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ABSTRACT lontophoretic injection of Ca2" causes reduction of IoA (an early rapidly activating and inactivating K+
current) and IOC (a late Ca2'-dependent K+ current) measured across the isolated type B soma membrane (Alkon et

al., 1984, 1985; Alkon and Sakakibara, 1984, 1985). Similarly, voltage-clamp conditions which cause elevation of
[Ca2"], are followed by reduction of IoA and IOC lasting 1-3 min. lontophoretic injection of highly purified
Ca2+/CaM-dependent protein kinase II (CaM kinase II) isolated from brain tissue (Goldenring et al., 1983) enhanced
and prolonged this Ca2"-mediated reduction of IoA and IOC. IC.2+, a voltage-dependent Ca21 current, also showed some

persistent reduction under these conditions. Iontophoretic injection of heat-inactivated enzyme had no effect. Agents
that inhibit or block Ca2+/CaM-dependent phosphorylation produced increased IoA and IOC amplitudes and prevented
the effects of CaM kinase II injection. The results reported here and in other studies implicate Ca2+-stimulated
phosphorylation in the regulation of type B soma ionic currents.

Protein phosphorylation is one post-translational biochemi-
cal modification that can serve to express the reception of a
signal by one cell from another. Synaptic transmitters or
neurohormones released by one cell or cell population can
cause an increase of intracellular cyclic-AMP and/or Ca2"
levels, thereby activating cyclic-AMP and/or Ca2+-depen-
dent phosphorylation. Similarly, a positive shift of mem-
brane potential, i.e., depolarization (in response to external
signals) can activate a voltage-dependent Ca"2-current,
elevate intracellular Ca2", [Ca2+]i, and thereby influence
Ca2+-dependent and/or cyclic-AMP dependent phospho-
rylation. Intercellular signalling, be it by release of neuro-
chemical substances or by changes of membrane potential
also initiates sequential cellular processes that somehow
result in prolonged transformations such as those of hor-
monal regulation, learning, or development. Several dif-
ferent types of experiments suggest that protein phospho-
rylation may be crucially involved in such prolonged
transformations which underlie biophysical encoding of
associative memory.
Neary et al. (1981) observed a change of phosphoryla-

tion of a 20,000 mol wt protein in eyes isolated from the
nudibranch Hermissenda crassicornis after training with
an associative conditioning procedure but not with control
regimens. Routtenberg and co-workers (1984, 1985) mea-
sured differences in phosphorylation within the hippocam-
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pus after inducing (by electrical stimulation) long-term
potentiation in an intact preparation, and Gispen, Lynch,
and others have shown changes in protein phosphorylation
in hippocampal slices after tetanic stimulation (Browning
et al., 1979; Bar et al., 1980). Differences in phosphoryla-
tion also occurred with "kindling" (an epileptic-like hyper-
excitability of brain tissue; Wasterlain and Farber, 1984)
and during perfusion with drugs such as serotonin (Saitoh
and Schwartz, 1983). Ca2+-calmodulin (CaM) dependent
protein phosphorylation has also been implicated in
mediating some of the effects of calcium on neuronal
excitability (DeLorenzo, 1981, 1984; Goldenring et al.,
1984).

Simulation of conditions that occur during Hermissenda
classical conditioning have also produced specific changes
of phosphorylation. Paired presentations of light and rota-
tion cause progressive and prolonged depolarization of the
type B membrane (Alkon, 1980). Such depolarization is
also accompanied by prolonged elevation of intracellular
Ca2+ (Connor and Alkon, 1984). Exposure of Hermis-
senda nervous systems to many minutes ofASW with 100
mM K+0 (to depolarize membranes) causes increased
phosphorylation of a 56,000 mol wt protein (Naito et al.,
1985) and decreased phosphorylation of the 20,000 mol wt
and a 25,000 mol wt protein (Neary and Alkon, 1983;
Naito et al., 1985). Of particular interest is the persistence
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of the effect of the 25,000 mol wt protein for 30 min or
more after removal of the elevated K+o solution (Naito et
al., 1985).

lontophoretic injection of Ca2, caused reduction of IOA
(an early rapidly activating and inactivating K+ current)
and I0C (a late Ca2+-dependent K+ current) measured
across the isolated type B soma membrane (Alkon et al.,
1982a; Alkon and Sakakibara, 1984, 1985). Similarly,
voltage clamp conditions that cause elevation of [Ca2,]i
are followed by reduction of IOA and I0C lasting 1-3 min.
lontophoretic injection of a Ca2+/CaM-dependent protein
kinase (phosphorylase kinase) enhanced and prolonged
this Ca2+-mediated reduction of IOA and I0C (Acosta-
Urquidi et al., 1984). These same two currents were shown
to remain reduced 1-2 d after associative conditioning (but
not control regimens; Alkon et al., 1982b; 1985).

In a similar vein we undertook in the present study to
analyze the effects of iontophoretic injection of highly
purified Ca2+/CaM-dependent protein kinase II (CaM
kinase II) isolated from brain tissue (Goldenring et al.,
1983) that is part of a group of protein kinases activated by
calcium and CaM. Of particular interest was the relation-
ship of the enzyme's regulatory activity on membrane
currents to the level of [Ca2+]i. We report here that the
enzyme caused reduction (for 1-3 h) of IOA and I0C, and
to a lesser extent of a voltage-dependent Ca2, current,
particularly after voltage clamp conditions that are known
to cause a substantial and prolonged rise of [Ca2+],. Agents
that inhibit or block Ca2+/CaM-dependent phosphoryla-
tion produced increased IOA and I0C amplitudes and
prevented the effects of CaM kinase II injection.

METHODS

Preparation of Enzyme and Assay of
Activity

CaM kinase II was prepared as described previously (Goldenring et al.,
1983). The kinase preparation contained two major autophosphorylating
enzyme subunits, with molecular weights of 50,000 and 60,000 D.
Enzyme activity was determined by quantitating autophosphorylation of
the enzyme subunits and of specific protein substrates (synapsin I,
tubulin, and microtubule associated protein-2, MAP-2) satisfying stan-
dard incubation conditions and methods of quantitation (Goldenring et
al., 1983).

Preparation of Enzyme Solutions (Control
and Test Solutions)

Purified brain CaM kinase II was diluted into iontophoresis carrier
solution (0.95 M KAc, 0.05 M Tris, pH 9.3) to a protein concentration of
-5 to 10 ug/ml. lontophoresis of this carrier solution does not cause
significant changes in the currents studied here (Alkon et al., 1983;
Acosta-Urquidi et al., 1984). Inactivated calmodulin kinase II was
prepared by heating the enzyme at 600C for 30 min prior to dilution in the
carrier solution. Heat inactivation of the enzyme at 650C for 30 min
produced >95% reduction in enzyme activity for Ca2+/CaM-dependent
autophosphorylation and substrate phosphorylation. Partially inactivated
CaM kinase II was obtained by (a) storing the enzyme in the carrier
solution at room temperature for 3-4 d (85-90% inactivated) or (b)

subjecting the enzyme to several freeze-thaw cycles (50-60% inacti-
vated).

Isolation and Preparation of Type B
Photoreceptor Soma

Immediately after removing an animal from maintenance conditions the
circumesophageal nervous system was dissected out and placed on a glass
slide. Photoreceptor axons were cut with a single-edge razor 10-20 ,m
from their exit point from the eye (cf. Alkon, 1979). The eye was then
rotated 900 laterally and 900 caudally to make the medial type B and the
medial type A (as well as the lateral type B) photoreceptors clearly visible
(cf. Alkon et al., 1985). Small pins with ends embedded in vaseline strips
above and below the nervous system (see Alkon, 1975) placed on either
side of the eye maintained the desired orientation. Other conditions of
preparation, particularly enzymatic digestion of ensheathing connective
tissue have been described elsewhere (Alkon et al., 1984).

Voltage-Clamp
Cells maintained at 20-220C were bathed in ASW with the following
composition: Na+: 430 mM; K+: 10 mM; Mg2,: 50 mM; Ca2,: 10 mM;
Tris buffer (pH 7.4): 10 mM. Voltage clamp was effected by the insertion
of two microelectrodes filled with 3 M KCI, made from A-M Systems
thick-walled capillary glass, #6020. The microelectrode used for injection
of current had a resistance of 10-15 MO. The microelectrode used for
measuring intracellular voltage had a resistance of 20-25 MQ. A current
to voltage converter was used to ground (via a silver/silver chloride wire)
the perfusion chamber as well as to measure membrane current. The
capacitative transient of the voltage clamp current records settled within
5-12 ms. Command voltage steps occurred with a rise time of - 0.25 ms.

Other details of the voltage clamp technique, protocol, etc., were as
previously described (Alkon et al., 1982a; 1984; 1985).

Separation of Ionic Currents
In darkness there are four major voltage-dependent ionic currents that
flow across the type B soma membrane (Alkon et al., 1982a, 1984; Alkon
and Sakakibara, 1984); (a) IOA, an early outward voltage-dependent K+
current, eliminated by 1-2 mM external 4-aminopyridine (4-AP); (b) IK'
a delayed rectifying current, not significantly activated at voltages < 0
mV (absolute), and blocked by 100mM tetraethylammonium; (c) IC.2+, a
sustained inward voltage-dependent current, blocked by 10 mM Cd2+ or
Co2, in the perfusing medium, and (d) I0C, a delayed voltage-dependent
outward current eliminated by substitution of Ba2" for Ca2+ in the
perfusing medium. In addition, illumination activates two major currents:
(a) IN.., a voltage-independent inward current, eliminated by removal of
external Na+ from the perfusion, medium, and (b) I0C, an outward
voltage-dependent current with the same properties as I0C described
above.

In this study, IoA was measured as the peak outward current -20 ms
from the onset of the command depolarization. Because of its rapid
activation, IoA is maximally activated in the almost complete absence of
other voltage-dependent outward current. At 20 ms after command onset,
inward calcium current offers little contamination since it is much slower
to reach peak amplitude and, at -10 mV to 0 mV (absolute), is 20-50
times smaller than IoA. I0C was measured as the peak outward current
300-400 ms from depolarization onset. Elimination of IoA with 2 mM
4-AP or of IoK with 100 mM TEA only slightly reduces the outward
current measured 300-400 ms from command onset (Alkon et al., 1984).
Current values included in the tables were taken either immediately
before or 10 min after a Ca2, load.
To assess IC.2+ in the absence of K+ currents, external K+ was raised to

300 mM. This raised the equilibrium potential for K+ flux to -0 mV
(absolute) where close to maximal activation of IC.2+ occurs. IC.2+
measurements were made at this K+ reversal potential. For each
measurement of IC.2+ the exact reversal potential was determined for the
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early peak IOA K+ current (and thus all K+ currents) in 300 mM
K+-ASW. During a depolarizing command step (1.0 s) to this reversal
potential (usually -0 mV absolute) the maximum inward current (see
Fig. 5), ICJ2+, could then be measured in the absence of any net K+
current. After the depolarizing command the inward tail current (mea-
sured 15 ms after depolarization offset) largely reflected a reversed K+
current that arose from conductances activated during the depolarizing
command.

lontophoretic Injection
Each injection (of control or test solution) was accomplished with two
microelectrodes inserted into the type B soma. Negative current (-2.0
nA for 2 min) was passed through a microelectrode containing either
active or inactive enzyme solution. An equal but opposite current was
passed through a second microelectrode filled with 3 M KCI. Thus,
isopotential conditions were maintained under current clamp conditions
during injection. The voltages recorded by each of the two microelec-
trodes were carefully measured before and after injection. Usually these
voltage levels did not change and were confirmed by the potential shifts
recorded at the end of the experiment on cell withdrawal. When a
substantial voltage shift (.5 mV) was recorded by the enzyme-filled
microelectrode (following injection) and not the KCl-filled microelec-
trode, i.e., when the two microelectrodes recorded different voltage shifts
after injection, the cell was discarded. There were, however, no changes of
voltage consistently recorded by both microelectrodes as a function of
injection (see Table I). Similarly, changes of holding current for voltage
clamp recording (before and after injection) rarely occurred but when
they exceeded 1.0 nA, the experiment was ended.

RESULTS

Enzyme Injection Reduces
Voltage-dependent Outward K+ Currents

Previous voltage clamp studies (Alkon et al., 1982a; 1984)
demonstrated that the two major voltage-dependent out-

EFFECTS OF

ward K+ currents in the voltage range from -60 to 0 mV
(absolute) are IOA, an early rapidly activating and inacti-
vating current blocked by 1-2 mM 4-aminopyridine and a
more slowly activating and inactivating current, IOC,
dependent on Ca2"i and thus blocked by EGTA injection,
Ca2"-channel blockers (Co2", Cd2", Ni2") and substitution
of Ba2" for Ca2" in the external perfusion medium (Alkon
et al., 1984). These currents could be measured in ASW as
peak values, IOA, 20-30 ms to maximum amplitude and
IOC, 300-400 ms to maximum amplitude. All measure-
ments of current amplitudes described here were made
after correction for leak current. It should also be made
clear that no consistent or specific effects of any treatments
used on the leak current were observed. A single injection
of CaM kinase II often at first had little or no effect on IoA
or IOC (Table I, Fig. 1 A, B). After such an injection,
however, a prolonged depolarizing step (to - 5 mV for 225
s) paired with a 2.0 s light step (occurring 5.0 s after the
depolarization onset) was followed by IoA and IOC reduc-
tion (Fig. 1 C, Table I) which persisted for the duration of
the recording (1-1.5 h). Depolarization associated with
light presentation has previously been shown to cause
substantial and prolonged elevation of intracellular Ca2"
(Connor and Alkon, 1984). This Ca2" load is known to
cause a prolonged but reversible reduction of both IoA and
IOC (Alkon et al., 1982a, b; 1984). Before enzyme injec-
tion, reduction of IOA and IOC following a Ca2" load
recovered over 1-5 min (Fig. 2). After enzyme injection,
IOA and IOC were reduced by a Ca2" load to levels from
which they did not recover (Figs. 1, 2; Tables I, II).
Heat-inactivated enzyme injection, however, did not pro-

TABLE I
CaM KINASE II IN ASW

Membrane Light-induced
Cell potential IA at -5 mV* Ic at -5 mV* Ici (01,24 INa

mv nA nA nA
After After
Ca++ Ca++

Before After Before After load Before After load Before After Before After
1 -41 -38 22.0 19.4 17.5 7.8 4.1 2.3 -37.0 -37.0
2 -46 -46 26.9 26.5 25.3 12.0 11.8 9.2 6.9 17.3 -38.0 -39.0
3 -39 -38 6.1 9.2 -
4 -46 -42 27.0 22.3 15.1 13.3 6.2 9.4
5 -59 -58 25.8 22.9 16.8 9.0 8.2 5.7 6.5 10.6 -5.5 -6.0
6 -38 -38 25.0 27.0 19.0 19.7 18.5 12.5 7.5 13.2 -2.0 -2.5
7 -45 -49 32.0 31.7 23.1 15.3 13.5 8.4
8 -40 -40 24.3 20.5 17.5 7.1 6.0 5.4 - -
9 -42 -46 24.7 25.0 24.8 18.0 15.2 10.5 -12.0 -22.0
10 -45 -48 28.3 28.0 24.4 14.7 13.3 6.8 -15.5 -19.0

Mean -44.1 -44.3 26.2 24.8 21.111 13.2 11.5 7.6§ 6.6 11.91 -18.3 -20.9
SEM 5.70 6.10 2.67 3.70 3.45 4.23 4.34 3.02 0.51 3.04 14.23 13.86

*Peak current values.
tTime in seconds for light-induced decrease of Ic to recover from one-half maximum value.
§Significantly different from pre-type II-Ca++-dependent protein kinase injection value at P < 0.02 by two-tailed t-test.
IIP< 0.01.
lP < 0.0005.
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FIGURE 1 Effect of CaM kinase II injection on voltage-dependent
outward currents across the membrane of the isolated type B photore-
ceptor cell soma. The currents (A) are elicited by commands, from left to
right, to -20 mV, -10 mV, -5 mV, and 0 mV absolute, respectively,
from a holding potential of - 60 mV for 1 s. IOA and I0C are reduced after
CaM kinase II injection (-2.0 nA for 2 min before B) although often
such reduction does not occur without a Ca2" load. These currents are
markedly reduced (C) following a Ca2" load by depolarization for 25 s to
-5 mV from -60 mV paired with 5 s delayed light stimulation (104
ergs/cm2. s) for 1 s. This reduction persisted for the duration of the
recording. Dashed line indicates the level of the nonvoltage-dependent or
leak current. No consistent or specific effects on the leak current were
observed. Top trace shows 1 s time calibration.

duce these effects (Fig. 3, Table II). Within the range of
voltage steps used the voltage-dependence of the currents
did not appear altered (Fig. 4) although the magnitudes of
currents elicited at any given voltage were reduced by
enzyme injection.
Enzyme injection, when followed by a Ca2+-load, did not

only cause reduction of IoA and IOC to peak amplitudes

Cl++ LOAD
;4C:>-

i
' '. -es' 5' .: ._ 60

.: ,' '' '50 -
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FIGURE 2 Time course of IoA (upper panel) and I0C (lower panel)
reduction following a Ca"+ load. IoA and I0C were measured as the peak
outward currents -20 ms (IDA) and 300-400 ms (I0C) from the onset of a
command depolarization to -5 mV absolute (holding potential = -60
mV). Ca2" loads were given before (closed circles) and after iontophoretic
injection ofCaM kinase II. IoA and I0C amplitudes before the Ca2" load
are normalized as 100%. Note that CaM kinase II injection prevents
recovery of IoA and I0C reduction after a Ca2" load.

significantly different from values before injection (Table
I). Enzyme and Ca2+-reduced peak amplitudes were also
significantly different from values obtained for other cells
injected with inactivated enzyme or control buffer solution
(Table II). IoA and IOC also did not remain significantly
reduced from control levels after injection of inactivated
enzyme or control buffer solution followed by a Ca2, load
(Table II). Finally, repeated enzyme injections each fol-
lowed by a Ca2, load reduced IoA and IOC to progressively
lower levels.

Enzyme Injection Reduces
Voltage-dependent Inward Ca2, Currents

A previous voltage-clamp study (Alkon et al., 1984) dem-
onstrated the presence of a single voltage-dependent

TABLE II
COMPARISON OF EFFECTS BETWEEN CaM KINASE II AND INACTIVATED ENZYME

/AIA SIC SIC*.+ + Ai;1
at -5 mV at -5 mV at EK at EK AIN1(t1/2)

nA nA nA nA
Inactivated Inactivated Inactivated Inactivated Inactivated
enzyme Enzyme enzyme Enzyme enzyme Enzyme enzyme Enzyme enzyme Enzyme

Mean -2.4 -5.1§ -0.8 -5.4¶ -0.06 -0.811 -1.5 -9.911 0.6 5.311
SEM 1.45 3.05 1.46 2.26 0.42 0.43 1.62 9.57 0.67 2.72
n 4 8 4 8 5 7 4 7 4 5

*A is the difference between before injection and after Ca++ load following injection.
iTime in seconds for difference of light-induced decrease of Ic to recover from one-half maximum value.
§P <0.05.
IIP < 0.02.
1IP < 0.01.
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FIGURE 3 Effect of heat inactivated CaM kinase II injection on voltage
dependent outward currents across the type B soma membrane. lonto-

phoretic injection (-2.0 nA for 2 min) of heat-inactivated (650 for 30
min) enzyme had no effect on IOA and I0C even after a Ca2" load (right
trace). Dashed line indicates level of nonvoltage-dependent or leak
current. Injection of control buffer solution also produced no effect.

inward current carried by Ca2+ (IC.2+ could be observed
with 4-aminopyridine (1-3 mM), tetraethylammonium ion
(100 mM) and Ba2" substituted for Ca"+ in the external
bathing medium. It can also be measured as it was here, in
300 mM K'o-ASW when the membrane is voltage-
clamped at the reversal potential for K+ flux (-5 to 0 mV
absolute). It was previously shown by tail current measure-
ments as well as measurements of the IoA reversal poten-
tial that elevation of external [K+O] to 300 mM raises the
K+ equilibrium potential to a voltage range that allows
close to maximal activation of IC,2+ (Alkon et al., 1984).
IC2+ was of small amplitude (1-3 nA) and was sustained,
i.e., it showed no appreciable inactivation. A single injec-

* Before Co'+ /CaM II
O After Co+/CaM E

-20 -15 -10 -5
MEMBRANE POTENTIAL (mV)
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FIGURE 4 Effects of CaM kinase II on IoA and I0C current-voltage
relations. Peak amplitudes (leak corrected) of IoA (upper panel) and I0C
(lower panel) before (closed circles) and after CaM kinase II (open
circles) injection are plotted as a function of voltage. All values were
measured at least 2 min after a Ca2" load. Note that the current voltage
relation (in the limited voltage range shown) was unchanged by enzyme
injection although the current amplitudes remain reduced following a
Ca2" load. Bars represent standard errors for n = 11 different cells.
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FIGURE 5 Effects of CaM kinase II injection on voltage-dependent
Ca2` current, IC,2+, and inward tail currents that were elicited by
depolarization to 0 mV absolute in 0-Na+, 300-K+, 10-Ca2+-ASW. The
small sustained inware current, Ic.2+ (represented by the hatched area
below the leak level indicated by the dot-dash line) can be measured in
isolation of K+ currents at 0 mV absolute, the new reversal potential for
K+ flux. Voltage-dependent K+ current is manifest as an inward tail
current (indicated by dotted area) following offset of the command
depolarization. Both IC.2+ and the tail current were reduced (the former
only slightly) after an iontophoretic injection of CaM kinase II under
isopotential conditions. No consistent or specific effects on the leak
current were observed.

tion of CaM kinase II was followed by a small but
significant reduction of IC,2+ (Fig. 5, Tables II, III).
Depolarization for 25 s paired with light (as above) caused
some additional reduction. This result did not occur when
inactivated enzyme was injected (Table III). It should be
noted that enzyme injection was accomplished out of
voltage clamp under isopotential conditions (see Methods).
In 300 mM K+o the potential of the type B cell is -5 to 0
mV. Thus for the 2 min during the enzyme injection the
cell was exposed to depolarization and (via ICa2+ a Ca2+
load. This might account for the enzyme injection having a
reducing effect on ICa2+ even prior to the Ca2+ load
produced under voltage-clamp. The large inward tail cur-
rent in 300 mM K+O, which is largely if not entirely K+

TABLE III
EFFECTS OF CaM KINASE II IN 300 mM K+-ASW

Cell pMembrane Ic++ at EK+ It.l at EKCel potential

mV nA nA
Before After Before After Before After

11 -5 -2 -3.0 -2.8 -30.8 - 1.1
12 -2 -2 -2.3 - 1.1 -36.5
13 0 0 -2.5 -1.5 - 4.3 - 1.5
14 2 1 -1.0 -0.3 - 8.3
15 3 4 -2.5 - 1.0 -17.1 - 1.4
16 4 4 -1.3 -0.3
17 -1 - 1 -1.7 -0.6 - 2.0 - 1.6
18 -3 -3 - 1.0 -0.8 -24.5 -23.2
19 -2 -2 - 1.0 0 -17.3 - 8.0
20 -2 0 -2.3 -1.5 -20.2 -10.0

Mean -0.6 -0.1 -1.9 -1.0* -17.9 - 6.7
SEM 2.69 2.34 0.71 0.77 11.02 7.53

*P<0.05.
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current (Alkon et al., 1984), was also reduced by enzyme
but not by inactivated enzyme injections (Fig. 5, Tables II,
III). It should also be noted there was no significant effect
of enzyme injection on EK+ at which both ICa2+ and the
inward tail currents were measured.

Enzyme Injection Does Not Affect INa+
Illumination of the type B photoreceptor soma elicits a
voltage-independent inward Na+ current, INa' (Alkon,
1979; Alkon et al., 1982a, b; 1984). This current was
measured after at least 10 min dark adaptation and
thereafter, in the dark, at 3 min intervals. Enzyme injec-
tion with or without a Ca"+ load was not followed by any
change of INa' other than a slight but not significant
increase which typically occurs during dark-adaptation
(Fig. 6, Table I). The same increase was observed follow-
ing injection of inactivated enzyme as well.

Enzyme Injection Prolongs Light-induced
Reduction of IOC

Results of other studies are consistent with the interpreta-
tion that illumination of the type B photoreceptor releases
Ca2, from internal stores. This light-induced elevation of
[Ca2,i] was thought to cause prolonged inactivation of
steady-state I0C elicited by a step depolarization (Alkon
and Sakakibara, 1984; 1985). Ca2+-mediated inactivation
of I0C appears as a light-induced "apparently" inward
(really a reduced outward current) (Fig. 7). Enzyme
injection (but not injection of inactivated enzyme) caused a
significant prolongation of the light-induced reduction of
I0C (Figs. 7 B, 8; Tables I, III). It was previously shown
that light does not affect the sustained ICa2+ (Alkon and
Sakakibara, 1985). Thus, the enzyme-induced prolonga-
tion of light-elicited reduction of I0C is most likely due to a
direct enzyme effect on I0C (and not due to an indirect
enzyme effect on IC2+).

. . . . . . . . . . . . . . .

1 5 nA

CONTROL AFTER INJECTION

rLigh Light

FIGURE 6 Effect of CaM kinase II injection on light-induced inward
sodium current, IN.'. Two seconds light steps (14O ergs/cm2.s) presented
after 10 min dark adaptation at 3 min intervals, elicited inward currents
at a holding potential of - 60 mV. Note that no change in the early peak
inward current is apparent after the injection of CaM kinase II.

cating that the CaM kinase II catalyzes reaction(s)
mediating or regulating inactivation of IoA and I0C.

DISCUSSION

Enzyme-specific reduction of IOA, I0C, and ICa2+ was
shown to occur following voltage-clamp conditions know to
cause prolonged elevation of Ca2+i. After enzyme injection
(but not injection of inactivated enzyme), for example, a
light step presented during a 25 s command depolarization
(providing the calcium load) produced IoA and I0C reduc-
tion that did not reverse during the recording period of
(1-2 h). These effects of CaM kinase II appear to be an
amplification of a regulatory mechanism already existing

a

BEFORE NJiEC1QN

-j
I-.------ -.----

Trifluoroperazine Increases IoA and I0C
Trifluoroperazine (TFP) is known to inhibit CaM kinase
II, C-kinase, and possibly other enzymatic reactions.
Although TFP is not a specific inhibitor of CaM kinase II,
its actions on the Ca2'-dependent kinase endogenous to the
type B soma might be expected to produce effects opposite
to those of enzyme injection. In fact, perfusion of the type
B cell soma with 5 ,uM TFP consistently caused a marked
increase of IoA and I0C (Fig. 9 A, B; Table IV) and a
shortening of the light-induced reduction of I0C (Fig. 10,
Table IV). Within the range of voltage steps used, these
increases of IOA and I0C did not appear to arise from a
change of the voltage-dependence of each current although
their amplitudes were increased (Fig. 1 1). Perfusion with
TFP also consistently eliminated or greatly reduced the
effects of CaM kinase II injection with Ca2" loads on the
outward K+ currents (Fig. 9 B). All of these results are
consistent with the other observations reported here indi-

AFTER Co/CMI MNJECTION

IIon

FIGURE 7 Effect of CaM kinase II injection on light-induced decrease
of IOC. The light step (IO' ergs/cm2. s) occurred 5 s after the onset of a 25
s depolarizing command step to -5 mV from a holding potential of -60
mV. lontophoretic injection of CaM kinase II causes a prolongation of
light-induced decrease of IOC (indicated by shaded area). Dot-dash line
indicates level of leak or nonvoltage-dependent current. Dashed line
indicates steady-state level of IOC in the absence of a light step. No
consistent or specific effects on the leak current were observed.
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FIGURE 8 Cumulative effect of CaM kinase II injection on light-
induced decrease of I0C. lontophoretic injection ofCaM kinase II (- 2.0
nA for 2 min) causes a prolongation of light-induced decrease of I0C
(indicated by the shaded area) and further prolongation can be seen after
the second injection. Dot-dash lines indicate level of nonvoltage-
dependent (or leak) current. See Fig. 7 for conditions of light stimulation.

within the type B cell namely Ca2+-mediated reduction
of ionic currents. Thus, prior to injection, a Ca2+ load was

shown to reduce IoA (Alkon et al., 1982b), INa' (Alkon et
al., 1982b), IOC (Alkon and Sakakibara, 1984, 1985;
Alkon et al., 1984), and, in elevated external Ca2+, ICa2+
(Alkon et al., 1984). This Ca2"-mediated reduction, how-
ever was always followed by recovery within 1-5 min.
CaM kinase II injection prevented this recovery.

The specificity of Ca2+-mediated reduction of ionic
currents was suggested in the past (Alkon et al., 1982a) by
the finding that iontophoresis of Mg2, (like iontophoresis
of Ca2,) markedly reduced INat with little effect on IOA or

I0C (unlike iontophoresis of Ca2, ). Thus, Ca2+-mediated
reduction of INa. appeared to have differences from Ca2+-
mediated reduction of IOA and I0C. That INa' was not
reduced but IOA, I0C, and ICa2+ were reduced by enzyme

injection further indicates such differences.
The results of the present report are in agreement with

previous work that demonstrated that reduction of IOA and
a late K+ current (then not identified as I0C) were

produced by injection of phosphorylase kinase only when
followed by a Ca2+ load (Acosta-Urquidi et al., 1984). In
that study enzyme effects of IC,2+ were not measured, as

they were here. The fact that kinase injection followed by
Ca2+ load did reduce IC.2+ raises the possibility that I0C
was not directly reduced by the treatment, but only
indirectly due to a decreased ICa2 (since I0C depends on

the magnitude of ICa2+). However, the light-induced reduc-
tion of I0C during the command depolarization was also
significantly prolonged as a result of the enzyme treatment
(Figs. 7 B, 8) and this effect, as mentioned above, cannot
be attributed to effects of light and enzyme on ICa2+. One

other possible explanation seems equally unlikely that
the enzyme injection followed by Ca2, load produces an

increase of the Ca2+i elevation due to intracellular release

s

Control CaM Kinase II

Injection
a Ca++ Load

I so nA

I50 mV

FIGURE 9 (A) Time course of IOA and I0C increase with 5 ,M
trifluoperazine (TFP). Current amplitudes (after leak correction of IDA
(indicated by open circle) and I0C (filled circle) increase progressively
within 7 min and stay constant thereafter. IDA and I0C values are
normalized to current amplitudes before addition of TFP to the ASW.
(Thus "1.0" represents no change.) IOA and I0C were measured as peak
outward currents elicited by voltage steps to -10 mV from a holding
potential of -60 mV. (B) TFP perfusion increases amplitudes of outward
K+ currents (IOA and I0C). TFP also markedly reduces or eliminates the
effect of CaM kinase II injection on IOA and I0C with Ca2" loads.

TABLE IV
EFFECTS OF TFP (5 utM)

Cell IAat -5mV* Icat-5mV* Light-induced IN. at -5 mV

'ci (t1/2h.Jaa
nA nA nA

Before After Before After Before After Before After
21 22.8 34.5 13.1 19.5 8.8 7.0 9.2 6.6
22 28.0 34.8 13.3 17.5 12.3 3.1 5.0 6.5
23 17.3 17.5 8.8 9.8 7.5 7.7 4.6 3.0
24 25.5 29.5 8.2 12.3 8.1 6.5 3.5 3.8
25 18.0 28.4 5.6 16.5 4.2 4.3 2.5 3.5
Mean 23.6 31.8§ 10.1 16.5§ 8.2 5.711 5.0 4.7
SEM 3.71 2.88 3.28 2.63 2.59 1.73 2.29 1.55

*Peak current values.
tTime in seconds for light-induced decrease of Ic to recover from one-half
maximum value.
§P <0.05.
IIP < 0.02.
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-10 mV 110 nA

TFP (5x 10-6M)

2 s I5OmV

FIGURE 10 Effect of perfusion with TFP on light-induced decrease of
IOC. Addition ofTFP (5 AM) to the external ASW decreases the duration
of light-induced decrease of IoC (indicated by shaded area). For condi-
tions of light stimulation, see Fig. 7. Dashed line indicates level of
steady-state outward current (in the absence of light) in response to
command depolarization to -10 mV (-60 mV holding potential). Light
step monitored on bottom trace.

by the light stimulus. If light-induced Ca2"i release were
enhanced, the light-induced I0C (see Alkon, 1979; Alkon
and Sakakibara, 1984, 1985) would also increase.
Increased light-induced I0C would oppose and cause an
apparent reduction of the light-induced INa2. However,
enzyme-induced INa2 reduction was not observed. On the

O AFTER TFP
* BEFORE TFP - 30

IA

20 (nA)

tO

-20 -15 -10 -5
20

10

0
-20 -15 -10 -5

MEMBRANE POTENTIAL

FIGURE 11 Voltage-dependence of IoA (upper) and IOC (lower) before
and after perfusion of TFP. Points are means and bars are standard errors
of five individual cells. Note that although the magnitudes ofIoA and IOC
(elicited by depolarizing step to -10 mV from -60 mV holding
potential) are reduced by TFP (5MAM) the voltage-dependence within this
voltage range is unchanged.

contrary, a slight increase due to dark adaptation was seen
for cells injected with either enzyme or inactivated
enzyme.
Thus from these results, inactivation of IOA, IOC, and

IC2+ by elevation of Ca2"i can be modulated by CaM
kinase II. The results of studies on endogenous Ca2`-
dependent protein phosphorylation (Neary et al., 1984)
provide evidence that Hermissenda CaM kinase can be
stimulated by Ca2'-levels within what has been previously
determined as physiologic levels. Moreover, the molluscan
CaM kinase II cross-reacts with an antibody to mamma-
lian neuronal CaM kinase II (DeRiemer et al., 1984),
suggesting that the two enzymes could share substrate
specificity. Modulation of the type B soma currents need
not, of course, depend exclusively on Ca2`/CaM phospho-
rylation. This may be only one of many steps within
biochemical pathways that regulate the membrane cur-
rents. Recently, in fact, evidence has been obtained that
activation of Ca2+/phospholipid-dependent protein kinase
(C-kinase) (Alkon et al., also can enhance Ca2"-mediated
reduction of IOA and IOC. The possibility exists, therefore,
that Ca2+/CaM-dependent and C-kinase dependent phos-
phorylation may act synergistically to cause larger and
more sustained reduction of IOA and IOC (as has been
observed for aldosterone secretion (Kojima et al., 1984)
and platelet activation (Kaibuchi et al., 1983). Finally, it
should be emphasized that the enzymatic manipulations
reported on here and in other studies are only approxima-
tions at what may be occurring physiologically during, for
instance, such processes as learning or sensory adaptation.
As our experience with such manipulations increases, those
which are most physiologic may become apparent. In
another study, for example, iontophoresis of inositol tris-
phosphate (which is thought to mobilize Ca2+;) also
reduced IOA and IOC (but not INa or ICa2+), but in the
absence of a Ca2+ load (Sakakibara et al., 1985). Such
results as well as those of several other reports including
the present one certainly implicate Ca2+-stimulated phos-
phorylation in ionic current regulation. But understanding
of the series of interacting biochemical reactions that
directly affect membrane channels, the rate limiting steps,
and the subcellular loci of critical molecular constituents
must await further experimentation.

Note added in proof. Conditioning-specific reduction of IC.2+ (in addition
to IoA and IOC) has recently been observed (Collins et al., unpublished
observations), consistent with involvement of CaM Kinase II which here
affects IOA, IOC, and IC2+.
Received for publication 22 July 1985 and in final form 13 January
1986.

REFERENCES

Acosta-Urquidi, J., D. L. Alkon, and J. T. Neary. 1984. Ca2+-dependent
protein kinase injection in a photoreceptor mimics biophysical effects of
associative learning. Science (Wash. DC). 224:1254-1257.

Alkon, D. L. 1979. Voltage-dependent calcium and potassium ion
conductances: a contingency mechanism for an associative learning
model. Science (Wash. DC). 205:810-816.

326 BIOPHYSICAL JOURNAL VOLUME 50 1986



Alkon, D. L. 1980. Membrane depolarization accumulates during acqui-
sition of an associative behavioral change. Science (Wash. DC).
210:1375-1376.

Alkon, D. L. 1984. Calcium-mediated reduction of ionic currents: a
biophysical memory trace. Science (Wash. DC). 226:1037-1045.

Alkon, D. L., J. Acosta-Urquidi, J. Olds, G. Kuzma, and J. T. Neary.
1983. Protein kinase injection reduces voltage-dependent potassium
currents. Science (Wash. DC). 219:303-306.

Alkon, D. L., J. Farley, M. Sakakibara, and B. Hay. 1984. Voltage-
dependent calcium and calcium-activated potassium currents of a
molluscan photoreceptor. Biophys. J. 46:605-614.

Alkon, D. L., I. Lederhendler, and J. J. Shoukimas. 1982a. Primary
changes of membrane currents during retention of associative learning.
Science (Wash. DC). 215:693-695.

Alkon, D. L., and M. Sakakibara. 1984. Prolonged inactivation of a Ca2"
dependent K+ current but not Ca2+-current by light induced elevation
of intracellular calcium. Soc. Neurosci. Abstr. 10:10.

Alkon, D. L., and M. Sakakibara. 1985. Calcium activates and inacti-
vates a photoreceptor soma K+ current. Biophys. J. 48:983-995.

Alkon, D. L., M. Sakakibara, R. Forman, J. Harrigan, I. Lederhendler,
and J. Farley. 1985. Reduction of two voltage-dependent K+ currents
mediates retention of a learned association. Behav. Neural. Biol.
44:278-300.

Alkon, D. L., J. Shoukimas, and E. Heldman. 1982b. Calcium-mediated
decrease of a voltage-dependent potassium current. Biophys. J.
40:245-250.

Bar, P. R., P. Schotman, W. H. Gispen, A. M. Tielen, and F. H. Lopes da
Silva. 1980. Changes in synaptic membrane phosphorylation after
tetanic stimulation in the dentate area of the rat hippocampal slice.
Brain Res. 198:478-484.

Browning, M., T. Dunwiddie, W. Bennet, W. Gispen, and G. Lynch.
1979. Synaptic phosphoproteins: specific changes after repetitive stim-
ulation of the hippocampal slice. Science (Wash. DC). 203:60-62.

Connor, J. A., and D. L. Alkon. 1984. Light- and voltage-dependent
increases of calcium ion concentration in molluscan photoreceptors. J.
Neurophysiol. 51:745-752.

DeLorenzo, R. J. 1981. The calmodulin hypothesis of neurotransmission.
Cell Calcium. 2:365-385.

DeLorenzo, R. D. 1984. Calmodulin systems in neuronal excitability.
Ann. Neurol. 16:1104-1145.

DeRiemer, S. A., L. K. Kaczmarek, Y. Lai, T. L. McGuinness, and P.
Greengard. 1984. Calcium/calmodulin-dependent protein phosphoryl-
ation in the nervous system of Aplysia. J. Neurosci. 4:1618-1625.

Goldenring, J. R., B. Gonzalez, J. S. McGuire, and R. J. DeLorenzo.
1983. Purification and characterization of a calmodulin-dependent
kinase from rat brain cytosol able to phosphorylate tubulin and
microtubule-associated proteins. J. Biol. Chem. 258:12632-12640.

Goldenring, J. R., J. S. McGuire, and R. J. DeLorenzo. 1984. Identifica-
tion of the major postsynaptic density protein as homologous with the
major calmodulin-binding subunit of a calmodulin-dependent protein
kinase. J. Neurochem. 42:1077-1084.

Kaibuchi, K., Y. Takai, M. Sawamura, M. Hoshijima, T. Fujikura, and
Y. Nishizuka. 1983. Synergistic functions of protein phosphorylation
and calcium mobilization in platelet activation. J. Biol. Chem.
258:6701-6704.

Kojima, I., K. Kojima, D. Kreutter, and H. Rasmussen. 1984. The
temporal integration of the aldosterone secretory response to angioten-
sin occurs via two intracellular pathways. J. Biol. Chem. 259:14448-
14457.

Naito, S., J. T. Neary, M. Sakakibara, and D. L. Alkon. 1985. Elevated
external potassium causes persistent change of specific protein phos-
phorylation in Hermissenda nervous system. Soc. Neurosci. Abstr.
15:746.

Neary, J. T., and D. L. Alkon. 1983. Protein phosphorylation/dephospho-
rylation and the transient, voltage-dependent potassium conductance in
Hermissenda crassicornis. J. Biol. Chem. 258:8979-8983.

Neary, J. T., T. J. Crow, and D. L. Alkon. 1981. Change in a specific
phosphoprotein band following associative learning in Hermissenda.
Nature (Lond.). 293:658-660.

Neary, J. T., S. A. DeRiemer, L. K. Kaczmarke, and D. L. Alkon. 1984.
Ca2" and cAMP regulation of protein phosphorylation in the Hermis-
senda nervous system. Soc. Neurosci. Abstr. 10:805.

Routtenberg, A. 1984. Brain phosphoproteins, kinase C, and protein Fl:
protagonists of plasticity in particular pathways. In Memory Neurobio-
logy. G. Lynch, J. McGaugh, and N. Weinberger, editors. Guilford
Press, New York. 479-490.

Routtenberg, A., D. M. Lovinger, and 0. Steward. 1985. Selective
increase in phosphorylation state of a 47 kD protein (Fl) directly
related to long-term potentiation. Behav. Neural Biol. In press.

Saitoh, T., and J. H. Schwartz. 1983. Serotonin alters the subcellular
distribution of a Ca2+/calmodulin-binding protein in neurons of Aply-
sia. Proc. Nat!. Acad. Sci. USA. 80:6708-6712.

Sakakibara, M., D. L. Alkon, J. T. Neary, R. DeLorenzo, R. Gould, and
E. Heldman. 1985. Ca2"-mediated reduction of K' currents is
enhanced by injection of IP3 or neuronal Ca2`/calmodulin kinase Type
II. Soc. Neurosci. Abstr. 11:956.

Wasterlain, C. G., and D. G. Farber. 1984. Kindling alters the calcium/
calmodulin-dependent phosphorylation of synaptic plasma membrane
proteins in rat hippocampus. Proc. Natl. Acad. Sci. USA. 81:1253-
1257.

Woody, C. D., D. L. Alkon, and B. Hay. 1984. Depolarization-induced
effects of Ca2+-calmodulin-dependent protein kinase injection, in vivo,
in single neurons of cat motor cortex. Brain Res. 321:192-197.

SAKAKIBARA ET AL. Modulation ofCalcium-mediated Inactivation ofIonic Currents 327


