
Functional Modulation of Brain Sodium Channels by 
Protein Kinase C Phosphorylation 

Voltage-gated sodium channels, which are responsible for the generation of action 
potentials in the brain, are phosphorylated by protein kinase C (PKC) in pursed form. 
Activation of PKC decreases peak sodium current up to 80 percent and slows its 
inactivation for sodium channels in rat brain neurons and for rat brain type IIA 
sodium channel or subunits heterologously expressed in Chinese hamster ovary cells. 
These effects are speci6c for PKC because they can be blocked by specific peptide 
inhibitors of PKC and can be reproduced by direct application of PKC to the 
cytoplasmic surface of sodium channels in excised inside-out membrane patches. 
Modulation of brain sodium channels by PKC is likely to have important effects on 
signal transduction and synaptic transmission in the central nervous system. 

v OLTAGE-SENSITIVE SODIUM (NA+) 
channels are responsible for both 
initiation and conduction of the 

neuronal action potential. Modulation of 
the functional properties of brain Na+ chan- 
nels would therefore be expected to exert an 
important influence on the function of cen- 
tral neurons. PKC modulates the activity of 
many different ion channels in neurons and 
other cells (1). The Na+ current in Xenopus 
oocytes injected with chick brain RNA is 
reduced by the PKC activator p-phorbol 
12-myristate 13-acetate (PMA) (Z), but 
modulation of Na+ channel function in neu- 
rons or other excitable cells by PKC has not 
been reported. Brain Na+ channels consist 
of an a subunit (260 kD) and two smaller 
(30 to 40 kD) p 1 and p 2 subunits. PKC 
phosphorylates the a subunit of rat brain 
Na+ channels in purified preparations and in 
synaptosomal membranes ( 3 ) .  Four sub- 
types of Na+ channel a subunits, designated 
types I, 11, IIA, and 111, are expressed in rat 
brain (4-6). Expression of these a subunits 
alone is sficient to produce functional Na+ 
channels in Xenopus oocytes (5, 7 )  or in 
mammalian cells (8). We have now observed 
two modulatory effects of PKC phosphory- 
lation on Na+ channels in brain neurons and 
in transfected Chinese hamster ovary 
(CHO) cells. 

Rat brain neurons were dissociated from 
day 20 embryos and maintained for 2 to 6 
days in cell culture (9). Neurons in similar 
cultures express primarily type I1 or IIA a 
subunits (10). We used the whole-cell volt- 
age-clamp technique to record Na+ currents 
(11, 12). To prevent regenerative action 
potentials in poorly clamped regions of neu- 
ronal processes, we reversed the Na+ gradi- 
ent (Na,,, = 10 mM; Na,, = 140 mM), and 
intracellular Na+ was pehsed into the cell 
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body from the recording pipette. Applica- 
tion of DOG (1,2-dioctanoyl-rac-glycerol), 
a diacylglycerol activator of PKC, to a rat 
brain neuron under voltage clamp reduced 
the peak Na+ current by 50% and substan- 
tially slowed the time course of inactivation 
of the macroscopic Na+ current (Fig. 1A). 
Peak Na+ current was reduced at all stirnu- 
lus potentials (Fig. lB), whereas the voltage 
dependence of steady-state Na+ channel in- 
activation was not markedly altered (Fig. 
1C). In 18 other cells, DOG or its analog 
OAG (1-oleoyl-2-acetyl-sn-glycerol) at con- 
centrations of 0.25 to 1 pM reduced the 
Na+ current by 20 to 70% and slowed the 

time course of inactivation in each cell. The 
phorbol ester PMA at 25 nM to 1 p,M also 
reduced the peak Na+ current and slowed 
the time course of inactivation in nine addi- 
tional cds .  Thus, activation of PKC reduces 
peak Na+ current and slows Na+ channel 
inactivation in intact rat brain neurons. 

Macroscopic Naf currents were recorded 
in cell-attached patches from CHO cells 
expressing a subunits of type IIA Na+ chan- 
nels [cell line CNaIIA-1 (13, 1 4 ) ] .  When 
OAG was added to the bath solution, the 
Na+ current recorded from a typical cell- 
attached patch was dramatically reduced 
within 5 to 6 min and reached a new 
steady-state value in 30 min (Fig. 2A). This 
reduction was usually accompanied by 
slowed Na+ current inactivation as observed 
in brain neurons. OAG and DOG at con- 
centrations from 1 to 50 p,M decreased peak 
Na+ current by 20 to 90% in 16 cells, and 
this was accompanied by a slowing of the 
time course of inactivation in 81% of the 
cells. The peak Na+ current-voltage ( I - V )  
relation after PKC treatment ran be exactly 
superimposed on the control values after 
scaling by a constant factor (Fig. 2B), indi- 
cating that the voltage dependence of acti- 
vation was not significantly changed (<4  
mV; n = seven cells). The voltage depen- 
dence of steady-state inactivation (Fig. 2C) 
was also unaffected. 

Fig. 1.  Naf current modulation by DOG in primary cultured rat brain cells. (A) The effect of the PKC 
activator DOG (1 pM, 20 min) on whole-cell voltage-clamp recordings of outward Naf currents. 
Currents were evoked by depolarizations to the indicated potentials after a 100-ms-long prepulse to 
- 120 mV from a holding potential of - 80 mV. The smaller and slower current trace in each pair was 
obtained in the presence of DOG. (B) Current-voltage relation for outward Na+ currents before (.) 
and during (A) DOG exposure. Peak outward currents were measured from records like those in (A) 
and are plotted as a function of test pulse voltage. (C) Steady-state inactivation curve in control.(.) and 
in the presence of DOG (A). Prepulses 100 ms long were followed by a test pulse to +40 mV. Peak 
test pulse current is plotted versus prepulse potential. Results in (A), (B), and (C) were obtained from 
the same cell. Current records were filtered at 10 H z .  
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The effects of activators of PKC were 
partially reversible in two experiments in 
which cells were exposed to DOG and then 
washed with Ringer's solution (Fig. 2, D 
and E). During washing, the peak of the 
Naf current greatly increased and the time 
course of inactivation of the Na+ current 
accelerated as inactivation returned to nor- 
mal. 

The slowing of the time course of Na+ " 
channel inactivation was even more appar- 
ent when single-channel currents were ex- 
amined (Fig. 2F). In control solutions, 
openings of single Na+ channels in cell- 
attached patches were clustered near the 
beginning of the test pulse with only rare 
openings in the second half of the trace (Fig. 
2F,a). After treatment with PKC activators, 
individual single-channel openings were 
prolonged and many reopenings occurred 

throughout the test pulse (Fig. 2F,b), even 
for pulses as long as 200 ms (Fig. 2F,c). 
These prolonged openings and reopenings 
are characteristic of the effects of OAG 
observed in ten other cells. 

The diacylglycerol analog OAG used to 
activate PKC in the CHO cells can have 
suppressive effects on neuronal Ca2+ cur- 
rents independent of PKC activation (15). 
To examine the specificity of OAG in our 
system, we tested the effects of peptide 
inhibitors of PKC and adenosine 3',5'- 
monophosphate (cAMP)-dependent pro- 
tein kinase. CNaIIA-1 cells were microin- 
jected with a 0.25 mM solution of a 13- 
residue synthetic peptide corresponding to 
the inhibitory pseudosubstrate domain of 
PKC (16). This peptide specifically blocks 
the effects of OAG on neuronal Ca2+ cur- 
rents (17). In four cells that had been inject- 

ed with a 250 pM solution of the peptide 
(Fig. 3, A and B), prolonged application (15 
to 60 min) of OAG at high concentrations 
had no significant effect on the Na+ current. 
In three control cells injected with the vehi- 
cle (150 mM KCI), OAG caused the usual 
reduction of Na+ current and slowing of 
inactivation, showing that injection alone 
does not abolish PKC activation. To test the 
effect of injection of an unrelated peptide, 
we injected two cells with a-l rnM solution 
of a 20-residue peptide corresponding to the 
pseudosubstrate inhibitory site of the 
CAMP-dependent protein kinase inhibitor 
(18). OAG was still able to reduce the Na+ 
current and slow the time course of Na+ 
current inactivation (Fig. 3, C and D). This 
series of experiments demonstrates that, at 
.the concentrations used in this study, the 
diacylglycerol activators have no nonspecific 

Fig. 2. Effect of OAG on ensemble average 
currents from cell-attached patches from 
CNaIIA-1 cells. (A) Averaged currents from a 
cell-attached patch containing a large number of 
Na+ channels before and 20 min after addition of 
20 pM OAG. Test pulses (12.5 ms) to 0 mV from 
a holding potential of - 110 mV were applied at 
0.8 Hz. Averages of 15 to 50 current traces 
obtained during such test pulses are shown. (B) 
Current-voltage relations before ( 0 )  and 10 min 
(0) or 40 min (A) after addition of 10 JLM OAG. 
The squares show the 10-min OAG data scaled by 
a factor of 2.5. Averaged currents like those in (A) 
were measured at a series of voltages, and peak 
currents were plotted as a function of test pulse 
potential. (C) Steady-state inactivation curve be- 
fore (*) and after (A) application of 10 pm 
OAG. Prepulses (150 ms) to a series of potentials 
were followed by test pulses to 0 mV. Peak 
ensemble average test p,ulse currents were normal- 
ized and plotted as a function of test pulse poten- 
tial. The OAG data recorded in the presence of 
OAG were normalized by a factor of 2.7. (D) 
Reversal of the effect of DOG. Averaged currents 
from a cell-attached patch from a cell that had 
been exposed to 30 phi DOG for approximately 
1 hour at the beginning of the experiment (W). 
The cell was then washed repeatedly with DOG- 
free control solution for 15 min (A) and 45 min 
( 0 ) .  Same pulse protocol as in (A) except that the 
test pulse was to - 10 mV. (E) Current-voltage 
relations at the beginning of the experiment (W) 
and at 15 min (A) and 45 min (a) after removal 
of DOG. Same cell as in (D). Current records 
were filtered at 10 kHz for (A through E). (F) 
Single-channel data from a cell-attached patch 
containing only a few Na+ channels. Three exam- 
ples of representative data in response to voltage 
steps to -30 mV from a holding potential of 
-110 mV: a, control; b, after 15 min in the 
presence of 1 pM OAG; c, data from the same 
patch 45 min after the addition of OAG. Only 
one or two Na+ channels remained active and 
appeared to have most of their inactivation re- 
moved (note change in time bar). The currents in 
panel (F) were recorded with the 50-gigaohrn 
headstage resistor and 5-kHz filter. 
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effects on the Na+ current and the modula- 
tion they produce can be directly attributed 
to activation of PKC. 

To provide evidence that additional cyto- 
solic components are not required for Na+ 
channel modulation by PKC, we examined 
the effects of the purified enzyme itself on 
Na+ channels in excised patches of mem- 
brane from CNdIA-1 cells. Inside-out 
patches (1 1) containing multiple Na+ chan- 
nels were exposed to PKC purified from rat 
brain (19), and Na+ currents were recorded 
during depolarizing pulses. When a mixture 

of reagents required for PKC activity [diac- 
ylglycerol, phosphatidylserine, and adenosine 
triphosphate (ATP)] was applied to the inner 
surface of the membrane patch, there was no 
significant change in the ensemble Na+ cur- 
rent averaged from 50 ,depolarizing pulses 
(Fig. 4A), indicating that these substances by 
themselves had no effect. When 10 nM puri- 
fied PKC was then added to the bath solu- 
tion, there was an immediate reduction of the 
peak Na+ current and a slowing of the inac- 
tivating phase (Fig. 4A, n = six patches). To 
establish that other components of the puri- 

fied PKC preparation were not affecting the 
Na+ channel, we applied a three- to fourfold 
higher PKC concennation in the absence of 
diacylglycerol, phosphatidylserine, and ATP. 
The Na+ current increased slightly (Fig. 4B) 
or remained the same (n = three patches), 
with no change in the time course of inacti- 
vation. Thus, both the reduction in peak Na+ 
current and the slowing of the inactivation 
time course are due to the enzymatic activity 
of PKC. 

Single Na+ channels in excised membrane 
patches respond to treatment with PKC in a 
manner similar to those in cell-attached 
patches (Fig. 4, C and D) (n = five patches). 
The control traces show fast inactivation 

ASPA 
0.5 rns 

J O P A  
0.5 rns 

Fig. 3. Effect of specific peptide inhibitors of PKC and CAMP-dependent protein kinase A on the action 
of PKC activators. (A) Cell-attached patch recording from a cell microinjected 5 to 10 min earlier with 
a 250 pA4 solution of a synthetic peptide blocker of PKC activity (16) in 150 mM KCI. Superimposed 
ensemble average of 50 current traces in control and after exposure for 30 min to 70 p,M OAG. Holding 
potential - 110 mV, test potential 0 mV. (B) Current-voltage relation for the cell in (A): control (a) 
and 70 pA4 OAG (W). (C) Average current traces from a cell injected 5 to 10 min earlier with 150 mM 
KC1 containing 1 rnM of a peptide inhibitor of CAMP-dependent protein kinase (18) before (@) and 
after exposure to 20 $4 OAG (W). Same pulse protocol as in (A). (D) Current-voltage relation for the 
cell in (C) : control (a) and 20 p,M OAG (W). 

Fig. 4. Direct application of PKC 
to the cytoplasmic surface of ex- 
cised inside-out patches. (A) Cur- 
rent traces both before and after 
addition of 1 p,M diacylglycerol, 1 
pA4 phosphatidylserine, and 1 mM 

ATP Three are minutes shown after superimposed addition of (0).  10 r A  3 rns 20 PA v~ 3 rns 20 pA . 
nM PKC the final trace was ob- 
tained (W). Averages of 50 sweeps. 
Test pulses were to -30 mV from a f! D 
holdkg potential of -110 mV; 
50-gigaohm resistor, 5 kHz,. (8 )  
Inside-out patch from another cell 
before (@)&and after (W) exposure 
to 30 nM PKC. Diacvlelvcerol. 

Y 
phosphatidylserine, and A ~ P  were 
not present. (C) Three examples of 
single-channel recordings from a 
single inside-out patch exposed to 1 
uM diacvlelvcerol. 1 uM ohos- 

-SPA 5 rns 

phatidylsdr&d, and'l I&  AT^' but not PKC. (D) Single-channel recordings from the same patch as in 
(C) after subsequent addition of 10 nM PKC. Recording conditions as in (A). 

kinetics with multiple superimposed open- 
ings clustered near the beginning of the 
trace. After treatment with PKC, channels 
have longer openings and single-channel 
activity persists throughout prolonged test 
pulses. Thus, both the reduction of peak 
Na+ current and the slowing of Na+ chan- 
nel inactivation are observed in excised 
membrane patches and may not require the 
action of diffusible cytosolic components 
other than PKC and its substrates and acti- 
vators. 

Our results show directly that Na+ chan- 
nels in intact rat brain neurons are subject to 
modulation by phosphorylation by PKC. 
This modulation involves a reduction of 
peak Na+ current without a change in the 
voltage dependence of activation or inacti- 
vation of the Na+ current. Peak Na+ current 
is equal to the product NPi, where N is the 
number of acdve Na+ channels. P is the 
probability of channel opening at the peak 
of the current, and i is the current contrib- 
uted by each activated channel. Our single- 
channel recordings show that i is unchanged 
by PKC phosphorylation, so the reduction 
in peak current must result from a reduction 
in N, P, or both. The reduction of peak Na+ 
current is accompanied by a substantial 
slowing of Na+ channel inactivation that 
results from an increased lifetime of single 
Na+ channel openings and an increased 
probability of reopening of Na+ channels 
during prolonged depolarizations. It is likely 
that protein kinase C phosphorylates one or 
more sites on the a subunit of the Na+ 
channel as observed in vitro (3) and that this 
phosphorylation directly mediates the two 
effects we have observed. 

In contrast to our results, the modulation 
of Na+ channels expressed in Xenopus 
oocytes by phorbol esters was reported to be 
due to a shift in the voltage dependence of 
Na+ chahel activation without any change 
in the time course of the Na+ current (20). 
The apparent shift in the voltage depen- 
dence of activation observed in those exper- 
iments could have resulted from the diffi-d- 
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ty in maintaining adequate voltage control 
of the large, highly infolded oocyte mem- 
brane with a two-microelectrode voltage 
clamp, and the changes in the time course of 
Na+ channel inactivation that we have ob- 
served could have been obscured by the 
inappropriately slow inactivation of the Na+ 
channels expressed in Xenopus oocytes (5). 

The physiological significance of modula- 
tion of Na+ channel activity in brain neu- 
rons by PKC is unknown. Types I1 and IIA 
Na+ channels are preferentially localized in 
axons, whereas types I and I11 Na+ channels 
are preferentially localized on neuronal cell 
bodies in vivo (21). Reduction and prolon- 
gation of Na+ currents mediated by type I1 
and IIA Na+ channels in axons may alter the 
threshold for initiation of a conducted ac- 
tion potential and the frequency of action 
potential generation, and similar effects on 
Na' channels in nerve terminals may be 
expected to alter neurotransmitter release. 
Reduction of Na+ currents by activation of 
PKC may also protect neurons against epi- 
sodes of hyperexcitability. Further studies of 
the modulation of Na+ channel function by 
PKC will be necessary to critically assess 
these possible physiological effects. 
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Establishment of the Mesoderm-Neuroectoderm 
Boundary in the Drosophila Embryo 

A gradient of the maternal morphogen dorsal establishes asymmetric patterns of gene 
expression along the dorsal-ventral axis of early embryos and activates the regulatory 
genes twist and snail, which are responsible for the differentiation of the ventral 
mesoderm. Expression of snail is restricted to the presumptive mesoderm, and the 
sharp lateral limits of this expression help to define the mesoderm-neuroectoderm 
boundary by repressing the expression of regulatory genes that are responsible for the 
differentiation of the neuroectoderm. The snail gene encodes a zinc h g e r  protein, and 
neuroectodermal genes that are normally restricted to ventral-lateral regions of early 
embryos are expressed throughout ventral regions of snail- mutants. The formation of 
the sharp snail border involves dosage-sensitive interactions between dorsal and twist, 
which encode regulatory proteins that are related to the mammalian transcription 
factors NF-kB and MyoD, respectively. 

A POLYCLONAL ANTIBODY TO SNAIL 

(sna) (1 )  was prepared against a sna 
protein made in Escherichia coli (2). 

The bacterial protein contains 287 amino 
acid residues and lacks 102 NH,-terminal 
residues present in the native sna protein. 
The resulting antibody (3) was used to 
monitor sna expression during embryogen- 
esis (Fig. 1). The protein was detected by 

the onset of cleavage cycle 14, and, by the 
middle of cycle 14, its distribution appeared 
to coincide with the presumptive mesoderm 
(Fig. 1A). The borders of the sna pattern 
were sharp in lateral regions (arrow) and at 
the boundary between the presumptive me- 
soderm and posterior midgut invagination 
(PMG) (arrowhead). Expression persisted 
in the differentiating mesoderm throughout 
the formation of the ventral furrow (Fig. 
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