization includes a current through a 
Ca conductance, which is apparently different from 
the depolarization-activated Ca channel in the volt- 
age dependency. 

C H A R A C T E R I Z A T I O N  OF THE N a - I N D U C E D  

C U R R E N T  UPON H Y P E R P O L A R I Z A T I O N  

As shown above, the change in the membrane cur- 
rent by hyperpolarization upon Na + addition to the 
bath was threefold: an increase in the peak current 
at around 50 msec, an increase in the late current by 
500 msec and the appearance of a slow inward tail 
current upon repolarization (Fig. 3). For the sake of 
clarity, the net increase due to addition of Na + in 
the total membrane current upon hyperpolarization 
will b e  collectively designated IN~,h hereon in this 
paper. 
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Fig. 6. I-V relations of  membrane currents of  Dancer cells 
bathed in different solutions. All solutions contained (in raM): 1 
Ca 2+, 0.01 EDTA 2-, 1 HEPES (pH 7.2-7.4), and 10 TEA +. TEA + 
was omitted in the monovalent-cation-free ( - M  +) solution (A, 
circles). Eight mM of  Cs + (A, triangles), choline + (squares), Na + 
(B: circles), Li + (triangles) or K + (squares) were added to form 
each of  the other  solutions. The late currents at 500 msec are 
plotted against step voltages, showing those in the Na or Li 
solution are larger than the rest. Choline data from one cell; Cs 
and - M  + from the second cell; all in B from a third cell 

Since it has been shown that IN~,a upon depolar- 
ization is Ca-dependent (Saimi & Kung, 1980), I 
examined the Ca sensitivity oflNa,h. Most oflNa,h was 
lost by substituting external Ca 2+ with Mg 2+ (Fig. 
5A). Figure 5B plots the currents at 500 msec of 
voltage steps in the presence of Ca 2+ (circles) and 
Mg 2+ (triangles), showing that the large inward cur- 
rents both upon depolarization and upon hyperpo- 
larization were lost by substituting Ca 2+ with Mg 2+. 
IN~,h was also diminished after EGTA iontophoresis 
with a 9-nA current for 1 rain (Fig. 5C). Under ei- 
ther of these conditions, INa,a was also lost. Note 
that the increased sustained inward current during a 
depolarization after EGTA injection (Fig. 5C upper 
right) was due to the sustained Ca current pre- 
vented from Ca-dependent inactivation as in Fig. 
4C. The results indicate that INa,h is activated by 
i n t e rna l  Ca 2+ as in the case for INa,d. 

I examined the ion selectivity of the channel 
responsible for IN~,h (Fig. 6A and B, left of - 40  mV). 
In solutions containing K+I Cs + or choline + the 
peak current (Table 2: third column) and the late 
current were smaller than IN~,h (Fig. 6A: triangles for 
the Cs +, squares for choline+; 6B: squares for K+; 
see also Fig. 3), nor were there any clear tail cur- 
rents upon repolarization, as the one associated 
with INa,h. The possible contributions of the mono- 
valent cations were further examined by eliminating 
all monovalent cations from the bath solution, leav- 
ing only Ca, C1 and buffer ions. The I -V  relation in 
this solution is shown in Fig. 6A with circles marked 
as - M  +. Except for a small shift of the voltage 
sensitivity upon depolarization in the absence of 
monovalent ions, which was perhaps due to a junc- 
tion potential difference, there was little difference 
in the late currents during the voltage steps among 
the Cs, choline, K and - M  + solutions (Table 2, fifth 
column). The peak currents (Table 2, third column) 
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Table 2. Membrane currents upon hyperpolarization from three 
strains of Paramecium in different solutions 

S t a i n  S o l u t i o n  Ipeak /7 Is00msec n 
(nA) (nA) 

Wild type 
Cs -2 .8 -+0 .3  6 -1 .7 -+0 .3  8 
Choline -2.1 +-- 1.2 3 -1.1 --- 0.4 3 
Na -3 .2  -+ 1.0 3 -4.3 +- 0.5 4 

B 

fast- 2 

~ - - ~ , ; :  :- :' < 

4.8ms 
C " 

No chohe 
D zx 

mV 

-5 

Monovalent 
cation-free -1 .8  -+ 0.2 4 -1 .0  -+ 0.2 4 

Cs -2 .2+-0 .6  8 - 1 . 4 - 0 . 4  9 
Dancer Choline -2 .0  -+ 0.6 8 -1 .2  -+ 0.4 8 

K -2 .4  -+ 0.4 3 -1.3 -+ 0.4 3 
Li -3,5 -+ 1.5 3 -4.3 +- 0.8 3 
Na -3 ,9  +- 0.8 7 -4.1 +- 1.1 9 

fast-2- Choline -0 ,9  --- 0.4 9 -0.3 - 0.4 9 
Dancer Na -0.8 +- 0.2 5 -0 .5  --- 0.1 5 

Peak currents and currents at 500 msec during hyperpolarization 
steps from -40  to -90  mV in wild type, Dancer mutant and 
(fast-2)-(Dancer) double mutant after subtraction of linear leak- 
age (mean -+ SD: n = number of cells). Underlined entries indi- 
cate late currents from each strain in the Na solution to facilitate 
comparison to other entries. 

as well as the tail currents (not shown) also showed 
little difference in these solutions. 

When the bath had Li § (Fig. 6B, triangles) in- 
stead of Na + (circles), the peak current at approxi- 
mately 50 msec, the late current during voltage 
steps, and the tail current all became as large as 
those of INa,h. The time course of the Li-induced 
current was very similar to that of INa,h. 

The selectivity of the channel for IN~,a upon de- 
polarization (Fig. 6A,B right of -40 mV) was re- 
examined and compared with that for INa,h. None of 
K, Cs and choline ions gave rise to an increased 
current amplitude during depolarization steps as 
large as the Na or Li current. There was no large tail 
current after depolarization when Cs, choline or no 
monovalent cation (labeled as - M  +) was present. 
However, a tail current in the K solution was ob- 
served but was less than - 1.3 nA and decayed with 
a time constant of about 190 msec, which was faster 
than that of INa,a. Since the time course of the K tail 
was much different from those of Li and Na tails, it 
is not likely that the K tail current was going 
through the Na channel. Unlike molluscan Ca-acti- 
vated K channels (Hermann & Gorman, 1981), the 
Ca-activated K channel in Paramecium is not effec- 
tively inhibited by external TEA + (Y. Saimi, unpub- 
lished). 

The above experiments therefore showed that 
IN~,a and INa,h are identical in their dependence on 
internal Ca 2§ and ion selectivity. They also suggest 
that both currents are through the same Na channel. 

,< 

240ms 

-90  

Fig. 7. Membrane currents from the fast-2 mutant. (A) The Ca 
current by depolarization to -5mV in the choline solution. (B) 
Membrane currents upon 500-msec step de- or hyperpolarization 
(voltage indicated on the right) in the Na solution and (C) those 
in the choline solution. (D) Subtractions of the currents in the 
choline solution from those in the Na solution, showing little 
difference between them. Compare this figure with Figs. 1 and 3 

This channel can be activated by internal Ca 2+, orig- 
inating from two different sources, either a depolar- 
ization-induced Ca conductance or a hyperpolariza- 
tion-induced one. 

THE FAST-2 MUTATION DELETES 

BOTH INa,d AND INa,h 

If both  INa,a and Ir~a,h use the same ion channel, 
mutants may be found that would affect both cur- 
rents at once. Null mutations are particularly useful 
in that they completely remove specific conduc- 
tances. Fast-2, a single-gene mutant of P. tetraure- 
lia, has been reported as behaviorally insensitive to 
Na § (Kung et al., 1975). It has also been reported 
not to show spontaneous action potentials in the 
presence of Na + (Satow & Kung, 1976). I therefore 
examined INa,a and INa,h of fast-2 under voltage 
clamp. In the presence of Na + fast-2 mutant did not 
have an INa,a by depolarization voltage steps up to 
+50 mV (Fig. 7B, upper trace). Neither the sus- 
tained Na inward current during the depolarization 
step nor its tail upon return to the holding level was 
detected. Similarly, INa,h upon hyperpolarization 
and its tail were also missing in fast-2 (Fig. 7B, 
lower trace). The total membrane currents upon 
both de- and hyperpolarization in the presence of 
Na were very similar to those in Cs or choline solu- 
tion (Fig. 7C). Subtractions of currents in the cho- 
line solution from those in the Na solution yielded 
almost no current that could be attributed to the 
presence of Na § (Fig. 6D). 

Since IN~,a and IN~,h are activated by internal 
Ca 2+, it is necessary to determine whether the fast-2 
mutation also effect the Ca current upon depolariza- 
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tion and that upon hyperp01arization (see above). 
The depolarization-activated Ca current (Fig. 7A; 
compare to Fig. 1A) in fast-2 mutant had a normal 
peak amplitude (-7.3 -+ 2.4 nA: n = 3) and time 
course. That fast-2 mutation deletes INa,d and INa.h 
almost completely and has no effect on the Ca cur- 
rents was further demonstrated by examining the 
currents in the (Dancer)-(fast-2) double mutant. 
This double mutant had a larger sustained depolar- 
ization-activated Ca current exactly as the Dancer 
single mutant (Fig. 8A right; Hinrichsen & Saimi, 
1984), but did not have significant amount of Na 
current upon depolarization (Fig. 8A, left; B, 1-V 
relation) despite the large Ca current sustained 
throughout the step depolarization due to the 
Dancer defect. 

The hyperpolarization-induced peak current at 
around 50 msec that included the hyperpolarization- 
induced Ca current (see above) in the choline or Cs 
solution was slightly smaller in (Dancer)-(fast-2) 
mutant than in the Dancer mutant (Fig. 8A, lower 
traces; Table 2, third column). Although this peak 
current became larger in fast-2 upon a deeper hy- 
perpolarization, no substantial IN~,h in fast-2 was de- 
tected as judged by lack of tail current. The com- 
plex nature of the hyperpolarization-induced peak 
current at around 50 msec is discussed below. 

Discussion 

A 
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Fig. 8. Absence of the Na current in the (fast-2)-(Dancer) dou- 
ble mutant. (A) Membrane currents upon de- (upper) or hyper- 
polarization (lower) in the Na solution (left) and in the choline 
solution (right), showing little activation of the Na currents in the 
double mutant. (B) The late membrane currents at 500 msec 
during voltage steps in the Na solution (circles) and choline solu- 
tion (triangles) are plotted against voltages. Compare this figure 
with Fig. 2C 

THE IDENTITY OF THE Na CONDUCTANCES UPON 

DE-  AND HYPERPOLARIZATION 

Three membrane currents associated with hyper- 
polarizations are increased by an addition of Na + to 
the bath: the large peak current at around 50 msec, 
the later current by 500 msec, and the slow tail cur- 
rent (Fig. 3). These three membrane currents are 
always associated. They appear when the bath has 
Na + or Li + (Fig. 6) and disappear when external 
Ca 2+ is taken out from the bath or EGTA z- is in- 
jected into the cell (Fig. 5). Fast-2 mutation re- 
moves these three currents (Figs. 7 and 8). These 
three currents thus appear to be of the same con- 
ductance and are collectively called INa,h here. 

This study shows that INa,h upon hyperpolariza- 
tion and the Ca-dependent Na current upon depo- 
larization (Iua,a), which has already been character- 
ized (Saimi & Kung, 1980), have many common 
properties. (1) Both 1N~,a and INa,h conductances are 
permeable to Na + or Li +. (2) Their activation is 
dependent on internal Ca 2+. (3) A single mutation, 
fast-2, eliminated almost all of these two currents. 
Therefore, these two conductances are most likely 
the reflection of the same molecular entity, the Ca- 
dependent Na channel (it will be called a channel 

through its actual molecular mechanism may dif- 
feD. The differences in the amplitude and kinetics 
between the two Na currents are probably a mani- 
festation of differences in Ca 2+ influx or removal 
upon de- and hyperpolarization. Whether the Na 
channel has voltage dependence as in the case of 
the Ca-activated K channels (Moczydlowski & La- 
torre, 1983) has yet to be examined. 

The Na channels are located on the somatic 
membrane because at least a fraction of them sur- 
vive deciliation (Kung & Saimi, 1982). As decilia- 
tion also removes the depolarization-activated Ca 
current (Machemer & Ogura, 1979), whether the Na 
channels are also on the ciliary membrane is not 
known. 

THE NATURE 
OF THE C a - D E P E N D E N T  N a  CONDUCTANCE 

A precise calculation of the Na conductance 
through the measurement of the reversal potential is 
prevented at high voltages by the activation of ion 
currents not fully suppressed by the K current 
blockers used in this study (see, for example, Fig. 
5B: triangles in the depolarization half). The fever- 
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sal potential in 8 mM Na solution appears to be 
much higher than + 10 mV (e.g. Fig. 1D). A direct 
comparison of the current amplitudes and tails after 
the voltage steps shows that Na + and Li + can pass 
through the Na channel well (Fig. 6). Cs, K and 
choline ions, on the other hand, permeate poorly. 
The ion selectivity of the Ca-dependent Na channel 
in Paramecium appears to be different from that of 
the Ca-activated, nonselective cation channels 
which pass Na + and K + almost equally (Colquhoun, 
Neher, Reuter & Stevens, 1981; Yellen, 1982; Ma- 
ruyama & Petersen, 1982). 

There is a very small inward tail (<0.5 nA) after 
both de- and hyperpolarization even in the absence 
of Na + (Fig. 4A). It decays with a similar time 
course to that of the Ca-dependent Na current and 
is sensitive to EGTA injection (Fig. 4C). As Ca 2+ is 
known to pass the voltage-activated Na channel 
(Baker, Hodgkin & Ridgeway, 1971; M e v e s &  Vo- 
gel, 1973), the Ca-dependent Na channel studied 
here may also be permeable to Ca 2§ Since the Ca 
electromotive force is expected to be much larger 
than that for Na § the small tail indicates that the Ca 
permeability through the Na channel is much 
smaller than the Na permeability. 

Whereas the Na channel in Paramecium is de- 
pendent on internal Ca 2§ it has yet to be shown 
whether it is directly activated by binding of Ca 2+ as 
is probably the case for the Ca-activated K channel. 
Alternatively, it could be indirectly activated by Ca- 
induced metabolism, for example, change in the 
levels of cyclic nucleotides. Na conductances in the 
rod outer segment (Mathews, Torre & Lamb, 1985; 
Fesenko, Kolesnikov & Lyubarsky, 1985) and in 
the molluscan neurons (Aldenhoff, Hofmeier, Lux 
& Swandulla, 1983; Conner & Hockberger, 1984) 
are activated by cyclic nucleotides. The Na channel 
in the rod outer segment (Capovilla, Caretta, Cer- 
vetto & Torre, 1983; Yau & Nakatani, 1984; 
Hodgkin, McNaughton & Nunn, 1985) and the Na 
conductance in Helix (Swandulla & Lux, 1984), 
however, have rather broad ion selectivity unlike 
the Na channel in Paramecium. 

Although the Ca-dependent Na current could 
be generated by a Na-Ca exchange mechanism 
(Connolly & Kerkut, 1983), it is more likely that this 
Paramecium Ca-dependent Na current is through a 
channel with a large Li permeability. Li + is usually 
far less efficient than Na + for the Na-Ca exchange 
mechanism. 

THE FAST-2 MUTATION 

The fast-2 mutant clearly lacks the Ca-dependent 
Na current upon de- and hyperpolarization. It ap- 

pears that fast-2 mutation shuts down the Na con- 
ductance. The elimination of Na current is nearly 
complete since the mutant's current upon hyperpo- 
larization in the Na solution, where the driving 
force for Na + is large, is still not different from that 
in the Na+-free choline solution (Figs. 7 and 8). 

The depolarization-activated Ca current (Fig. 
7A) and K currents (data not shown) of fast-2 mu- 
tant are all normal. This null mutation of the Na 
current is particularly useful for testing the behav- 
ioral significance of the Na current as well as for 
examining the remaining current in the mutant. 

THE Ca SOURCE UPON HYPERPOLARIZATION 

The existence of the Ca-dependent Na current upon 
hyperpolarization raises the question regarding the 
source for Ca 2+. Although the possibility of C a  2+ 

release from the internal binding sites has not been 
ruled out, it appears that there is a Ca influx upon 
hyperpolarization. The peak current upon hyperpo- 
larization at around 50 msec appear to contain a Ca 
current. This peak current is removed upon substi- 
tution of external Ca 2+ with Mg 2+ (Fig. 4A) and is 
largely resistant to injected EGTA 2- (Fig. 4C). 
These observations indicate that the peak current 
consists of both a hyperpolarization-activated Ca 
current and a smaller current(s) that is activated by 
internal Ca 2+. As INa,h has a peak component at 
around 50 msec (Fig. 3) and the Na channel may be 
slightly permeable to Ca > (see above discussion), 
this EGTAZ--sensitive component may be a Ca cur- 
rent through the Na channel. If fast-2 mutation only 
affects the Na channel, the peak current at around 
50 msec upon hyperpolarization in fast-2 mutant is 
expected to be small (Table 2: third column) since 
the EGTA2--sensitive component of the peak cur- 
rent may be a Ca current through the Ca-dependent 
Na channels. 

BEHAVIORAL SIGNIFICANCE 
OF THE Ca-DEPENDENT NA CURRENTS 

It has been reported that, in external Na + concen- 
trations lower than 5 mM Paramecium actually 
takes up Na + in concentrations higher than the ex- 
ternal Na + concentration (Hansma, 1979; Connolly 
& Kerkut, 1983). At higher Na + concentrations, the 
calculated reversal potential becomes positive, al- 
though we do not know exactly how Na + is regu- 
lated in different ionic media. However, at least in 
such experimental conditions as the Na solutions 
that we routinely use (Kung et al., 1975), the Na 
current may act to maintain the membrane depolar- 
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ization after a surge of the Ca current to the peak 
depolarization. Since the Na current is activated by 
the Ca 2+ influx and the Na inward current depolar- 
izes the membrane, which in turn maintains a small 
flow of the Ca current through the uninactivated Ca 
channels, the Ca and Na currents complete a posi- 
tive feedback loop. The N-shaped I-V curve of this 
Na current (Fig. 2) makes this feedback inevitable. 
This positive feedback is usually counteracted by 
slower activation of the Ca2+-activated K current, 
the absence of which further prolongs the action 
potential. Therefore, these three Ca2+-related cur- 
rents form an action potential of an intermediate 
length of hundreds of milliseconds under certain 
ionic conditions (Saimi, Hinrichsen, Forte & Kung 
1983) leading to a stronger avoiding reaction. That 

fast-2 mutant fails to generate such an action poten- 
tial (Satow & Kung, 1976) supports this view. 

The unclamped membrane can be strongly hy- 
perpolarized by currents such as the Ca2+-activated 
K current. The Na + inward current induced by hy- 
perpolarization of the membrane is expected to de- 
polarize the membrane. Thus, it is possible that the 
membrane potential bounces back to a depolarized 
level from a hyperpolarization, and after the long 
action potential goes back to a hyperpolarized level. 
Such an interaction of currents would cycle many 
times. Membrane potential oscillations each lasting 
about a second have been observed in Paramecium 
bathed in a solution containing Na + (Satow & 
Kung, 1974). Whether there is a conductance of the 
Na channel at the "resting" potential is not clear. If 
the "resting" Na conductance is low, oscillation of 
the membrane potential could be initiated by recep- 
tion of a stimulation such as mechanical and chemi- 
cal ones (Kung & Saimi, 1982). 
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