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Acetylcholine binding to muscarinic acetylcholine receptors activates G-proteins, phospholipase C, and protein kinase C (PKC), which
phosphorylates brain Na � channels and reduces peak Na � current in hippocampal neurons. Because multiple PKC isozymes with
different regulatory properties are expressed in hippocampal neurons, we investigated which ones are responsible for mediating this
effect. The diacylglycerol analog oleoylacetylglycerol (OAG) reduced the amplitude of Na� current in dissociated mouse hippocampal
neurons by 28.5 � 5.3% ( p � 0.01). The reduction of peak Na � current was similar with Ca 2�-free internal solution and in 92 nM internal
Ca 2�, suggesting that calcium-dependent, conventional PKC isozymes were unlikely to mediate this response. Gö6976, which inhibits
conventional PKC isozymes, reduced the effect of PKC activators only slightly, whereas rottlerin, which inhibits PKC� preferentially at 5
�M, had no effect. Ro-31– 8425 (20 nM), which inhibits conventional PKC isozymes, did not reduce the response to OAG. However, higher
concentrations of Ro-31– 8425 (100 nM or 1 �M) that inhibit novel PKC isozymes effectively blocked OAG inhibition of Na� current.
Inclusion of a selective PKC�-anchoring inhibitor peptide (PKC�-I) in the recording pipette prevented the reduction of peak Na � current
by OAG, whereas an anchoring inhibitor peptide specific for PKC� and an inactive scrambled PKC�-I peptide had no effect. In addition,
OAG had no effect on Na � current in hippocampal neurons from PKC� null mice. Overall, our data from four experimental approaches
indicate that anchored PKC� is the isozyme responsible for PKC-mediated reduction of peak Na� currents in mouse hippocampal
neurons.
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Introduction
Voltage-gated Na� channels conduct action potentials in neu-
rons (Hodgkin and Huxley, 1952) and are critical for determin-
ing integrative properties, including threshold, frequency of fir-
ing, and dendritic excitability (Stuart, 1999). In hippocampal
pyramidal neurons, acetylcholine binding to muscarinic recep-
tors activates G-proteins, phospholipase C, and protein kinase C
(PKC), which reduces Na� currents (Cantrell et al., 1996). Mod-
ulation of Na� channels by neurotransmitters acting through
PKC has important effects on neuronal activity (for review, see
Cantrell and Catterall, 2001). For example, in prefrontal cortex
neurons, stimulation of 5-HT2A/C receptors activates PKC, re-
duces Na� current, increases spike threshold, and reduces spike
train duration (Carr et al., 2002, 2003). The molecular mecha-
nisms for modulation of Na� channels by PKC are not fully

understood, and the PKC isozymes involved have not been
identified.

Na� channels in brain are heteromultimeric, consisting of an
� subunit of 260 kDa and � subunits of 33–36 kDa (Catterall,
2000). The � subunit contains four homologous domains, and
each domain contains six transmembrane segments and a reen-
trant pore loop (Catterall, 2000). Expression of the � subunit is
sufficient to produce functional Na� channels (Goldin et al.,
1986; Noda et al., 1986), but coexpression of � subunits is re-
quired for normal function (Isom et al., 1992, 1995; Morgan et
al., 2000; Yu et al., 2003).

Activation of PKC phosphorylates Na� channel � subunits
(Costa and Catterall, 1984) and reduces Na� current in Xenopus
oocytes (Sigel and Baur, 1988; Lotan et al., 1990; Dascal and
Lotan, 1991; Schreibmayer et al., 1991), transfected cells (West et
al., 1992), and brain neurons (Numann et al., 1991; Cantrell et al.,
1996). The sites of PKC phosphorylation are on the � subunit
(Costa and Catterall, 1984; Murphy and Catterall, 1992). Serines
554, 573, and 576 in the intracellular linker between domains I
and II and serine 1506 in the inactivation gate between domains
III and IV are required for modulation (West et al., 1991; Cantrell
et al., 2002).

All nine PKC genes are expressed in the brain (Nishizuka,
1992, 1995). PKC isozymes are classified in three groups based on
the cofactors required for activation. Conventional PKCs (�, �,
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and �) are activated by Ca 2�, phosphatidylserine, and diacylglyc-
erol. Novel PKCs (�, �, �, and �) are activated by phosphatidyl-
serine and diacylglycerol but not Ca 2�. Atypical PKCs (	 and 
/�)
are insensitive to diacylglycerol and Ca 2� but are activated by
other lipid messengers. Additional specificity is provided by spe-
cific protein–protein interactions with receptors for activated C
kinases (RACKs) that target individual isozymes to substrates
(Mochly-Rosen et al., 1990, 1991; Ron et al., 1994). In the exper-
iments described here, we investigated which PKC isozymes are
responsible for modulation of Na� channels in hippocampal
neurons using specific activators and inhibitors of PKC activity,
inhibitors that disrupt interactions with RACKs, and mice with a
targeted deletion of the PKC� gene. Our results point to anchored
PKC� as the primary PKC isozyme responsible for modulation of
brain Na� channels.

Materials and Methods
Materials. The drug Gö6976 was purchased from Calbiochem (Darm-
stadt, Germany), and the drugs rottlerin and Ro-31– 8425 were pur-
chased from Calbiochem (La Jolla, CA). Oleoylacetylglycerol (OAG) was
from Sigma (St. Louis, MO). The peptide inhibitor of PKC� transloca-
tion (EAVSLKPT, PKC�-I) and the corresponding scrambled peptide
(LSETKPAV) were purchased from Calbiochem. The peptide inhibitor
of PKC� translocation was synthesized by Genemed (San Francisco,
CA).

Animal care. C57BL/6J male mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). Studies with PKC� null mice were per-
formed using male mice on a C57BL/6J � 129/SvJae background. Wild-
type littermates were used as controls. The PKC� null mutation was
generated by homologous recombination, as described previously
(Khasar et al., 1999), and maintained in inbred 129/SvJae mice. PKC��/�

129/SvJae male mice were crossed with wild-type C57BL/6J females to
generate breeding pairs of F1 generation PKC��/� male and female
C57BL/6J � 129/SvJae mice. These PKC��/� F1 hybrids were inter-
crossed to generate F2 generation littermates for experiments. Mutant
and wild-type mice were housed together in standard Plexiglas cages with
food and water available ad libitum. The colony room was maintained on
a 12 h light/dark cycle with lights on at 6:00 A.M. Mice were approxi-
mately 4 weeks of age at the time of testing. Animal care and handling
procedures were in accordance with institutional and National Institutes
of Health guidelines.

Isolation of hippocampal neurons. Hippocampal neurons from adult
mice (6 –12 weeks of age) were acutely isolated using standard proce-
dures (Kay and Wong, 1987; Surmeier et al., 1991; Cantrell et al., 1996).
The animals were anesthetized with halothane and decapitated. Brains
were quickly removed, iced, and blocked before slicing. Approximately
four coronal slices (500 �m), through the level of hippocampus, were cut
and transferred to low Ca 2� HEPES-buffer solution containing the fol-
lowing (in mM): 140 Na isethionate, 2 KCl, 4 MgCl2, 0.1 CaCl2, 23 glu-
cose, 15 HEPES, pH 7.4, 300 –305 mOsm/L. Slices were then incubated
for 1– 6 h in NaHCO3 buffered Earle’s balanced salt solution (Sigma)
bubbled with 95% O2–5% CO2, pH 7.4. Single slices were placed in the
low-Ca 2� buffer, and the hippocampus was isolated and placed in a
treatment chamber containing protease XIV (Sigma) (1.5 mg/ml) in
HEPES-buffered balanced salt solution (Sigma) at 35°C, pH 7.4. After 15
min of enzyme treatment, the tissue was rinsed several times in the low-
Ca 2� buffer solution and triturated. The isolated cells settled on a glass
coverslip coated with concanavalin A or poly-L-lysine. Within 5 min of
plating, the cells adhered firmly to the coated coverslip.

Whole-cell voltage-clamp recording. Recordings from pyramidally
shaped hippocampal neurons were made immediately after isolation at
room temperature (22–25°C). The electrodes were pulled from VWR
micropipettes (VWR Scientific, West Chester, PA) and fire polished (fi-
nal resistance, 2.5–5.0 M�). Approximately 80% of the series resistance
was compensated. Unless otherwise indicated, we used an external re-
cording solution consisting of the following (in mM): 20 NaCl, 10
HEPES, 1 MgCl2, 1 CdCl2, 60 CsCl, 150 glucose, pH 7.3 (300 –305

mOsm/L). The internal solution contained the following (in mM): 189
N-methyl D-glucamine, 40 HEPES, 4 MgCl2, 0.1 BAPTA, 1.0 NaCl, 25
phosphocreatine, 2 ATP, 0.2 GTP, 0.1 leupeptin, pH 7.2 (270 –275
mOsm/L). In some experiments, Ca 2� buffering was altered by replacing
BAPTA with 10 mM EGTA and the addition of Ca 2� as noted. Record-
ings were obtained using an Axopatch 1C Amplifier (Axon Instruments,
Union City, CA). Voltage pulses were delivered and currents recorded
using a personal computer running Basic FASTLAB software to control
an analog-to-digital/digital-to-analog interface (Indec Systems, Moun-
tain View, CA). The voltage-clamp data were filtered at 10 kHz and
digitized at 20 �s intervals. The data points displayed after 2.4 ms repre-
sent 200 �s intervals and were obtained by averaging groups of 10 points
sampled at the 20 �s rate. This reduces the apparent noise after 2.4 ms.
Data from cells with high or unstable holding currents were discarded.
Voltage-clamp control in cells was assessed by measuring current–volt-
age relationships after first achieving the whole-cell configuration. Data
from cells in which currents activated with enhanced delays, with exces-
sively steep current–voltage relationships or had notches in the records,
were omitted from analyses. The measurements of Na � current are ex-
pressed as mean � SEM, and in some cases, the means were tested for
equality using a paired Student’s t test. Conductance–voltage curves were
generated according to g( V) � I/(V � Vrev), where V is the test pulse
voltage and Vrev is the measured reversal potential. The conductance–
voltage curve was fit with a Boltzmann function of the following form:
g( V) � Gmax/{1 � exp[(V � V1/2)/k]}, where V1/2 is the half-activation
voltage, k is a slope factor, and Gmax is the maximum conductance.

Results
Reduction of peak Na � currents in mouse hippocampal
neurons by OAG
OAG is a membrane-permeant PKC activator that reduces peak
Na� current in cultured brain neurons, acutely isolated rat hip-
pocampal neurons, and Chinese hamster ovary or tsA-201 cells in
which Nav1.2� Na� channels have been expressed (Numann et
al., 1991; Cantrell et al., 1996, 2002). We confirmed these results
for acutely isolated mouse hippocampal neurons using 50 �M

OAG, which produces a maximal effect in rat hippocampal neu-
rons (Cantrell et al., 1996). OAG rapidly reduced peak Na� cur-
rent without major changes in the current time course (Fig. 1).
The mean reduction after OAG treatment was 27.1 � 2.4% (n �
8; p � 0.01). To confirm that this effect was caused by activation
of PKC, we performed identical experiments with a specific pep-
tide inhibitor of PKC, PKC19 –36 (House and Kemp, 1987), in the
pipette solution. OAG had little effect in cells dialyzed intracellu-
larly with 2 �M PKC19 –36 (�5%; n � 3) (data not shown). This
confirms that the effect of OAG is via activation of PKC. Thus, in
mouse hippocampal neurons, activation of PKC with OAG re-

Figure 1. Reduction of Na � currents in mouse hippocampal neurons by OAG. Na � currents
were recorded every 5 s in response to a depolarization to �10 mV from a holding potential of
�80 mV. A, Na � current traces in the absence (larger trace) and in the presence (smaller trace)
of 50 �M OAG. The dashed line indicates the zero current level. B, Time course of OAG inhibition
of Na � current. Time of OAG application is indicated by the bar.
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duces Na� current to a similar extent as has been observed pre-
viously in other central neuron preparations (Linden and Rout-
tenberg, 1989; West et al., 1991; Cantrell et al., 1996).

Requirement for specific PKC isoforms for reduction of peak
Na � currents by OAG
Multiple PKC isozymes with different sensitivities to Ca 2� and
lipid activators are expressed in the brain (Nishizuka, 1992,
1995). To examine the requirement for intracellular Ca 2�, we
measured the effects of OAG in an intracellular solution contain-
ing 10 mM EGTA in the absence of added Ca 2� and in 10 mM

EGTA plus 4 mM Ca 2� to give 92 nM free Ca 2�, a concentration
that is close to physiological levels of resting intracellular Ca 2�.
The amplitude of the mean peak Na� current was smaller in 92
nM Ca 2� compared with nominally zero Ca 2� conditions (Fig.
2A), but the voltage dependence of activation was similar in the
two solutions (Fig. 2B). Importantly, the reduction in peak Na�

current by OAG was similar in both conditions (Fig. 2C,D).
These results indicate that the effect of OAG is not Ca 2� depen-
dent and suggest that it is not mediated by the Ca 2�-sensitive
conventional PKC isozymes �, �, and � (Nishizuka, 1992; Way et
al., 2000).

We next used compounds that differentially inhibit different
PKC isozymes to further identify those involved in the effect of
OAG. Gö6976 inhibits conventional PKCs and the related en-
zyme PKD1 in the nanomolar concentration range, but novel
PKCs are not blocked by even micromolar concentrations

(Martiny-Baron et al., 1993; Gschwendt et al., 1996). In the pres-
ence of 1 �M Gö6976, OAG inhibited 19.1 � 0.02% (n � 8; p �
0.01) of the Na� current compared with 25.4 � 2.6% (n � 8) in
the absence of the inhibitor. The partial (25%) reduction of the
OAG effect by 1 �M Gö6976 suggests that, although a small por-
tion of the response may be mediated by conventional PKCs or by
PKD1, the response is primarily mediated by novel PKC
isozymes.

To further test which nonconventional PKC isoforms are in-
volved in neuromodulation of Na� channels, we studied OAG
inhibition in nominally zero Ca 2� (0.1 mM BAPTA) conditions
using additional PKC inhibitors. In the presence of rottlerin,
which selectively inhibits PKC� at 5 �M (Vuong et al., 2000),
OAG caused a 35.8 � 7.1% reduction in peak of Na� current
(data not shown) (n � 3; p � 0.05). This experiment suggested
that PKC� is not important in reducing Na� currents in mouse
hippocampal neurons. Although higher concentrations of rot-
tlerin inhibit other PKC isozymes (Gschwendt et al., 1994), these
concentrations proved toxic to our cells.

Ro-31– 8425 also distinguishes between PKC isozymes
(Wilkinson et al., 1993), showing threefold to fourfold selectivity
for conventional PKCs (IC50 � 8 –14 nM) versus PKC� (IC50 � 39
nM). In the presence of 20 nM Ro-31– 8425, the effect of OAG on
peak Na� currents was indistinguishable from control (Fig. 3A).
When the Ro-31– 8425 concentration was raised to 100 nM or 1
�M, the response to OAG was markedly inhibited (Fig. 3B,C).
This result is consistent with a primary effect of PKC� on Na�

channels in hippocampal neurons.

Effects of peptide inhibitors of PKC anchoring on modulation
of Na � currents
RACKs are postulated to bind PKC isozymes once they are acti-
vated and target them to specific membrane compartments and
substrates (Mochly-Rosen et al., 1990, 1991; Ron and Mochly-
Rosen, 1994). Two such proteins have been identified: RACK1,
which binds PKC� (Ron et al., 1994, 1995), and RACK2, also
known as �	COP, a coatamer protein that binds PKC� (Csukai et
al., 1997). An eight amino acid motif (EAVSLKPT) from PKC�
binds to RACK2, and a synthetic peptide with this sequence
blocks both the translocation and the functional effects of PKC�
(Ron and Mochly-Rosen, 1994). We included a peptide corre-
sponding to this sequence (PKC�-I; 200 �M) in the intracellular
recording solution to test its effect on inhibition of Na� currents
by OAG. After allowing 2 min for the peptide to diffuse into the
cell through the pipette tip, the effect of OAG was tested. In the
presence of this peptide, the response to OAG was reduced to
2.3 � 4.6%, significantly less than control ( p � 0.01; n � 6) (Fig.
4A,C), without effect on the voltage dependence of activation
(Fig. 4D). In the presence of a scrambled form of this peptide
(LSETKPAV), the average OAG effect was 27.5 � 7.9% ( p �
0.01; n � 4) (Fig. 4C), not significantly different from effects of
OAG in the absence of peptide (24.7 � 2.5%; p � 0.05; n � 14).
These data suggest that PKC� mediates at least 90% of the OAG
effect.

PKC� has been implicated in the modulation of Ca� current
in cardiac myocytes (Zhang et al., 1997). Another peptide (SLN-
PEWNET, PKC�I) selectively blocks the translocation of PKC�
and thus prevents its effects (Ron et al., 1995). When 200 �M of
this peptide was included in the recording pipette, the reduction
in Na� current produced by OAG was indistinguishable from
control (Fig. 4B) (24.1 � 3.6%; n � 5), and there was no effect on
the voltage dependence of activation (Fig. 4D). These data con-
firm that PKC� is not involved in the reduction of Na� current

Figure 2. Effect of [Ca 2�]i on Na � current and its modulation by OAG in mouse hippocam-
pal neurons. A, Amplitude of Na � current with the indicated concentrations of free [Ca 2�]i.
Free Ca 2� was calculated using WebMaxchelator v2.10 with intracellular solutions containing
10 mM EGTA. Mean peak Na � current was 785 � 57 pA in 92 nM [Ca 2�]i (n � 9) compared
with 1169 � 120 pA (n � 10) in 0 nM. B, Effect of [Ca 2�]i on steady-state activation. Half-
maximal activation (V1/2 ) for 0 nM [Ca 2�]i was�45.1�1.4 (n�8) and for 92 nM [Ca 2�]i was
�44.8 � 1.9 (n � 5; p � 0.05). C, Time course of modulation by OAG with 0 nM (filled circles)
and 92 nM (open circles) [Ca 2�]i. The data were normalized to the current measured before OAG
application. D, Maximal effect of 50 �M OAG on peak Na � current as a function of [Ca 2�]i.
Mean reductions were 24.9 � 2.5% at 0 nM Ca 2� (n � 14) and 24.9 � 2.6% at 92 nM Ca 2�

(n � 8).
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by OAG in mouse hippocampal neurons
under our recording conditions and dem-
onstrates that block of OAG inhibition is
specific for the PKC� inhibitor peptide.

Modulation of Na � currents in
hippocampal neurons from
PKC��/� mice
The preceding experiments implicated
PKC� in modulation of Na� channels in
hippocampal neurons. PKC��/� mice
(Khasar et al., 1999) provide an additional
stringent test of the role of PKC� in Na�

channel modulation. The voltage for half-
activation of peak Na� current in hip-
pocampal neurons from PKC��/� mice
was �43.7 � 1.6 mV (n � 7), indistinguishable from �46.1 � 2.2
mV in neurons from PKC��/� mice ( p � 0.05; n � 7) (Fig. 5A).
The voltage dependence of half-inactivation of Na� currents in
PKC��/� (�60.4 � 0.6 mV) and PKC��/� (�65.0 � 1.6 mV)
neurons was also similar ( p � 0.05; n � 7).

We compared the effect of OAG on hippocampal neurons
from PKC��/� mice and their wild-type siblings. OAG reduced
peak Na� current in PKC��/� neurons by 16.9 � 4.5% (n � 7)
(Fig. 5B). In contrast, OAG produced no significant effect on
Na� current in the PKC��/� neurons analyzed in parallel
(1.28 � 1.25%; n � 7; p � 0.01). Thus, absence of PKC� had no
effect on basal Na� channel properties but completely prevented
OAG-induced inhibition of Na� currents in hippocampal
neurons.

It was surprising that the effect of OAG on neurons from
wild-type littermates of PKC��/� mice was smaller (16.9 �
4.5%; p � 0.05) than with neurons from C57BL/6J mice (27.1 �
2.4%) (Figs. 1– 4) or from C57BL/6J � 129/Sv mice studied con-
temporaneously. Because wild-type and PKC��/� littermates
used in Figure 5 were C57BL/6J � 129/SvJae, we suspect that the
difference in the effect of OAG is attributable to differences in
genetic background.

Converging evidence for modulation of Na � channels
by PKC�
Previous studies showed that acetylcholine acts via activation of
muscarinic acetylcholine receptors and consequent activation of
PKC to reduce Na� currents in hippocampal neurons (see Intro-
duction). We used multiple approaches to identify the PKC
isozyme(s) responsible for modulation of Na� currents: differ-
ential activation by calcium and diacylglycerols, selective inhibi-
tion by PKC inhibitors and anchoring inhibitor peptides, and
targeted gene deletion. These approaches have different strengths
and weaknesses, but the results considered together provide
strong support for an essential role for anchored PKC� in mod-
ulation of Na� channels in hippocampal neurons. These points
and the physiological significance of modulation of Na� chan-
nels by PKC� are considered in the Discussion.

Discussion
PKC� specifically modulates Na � channels in
hippocampal neurons
The diacylglycerol analog OAG effectively activates endogenous
PKC isozymes that are responsible for modulation of Na� chan-
nels by muscarinic acetylcholine receptors (Cantrell et al., 1996,
2002). Because conventional (�, �, and �) and novel (�, �, �, and
�) isozymes respond to OAG, whereas atypical isozymes (	 and


/�) do not, these results suggest that atypical PKCs are not in-
volved in modulation of Na� channels. Similarly, because acti-
vation of conventional isozymes is enhanced by increased intra-
cellular Ca 2�, whereas activation of novel and atypical isozymes
is not (Nishizuka, 1992), our experiments showing similar OAG-
induced modulation at nominally zero intracellular Ca 2� and 92
nM Ca 2� argue against a requirement for conventional PKCs and
narrow the focus to the novel isozymes �, �, �, and �.

Gö6976 is widely used to distinguish conventional and novel
PKC isozymes, because it inhibits conventional PKCs in the
nanomolar range but does not inhibit novel PKCs, even at micro-
molar concentrations (Martiny-Baron et al., 1993; Gschwendt et
al., 1996). We found that Gö6976 inhibited �25% of the OAG
effect, which is consistent with a primary role for the novel PKC
isozymes in Na� channel modulation. Similarly, the requirement

Figure 3. Effect of Ro-31– 8425 on OAG inhibition of Na � current. Mean time courses for reduction of peak Na � currents by
50 �M OAG are shown in the absence (filled circles) and presence (open circles) of Ro-31– 8425. A, Ro-31– 8425 (20 nM)
(28.4 � 2.1% reduction; p � 0.05; n � 8). B, Ro-31– 8425 (100 nM) (19.3 � 2.6% reduction; p � 0.05; n � 8). C,
Ro-31– 8425 (1 �M) (13.6 � 3.5% reduction; p � 0.05; n � 7). Without Ro-31– 8425, OAG inhibited Na � currents by
27.1 � 2.4% ( p � 0.01; n � 8).

Figure 4. Effect of peptide inhibitors of interaction with RACKs on the reduction of peak
Na � currents by OAG. A, Time course for OAG reduction of Na � currents in mouse hippocampal
neurons recorded in the absence (filled circles) or presence (open circles) of the PKC� translo-
cation inhibitor peptide PKC�-I. The scrambled version of this peptide, scPKC�-I (open squares)
did not block the effect of OAG. B, Time course for OAG inhibition in the absence (filled circles)
and presence (open circles) of the PKC� translocation inhibitor peptide PKC�-I. C, Summary bar
graph showing mean reductions in peak Na � current for untreated control (CONT) cells
(24.7 � 2.5%; n � 14) and for cells treated with PKC�-I (2.3 � 4.6%; n � 6), scPKC�-I
(27.5 � 7.9%; n � 4), and PKC�-I (24.1 � 3.6%; n � 5). D, Voltage dependence of activation
of the Na � current; control cells (dotted line; V1/2 � �41.9 � 1.1 mV; n � 7), PKC�-I (open
circles; V1/2 ��38.7�1.4 mV; n�6), PKC�-I (open squares; V1/2 ��38.4�1.4 mV; n�
6), and scPKC�-I (filled circles; V1/2 � �40.8 � 1.5 mV; n � 7).
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for 100 nM or 1 �M Ro-31– 8425 for inhibition of the effect of
OAG favored a requirement for PKC� rather than conventional
PKCs (Wilkinson et al., 1993). The lack of effect of 5 �M rottlerin
suggested that PKC� was not involved (Vuong et al., 2000), leav-
ing PKC�, �, and � as primary candidates. Because PKC� is highly
expressed in hippocampal neurons (Naik et al., 2000; Nishizuka,
1995), these pharmacological results make it a likely candidate for
modulation of Na� channels.

PKC isoforms are translocated to cell membranes after activa-
tion and are bound there by interaction with RACKs (Mochly-
Rosen et al., 1990, 1991; Ron and Mochly-Rosen, 1994). Inhibitor
peptides derived from PKC� can disrupt its binding to RACK1,
and an inhibitor peptide derived from PKC� can disrupt its bind-
ing to RACK2 (Schechtman and Mochly-Rosen, 2001). These
peptides are specific inhibitors of the corresponding PKC
isozymes. We found that PKC�-I reduced Na� channel modula-
tion by OAG, but PKC�-I had no effect, further supporting the
primary role of PKC�.

To test the role of PKC� genetically, we studied PKC��/�

mice. These mice have altered nociception (Khasar et al., 1999)
and markedly reduced ethanol self-administration (Hodge et al.,
1999), indicating that PKC� has unique signaling functions in

neurons that cannot be fully compensated by other PKC
isozymes. Remarkably, the reduction of peak Na� currents by
activation of PKC with OAG was completely lost in hippocampal
neurons from these mice. Thus, neurotransmitters that modulate
Na� currents through activation of PKC depend entirely on
PKC� in hippocampal neurons.

Our results with PKC�-I and PKC��/� mice showed complete
block of the effect of OAG, consistent with an essential role for
PKC� in Na� channel modulation. In contrast, the conventional
PKC inhibitor Gö6976 reduced the effect of OAG by 25%. How-
ever, Gö6976 is also a potent inhibitor of PKD1, which can be
activated by PKC� and may lie downstream of PKC� in some
signaling pathways (Gschwendt et al., 1996; Brandlin et al., 2002).
Therefore, our findings indicate that direct phosphorylation by
anchored PKC� plays the major role in modulating hippocampal
Na� channels, suggesting that PKC� has either unique access to,
or unique substrate specificity for, the PKC phosphorylation sites
on brain Na� channels. In addition, PKC� may have a smaller
indirect effect on Na� channels through regulation of PKD1.

PKC� links Na � channel modulation to neurotransmitter-
activated lipid signaling pathways
An important consequence of the essential role for PKC� in Na�

channel modulation is the resulting restriction of upstream sig-
naling pathways that can activate regulation. PKC� is not acti-
vated by Ca 2� but responds to many lipid messengers, including
diacylglycerols, free fatty acids such as arachidonic acid, and
phosphatidylinositol 1,4,5-trisphosphate (Nishizuka, 1995). The
neurotransmitter receptors that activate these lipid signaling
pathways, but not those that primarily activate Ca 2� signaling,
are now prime candidates for Na� channel regulation. Activation
of specific isozymes is an important determinant of the physio-
logical outcome of PKC signaling. For example, PKC� exacer-
bates while PKC� protects against cardiac ischemia, and PKC�
increases while PKC� inhibits alcohol modulation of GABA re-
ceptors (Choi and Messing, 2003). In addition, four different
Na� channels are expressed in the CNS (Goldin, 2001). NaV1.1
channels have virtually identical PKC phosphorylation sites to
NaV1.2 (Cantrell et al., 2002), suggesting similar regulation,
whereas NaV1.3 and NaV1.6 channels have amino acid changes
flanking the potentially phosphorylated serines that may alter
their regulation. Future research will likely identify isozyme-
specific consequences of PKC regulation of specific subtypes of
Na� channels.

Anchoring PKC� enhances modulation of Na � channels in
hippocampal neurons
Because targeting of PKC isozymes plays a critical role in their
substrate specificity, the striking requirement for PKC� for Na�

channel modulation suggests that it might be specifically targeted
to these channels. Consistent with this idea, the translocation
inhibitor peptide PKC�-I substantially reduced PKC modulation
of Na� channels. Thus, stable anchoring of activated PKC� is
required for Na� channel modulation in brain neurons, as pre-
viously observed for cardiac cells (Xiao et al., 2001). These results
raise the possibility that activated PKC� might be targeted to Na�

channels by protein–protein interactions. Previous results on do-
pamine modulation of Na� channels by the PKA pathway have
shown that direct binding of A kinase-anchoring protein-15 to
the intracellular linker connecting domains I and II is required
for modulation (Tibbs et al., 1998; Cantrell et al., 1999, 2002).
Additional experiments will be required to determine whether

Figure 5. Reduction of peak Na � currents in PKC��/� mice by OAG. A, Voltage depen-
dence of activation of the Na � current in hippocampal neurons; PKC��/� (V1/2 � �46.1 �
2.2 mV; n � 7), PKC��/� (V1/2 � �43.7 � 1.6 mV; n � 7). B, Inset, Representative Na �

currents in the absence and presence of 50 �M OAG from wild-type (left) and PKC��/� mice
(right). Dashed lines indicate zero current level. The smaller current was recorded during treat-
ment with OAG. Bottom, Time course of OAG effect on Na � currents. PKC��/� mice, Open
circles; PKC��/� mice, filled symbols. The mean maximal inhibition of Na � current by OAG in
PKC �/� mice was 1.28 � 1.25% (n � 7) and for wild-type littermates was 16.9 � 4.5% (n �
7; p � 0.01).
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protein–protein interactions are also involved in Na� channel
modulation by PKC�.

Potential physiological effects of modulation of Na � channels
by anchored PKC�
Na� channels participate in integration of depolarizing synaptic
inputs in dendrites and cell bodies and initiate and conduct ac-
tion potentials in axons and complex nerve terminal ramifica-
tions (see Introduction). Modulation of Na� channels by PKC is
likely to affect integration of depolarizing inputs in dendrites and
threshold and frequency of firing of action potentials in cell bod-
ies and axonal initial segments (Johnston et al., 1999; Stuart,
1999). Cholinergic input to the hippocampus acts via muscarinic
acetylcholine receptors and PKC to inhibit intrinsic bursting ac-
tivity of CA1 neurons, converting their firing pattern from phasic
bursting to tonic firing of single spikes (Azouz et al., 1994). These
events are correlated with reduction of persistent Na� current in
CA1 neurons (Alroy et al., 1999), which is likely to be accompa-
nied by a similar reduction in transient Na� current (Cantrell et
al., 1996). Because generation of bursts is a major mechanism of
information transmission (Lisman, 1997), these changes in firing
pattern are likely to affect input– output relationships in hip-
pocampal neurons. Our results indicate that these modulatory
events are mediated specifically by PKC�.

Although our experiments have focused on hippocampal neu-
rons, it is likely that Na� channels are modulated by a similar
mechanism in other neurons, because Na� channels and PKC�
are widely coexpressed. Muscarinic acetylcholine receptor activa-
tion in neocortical neurons inhibits persistent Na� current
evoked by prolonged depolarization (Mittmann and Alzheimer,
1998). Persistent Na� current is active near critical subthreshold
voltages where other ionic currents are small (Mittmann and
Alzheimer, 1998), and modulation of its functional properties is
thought to contribute to synaptic integration, regulation of in-
trinsic firing patterns, and active backpropagation of action po-
tentials from the soma into the dendrites. The signaling mecha-
nism underlying modulation of persistent Na� current by
muscarinic receptor activation is likely to be activation of PKC-
mediated phosphorylation (Mittmann and Alzheimer, 1998).
Similarly, activation of 5-HT2a/c receptors in cortical pyramidal
neurons also reduces peak Na� currents through activation of
PKC (Carr et al., 2002). Moreover, in striatal medium spiny neu-
rons and cholinergic interneurons, activation of D2 dopamine
receptors reduces Na� currents through a PKC-dependent
mechanism (Maurice et al., 2001). D1 and D2 dopamine receptors
are coexpressed and reciprocally modulate Na� current through
cAMP and PKA in a subset of medium spiny neurons (Surmeier
et al., 1992; Schiffman et al., 1996; Aizman et al., 2000). However,
the primary effect of D2 agonists on Na� channels in medium
spiny neurons is inhibitory (Surmeier et al., 1992), and this effect
is mediated via a G-protein- and PKC-dependent pathway (Sur-
meier et al., 1993). Based on our findings, we suspect that these
modulatory events in cortical and striatal neurons are also likely
to involve phosphorylation of Na� channels by PKC�, but addi-
tional experiments will be required to establish this mechanism.

In contrast to their inhibition of brain Na� channels, PKA
and PKC act synergistically to enhance the activity of slowly in-
activating Na� channels in nociceptive dorsal root ganglion neu-
rons (Gold et al., 1998). Therefore, although PKC� has many
modulatory targets in neurons, the loss of modulation of Na�

channels in PKC��/� mice may well contribute to the altered
nociception reported previously in these animals (Khasar et al.,
1999). As these examples illustrate, modulation of Na� channels

by PKC� likely has broad functional significance in the nervous
system.
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