comitant increase in the 16S form
as shown by sucrose density-gradient
analysis (Fig. 2). Since this shift fol-
lows first-order kinetics, we assume
that a single scission in one of the
two strands produces the conversion.

In a similar experiment, samples
were taken at several intervals during
the incubation with deoxyribonuclease
and assayed for the relative amount
of 215 and 165 classes both by sucrose-
gradient centrifugation and by count-
ing from electron micrographs accord-
ing to Kleinschmidt and Zahn (5) and
Weil et al. (6). The predominantly 21§
form present at the beginning of the
experiment (Fig. 3a) is converted to a
mixture of open and closed forms in
5 minutes (Fig. 3b). After 20 minutes,
most molecules are in the 16§ open
form (Fig. 3c). When scoring, only
tightly twisted forms were counted
as closed; others, merely loosely over-
lapping a few times, were considered
already cleaved by treatment with de-
oxyribonuclease, and thus we regarded
them as open (Table 1).

The lower percentage of closed cir-
cles scored by direct count as com-
pared to the numbers calculated from
sedimentation data (Table 1) probably
is due to a conversion of the 21§
to the 16S form by unknown factors
during the 1- to 2-day interval be-
tween treatment with deoxyribonu-
clease and the preparation for elec-
tron microscopy. Both the open and

loosely twisted molecules had an aver-
age length of 1.77 = 0.08 .

Thus, we conclude that (i) the 21§
molecules are tightly twisted circles,
(ii) the 16S class are open circles, and
(iii) a single scission in one of the
two strands of DNA converts the 21§
to the 165 form. However, at this
time we are unable to state whether
or not the 165 form occurs naturally
in the host bacterium because of the
ease with which the 21S molecule is
converted to the 16S form (7).
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Reversal Response Elicited in Nonbeating Cilia

of Paramecium by Membrane Depolarization

Abstract. Ciliary reversal occurs in response to electrical and chemical stimuli
" in specimens of Paramecium caudatum in which ciliary beat has been completely
inhibited by external application of nickel ions. The mechanism underlying ciliary
reversal appears, therefore, to differ from that of ciliary beat. The cessation of
ciliary beat has no effect on the intracellular potential of Paramecium. However,
depolarizing action potentials are associated with ciliary reversals in paramecia,
treated with nickel, without ciliary beat. Thus, membrane depolarization in this
species seems specifically concerned with the ciliary reversal, and not with ciliary

beat.

Ciliary beat of Paramecium cauda-
tum, a ciliated protozoan, is completely
inhibited by external application of
nickel ions (7). The nonbeating cilia
thus obtained can reverse their orienta-
tion in response to chemical and elec-
trical stimuli (Fig. 1). This is thought
to be the same response as the reversal
phenomenon of normally beating cilia
(2, 3). Ciliary reversal seems to be a
phenomenon analogous to the coupling
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of excitation and contraction in mus-
cles.

When the potassium concentration in
the external medium is adequately in-
creased, Paramecium temporarily (90
seconds or more) swims backward be-
cause the direction of the effective
ciliary beat is transiently reversed
(3, 4). The response is called “ciliary
reversal” or “reversal response of cilia.”
Ciliary reversal occurs in response to

stimuli other than chemical, such as
electrical and mechanical. Galvanic
current through the cell membrane
elicits a consistent ciliary reversal on
the cathodal surface of the organism.
When a forward-swimming specimen
strikes a solid object, it swims backward
a distance, then starts to swim forward
in a new direction. This behavior is
known as the “avoiding reaction” and
can also be seen in an interface be-

Fig. 1. Responses of cilia to potassium
ions and electric current in a Paramecium
caudatum whose ciliary beat is completely
inhibited by nickel ions applied externally.
(A) Without stimulus; nonbeating cilia
point in normal direction. (B) Responses
of nonbeating cilia to an increase in ex-
ternal potassium ions; orientation of cilia
is reversed. (C and D) Responses of non-
beating cilia to electric current (applied
voltage is 4.5 volt/cm); the specimen was
held with its longitudinal axis slightly ob-
lique to the lines of stimulating current.
Reversal of orientation of cilia occurs at
the cathodal side of the cell (cilia on the
left side of white dotted line on the speci-
men in C and on the right side in D).
Small white arrows indicate the approxi-
mate pointing direction of cilia near the
arrows. Anterior side of the organism is
marked a.
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tween two different solutions (3). A
number of investigations of ciliary re-
versal related to cell excitation were
summarized by Jahn (4, 5). However,
the fundamental mechanism underlying
the response remains unclear.

Paramecium caudatum (6) (200 to
250 g in length) reared in hay infusion
was washed well with a solution con-
taining 2 mmole of KCI, 1 mmole of
CaCl,, and 5 mmole of tris(hydroxy-
methyl)aminomethane (tris) buffer (pH
7.2) per liter and was equilibrated for
30 minutes or more in the solution be-
fore experimentation.

For microscopical observations and
photographic recording of ciliary posi-
tion, a phase-contrast objective was
focused on an organism immobilized at
the tip of an inserted microneedle (less
than 0.5 g in tip diameter) in a trough
on the stage of a microscope. All the
experiments were performed at room
temperatures of 20° to 21°C.

Treatment of Paramecium with a
nickel solution [SmM NiCl,, 2mM
KCl, 1 mM CaCl,, and 5§ mM tris
buffer (pH 7.2) in final concentration]
brought about a gradual decrease in
both the frequency and the amplitude
of the ciliary beat and finally caused its
cessation within about 3 minutes.
Paramecium treated with nickel exhibi-
ted no ciliary beat for about 30 minutes
or more, even after complete removal
of nickel ions from the external solu-
tion. All experiments on nonbeating
cilia were performed in the nickel-free
equilibration medium before ciliary beat
resumed.

Figure 1A is a photomicrograph of a
Paramecium treated with nickel. Almost
all the nonbeating cilia point pos-
teriorily, which is the direction of ef-
fective beat during forward swimming
in the normal organism.

When a Paramecium treated with
nickel was exposed to a solution rich in
potassium [20 mM KCIl, 1 mM CaCl,,
S mM tris buffer (pH 7.2) in final con-
centration] the orientation of its non-
beating cilia was consistently reversed
(Fig. 1B) in a forward-pointing direc-
tion, corresponding to the reversed
beat direction of the backward-swim-
ming organism. Subsequently, the cilia
gradually returned to their original
orientation. The duration of the reversal
response of the nonbeating cilia was
36 = 1.0 seconds [mean and standard
error (S.E.) of five measurements on
five different specimens]—almost the
same as the duration of backward
swimming, in normal Paramecium, in-
duced by the same increase in external
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Fig. 2. Intracellular potentials of Para-
mecium caudatum. (A) Before treatment
with nickel; all cilia beat normally and
small irregular fluctuations in potential
level were seen. (B) After treatment with
nickel; the ciliary beat had completely
ceased and potential fluctuations similar to
those in A were noted. The slightly smaller
potential level is probably not significant,
for in some specimens the potential in-
creased and in others remained unchanged
by treatment with nickel (see text). (C)
after the death of the specimen there is
neither a transmembrane potential differ-
ence nor any potential fluctuations. Cali-
bration and zero-level of the potential are
shown in A. An interval between two
square pulses in the lower traces corre-
sponds to 1 second.

potassium concentration (37 = 1.5 sec-
onds; five measurements on five speci-
mens).

Electric current applied through a
pair of parallel platinum electrodes (5
mm by 5 mm) to a Parameciwmn treated
with nickel brought about a distinct re-
versal in the pointing direction of non-

beating cilia on the cell surface near
the cathode (Fig. I, C and D). The
boundary between two areas on the cell
surface, bearing reversely pointed cilia
(cathodal side) and normally pointed
cilia (anodal side), seemed to fall in a
plane at about 90° to the flux line of
the stimulating current. The nature of
the response to electric current is identi-
cal, except for the lack of ciliary beat,
to those in normal paramecia, described
by many authors since Ludloff (2, 5).
Current intensities necessary to induce
a just-perceptible reversal response of
cilia at the anterior and directed toward
the cathode were determined for both
normal and nickel-treated paramecia
and were found to be the same (3.2 %=
0.12 volt/cm in normal organism;
3.2 = 0.07 volt/cm in nickel-treated or-
ganism: means and S.E. of five meas-
urements on five different specimens).

These results demonstrate that in
Paramecium the reversal of cilia in re-
sonse to cathodal current and potas-
sium ions occurs independently of
ciliary beat and that nickel ions act
specifically to inhibit ciliary beat.

In saponified or glycerinized models
of Paramecium, ciliary beat occurred in
the presence of adenosine triphosphate
(ATP) and magnesium ions at pH 6.5
(7), whereas ciliary reversal without
ciliary beat occurred when ATP and

Fig. 3. Two samples of simultaneous recordings of spontaneous depolarization and
ciliary reversal in nickel-treated Paramecium caudatum without ciliary beat. A nickel-
treated specimen was kept in a solution with a low concentration of calcium (0.01 mM)
so that spontaneous electrical activity of the membrane might be induced. Numbered
white dots on the upper potential traces show each moment when correspondingly
numbered photographs of the specimen were taken (magnification, approximately
X 140). Strong ciliary reversals associated with large depolarizations are observable.
(See 3 and 9. Notice the cilia on the right side of the specimen and compare them
with those in 1 and 7.) Weak ciliary reversals were associated with depolarizations of
small magnitude (see 4, 5, and 10). An interval between two square pulses on the

lower traces shows 1 second.
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calcium ions were applied at pH 8.7
(8). These facts strongly support Wor-
ley’s hypothesis that contractile systems
concerned with beat and with reversal
may be separable and distinct from each
other (9).

In another series of experiments, a
glass microcapillary electrode (about
0.5 p in tip diameter) filled with 0.1M
NH,CI (10) was introduced into cyto-
plasm of Paramecium, and the potential
difference between the inserted electrode
and a reference electrode placed in the
external solution was amplified, dis-
played on a cathode-ray tube, and
photographed.

Penetration of the microelectrode into
cytoplasm of a normal Paramecium was
generally accompanied by a sudden shift
to a negative direct current level in re-
corded potential ranging from —15 to
—40 mvolt (10, 13). Sometimes small,
irregular, repetitive fluctuations in po-
tential level (less than 1 mvolt) were
found (Fig 2A). Intracellular potentials
of a similar nature were also recorded
from a nickle-treated Paramecium with
nonbeating cilia (Fig. 2B). Therefore,
the small perturbations in potential level
would appear to have no relation to
ciliary beat. Moreover, the degree of
the inside negativity in nickel-treated
Paramecium (21 = 1.0 mvolt; mean
and S.E. of five measurements on five
different specimens) was found to be
almost equal to that in normal Para-
mecium (20 = 0.27 mvolt; mean and
S.E. of five measurements on five differ-
ent specimens). In contrast, in the
ciliated cells of the ctenophore comb
plate, depolarizing action potentials are
associated not only with natural ciliary
beats but also with beats initiated in
response to mechanical vibrations of
cilia (11).

Low concentrations of extracellular
calcium (72) frequently cause spon-
taneous reversal in the ciliary beat of
normal specimens (/2). Similar spontane-
ous reversals of orientation occur in
nickel-treated specimens in media with
a low calcium concentration as does
nickel-treated Paramecium without cili-
ary beat. Spontaneous reversals in nor-
mal specimens are accompanied by
transient membrane deplorizations (70,
13). Recordings of intracellular poten-
tials of nickel-treated Paramecium made
simultaneously with photographic re-
cording of spontaneous reversal re-
sponses of nonbeating cilia in 0.01 mM

CaCl, (Fig. 3) show that the reversal

response of nonbeating cilia are always
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associated with depolarizations of the
membrane.

It is concluded that membrane de-
polarization is specifically concerned
with the ciliary reversal and not with
ciliary beat in Paramecium.
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Arrested Protein Synthesis in Polysomes
of Cultured Chick Embryo Cells

Abstract. Cells deprived of serum synthesize proteins at a reduced rate; when
serum is restored the rate returns to normal. The polysomes do not dissociate,
but show reduced incorporation of amino acid in vitro, and are less responsive to
polyuridylic acid than are those from normal cells.

In primary cultures of chick embryo
cells, protein synthesis shows an abso-
lute requirement for serum (I): in its
absence there is no detectable net syn-
thesis of protein or RNA, and incor-

" poration of precursors into these classes

of macromolecules is sharply curtailed.
The three principal classes of RNA—
ribosomal, messenger, and soluble—
continue to be synthesized but at a
very reduced rate (2).

In order to identify the phase of
protein synthesis that requires serum,
the effect of serum withdrawal from
cells that are synthesizing protein at
the maximum rate was explored. The
results suggest (i) that polysomes re-
main intact when deprived of serum;
(i) that messenger RNA (mRNA) is
not destroyed; and (iii) that these poly-
somes are relatively ineffective in in-
corporating amino acids in vitro.

Cells cultured as monolayers in
Eagle basal medium (3) with 3 per-
cent calf serum synthesize protein for
several days, the rate of growth being
linear (I). When the medium was re-
placed by one without serum at any
time during the linear phase of growth,
the net protein and RNA syntheses
ceased abruptly (Fig. 1). The amount
of cellular protein and RNA decreased
during the next 24 hours by approxi-
mately 20 percent, probably represent-

" ing cells which had become detached

from the surface.

When serum was added to the cells

at any time for several days after its
initial removal, the rate of protein syn-
thesis increased rapidly (Figs. 1A, and
2), and within 4 hours the rate was
equal to that of cells maintained in
serum. An unusually high initial rate
of protein synthesis is often observed
under such circumstances (4). For 24
hours after serum had been restored,
the net amount of protein synthesized
was essentially normal.

When actinomycin D was added
with the serum, after the cells had been
deprived of serum for various periods,
the initial rate of protein synthesis
(that during the first 4 hours) (Fig.
2), was not adversely affected. It thus
appears that when serum is absent
mRNA is present but not translated.

These results could be due to per-
sistence or to renewal of mRNA while
the cells were deprived of serum. To
distinguish between these possibilities,
actinomycin was used to prevent re-
newal of mRNA during incubation
without serum. The capacity for pro-
tein synthesis was then tested after
the serum was restored. This capacity
slowly decreases during 16 hours (Fig.
3), but the decrease was even faster
in identically treated cultures incubated
with both actinomycin and serum. It
appears that depriving cells of serum
impairs the translation of mRNA but
does not impair, and even promotes,
the persistence of RNA in functional
form. Although the effect of actinomy-
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