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ABSTRACT Previous work has shown that serotonin induces
an increase in membrane K+ conductance in Aplysia neuron R15
and that this response is mediated by cAMP. The present study
examines the role of protein phosphorylation in the response to
serotonin. A specific inhibitor of cAMP-dependent protein kinase
was injected intracellularly into neuron R15. The injection blocked
the serotonin-induced increase in K+ conductance completely for
at least 4 hours. The blockage was selective because the cell's re-
sponse to dopamine was not inhibited. Furthermore, the blockage
was specifically produced by protein kinase inhibitor because in-
jection of other proteins (a-bungarotoxin and bovine serum al-
bumin) did not affect the serotonin response. The serotonin re-
sponse recovered fully 5-13 hours after the injection, presumably
as a result of intracellular proteolysis of the protein kinase inhib-
itor. The results indicate that protein phosphorylation is a nec-
essary step in the process that leads to activation of K+ channels
by serotonin in neuron R15.

Several laboratories have implicated cAMP in the regulation of
electrical activity in molluscan nerve cells (1-5). In some of
these cells, cAMP causes an increase in membrane resistance
and a broadening ofaction potentials, apparently resulting from
a decrease in K+ conductance (1-3). In Aplysia neuron R15, on
the other hand, cAMP mediates a serotonin-induced increase
in K+ conductance (5, 6). In the latter case, the K+ channel in-
volved has been identified as the one responsible for anomalous
rectification in this cell (unpublished data).

It has been proposed that cAMP acts exclusively by activation
of cAMP-dependent protein kinases (7). It has been reported
that injection ofthe active catalytic subunit ofprotein kinase into
a sensory neuron (8) or bag cells (9) from Aplysia leads to spike
broadening and an increase in membrane resistance. These ef-
fects are identical to those produced by cAMP in the same cells
(1, 2), and it has been inferred that the catalytic subunit, like
cAMP, is causing a decrease in K+ conductance. In addition,
voltage clamp experiments using internally perfused Helix neu-
rons have demonstrated that intracellular application of phys-
iological concentrations of the catalytic subunit can enhance
Ca2+-activated K+ conductance (10). Thus, it is becoming evi-
dent that protein phosphorylation induced by exogenous cata-
lytic subunit can alter the electrical properties ofdifferent nerve
cells in a variety of ways. To examine the role of endogenous
protein phosphorylation in a cAMMP-mediated neuronal re-
sponse, we have injected a specific protein kinase inhibitor
(PKI) into neuron R15 to block endogenous protein kinase ac-
tivity. We demonstrate here that the increase in K+ conduc-
tance, normally elicited by serotonin in this cell, is blocked com-
pletely by PKI injection.

MATERIALS AND METHODS
Aplysia californica, maintained as described (5), were used for
these experiments. For measurement ofprotein kinase activity,
ganglia were removed and rinsed in normal Aplysia medium
(460 mM NaCI/55 mM MgCl2/11 mM CaCi2/10 mM KCi/1%
glucose/10 mM Tris HCl, pH 7.4) prior to homogenization as
described (11). For electrophysiological experiments, the ab-
dominal ganglion was pinned dorsal side up in a Sylgard dish
and perfused with normal medium. PKI, purified to homo-
geneity from rabbit muscle (12) and provided by E. Fischer
(University of Washington, Seattle) was dissolved in water to
a concentration of 1 mg/ml. A 50-nl aliquot was back-loaded
into the tip of a microelectrode pulled from either Omega-Dot
or Microstar (Radnoti Glass) capillary tubing. An internal silver
wire in contact with the wall of the electrode provided a suf-
ficiently good electrical connection for determining that the tip
of the electrode was in the cell. The diameter of the meniscus
of the PKI solution was measured with an optical micrometer,
and movement of the meniscus during application of pressure
(1-10 atm; 1 atm = 1.013 x 105 Pa) was noted to estimate the
volume of the injections, which ranged between 0.1% and 10%
of the cell volume. In some experiments, neuron R15 was volt-
age clamped with two 3 M KCl-filled microelectrodes during
the injection, whereas in others the injection was into an un-
clamped cell, and the injection electrode was removed prior to
impalement with the KCI electrodes. The cell was voltage
clamped by conventional techniques, and the membrane po-
tential was swept between -120 and -40 mV at a rate of 4 mV/
sec, and the resulting current was recorded. Current-voltage
(I-V) curves were generated, first in normal medium after in-
jection with PKI, then during perfusion with medium contain-
ing 5 ,uM serotonin, and finally after washing again in normal
medium. The response of R15 to bath application of serotonin
reaches its full extent in 10-15 min and continues undiminished
for at least 90 min with continued perfusion of serotonin. The
changes in I-V curves were monitored throughout the perfu-
sion, but as a matter of routine, the curves presented in Figs.
2 and 3 were obtained 20 min after the beginning of perfusion
with serotonin (Fig. 2) and dopamine (Fig. 3).

RESULTS
cAMP-dependent PKI is a heat-stable 10,000-dalton protein
that binds with high affinity to the catalytic subunit of cAMP-
dependent protein kinase and inhibits its activity (12, 13). PKI
has been used to inhibit cAMP-mediated responses in several
nonneuronal cell types (14, 15). We have found that PKI derived
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FIG. 1. Inhibition of cAMP-dependent protein kinase activity from
Aplysia ganglia by PKI. Protein kinase activity was measured in a
12,000-g supernatant prepared from Aplysia ganglion homogenates.
The tissue preparation and assay conditions were as described (11)
except that the total assay volume was 50 ktl. cAMP-dependent protein
kinase activity was measured (20 pug of Aplysia protein per assay) as
the difference in activity in the presence and absence of 1 pM cAMP.
The basal activity measured in the absence of cAMP was 51 pmol of
82p per min/mg of protein. The values on the abscissa are the final
concentrations of PKI in the assay. Each point is the mean ± SEM for
3-6 samples. The solid line is a binding curve fit by least squares to
the data.

fiom rabbit skeletal muscle inhibits cAMP-dependent protein
phosphorylation in extracts from Aplysia ganglia in a dose-de-

pendent manner (Fig. 1). The basal level of protein phosphor-
ylation, measured in the absence of cAMP, was decreased no
more than 5% by PKI. Gel electrophoretic analysis of the en-
dogenous Aplysia proteins, whose phosphorylation is stimu-
lated by cAMP, has demonstrated that PKI inhibits the phos-
phorylation of all of them to the same extent (not shown).
Considering the phylogenetic distance between molluscs and
mammals; these results suggest that the cAMP-dependent pro-
tein kinase system has been highly conserved during evolution.

Having found that PKI blocks Aplysia cAMP-dependent pro-
tein kinase activity in- vitro, we injected it under pressure di-
rectly into neuron R15 to give intracellular concentrations in
the 0.1-10 AM range and examined the cell's electrical prop-
erties and responses to neurotransmitters. For these measure-
ments we used a voltage clamp to generate so-called steady-
state I-V curves, the slopes of which are a measure of the total
ionic conductance ofthe cell's membrane (Figs. 2 and 3). Except
for transient changes in membrane voltage or current that ac-
companied the larger injections, PKI did not alter the resting
steady-state I-V relationship of neuron R15. However, the in-
crease in K+ conductance normally elicited by serotonin (Fig.
2 a and b) was inhibited completely by PKI (Fig. 2 c and d).

Similar results were obtained in 8 out of 11 cases in which
we observed a movement of the meniscus in the injection elec-
trode, indicative of a successful injection of PKI. In the three
experiments in which we injected what appeared to be large
amounts of PKI without effect (16), we were using Omega-Dot
capillary tubing to prepare injection microelectrodes. We have
since found that with electrodes pulled from such tubing, move-
ment of the meniscus can occur without ejection of material
from the electrode tip, apparently by movement ofthe solution
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FIG. 2. Intracellular injection of PKI blocks the serotonin (5-HT) response in neuron R15. An estimated 2-nl of PKI solution was injected into
a cell with a somal volume of -23 nl. The serotonin response was measured 2 hr (Right) and 10.5 hr (Left) after PKI injection. The curves show
the total membrane current in the presence (5-HT) and absence (N) of serotonin (a and c) and the net current elicited by serotonin (b and d). The
curves measured before serotonin application and after washing again with normal medium were averaged together with a Nicolet digital oscil-
loscope, and the averaged curve is shown as trace N in c, together with the curve (trace 5-HT) measured in the presence of serotonin. Note that
serotonin produced virtually no change in the I-V curve 2 hours after injection of PKI (c). This is emphasized by an examination of the serotonin-
elicited current (d), obtained by subtracting curve N from curve 5-HT using the digital oscilloscope. For comparison, the I-V curves and serotonin-
elicited current recorded 10.5 hours after PKI injection are shown in a and b, respectively. The I-V curve in normal medium (N) had drifted up
slightly at this time, but its shape remained unchanged. The response to serotonin, as measured by the increase in slope of the I-V curve (a) and
by the magnitude of the serotonin-elicited current (b), had recovered by this time and was equivalent to that in noninjected cells (5).
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FIG. 3. Lack of effect of PKI injection on the dopamine response in neuron R15. Same cell and conditions as for Fig. 2 except that dopamine
(DA; 100 AiM) was used instead of serotonin and the response was measured 3 hr (Right) and 12 hr (Left) after PKI injection.

back up the fiber inside of the electrode.
We examined the kinetics of this PKI inhibition by applying

serotonin at different times after injection and found no sero-
tonin response between 1 and 4 hours postinjection (the ex-

perimental design precluded testing earlier than 1 hour). Typ-
ically, we observed a recovered response 7-13 hours after PKI
injection, although in one experiment recovery was apparent
as early as 5 hours. The recovered response was identical in all
respects to the serotonin response observed in noninjected cells
(5). In one experiment we elicited a normal serotonin response
prior to blockage with PKI. In this case a second injection of
PKI was made 26 hours after the first one and 21 hours after
the cell had shown a normal response to serotonin. This second
injection completely blocked the effect of serotonin applied 1.5
hours later.
To test whether the inhibition observed was due specifically

to PKI, we injected two other proteins into R15 and examined
the response to serotonin. The very small quantities of PKI
available and the high stability of this low molecular weight
protein (12) prevented us from using inactivated PKI in these
control experiments. We chose instead a-bungarotoxin (Amer-
sham) which has a molecular weight (8,000) similar to that of
PKI and which, in addition, was available in tritiated form, al-
lowing us to verify the size of the injections after the
experiments. a-Bungarotoxin was dissolved at the same con-

centration (1 mg/ml) as was used for PKI, along with bovine
serum albumin (2 mg/ml) as a stabilizer. The volumes injected
were at least as large as the largest PKI injections (5-10% of the
cell volume), resulting in intracellular protein concentrations
at least 3 times as high as in the PKI experiments. Although
these large injections of protein often led to depolarization (in
unclamped cells) or an increase in voltage clamp holding cur-

rent, the serotonin response was normal in all respects in the
three cells that we tested within 2 hours after the injection.
These results indicate that injection of protein per se is not suf-
ficient to block the increase in K+ conductance elicited by
serotonin.

The selectivity of the PKI inhibition was investigated by ex-

amining the response of R15 to dopamine (Fig. 3). Dopamine

elicits a decrease in inward current, which is most prominent
in the depolarized range ofmembrane potentials, where the I-V
curve displays a negative slope resistance (ref. 17 and Fig. 3 a
and c). This response, which does not appear to involve cAMP
(6, 18), is thought to be due to a decrease in Na' conductance
(17, 19). Comparison of Figs. 3 b and d (which illustrate data
from the same cell as in Fig. 2) shows that the dopamine re-
sponse was normal after PKI injection. A dopamine response
was observed in every PKI-injected cell immediately after it had
been ascertained that the serotonin response of the cell had
been blocked. Furthermore, the spontaneous excitatory syn-
aptic currents often observed in R15, which probably result
from an acetylcholine-induced increase in Na' conductance
(20), also remained unchanged after PKI injection (not shown).
Thus, the inhibitory effects ofPKI in R15 appear to be selective
for the serotonin-induced increase in K+ conductance.

DISCUSSION
Work from several laboratories has shown that introduction of
an exogenous catalytic subunit ofcAMP-dependent protein ki-
nase into certain molluscan nerve cells can produce decreases
(8, 9) or increases (10) in K+ conductance. In two of these cases

(8, 9), the changes in K+ conductance resemble those produced
by increases in intracellular cAMP, suggesting that the same
or similar targets are being phosphorylated by endogenous and
exogenous protein kinase. The present study examines directly
the role ofendogenous cAMP-dependent protein kinase in con-
trolling K+ conductance in neuron R15. Our results demon-
strate that in vivo inhibition of endogenous cAMP-dependent
protein kinase blocks the increase in K+ conductance normally
elicited by serotonin in R15, thereby implicating protein phos-
phorylation as a necessary step in the process that leads to ac-
tivation of a K+ channel by a neurotransmitter.

These results, together with those from other laboratories,
give rise to at least two interesting questions. The first concerns
the identity of the protein substrates phosphorylated by cAMP-
dependent protein kinase. In particular, one would like to know
whether the proteins that form K+ channels are phosphorylated
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directly by protein kinase or whether they are activated or in-
activated as the end result of some longer chain of events. A
second, more general question is howcAMP-dependent protein
phosphorylation gives rise to the variety of electrical responses
observed in different nerve cells. In each case thus far de-
scribed, the end-target is a K+ channel, but in two instances K+
channels are activated (5, 10), and in two others they are in-
hibited (8, 9). Furthermore, at least three pharmacologically
distinct K+ channels appear to be affected-the anomalous rec-
tifier (unpublished data), the Ca2+-activated K+ channel (10,
21), and possibly a novel K+ channel (22). And yet, probably
all of these K+ conductance systems are present in each of the
cell types studied. It will be of interest to determine the mo-
lecular mechanisms by which specificity is conferred in the reg-
ulation of neuronal K+ conductance.
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