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Molecular mechanism of protein kinase C modulation of sodium channel
a-subunits expressed in Xenopus oocytes
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The mechanism of modulation of sodium channel a-subunits (Type I1A) by a protein kinase C (PKC) activator was studied on single channel level

It was found that (1) tume constants for channel activation were prolonged, (1) nactivation remained virtually unchanged, (m) peak sodium inward

current was reduced as evidenced by calculation of average sodium currents, and (1v) time constants for current activation and decay were prolonged

(1), (in) and (1v) were voltage dependent, being most prominent at threshold potentials The data show that a voltage dependent action on the

activation gate can account for the observed reduction of peak mnward sodium current and prolongation of current decay n macroscopic
experiments
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1 INTRODUCTION

Part of the pivotal and diverse ccllular regulation by
protein kinase C (PKC) [1] 15 accomplished via modula-
tion of K*-,Ca?"- and Cl -channels of the plasma mem-
brane ([2-5]). The channel forming c-subumt of the
voltage dependent sodium channel protein has been
shown to be a target for PKC-mediated phosphoryla-
tion [6]. Regulation of functional sodium channels, ex-
pressed from vertebrate bramn in Xenopus oocytes, 1s
now well established [7-9]. Both an altered availability
of the channels to open without affccting activation or
mactivation [7] and interference with the channel’s acti-
vation gate [8] have been suggested to be the mechanmism
of sodium channel modulation by PKC. In the present
study this modulation was explored at the molecular
level to gain detailed insight into the underlying mecha-
nism

2 EXPERIMENTAL

2| Chemucals and solutions

Phorbol 12-mynistate 13-acetate (PMA) was purchased from Sigma
(Germany) All other chemicals used were of reagent grade ND96
contained Gn mM) NaCl 96, KCl 2, MgCl, 2, HEPES/NaOH §, pH
74 NA200 contained (in mM) NacCl 200, KClI 54, MgCl, 2, CaCl,
2, HEPES/NaOH 10, pH 74 PGI180 contained (in mM) K*/gluta-
mate™ 180, KCI 375, EGTA 2 5, MgCl, 0 5, CaCl, 0 25, glucose 10,
HEPES/KOH 10, pH 7 4

22 Invitro transcription and expression

Capped cRNA was transcribed from Clal hncanzed plasmid DNA
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contaiming the IIA sodium channel msert (pVA2580, Auld et al [10])
with the aid of T7 polymerase as described [8] Adult female Xenopus
laevis were purchased from H Kdhler, Germany, and kept at 18°C
Defolliculated stage V and VI oocytes were prepared as described [8]
After mjection of 3-20 ng RNA oocytes were mcubated at 21°C 1n
ND96 plus 1 8 mM CaCl,, 2 5 mM pyruvate/Na*, 100 ug/ml strepto-
mycin and 100 units/ml penicillin. Two to four days after mjection
oocytes were tested with the double clectrode voltage clamp technigue
[8] in ND96 plus 1 8 mM CaCl, and those with peak currents (7,)>3
MA were taken for patch clamp recordings

23 Paich clamp recordings

Oocytes were placed for at least 5 min in PG180 and then the
vitelhine layer was removed Subsequently oocytes were transferred to
plastic Petri dishes contamming 3 ml fresh PG180 Pateh clamp re-
cordings werc performed at 18°C according to Hamill et al [11]
Sylgard-coated pipets were pulled (List L/M-3P-A puller, Germany)
from standard haematocrit capillarics (Assistent No 564, Germany)
and filled with NA200 Patch current was amphfied with an Axopatch
D (Axon Instr, USA) current amplifier and filtered at 5 kHz (4-pole
Bessel filter) Samphing frequency was 33 kHz with the TL-125 mter-
face (Axon Instr, USA) connected to an IBM $X386-compatible
computer (Stemner, Austria) Voltage pulses were supplied by the same
device, Data evaluation was performed with the PClamp 551 soft-
ware (Axon Instr, USA) Holding potential was kept constant at —100
mV and every 2 s voltage pulses ranging from ~90 mV to +50 mV and
lasting for 50 ms were apphied (range and increment were variable)
Voltage jump sequences were run repetitively to allow observation of
channel behaviour in ime 5 nM PMA was mtroduced by the addition
of 3 ul of a 5 uM PMA solution in PG180

3. RESULTS

Sodium channel currents were recorded from cell-
attached membrane patches. Patches that did not dis-
play overlapping sodium channel opening events at de-
polarizations >+10 mV were considered single channel
patches For calculation and evaluation of ensemble
currents onc membrane patch containing many func-
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Fig 1 Eftect of PMA at —30 mV (a) Development of the PMA effect on fiist latencies (b) Original single channel traces, filtered digitally at 2 0
kHz, starts of voltage yumps are marked by arrows (c-f) Histograms for first latencies and open times (g) Open probability vs time as calculated
by average current/open channel current Digntal filtering at 1 5 kHz

tional sodium channels ('macropatch’) was used in ad-
dition

In 4 cell-attached patches, between 5 and 25 min after
the addition of 5 nM PMA to the bathing solution (this
time bemng variable from experiment to experiment), a
maiked effect on first latencies of sodium channel open-
ings developed at =30 mV (Fig 1a, Table I) This effect
could not be mimicked by control additions (¢’ in Fig
1a) of bathing solution Selected single channel record-
ings before and after the development of this effect and
corresponding histograms for first latencies are shown
in Fig 1 At —50 mV first latencies were so much pro-
longed after addition of 5 nM PMA, that calculation of
their time constant (1)) became impossible for the given
pulse length of 50 ms (Fig 2) In contrast, at =10 mV
t's were virtually not mfluenced by the phorbol ester
At depolarizations > ~10 mV the resolution of sodium
channel openings was hampered by single channel cur-
rents being small and fast, and microscopic analysis has
not been performed. Mean values for the measured time
constants are listed in Table I The patch-to-patch vai-
1ation of ¢, (and also of open time constant, ¢,) was
considerable (Table I), obscuring the effect of PMA
Therefore, the % changes of time constants were calcu-
lated individually m each patch and the significance of
the mean % change to be >0% was caleulated according
to [12] (P in Tablc I).

In contiast to r, the open time constant 7, was not
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markedly affected by the photbol ester, albeit there was
a tendency for a decrease at —-50 mV (see Figs 1, 2 and
Table I, respectively)

In additional three single channel patches, PMA had
no effect on the channel This emphasizes the stochastic

Table I
Evaludted time constants in ms (mean L SEM)

E., Control 5nM PMA 9% change " P

{(mV) (ms) (ms) (%)

Open times (¢,,)

-50 026£005 017003 -31£18 3 <010

-30 038+007 033x004 -10£13 4 =010

-10 053+013 057017 +4411 3 =010

Farst latencies (1))

~30 2494107  467+1 51 +113429 4 <0001

-10 095£039  091+0130 +1x17 3 =010

Activation time constant

~30 1 32£042 195+0 54 +55%16 S <000

~-10 074+029 081035 +748 4 =010

+10 085+048  098+059 +7+8 4 =010

Decay time constant

-30 3452116 533152 +68:%21 5 <000

~10 2342150 2781 54 +34131 4 >010
223x140  252&1.01 +9% 5 4  »010

+10
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Fig 2 Effect of PMA at -50 mV (a) Oniginal traces as in Fig la (b—e) Histograms for first latencies and open times

nature of the single channel behaviour and may be due
to a ligh basal phosphorylation of those channels, or
the absence of PK.C molecules n these particular mem-
brane patches In one particular patch (Fig 3) about 45
functional a-subunits were expressed (estimated as I,/
P, where [, is the patch current, and P, the open
probability) From the mspection of the macroscopic
current traces and also from the 7, vs membrane poten-
tial (E) curve, 1t becomes apparent that the PMA effect
1s voltage-dependent, being perceptable only at voltages
between —50 and ~20 mV (Fig. 3) Reduction of I, was
also accompanied by a prolongation of both activation
and decay of the current (Fig 3a) as also seen for 2,
of single channels (Fig 1g)

Average patch curients for all 5 patches were calcu-
lated before and after the addition of 5 nM PMA, I, was
measured and normalized to [, sgcomron (control £, of a
given experiment at =30 mV) Time constants were
measured as the nisetime to 63% I, (activation time
constant) and decay to 37% (decay time constant) and
are summarized in Table I The % cffect was calculated
for every potential and experiment, and was found to
be strongly voltage-dependent (Fig. 4)

PMA PMA
= /PMA / .i o
N¢ ‘E
Em =50 mv Em  -40 mV — ¢
£Em

YA 25 pAl

10 ms

Em 430 mV

a.

~30 mv

/PMA PMA
PMA c c
Cc
Em =20 mV Em =10 mV Em 410 mVv
PMA

4 DISCUSSION

Our single channel data show a marked decrease of
the rate constant(s) for conformational transitions from
the closed (¢) to the active (a) channel state(s). This
effect was most prominent at threshoid potentiais (—50
mV and —30 mV) and vanished at depolarnizations >—10
mV, as would be expected for a modulation affecting
the activation process. These findings are in agreement
with those of Dascal and Lotan [8] who suggested,
based on measurements of macroscopic I/E relations,
that the activation process of sodium channels 15 shifted
to positive potentials by PMA

As shown by the averaged patch current analysis in
combination with microscopic assessment of channel
activation and mactivation (e g. Fig lc-g and Table I),
the reduction of peak sodium inward current by PKC
stimulation observed 1n this study (see also ([7,8,13]) can
be explamned by slowing down of the activation process.
A parallel slowing of the macroscopic current decay was
observed, as 1s directly predicted from kinetic theory
[14] In accord with our findings, a slowing of the so-
dium current decay has been prcliminanly reported for

10 pAT

-80 mV

T T

b. =30 pAl

Fig 3 Mucropatch currents (a) Original traces before and ufter the development of PMA effect at different voltages Average curreat from 10
consecutive sweeps, digital filtering at 30 kHz (b)//L relation before (open circles) and after (filled circles) the development of PMA effect
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Fig 4 Voltage dependence of effect on 7, before (open circles) and
after the development of PMA effect (filled circles) calculated from 5
different experiments % effect (diamonds) 1s plotted on separate scale
Values are presented as mean*SEM

cultured embryonic rat brain neurons [13]. Differences
to our findings (i.e. lack of voltage dependence, removal
of inactivation) might be due to differences 1n a-subunit
and/or PKC 1soforms, higher phoi1bolester- and/or Na*-
concentrations mn [13]

The mactivatron process was little or not at all in-
fluenced by PMA Indeed, if the prolongation of the
macroscopic Na* current were due to slower nactiva-
tion, then modulation affecting the a->i process (a-sub-
unit mactivation) should be most promment at ligher
membrane potentials and become of minor relevance
near threshold potentials, were ¢->a and a->c¢ transi-
tions dominate the time course of the macroscopic cur-
rent. However, microscopic mnactivation (transitions to
the mactivated channel state (2)), as assessed by meas-
uring the dwell times 1n the open state (¢,, Table I), was
Iittle o1 not influenced 1 our experiments Especially at
higher potentials (=30 mV and ~10 mV), where the
inactivation pirocess dominates ¢, [14], ¢,’s were practi-
cally identical

Our findings demonstrate that the effects of PKC on
sodium channels expressed from mRNA (total rat
brain) and of cRNA (VA200 and IIA ¢-subunits, re-
spectively) are clearly different from those by the
cAMP-dependent protein kinase, that do not affect the
activation process {15], suggesting differential regula-
tion by different sequence-specific kinases.

Detailed kinetic analysis of macropatch currents n
combination with site-directed mutattons will be neces-
sary to distinguish whether (i) the channel’s gating
charge is reduced, (ii) the movement of gating particles,
i ¢ S4 segments [16] or (ii1) conformational changes of
the entire @-subunit, accompanying channel activation,
are hindered allosterically by subunit phosphorylation
As different a-subumit isoforms differ mostly in their
intracellular regions (and hence are potentially targets
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for intracellular protein kinases), differential modula-
tion of sodium channel 1soforms might provide the evo-
lutionary clue to the existence of at least 5 tissue specific
1soforms 1 one orgamsm [10,17-21]
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