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ABSTRACT A behavioral deficiency produced by a
single gene mutation in Paramecium aurelia was traced
to impaired electric excitability of the cell membrane.
Evidence is presented that the mutant membrane does not
exhibit the normal depolarization-activated increasein cal-
cium conductance responsible for regenerative depolariza-
tion in the wild type. Other electric properties character-
istic of the wild-type membrane remain normal in the
mutant.

A major unsolved problem in neurobiology is the mechanism
of negative resistance in electrically excitable membranes.
After a sudden depolarization, the membrane exhibits a tran-
sient increased conductance to an ion, usually Na+ or Ca++,
which then carries depolarizing charge into the cell. The ad-
ditional depolarization results in a further increase in con-
ductance, and thus the process becomes regenerative, driving
the membrane voltage toward the equilibrium potential of
the ion (1, 2). This regenerative behavior, which will be termed
electric excitability, is responsible for the upstroke of an ac-
tion potential. Although the electrical properties of excitable
membranes have been studied intensively and have been de-
scribed elegantly by the ionic hypothesis, virtually nothing is
known about mechanisms of membrane excitation at the
molecular levels of membrane structure and chemistry. One
successful approach to the mechanism of biological functions
has been to modify or delete a molecule responsible for one
part of a complex function, and then to observe the effect on
the function. Manipulations by gene mutation have been
applied to studies of the nervous system by Benzer (3) in
Drosophila melanogaster. This rationale is also behind the
work of Kung (4, 5), which is directed at the genetic dissection
of the excitable membrane of a ciliate, Paramecium aurelia.
Paramecium is admirably suited for a genetic approach to

the study of membrane excitation. This cell is electrically
excitable (6-8) and lends itself to intracellular recording and
stimulating techniques (9, 10). The locomotor behavior of
this ciliate has been shown to correlate with the electrical
activity of the membrane (7, 11, 12). Behavioral correlates of
membrane activity greatly simplify the problem of recognizing
altered membrane function in mutants (4, 5). Since these uni-
cells have no synapses or neural organization other than the
cell membrane, analysis of altered membrane function is fur-
ther simplified. Pure clones of various genotypes can be
grown axenically (13) for biochemical analysis and compari-
sons and for immunological studies. The development of be-
havioral genetics in this organism rests on an extensive foun-

dation of Paramecium genetics (15), and exploits the advan-
tage of autogamy, a process of nuclear reorganization in P.
aurelia that makes detection of mutants nearly as easy as in
haploid organisms. Finally, a large fraction of the surface
membrane of ciliates covers the cilia, and thus can be rou-
tinely harvested for fractionation (14). This paper reports
electrophysiological studies on a mutant of P. aurelia, first
selected for, and recognized through, its altered locomotor
behavior (4, 5), in which the surface membrane has lost a
single function essential for electric excitation.
The electric properties of the wild-type membrane of

Paramecium caudatum are similar in basic principles of the
ionic hypotheses (1) to those of other excitable membranes
found in nerve and muscle. The electric excitability of Para-
mecium most closely resembles that of crustacean muscle
membrane (8, 16-19). When it is depolarized by injected cur-
rent, Paramecium produces a graded regenerative response in
which the maximum amplitude varies with the extracellular
calcium concentration by nearly the amount predicted by the
Nernst relation for a pure calcium electrode (6). This, to-
gether with other evidence (19), indicates that the response in
Paramecium results from a transient increase in calcium con-
ductance evoked by depolarization. The increase in Ca++
conductance in response to depolarization will be termed
"calcium activation" after the analogous "Na activation"
exhibited by nerve membrane (1).

Depolarization of the membrane in the wild-type organism
is followed by a shift in the direction of the ciliary power
stroke (7, 11). This response, like excitation, depends on the
presence of extracellular calcium ions (11, 20), and is graded
with depolarization so that a strong depolarization produces a
complete "reversal" of ciliary beating, causing the organism
to swim in reverse. Recent evidence has implicated intracellu-
lar Ca++ in the activation of the ATPase enzyme that is ac-
tive in producing ciliary reversal (21)t. Ca++ entering the
cell through the surface membrane during excitation activates
the reversal of ciliary beating (21a).
Behavioral patterns caused by ciliary responses to mem-

brane activity were used in screening for membrane mutants
(4, 5). Variants insensitive to cations that depolarize the wild
type (9, 22) were isolated by the principle of chemotactic
interference with geotaxis. Many such variants were found and
their defects were shown to be genetic (4, 5). One group of
mutants is of special interest, since they fail to swim back-
ward in response to depolarizing stimuli. They are called

t Naitoh, Y. (University of Tokyo), personal communication.
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FIG. 1. Recording arrangement and instrumentation. Specimen impaled from below under visual control through coverglass. Stimulus
pulse (S.P.) delivered through current-limiting resistor. Membrane potential, Vm, recorded with Amplifier 1 (Bioelectric Instruments
NF1) with respect to virtual ground at summing junction of Amplifier 3 (Philbrick P25A), which also monitored the stimulating current,
I,. Output of Al was differentiated by Amplifier 2 (Philbrick P25A). All electrode wires Ag-AgC12. Bath connected to summing junction of
A3 through KCl-agar bridge (a.b.) and triggered calibrator (Bioelectric Instruments CA2).

"Pawns" because they swim only forward. Suprathreshold
stimulation with potassium and other cations (20), as well as
mechanical stimulation at the anterior end of the cell (which
produces depolarization in the wild type, ref. 12), fail to evoke
ciliary reversal. This is not due to a complete lack of respon-
siveness of the locomotor system itself, since mutants can
orient toward the cathode of an applied electric field (4); this
orientation depends on either increased frequency on the
anodal side or ciliary reversal on the cathodal side of the cell
(23). It was, therefore, reasonable to suppose that the control
mechanism (presumably associated with the membrane),
rather than the locomotor apparatus itself, was altered by
mutation.

MATERIAL AND METHODS

All cells used in this work belong to syngen 4 of P. aurelia.
From the different Pawn mutants, strain d4-95, carrying a
pair of recessive alleles pWB pwB, was chosen for electrical
studies. This mutant line (originally designated as pw 1-2-34)
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FIG. 2. Electric excitability of wild-type (d4-85) P. aurelia
and mutant (d4-95) tested in 1 mM CaCl2-4 mM KCl-1 mM
Tris HCl (pH 7.2). (A) Responses of wild type (left) and Pawn
(right) to long depolarizing and hyperpolarizing currents. Dashed
lines indicate the reference potential (Vm = 0). Upper traces
give Vm, lower traces, IT. Calibration pulse is seen at far right of
Vm series in wild type and Pawn. (B) Responses of wild type and
Pawn to brief current pulses. Upper traces give first time deriva-
tive of Vm, and arrows indicate derivative component associated
with regenerative response. Single panel at lower right of each
series shows response to hyperpolarizing pulse. Pawn shows none

of the regenerative responses produced by the wild type.

was derived from strain d4-85, which is behaviorally and
physiologically normal in comparison to the wild-type stock
51, but which carries the marker gene ts 111 in the original
mutagenesis experiment. In the following description "Pawn"
stands for d4-95 and "wild type" stands for the behavioral
wild-type strain d4-85. It was necessary to use strain d4-85
as a control since all previous electrophysiological studies
were made on the larger species P. caudatum. All cells were
grown at room temperature in a modified Pringsheim solution
(24) enriched with boiled egg yolk and bacterized. Specimens
were adapted to 1 mM CaCl2-4 mM KCl-1 mM Tris- HCl
(pH 7.2) for 15 min or longer before experiments.
Care was taken to keep all conditions constant in electrical

comparisons of Pawn and wild type. The electrical stimulat-
ing and recording techniques closely resembled those already
described (7, 10). Input capacitance to the recording head
stage was neutralized with positive feedback by "squaring
up" a calibration pulse inserted between the bath and virtual
ground of the operational amplifier used to monitor stimulat-
ing current. This was of special importance because of the
high resistance (200-500 megohms) of the extrafine capillary
electrodes in the test media of low ionic strength. Input leak-
age current was 0.2 pA. Test solutions in the bath were made
with double glass-distilled water and contained 1 mM CaCl2-4
mM KCl-1 mM Tris * HCl (pH 7.2). In some experiments, 4
mM BaCl2 was substituted for the KCl in the bath. The es-
sential features of electrical instrumentation are shown in
Fig. 1. Electrical stimulation was limited to the physiological
range. Thus, electrotonic depolarizations in excess of 25 mV
were seldom applied. Cells requiring larger than normal cur-
rents (i.e. with low input resistances) were discarded as pre-
sumably damaged by insertion of the electrodes.

RESULTS

The resting potentials of wild-type cells were -23.6 +
1.1 mV, whereas that of Pawn was -24.9 i 1.7 mV (+SE
of measurements on eight specimens each). A t-test showed
no significant difference.

Pulses of long duration (400 msec) were passed in both out-
ward (depolarizing) and inward (hyperpolarizing) directions
in wild type and Pawn (Fig. 2). Wild-type P. aurelia behave
electrically very much like P. caudatum (9), showing graded
regenerative depolarizing transients in response to depolariza-
tion, and only electrotonic potentials (with some delayed
anomalous rectification) in response to hyperpolarizing cur-

rent (Fig. 2A). In contrast, Pawn (in over 20 specimens tested)
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FIG. 3. Electric excitability of wild-type (d4-85). P. aurelia and mutant (d4-95) tested in 1 mM CaCl2-4 mAI BaC2-1 mM Tris - HCl.
Wild type (left) shows characteristic all-or-none barium action potentials in response to long- (A) and short- (B) stimulus pulses, and
as afterdischarges and spontaneously (C). The critical threshold for the barium spike produced by wild type is evident in series B, in
which the same amount of current (4nA, 2 msec) produced no active response in the second frame and a full action potential in the 3rd
frame. Pawn (right) shows no signs of local active responses or action potentials. Dashed lines indicate the reference (Vm = 0) potential.
Upper trace is Vm and lower trace I, in A and C; upper trace is dVm/dt and lower trace Vm in B.

had no clear regenerative response, showing little or no inflec-
tion on the upstroke of the RC component and no oscillation
on the plateau.

Current pulses of short duration (2 msec) and higher inten-
sity were passed and the potential changes produced were
electronically differentiated (Fig. 2B). Pawn produced similar
wave shapes in response to depolarizing and hyperpolarizing
current pulses, (Fig. 2B, right). These electrotonic potentials,
too, lack any sign of a regenerative component. Wild-type P.
aurelia, like wild-type P. caudatum., responded with an inflec-
tion on the upstroke of the depolarization and a graded active
component, which reaches an amplitude about twice the am-
plitude of the electrotonic hyperpolarization (Flig. 2B, left).
The graded electric responses of P. caudatum can be con-

verted to all-or-none action potentials by the addition of Ba++
or Sr++ (8), similar to the effect of Ba++ and Sr++ on electric
excitability in crustacean muscle (18). Ba++ increases mem-
brane resistance, and also porduces a stronger regenerative
current than does Ca++ (8). Barium renders the wild-type
membrane of P. aurelia highly sensitive to depolarization, so
that a depolarizing current as low as 10 pA can produce all-
or-none action potentials in many cases (Fig. 3A, left). The
action potential has a distinct threshold (Fig. 3B, left). In
contrast, Pawn remains electrically inexcitable in Ba++ (Fig.
3A and B, right). Currents up to 20 times as high as the
threshold current for wild-type specimens produced rio re-
sponse other than the passive electrotonic potential shift
across the mutant membrane. In the presence of Ba++, the
wild-type membrane can produce an after discharge to strong
depolarizing stimuli, and often shows spontaneous firing (Fig.
3C), as does the membrane of P. caudatum (25). Spontaneous
firing in the wild type is correlated with spontaneous ciliary
reversal (26). Pawn shows no spontaneous activity either
electrically (Fig. 3C) or behaviorally (4).
One factor that can affect membrane excitability indirectly

is the leakage conductance of the membrane. A low resistance
to potassium can permit positive charge (i.e., K+) to leak from
inside the cell as regenerative current brings charge (Ca++ in
Paramecium) into the cell, short-circuiting the current pro-

duced by Ca++ influx. For this reason, the input resistances of
Pawn and wild type were compared. Potential displacements
from 0-25 mV were produced by 400-msec current pulses of
up to 300 pA delivered with an intracellular electrode. The
steady-state potential displacements from the resting level
were measured when the potential was steady toward the end
of these pulses, and these were plotted against the intensities
of the corresponding stimulating currents (Fig. 4). The steady-
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FIG. 4. Steady-state galvanostatic voltage-current relations
of wild-type (d4-85) and mutant (d4-95) P. aurelia compared
with those of the larger species P. caudatum (replotted from ref.
9). Test solution in all three cases was 1 mM CaCl2-4 mM KCl-1
mM Tris-HCl. Wild-type and mutant membranes of P. aurelia
show identical chord and slope resistances over 420 mV dis-
placements. Each point is the mean of measurements from eight
specimens. Vertical bars indicate 95% confidence interval of the
mean. Points representing wild type and Pawn are displaced
slightly left and right, respectively, from current values to avoid
overlap.
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state current-voltage curves are virtually identical for wild-
type P. aurelia and Pawn.
Membrane resistances at potentials close to rest were cal-

culated from potential displacements of a few millivolts by
weak currents. The input resistance of the wild type (143 i
5 megohms) is not significantly different from that of Pawn
(156 + 7 megohms) (±SE of 32 measurements each). The
input resistance of wild-type P. caudatum, replotted from
Naitoh and Eckert (9), was lower, due at least in part to the
larger surface area of P. caudatum.
Another factor that can reduce electric excitability is in-

activation of the calcium (or Na+) system by steady depolari-
zation. To test the possibility that the Pawn membrane has a
negative resistance like wild type, but that it is shifted sub-
stantially in the hyperpolarized direction (increased nega-
tivity), we hyperpolarized the membrane of Pawn up to 25
mV for 1 sec before depolarizing the membrane with stimuli
ranging up to intensities sufficient to drive the electrotonic
potential beyond zero. Hyperpolarization did not render the
membrane electrically excitable, and only electrotonic poten-
tials were evoked.

In summary, the membrane of Pawn gave no sign of electric
excitation in the stimulus range used, whereas regenerative
responses were routinely recorded from wild-type specimens
of P. aurelia and P. caudatum.

DISCUSSION

We propose that the inexcitability of Pawn is due to an im-
pairment of the mechanism for Ca++ activation (i.e., increased
Ca++ conductance when the membrane is depolarized). Two
major alternative possibilities are: (a) Pawn might have a
reduced input resistance, which short circuits the inward cal-
cium current, masking an unimpaired mechanism for calcium
activation; and (b) the negative resistance region of the cur-
rent-voltage relation might be shifted in Pawn to more nega-
tive membrane potentials so that the calcium mechanism,
although present, would be nonfunctional unless the mem-
brane was first hyperpolarized. Both of these alternative
hypotheses were tested and ruled out, the first by the current-
voltage measurements (Fig. 4), and the second by hyper-
polarizing the membrane before stimulation.
The mutant membrane of Pawn behaves like that of the

wild type in all measured electrical characteristics except one-
it undergoes little or no increase in calcium conductance in
response to depolarization. Impairment of the mechanism for
Ca++ activation is further indicated by the failure of Pawn to
undergo ciliary reversal when stimulated by KCl and other ca-
tions (4, 5). This conclusion follows because reversal of the
ciliary power stroke results in the wild type from an influx of
Ca++ in response to depolarization (21a), or in detergent-ex-
tracted models of Paramecium lacking a cell membrane in re-
sponse to Ca++ concentrations above 0.1 4Mt. The concomi-
tant loss of both ciliary reversal (controlled by Ca++ influx)
and regenerative depolarization (produced by Ca++ current)
supports the conclusion that Pawn is defective in the mecha-
nism that allows Ca++ to enter the cell through the membrane
in response to a depolarization.
A role of nuclear genes in the development of electrical

properties in excitable cell membranes has been indicated by
the work of Minna et al. (27), in which hybrid cells with dif-
ferent degrees of electric excitability resulted from the fusion

of excitable and inexcitable cell lines. The modification of
membrane function (i.e., loss of Ca++ activation) in our study
gains special significance from the evidence that Pawn differs
from wild type by a single gene (5). Thus, it appears that the
mechanism for calcium activation in Paramecium was im-
paired due to deletion or modification of a single (or small
group of) gene product(s).
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