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Potassium Activation Associated with

Intraneuronal Free Calcium

Abstract. Relations between calcium entry and activation of a calcium-dependent
outward current during depolarization were examined under voltage clamp in dorid
giant neurons injected with the calcium-sensitive photoprotein aequorin. Activation
kinetics and amplitude of the slow calcium-dependent component were both found to
be related to the rate and extent of free calcium accumulation and to the elec-
tromotive force acting on potassium ions, independent of the calcium activation ki-
netics. This indicates that the activation of the calcium-dependent outward current is
more closely related to the transient intracellular accumulation of free calcium ions
than to the movement of calcium through the plasma membrane during depolariza-

tion.

A component of outward current car-
ried by potassium ions and activated by
the entry of calcium ions through the cell
surface during membrane depolarization
has been inferred from recent elec-
trophysiological studies of excitable cells
(1-7). The calcium-sensitive late out-
ward current Ix,, has been implicated in
a number of fundamental neurophysio-
logical phenomena including the repola-
rization and undershoot that follow an
action potential (3, 8) and the hyper-
polarization that follows a train of action
potentials or that terminates the pace-
maker wave in spontaneéously bursting
neurons (9, 10). It is distinct from the
other major late potassium current,
namely the classical potential-activated,
delayed rectifying current kg, (9). Un-
like Txcays Tkt 1S bOth insensitive to ex-
tracellular calcium-blocking agents and
is blocked selectively by tetraethylam-
monium ions injected into the cell
G, 7a).

To our knowledge, activation of the
calcium-dependent outward current has
not, until now, been directly correlated
with intracellular Ca%* accumulation dur-
ing depolarization of the cell membrane.
A role of Ca%* in the activation of this
current has been inferred, however,
from the following: (i) intracellular injec-
tion of Ca?* can produce increase in rest-
ing conductance to K* (11); (ii) Ca?* en-
try continues during prolonged depolar-
ization and trains of action potentials,
and K* conductance remains transiently
enhanced following such entry (9, 10,
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12-18), decaying as the Ca2?* concentra-
tion returns to the resting level (10, 14,
15); (iii) delayed outward current plotted
against membrane voltage V,, in voltage-
clamp experiments exhibits a character-
istic hump that imparts an N shape to the
current-voltage (I-V) plot ¢, 7). The
hump is eliminated by procedures that
interfere with Ca%* entry ¢, 5). Forma-
tion of a hump on the late I-V plot has
been ascribed ¢-7) to Ca?* activation
of Ixca) as follows. Entry of Ca?t must
pass through a maximum along the
voltage axis determined by the relation
Ica = gca (Vi — Eca), with the calcium
current I¢, rising with membrane volt-
age until the conductance g, levels
off; it undergoes a progressive decline
toward zero with further displacement
of the membrane potential as V,, ap-
proaches the calcium equilibrium po-
tential Ec,.

We have used the calcium-sensitive
photoprotein aequorin injected into volt-
age-clamped neurons to examine the ac-
tivation of the outward current in rela-
tion to the transient accumulation of
Ca?* during its entry under membrane
depolarization. The Ca?* concentration
transient recorded during depolarization
was shown to be associated with two
manifestations of a calcium-dependent
outward current, namely (i) the hump of
the N-shaped late I-V plot and (ii) a com-
ponent of the outward-current trajectory
exhibiting slow activation kinetics (5).
The relation of outward current activa-
tion to the Ca?* signal indicates that it is

0036-8075/78/0428-0437$00.50/0 Copyright © 1978 AAAS

not activation of g¢, or I, but rather ac-
cumulation of Ca?* on its entry that de-
termines the activation of the outward
current.

Giant neurons of the nudibranch Ani-
sodoris nobilis were exposed and bathed
in artificial seawater containing 470 mM
NacCl, 10 mM CacCl,, 10 mM KCl, 50 mM
MgCl,, 10 mM glucose, and 5 mM Hepes
[4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; Sigma] at pH 7.7 and
15° = 1°C. After KCl-filled current and
voltage electrodes were inserted into the
cells, the aequorin dissolved in 100 mM
KClI plus 4 mM 2-{[tris(hydroxymethy]l)-
methyl]amino}ethanesulfonic acid (Sig-
ma) at pH 6.8 was slowly injected under
pressure. Only cells showing normal
resting and action potentials, minimal in-
put leakage, and a minimal background
aequorin emission were used. The light
emitted by the injected aequorin was
monitored through a fiber optic wave
guide with an EMI 9635A photomulti-
plier tube and displayed as the aequorin
signal, along with voltage and membrane
current, measured at the summing junc-
tion of the operational amplifier that held
the bath at ground potential. Positive-go-
ing clamp pulses lasting 200 msec were
presented at 30-second intervals. Re-
cordings were taken 30 to 180 minutes
after injection of the aequorin, which al-
lowed sufficient time for diffusion of the
photoprotein throughout the neuron
soma. Some characteristics of the aequo-
rin response in these cells and details of
the methods are described elsewhere
(15). The intensity of the aequorin emis-
sion was reported to be proportional to
the second or even the third power of the
free Ca** concentration (I9). Thus, to
approximate the voltage-dependent tran-
sient rise in Ca?* concentration near the
inner surface of the membrane, we
plotted the square oot of the aequorin
signal-voltage curve (Fig. 1B), as done
by Baker et al. (20).

The amplitude of the aequorin signal at
the end of the 200-msec pulse (Fig. 1A)
depended on pulse voltage, reaching a
maximum in different cells at potentials
ranging from 30 to 70 mV (21) and then
subsiding with further increases in po-
tential (Fig. 1B). In the square-root plot
the falling limb was linear. This behavior
is predicted for the rate of entry of Ca?*
(see above), which lends support to the
use of the square root of the aequorin
signal as an approximation to the tran-
sient free Ca?* concentration, [Ca];, near
the cytoplasmic surface of the plasma
membrane. The voltage at which the sig-
nal was fully suppressed varied in dif-
ferent cells, but was characteristically
above 100 mV. Some cells failed to ex-
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hibit full suppression, with the signal
curve flattening to a low level at high po-
tentials. This may have been caused by
poor isopotentiality of the excited region
of membrane in those cells. Extensive
surface infoldings, for example, could in-
terfere with spatial uniformity of the
clamp. An ““off”’ response at the end of a
high-voltage pulse, indicating additional
entry of Ca’* before calcium channels
close, was not seen, which suggests rap-
id closing of these channels on repolari-
zation. The aequorin-voltage relations in
these cells are similar to those reported
for squid axon (21).

The minimum of the N-shaped com-
ponent of the late I-V plot coincided with
the return to zero of the aequorin and
square-root plots (Fig. 1B). This is pre-
dicted by the hypothesis that a com-
ponent of K+ conductance is activated as
a consequence of Ca?* entry during de-
polarization. The outward current at that
potential is assumed to pass pre-
dominantly through potential-activated
channels, since Ca’* entry near E,
should be minimal.

displacement of the membrane current
maximum relative to aequorin signal
maximum. Such displacements, which
range up to 40 or 50 mV, are expected on
the following grounds (Fig. 2). (i) When
V. exceeds the level at which gc, and
concomitantly the calcium-activated po-
tassium conductance gga are fully acti-
vated, the electromotive force (EMF)
acting on calcium (V,, — E¢,) steadily
declines as V,, approaches E,, while the
EMF acting on potassium (V,, — Ex)
continues to rise. This will produce an
arclike positive-going ballooning of the
Ixca-voltage relation relative to the fall-
ing limb of the I, plot. (ii) At voltages
below the I, maximum, the EMF acting
on potassium diminishes with potential,
producing a reduction in Ik, relative to
I.,. Because of this displacement, the
charge-canceling effect of the inward cal-
cium current on the outward potassium
current is less significant at higher than
at lower voltages, and this adds a further
positive displacement to the net-current
peak. The sum of these effects, namely
that the plot of calcium-dependent net

toward more positive potentials relative
to the [Ca]; curve, is illustrated in Fig.
2A. There is a further positive dis-
placement due to summation with Iy
(Fig. 2B), so that the hump can be dis-
placed as much as 50 mV relative to the
aequorin signal maximum.

Figure 1A shows a relation between

‘the size of the aequorin signal and the

slowly rising component of the outward-
current trajectory (22). This component,
which develops more slowly than the
rapidly rising component with which it
sums, is illustrated in the superimposed
tracings of Fig. 1C. It becomes smaller
with the decline in the aequorin signal
that occurs with increasing pulse volt-
age, and finally all but disappears when
the aequorin signal becomes minimal or
is absent (in this case at 140 mV). The
current trajectory that remains is rela-
tively flat after an initial small, rapid re-
laxation. Since the slow component be-
comes smaller with the decrease in
aequorin signal that occurs as V, ap-
proaches E., (Fig. 1A) and is abolished
by applications of cobalt (5, 7), it is iden-

Figure 1B shows a significant positive outward current becomes skewed tified as Ixca)-
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clamped giant neurons of Anisodoris nobilis. (A) Membrane voltage

clamped with 200-msec pulses to the voltage indicated at the left of
each current (I,,) trace. The voltage (V,,) trace is shown in the up-

+80 mV

permost set only. The holding potential was — 40 mV. The noisy trace
in each set shows the aequorin signal as the anode current of the
photomultiplier tube with a 20-msec time constant. Note two com-
ponents in the current trajectories. At high potentials the slowly rising
component diminishes and nearly disappears together with the acquo-
rin signal. (B) Membrane current and aequorin signal plotted against
pulse voltage for the same cell as in (A). Current and aequorin signals
were both measured at the end of the 200-msec pulse. The aequorin
signal goes to zero at potentials corresponding to the notch in the N-
shaped current plot, and the peak of the aequorin plot characteristi-

cally occurs at a less positive potential than the maximum in the current plot. (#) Computed square roots of the anode current (O) produced by the
photomultiplier in response to the light emitted by the aequorin-calcium complex. The scale of the square-root plot is therefore arbitrary. (C)
Outward current trajectories for the potentials indicated, traced from (A). The starting points of the slow components (arrow) were aligned to the
level from which they take off from the early peak of Iy (stippled portion) (3, 19). The Ixyoy trajectory differs with potential and is shown

approximately.

Fig. 2 (right). Model depicting the origin of the net hump current and its positive displacement relative to the peak of the I¢,

activation curve. (A) The square root of the aequorin signal (e) from Fig. 1B is taken as an approximation of the calcium activity transient that
occurs near the inner surface of the membrane, and therefore also as an approximation of I, during positive displacement of the membrane
potential. The assumptions are made that gx.a, is proportional to the calcium activity, that Ixca) = €xcaVm — Ex), and that Iy, = 3 I, at 50
mV. The Ex was taken as — 70 mV. (A) Calculated I, activation curve, and (A) calculated net calcium-dependent current, Ixca) — Ica- The
plots are not to scale, but are all normalized to unity at 50 mV to facilitate comparison of their shapes. The increased driving force (V, — Ex)
acting on potassium with increasing positive clamp potential causes skewing of the Iy, curve (A) toward more positive potentials relative to the
[Ca); and I, curve (). The short-circuiting action of I., produces a further skewing of the calcium-dependent hump current (A). (B) Summation
of the hump current with three hypothetical Iqop activation curves (straight lines, each originating at —10 mV but representing a different range
of conductance) produces three net outward current plots (). With increasing slope of Ixon, the hump maximum has a greater positive dis-
placement. Deviations from the exact shape of the experimental I-V plot (Fig. 1B) may arise from simplifications or inaccuracies in the quan-
titative assumptions employed. Moreover, actual Iy activation curves are not completely linear, but show an initial slow rise, becoming

steeper at the higher potentials.
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The kinetics of Ixa) provide insight in-

to the manner of its activation. At 40
mV, calcium accumulation is rapid, but
potassium is driven by a smaller EMF
than it is at 80 mV. The result at 40 mV is
(i) a fast rise in Ixca), consistent with rap-
id activation of gga) by rapid accumula-
tion of Ca?* near the inner surface of the
membrane, and (ii) a smaller outward-
current maximum than at 80 mV. In go-
ing from the peak of the [Cal;-voltage
plot toward E, (40 to 140 mV) the EMF
acting on potassium increases while that
acting on calcium decreases. Over this
range the rate of entry and accumulation
of Ca** progressively declines, as does
the rate of activation of Iga.). Thus, al-
though gc, and V,, — Ex are high, and
presumably g¢. (and hence I;,) is acti-
vated rapidly at 120 and 140 mV, gxca IS
activated very slowly, more or less in
parallel with the slow and weak rise in
[Ca]; inferred from the aequorin signal at
those potentials (Fig. 1A).

The observed agreement between the
voltage dependence of a component of
outward current and the voltage rela-
tions of Ca’* entry that we detected with
the aid of injected aequorin provides in-
dependent evidence in support of the hy-
pothesis (/ 4) that Ca?* entry during de-
polarization leads to the activation of a
calcium-dependent potassium current.
The similarities between the activation
kinetics of this current and the kinetics
of intracellular free Ca®** accumulation
indicate that activation of I, during
depolarization is causally related to the
intracellular concentration of free Ca?*
rather than to the passage of Ca’*
through the membrane (23)
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Induction of Stalk and Spore Cell Differentiation by
Cyclic AMP in Slugs of Dictyostelium discoideum

Abstract. Multicellular masses of the cellular slime mold Dictyostelium dis-
coideum, under conditions which ordinarily suppress cell differentiation, develop
clusters of stalk cells and spore cells when implanted with Sephadex particles that
had been soaked in 5 x 107 M cyclic adenosine monophosphate (AMP). A possible
relation exists between oxygen gradients, cyclic AMP gradients, and the pattern of
morphogenesis and cell differentiation during fruiting.

The developmental program of Dic-
tyostelium discoideum, and that of most
other members of the group Acrasiales
(cellular slime molds or social amoebas),
includes the differentiation of two dis-
tinct cell types: thick-walled, vacuolated
stalk cells and elliptical, encapsulated
spore cells (/). Adenosine 3',5'-mono-
phosphate (cyclic AMP) has been identi-
fied as the chemotactic agent during
the aggregation phase of the D. discoi-
deum life cycle (2). This substance is also
present in the migrating multicellular
mass, the slug or pseudoplasmodium,
in which prespore and prestalk regions
are established. The concentration of
bound cyclic AMP is highest at the
anterior end of the slug, which is the
region in which prestalk cells are local-
ized (3). During fruiting body forma-
tion, these prestalk cells differentiate in-
to mature stalk cells. A rise in extra-
cellular cyclic AMP, with no increase in
the level of intracellular cyclic AMP, has
been reported at the time of fruiting (¢).
Bonner (5) demonstrated that exposure
to 1073M cyclic AMP can cause isolated
postvegetative amoebas or groups of
amoebas to differentiate into stalk cells
without involvement in fruiting body for-
mation. A mutant strain (P-4) of D. dis-
coideum undergoes up to 100 percent
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stalk cell differentiation when exposed to
10*M or 10°M cyclic AMP in 1 percent
Bonner’s salt solution (6). Thus, it is rea-
sonable to hypothesize that cyclic AMP
may be the normal control agent in stalk
cell differentiation (5) and may in some
way be involved in spore cell differentia-
tion as well. Such a hypothesis asserts a
““first messenger’’ role for cyclic AMP in
the control of differentiation comparable
to its role during the earlier aggregation
stage.

As one test of this hypothesis, we de-
cided to suppress fruiting and then im-
plant sources of cyclic AMP into the sup-
pressed slugs. We took advantage of the
fact that slugs are prevented from fruit-
ing when submerged in water (7). Dic-
tyostelium discoideum NC-4 was main-
tained in two-membered culture with
Escherichia coli B/r (8) and slugs were
obtained on moist 2 percent nonnutrient
agar surfaces by seeding mounds of E.
coli with D. discoideum spores. After
about 48 hours in darkness at 21°C, slugs
migrated away from the mounds. Parti-
cles of Sephadex (G-50, fine, Pharmacia
Fine Chemicals) were soaked in 5 X
1073M cyclic AMP, collected by centrif-
ugation, and dried overnight at room
temperature in a hood. For each implan-
tation, a particle was picked up on the
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