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Abstract. The effects of externally applied different 
protein kinase C (PKC) activators on Na + currents in 
mouse neuroblastoma cells were studied using the per- 
forated-patch (nystatin-based) whole cell voltage clamp 
technique. Two diacylglycerol-like compounds, OAG 
(1-oleoyl-2-acetyl-sn-glycerol), and DOG (1-2-dioc- 
tanoyl-rac-glycerol) attenuated Na + currents without 
affecting the time course of activation or inactivation. 
The reduction in Na + current amplitude caused by OAG 
or DOG was dependent on membrane potential, being 
more intense at positive voltages. The steady-state ac- 
tivation curve was also unaffected by these substances. 
However, both OAG and DOG shifted the steady-state 
inactivation curve of Na + currents to more hyperpolar- 
ized voltages. Surprisingly, phorbol esters did not af- 
fect Na + currents. Cis-unsaturated fatty acids (linole- 
ic, linolenic, and arachidonic) attenuated Na + currents 
without modifying the steady-state activation. As with 
DOG and OAG, cis-unsaturated fatty acids also shifted 
the steady-state inactivation curve to more negative 
voltages. Interestingly, inward currents were more ef- 
fectively attenuated by cis-fatty acids than outward cur- 
rents. Oleic acid, also a cis-unsaturated fatty acid, en- 
hanced Na + currents. This enhancement was not ac- 
compan ied  by changes  in kinet ic  or s teady-s ta te  
properties of currents. Enhancement of Na + currents 
caused by oleate was voltage dependent, being stronger 
at negative voltages. The inhibitory or stimulatory ef- 
fects caused by all PKC activators on Na + currents 
were completely prevented by pretreating cells with 
PKC inhibitors (calphostin C, H7, staurosporine or 
polymyxin B). By themselves, PKC inhibitors did not 
affect membrane currents. Trans-unsaturated or satu- 
rated fatty acids, which do not activate PKC's,  did not 
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modify Na + currents. Taken together, the experimen- 
tal results suggest that PKC activation modulates the be- 
havior of Na + channels by at least three distinct mech- 
anisms. Because qualitatively different results were 
obtained with different PKC activators, it is not clear 
how Na + currents would respond to activation of PKC 
under physiological conditions. 
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Introduction 

The activity of different ion channels can be modulat- 
ed by phosphorylation (Kaczmarek & Levitan, 1987; 
Hille, 1992). Na + channels, which are transmembrane 
proteins responsible for the generation and propagation 
of electrical activity in different excitable cells, are 
good substrates for both protein kinases A (PKA) and 
C (PKC) (Rossie & Catterall, 1987; Emerick & Ag- 
new, 1989; Yang & Barchi, 1990; Murphy & Catterall, 
1992; see review by Catterall, 1992). Costa and Cat- 
terall (1984) demonstrated that purified brain Na + chan- 
nels can be phosphorylated by PKC in detergent solu- 
tions. Following this observation, a few studies at- 
t e m p t e d  to e v a l u a t e  the s i g n i f i c a n c e  of  PKC 
phosphorylation for Na + channel function. While Sigel 
and Baur (1988) showed that PKC depressed Na + cur- 
rents in Xenopus oocytes injected with chick brain RNA 
(see also Lotan et al., 1990), Moorman, Kitsch and 
Brown (1989) reported that phorbol esters increased 
Na + currents  in heart  cells (see Benz, Herzig  & 
Kohlhardt, 1992, for a different result in cardiac my- 
ocytes). Using mouse neuroblastoma cells (N 1 E- 115), 
Linden and Routtenberg (1989) demonstrated that cis- 
unsaturated fatty acids decreased Na + currents, while 
the more classical activators of PKC (diacylglycerol 
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(DAG)-like compounds) had no effect. The ~-subunit 
of type IIA rat brain Na" channel can be readily phos- 
phorylated by PKC (Murphy & Catterall, 1991; Li et. 
al., 1993) decreasing the amplitude of Na + currents 
(Dascal & Lotan, 1991; Numann, Caterall & Scheuer, 
1991; West et al., 1991), and slowing inactivation (Nu- 
mann et al., 1991; West et al., 1991; Li et al., 1993). 

In the course of our investigations on the effects of 
PKC activators on Na + currents in neuroblastoma (N1E- 
115) cells, we noticed that different PKC activators 
have different effects on Na + currents. Because sug- 
gestions for the involvement of PKC on the modulation 
of ion channels have, in most cases, relied on the effects 
of its activators and/or inhibitors, it is important to com- 
pare the effects of these different substances on ionic 
currents. In this study, the effects of various PKC ac- 
tivators and/or inhibitors on Na-- currents were evalu- 
ated. The perforated (nystatin-based) patch whole cell 
clamp technique was used in neuroblastoma cells. This 
method preserves the intracellular milieu (Horn & Mar- 
ty, 1988; Korn et al., 1991) allowing a normal or close- 
to-normal physiological characterization of different 
PKC-related substances on Na-  currents. We demon- 
strate that different PKC activators, namely, DAG-like 
compounds ,  cis-unsaturated fat ty acids (l inoleic,  
linolenic, and arachidonic acids), and oleic (another 
cis-fatty acid) acid all modify Na" currents. The first 
two groups of substances attenuated, while oleic acid in- 
creased Na + currents. These alterations in Na + currents 
seem to be linked to PKC activation, and are specific for 
each group of substances. 

Materials and Methods 

TISSUE CULTURE 

N1E-115 mouse neuroblastoma cells (kindly provided to us by Dr. 
F.N. Quandt, Department of Physiology, Rush Medical School, and 
Dr. M.W. Nirernberg, NIH) were grown in flasks (70 ml), and on small 
plastic coverslips in culture dishes at 37~ in a humidified atmosphere 
containing 5% CO 2. Cells were grown in Dulbecco's  modified Ea- 
g le ' s  medium supplemented  with 10% newborn bovine serum 
(GIBCO, Grand Island, NY), and 0.1% penicillin and streptomycin. 
Confluent cells were split once a week, and replated at a density of 
2.104 cells/ml. Culture medium was replaced every 2-3 days. 

SOLUTIONS 

The bath (extracellular) solution contained (in mM): 75 NaCI, 75 
choline-C1, 2 CaC12 10 N-2-Hydroxyethylpiperazine-N'-2-ethanesul- 
fonic acid (HEPES) and 0.2 CdC12 (pH = 7.4, adjusted with NaOH). 
The pipette solution contained (in mM): 10 NaF, 90 CsF, 30 NaCI, 10 
ethyleneglycol-bis N,N,N',N'-tetraacetic acid (EGTA) and 10 HEPES 
(pH = 7.4, adjusted with CsOH). In several experiments with cis-un- 
saturated fatty acids, the transmembrane electrochemical equilibrium 
potential for Na + (VNa) was modified by altering the concentrations 
of external and/or internal Na +. These specific changes in Na + con- 

centrations will be properly identified in the text. The following sub- 
stances were purchased from Sigma (St. Louis, MO), and Calbiochem 
(San Diego, CA): phorbol 12,13-didecanoate, phorbol 12,13-diac- 
etate, phorbol 12-myristate 13-acetate, oleic acid, linoleic acid, 
linolenic acid, elaidic acid, DOG, OAG, arachidonic acid, stearic 
acid, staurosporine, calphostin C, polymixin B, and H7. PKC-relat- 
ed substances were dissolved in dimethylsulfoxide (DMSO) and 
added to the extracellular solution upon sonication. Final DMSO con- 
centration was less than 0.1%, and at this concentration DMSO had 
no effects on Na + currents. 

Electrophysiology 

Cell-attached coverslips were transferred to the experimental cham- 
ber (volume = 200 ~1) mounted on an inverted microscope. Mem- 
brane currents were recorded using the perforated-patch whole cell 
method using nystatin (Horn & Marty, 1988; Korn et al., 1991). We 
were confident that our cells were under the perforated voltage-clamp 
method, and not under the conventional whole cell condition, because 
the experimental results described in this study are not the same 
when the conventional whole cell recording is used (M. Renganathan 
and S. Cukierman, in preparation; see also Linden & Routtenberg, 
1989 who applied the conventional whole cell recording method to 
N 1 E-115 cells and obtained different experimental results for the ef- 
fects of PKC activators on Na + currents). All experiments were per- 
formed at room temperature (21-23~ Patch electrodes were pulled 
from borosilicate capillaries (W.P. Instruments, FL) using a pro- 
grammable puller (P-87, Sutter Instrument, CA). Electrode tip di- 
ameters were typically 2 ~tm and had resistances of 0.8-I .2 m~.  To 
reduce the pipette capacitance, the tip of the patch electrode was 
covered with a hydrophobic paint (Cukierman, 1992). Nystatin stock 
solutions in DMSO were prepared daily. The final concentration of 
nystatin in the pipette was 120 l.tg/ml. In our experiments, t = 0 is 
defined as the time when the membrane patch was functionally per- 
forated with nystatin yielding an access resistance equal or less than 
2 MfL Control current recordings were obtained at t = 15 min. 
Membrane currents were recorded and analyzed using an Axopatch 
ID amplifier, and pCLAMP software, respectively (Axon Instru- 
ments, Foster City, CA). 

DATA ANALYSIS 

Two different voltage clamp pulse protocols were applied to cells from 
a - 1 0 0  mV holding potential. The first protocol, used to construct 
activation curves, consisted of 5 msec pulses from the holding volt- 
age to +60 mV in 10 mV steps at a frequency of 1 Hz. The second 
protocol, used to determine steady-state inactivation curves, consist- 
ed of 5 msec test pulses to - 2 0  mV preceded by 500 msec prepuls- 
es of variable voltages ( - 9 0  to 60 mV). Membrane currents were fil- 
tered at 5 kHz and digitized at a sample frequency of 33 kHz. Peak 
sodium conductances were calculated at each test voltage by 

GNa = 1Na,peak/(V- VNa), (1) 

where VNa is the Na + reversal potential. Activation curves were de- 
termined by plotting GNa/GNa.max (m) vs. membrane potential. Ex- 
perimental points were fitted to the expression 

m = [1 + exp (V  - Vl/2)/k ] 1, (2) 

where V~/2 is the midpoint of activation curve, and k is the curve steep- 
ness. The steady-state inactivation curves (INapeak/INapeak ' max = h vs. 
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Fig. 1. Time-dependent aherations in the 
properties of N a  currents in N 1 E- 115 cells. 

Results are expressed as mean + SEM f o r  five 

different cells. (A) Time-dependent increase in 
peak Na + currents elicited by voltage clamp pulses 
from - i00 to - 10 mV or 60 mV. Voltage clamp 
pulse protocols were delivered 15-60 rain after the 
membrane patch was pedomted with nystatin in the 
"whole" cell configuration (t = 0). l,c I is the peak 
current at time t divided by the peak at t - 15 mira 
(B) voltage dependence of steady-state inactivation 
(h, filled symbols), and activation (m, open 
symbols) of Na + currents. Circles and squares were 
obtained 15 and 40 min alter the beginning of 
recordings, respectively. Curves were drawn 
according to nonlinear regression analysis with the 
following parameters lbr the fittings: h, circles, Vj/2 
= -40.89 -+ 0.37 mV, and k - 8.84 -+ 0.32 mV; 
squares Vii 2 42.01 _+ 0.24 inV, and k = 7.97 
_+ 0.20 mV; m, circles, Vt/2 = 14.68 _+ 0.43 mV, 

and k = -7 .70  + 0.38 mV: squares, VII 2 = 
-20.74 + 0.50 mV, and k - -7.91 + 0.42 mV. C 
and D show the voltage dependence of the 
activation and inactivation time constants of Na 
currents at 15 (circles) and 40 rain (squares) alter 
the beginning of recordings, respectively. 
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Fig. 2. (A) Na" currents in response to voltage 
clamp pulses to +60 (outward currents) and 
- 10 mV (inward currents) from a holding 
membrane potential of 100 mV. Circles 
identify recordings obtained in control 
conditions (t - 15 min), and triangles after 
exposure to 10 ~tm OAG for 25 rain. (B) Peak 
Na + current voltage relationships in control 
(circles) and in the presence of 10 pM OAG 
(triangles). 

holding potential) were determined by a similar expression. The 
time constant of Na + current activation ('Con) was determined by the 
best fit of  the onset of Na + currents to: 

/Na  = ]Na,  peak " [ ]  - -  e x p  ( t / '~on)]  3 (3) 

The time constant of inactivation of Na + currents ('~,) was determined 
by fitting the decay of Na + currents with a single exponential. Fit- 
ting of  experimental points to equations described above was done 
with Sigmaplot (Jandel Scientific, Corte Madera, CA). Paired or un- 
paired Student 's  t-tests were used to evaluate the statistical signifi- 
cance of changes in Na + current parameters caused by different ex- 
perimental conditions. 

R e s u l t s  

TIME-DEPENDENT ALTERATIONS IN N a  + CURRENTS I N  

CONTROL CELLS 

Na + currents in N1E-115 cells display a significant 
time-dependent increase in their peak amplitudes. In or- 
der to quantify the effects of  different PKC activators 
and/or inhibitors, it is necessary to evaluate the time 
course of  changes in different parameters of  Na + cur- 
rents in control conditions. Figure 1 summarizes the re- 
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Fig. 3. Time course of effects of PKC activators on peak Na Y cur- 
rents in response to voltage clamp pulses from -100  to 10 mV. 
PKC activator was applied and washed-out at t - 15 and 25 min, re- 

spectively. ///control is the peak Na + current normalized to the peak 
Na + current at t = 15 min. Circles, 75 ~tM DOG; triangles, 4 ~M 
linolenic acid; squares, 4 ~M oleic acid. 

sults obtained in a control group of five different cells. 
In panel A, relative peak currents in response to depo- 
larizing voltage steps from - 1 0 0  to - 1 0  mV (circles) 
and to 60 mV (squares), are plotted as a function of 
time. For voltage steps to - 1 0  mV, peak Na + currents 
increased during the first 15-40 min after nystatin per- 
forated the membrane patch, and remained constant 
thereafter. This increase is statistically significant (P < 
0.0001) and was observed for all voltage steps between 
- 4 0  and 0 inV. For test pulses larger than 0 mV, there 
were relatively small increases in peak Na + current am- 
plitudes which were not significant (0.45 < P < 0.68, 
see squares in panel A). These observations suggest that 
the activation curve of Na + currents shifts to more neg- 
ative potentials during the initial 15-40 rain. Figure 1B 
shows that indeed the activation curve (m) of Na + cur- 
rents shifted by approximately 6 mV during the first 
15-40 min in the hyperpolarizing direction. In the same 
panel, it is demonstrated that the steady-state inactiva- 
tion curve (h) is essentially unaltered during that peri- 
od. The shift in the activation curve of Na + currents to 
more negative voltages could explain the increase in 
Na + currents observed in the voltage range of - 4 0  to 
0 mV, and the absence of changes in peak currents for 
voltages > 0 mV. Panel C shows that "Con decreased sig- 
nificantly at voltages more negative than 0 mV during 
the first 15-40 min. This acceleration of Na + current 
activation can be seen in several figures in this report 
(see Figs. 2, 6, 7, 10, 11, and 12). It is likely that the 
negative shift of the activation curve of Na + currents 
(panel B, open symbols) is a consequence of this de- 
crease in "Con. On the other hand, panel D shows that the 
inactivation time course of Na + currents ("Ch) did not 
change appreciably during these control experiments. 

Table 1. Effects of PKC activators and related compounds on Na + 
currents a 

Substances Changes in Peak Na ~ currents 

Control b 1.23 _+ 0.06 (5) 
DOG (75/*M) 0.43 +_ 0.01 (5) 
OAG (10/~M) 0.40 + 0.01 (5) 
Phorbol Esters (1 /zM) 1.15 _+ 0.05 (9) 
Oleate (4/zM) 2.00 + 0.01 (9) 
Linolate (4/~M) 0.52 (2) 
Linolanate (4/.LM) 0.82 _+ 0.07 (5) 
Arachidonate (4/~M) 0.41 +_ 0.02 (4) 
Elaidate 1.25 (3) 
Stearate 1.30 (2) 

a Relative changes in peak current amplitude (mean + sem, n) caused 
by different PKC activators or similar compounds in response to 
voltage clamp pulses from -100  to 10 mV. Alterations in Na + 
currents were assessed by measuring peak currents 15 min after the 
perforated-patch, whole cell clamp condition was attained (control 
condition), and 25 min after addition of substance. 
b A 23% increase in peak Na + currents occurs during the first 15-40 
min after the perforated-patch whole cell clamp condition is attained 
(see Fig. 1). This normal increase must be taken into consideration 
in evaluating the effects of PKC-related substances. The effects of 
phorbol esters, elaidate, or stearate, were not significantly different 

from control conditions (0.90 < P < 0.57). Other substances shown 
in the table changed the peak amplitude of Na § currents significant- 
ly (0.001 < P < 0.00003). 

EFFECTS OF DAG- LI KE COMPOUNDS ON Na + CURRENTS 

Figure 2A shows the effects of 10 ~tM OAG on Na + cur- 
rents elicited by voltage clamp pulses from - 1 0 0  to 
- 10 mV (inward currents) and +60 mV (outward cur- 
rents). At each membrane voltage, the larger current 
recordings were obtained in control conditions while the 
smaller current traces were obtained 25 rain after addi- 
tion of OAG. OAG caused a clear reduction in current 
amplitudes at all voltages. Another noticeable alteration 
in this figure is an acceleration in "con' However, this ef- 
fect was not significantly different from what normal- 
ly occurred in control conditions (see Fig. 1C). In Fig. 
2B, the relationships between membrane voltage and 
peak Na + currents are depicted in control conditions 
(circles) and 25 rain after exposure to 10 ~M OAG (tri- 
angles). The effects of DAG-like compounds on Na + 
currents were not reversible even after prolonged (15-30 
min) cell superfusion with control solution. The time 
course of effects of 75 ~M DOG on peak Na + currents 
in response to voltage steps from - 100 to - 10 mV is 
shown in Fig. 3 as circles. In this figure, DOG was ap- 
plied and withdrawn at t = 15 and 25 rain, respective- 
ly. Notice that while the onset of attenuation of Na + 
currents was relatively rapid and complete within 
-~10-15 rain, the attenuation did not reverse within the 
duration of the experiment. 
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Exper imen ta l  Ac t iva t ion  Inact iva t ion  

Cond i t ion  

AVI/2(mV ) k (mV)  %,  (msec)  AVI/2(mV) k (mV) 'rinac t (nlsec) 

Contro l  (5) 6 .06 -+ 2.64 9.58 -+ 2.82 0.18 + 0.01 - 1 . 1 2  + 0.69 8.2 +- 0.63 0.83 + 0 .04 

DOG (51 3.91 + 2.20 8.47 -+ 0.87 0 .16 + 0.03 - 2 2 . 6 8  +- 1.67" 9.12 + 0.53 0 .64 + 0 .02 

O A G ( 5 )  - 1 0 . 0 4 _ +  2.71 9 .70 + 0 .92 0 . 1 4 - +  0.01 8.4 + 1.16"* - 7 . 5 3  + //.43 0 .64 + 0 .04 

Phorbol  (9) - 5 . 9 5  -+ 0 .76 9.25 + 0.88 0.15 -+ 0.01 1.38 + 0.37 - 7 . 8 2  +- 0 .77 0 .64 + 0 .09 

Olea te  (9) 5.53 + 2 .24 8.17 + 0 .74 0.17 -+ 0.02 2.28 + 0.42 - 9.13 -+ 0 .36  1.19 + (1.15 

Linola te  (2) - 4 . 7 5  8.3 0.14 - 2 6 . 9 7 *  10.62 (/.68 

Lino lana te  (5) - 8 . 8 6  -+ 4 .19 7 .96 + 1.13 0.15 + 0.02 11.30 + 2.83*** - 9 . 2 2  + 1t.26 0.88 -+ 0 .06 

Arach idon ic  (2) 8.77 7.85 0.17 19.81 * 9.79 0.91 

Elaidate  (2) 4 .90  6.85 0 .24 1.6 8.35 1.17 

Steara te  (2) 3.99 8.58 0.21 2.3 7.67 0.92 

The effects  o f  d i f ferent  PKC- re l a t ed  subs tances  on AV1/~ (ha l f  point  of  s teady-s ta te  ac t iva t ion  or inac t iva t ion  curves) ,  k (s teepness  o f  act iva-  

t ion or inact iva t ion  curves)  and  r,n and  r n,,ct (ac t ivat ion and  inact iva t ion  t ime constants ,  respect ive ly)  measu red  at - 10 mV. were  eva lua ted  at 

l = 15 rain (control)  and  25 rain af ter  exposure  of  cell to subs tance  (t = 40  rain). Cont ro l  shows  the mean  var ia t ion o f  pa ramete r s  (at t = 15 and 

40  rain) in cells  (see Fig. I) that were  not t reated with PKC- re l a t ed  subs tances .  Because  cells  no rma l ly  present  a tempora l  var ia t ion in some 

(but not all) pa ramete r s  (Fig. 1), the stat is t ical  s ign i f i cance  o f  a l te ra t ions  caused  by  d i f ferent  PKC-re l a t ed  subs tances  nmst  be related to that 

control  g r o u p  of  cells.  Aster isks  indicate  s ta t is t ical ly  s ign i f ican t  d i f fe rences  found  be tween  measu remen t s  in cont ro l  g r o u p  of  cells and cells  

t rea ted with PKC-re l a t ed  c o m p o u n d :  *P < 6 .10 6: **p  < 0 .005;  ***P < 0.02.  Va lues  are expressed  as mean  + SEM. Concen t r a t i ons  o f  dif- 

lerent  subs tances  are the same as indica ted  in Table  1. Even t hough  the d i sp layed  values  for  "r's were  measured  at - 10 mV. PKC-re l a t ed  sub- 

s tances  did not af fect  these t ime cons tan t s  at o ther  test vo l tages  (resuhs not shown). 

1.00 

h 

0.50 

- 1 0 0  - 5 0  0 5 0  
m V  

Fig. 4. Steady-s ta te  inact ivat ion curves  (h) in control  (circles) and 25 

rain a l ter  addi t ion  o f  10 gM O A G .  Non l inea r  r eg ress ion  curves  were  

d r a w n  th rough  the exper imenta l  points  with the fo l lowing  values  

(see Mater ia ls  and  Methods  for  equat ion) :  Vw2 39.51 (circles),  

and - 5 2 . 4 6  mV (tr iangles);  k = 10.18 (circles),  and  8.41 mV (tri- 

angles) .  

Essentially similar results to the one depicted in Fig. 
2 were observed in four other experiments with 10 ~M 
OAG and in five experiments with 75 [dm DOG (see 
Table l). Reduction in peak Na + currents caused either 
by OAG or DOG were highly significant in relation to 
control conditions (OAG: P < 0.0005; DOG: P < 
0.00003). The effects of  either OAG or DOG on "~on and 
steady-state activation c u r v e s  (VI/2 and k) were not sig- 

< 

Fig.  5. Effects  o f  ca lphos t in  C on the modula t ion  o f  Na ~ currents  by 

O A G .  Three  Na + cur ren t  t races  are shown  in response  to v o h a g e  

c l amp  pulses  f rom - 100 to - 10 mV. The smal ler  trace was  obta ined  

in cont ro l  (15 rain al ter  the beg inn ing  o f  the exper iment )  condi t ions .  

The middle  and  la rger  cur ren t  r eco rd ings  were  ob ta ined  af ter  10 min 

o f  per fus ion  with 0. I IUM ca lphos t in  C (t 25 rain), and 20 rain af- 

ter addi t ion  of  10 JaM O A G  (t = 45 rain), respect ive ly .  

nificant (see Table 2 and Fig. 1). On the other hand, 
DAG-like substances significantly shifted the steady- 
state inactivation curve (h) to more negative voltages. 
The result of  an experiment illustrating this shift is 
shown in Fig. 4 (see Table 2 for the average values). 

The effects of OAG or DOG on Na + currents were 
fully prevented by pre-exposing cells with different 
PKC inhibitors. In four different experiments with 1 btM 
staurosporine, one experiment with 0. l btM calphostin C, 
and two other experiments with H7 ( 10 laM) or polymyx- 
in-B (200 btM), the decrease in Na + currents that would 
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Fig. 6. Effects of 1 I.tM phorbol 12, 13 didecanoate on Na + currents. 
Two current traces in response to voltage clamp pulses from - 1 0 0  
to - 10 mV in control conditions (smaller trace, t = 15 rain), and 25 
min after addition of phorbol ester. 

have been caused by DAG-like components did not oc- 
cur. A typical experiment of this group is shown in Fig. 
5. In this figure, current traces in response to voltage 
clamp steps from - 100 to - 10 mV are illustrated. The 
smaller current trace was recorded in control condi- 
tions, while the middle and larger recordings were ob- 
tained in the presence of 0.1 gM calphostin C, and 0.1 
gM calphostin C plus 10 gM OAG, respectively. It can 
be seen that calphostin C not only prevented the in- 
hibitory effect of OAG on Na + currents, but also did not 
prevent the increase in Na + current amplitude that does 
normally occur in control conditions (see Fig. 1). 

PHORBOL ESTERS Do NOT  MODIFY Na + CURRENTS IN 

N1E-115 NEUROBLASTOMA CELLS 

Phorbol ester compounds are extremely effective in ac- 
tivating PKC (Stryer, 1988). Surprisingly, in nine dif- 
ferent experiments, phorbol esters did not modify Na + 
currents. Figure 6 shows two current traces in control 
conditions, and after addition of a relatively high con- 
centration (1 gM) of phorbol 12, 13 didecanoate. Phor- 
bol esters did not prevent the increase in Na + current nor 
the decrease of its activation time course that normally 
occurred within 15-40 min after beginning of recordings 
(see Table 1 and Fig. 1). As indicated in Table 2, phor- 
bol esters neither affected the steady-state properties of 
the activation (m) and inactivation (h) curves, nor the ac- 
tivation and inactivation time constants of Na + cur- 
rents. 

CiS-UNSATURATED FATTY ACIDS (LINOLATE, 

LINOLENATE, AND ARACHIDONATE) ATTENUATE 

N a  + CURRENTS 

Some cis-unsaturated fatty acids can activate PKC's  
(Asaoka et al., 1992; Azzi, Boscoboinik & Hensey, 
1992). At least one PKC isoform (PKC~) can be specif- 

ically activated by cis-fatty acids (Asaoka et al., 1992). 
Na+currents were attenuated by linolate (cis-9,12-oc- 
tadecadienoic acid), linolenate (cis-9,12,15-octadeca- 
trienoic acid), and arachidonate (cis-5,8,11,14,-eicosate- 
traenoic acid). 

Figure 7A shows Na + currents in response to - 10 
and +60 mV voltage clamp pulses in control (larger 
traces) and in the presence of 4 ~tM linolenic acid. 
Linolenate depressed Na + currents. As with DAG-like 
compounds, this inhibition was not accompanied by al- 
terations in "ton, "c h, or steady-state activation curves. 
The time course of effects of 4 gM linolenic acid on peak 
Na + currents are shown in Fig. 3 as triangles. As with 
DAG-like compounds, the attenuation of Na + currents 
caused by cis-unsaturated fatty acids developed rapid- 
ly but did not show significant signs of reversibility dur- 
ing experiments. 

Different CUFA's  (cis-unsaturated fatty acids) 
shifted considerably the steady-state inactivation curve 
of Na + currents to more negative voltages (see Table 2). 
An extremely important observation in Fig. 7B is that, 
for membrane potentials more negative than +20 mV, 
the inhibition of Na + currents was significantly more 
pronounced than at more positive voltages. This is a 
very reproducible and clear distinction between Na + 
current inhibition induced by DAG-like compounds 
(see Fig. 2) and the one caused by this group of cis-fat- 
ty acids. In Fig. 8, this point is better illustrated by plot- 
ting the relative peak Na + c u r r e n t s  (///control) VS. mem- 
brane potential for the experiments illustrated in Figs. 
2 (circles) and 7 (filled triangles). While the blocking 
effect caused by DAG-like compounds was stronger 
for voltages > 20 mV, the attenuation caused by cis-un- 
saturated fatty acids was almost completely relieved at 
these voltages. 

In the experiment of Fig. 7, the calculated VNa was 
16 mV. Because the attenuation of Na + currents by cis- 
unsaturated fatty acids was considerably relieved at 
voltages > 20 mV, it is possible that these PKC acti- 
vators preferentially attenuate inward Na + currents. To 
examine this possibility, experiments were performed 
with cis-unsaturated fatty acids under different VNa's. 
This is illustrated in Fig. 9. In this figure, the relative 
attenuation of peak Na + currents was plotted against 
membrane potential for three different experiments. 
Circles were obtained from an experiment in which the 
calculated VNa was 51 mV, and squares were obtained 
from a different experiment where VNa was 0 inV. (Tri- 
angles in this figure are from the same experiment 
shown in Fig. 7.) Interestingly, for test pulses above VNa 
there was a significant relief of attenuation of peak Na + 
currents caused by cis-fatty acids. 

Na + current attenuation caused by cis-fatty acids 
could also be prevented by PKC inhibitors. This is il- 
lustrated in Fig. 10 which shows Na + currents in re- 
sponse to depolarizing voltage steps from - 1 0 0  to - 10 
mV. The smallest current trace was obtained in control 
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Fig. 7. Effects of 4 pM linolenic acid on Na + 
current amplitude. (A) Membrane currents in 
response to - 10 (inward currents) and +60 
(outward currents) mV from a holding membrane 
potential of -100 mV. Triangles indicate 
recordings obtained 25 rain after exposure to 
linolenate, and circles were obtained in control (t 
= 15 min after beginning of experiment) 
conditions. (B) Current-voltage relationships of 
the same experiment illustrated in A. 
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Fig. 8. Relative peak Na* currents (///control) in the presence of OAG 
(circles), linolenate (triangles), or oleate (squares). Experimental 
points were extracted from experiments illustrated in Figs. 2, 5, and 
7. Notice the difference between Na + current inhibition caused by 
OAG or linolenate. 

condi t ions ,  the midd le  trace af ter  exposu re  to 0.1 pM 

ca lphos t in  C, and the larger  t race after  addi t ion  o f  4 ~tM 

l ino lena te  to the ca lphos t in  C con ta in ing  solut ion.  No-  

t ice that ne i ther  ca lphos t in  C nor  l ino lena te  p r e v e n t e d  

the t i m e - d e p e n d e n t  increase  in Na  + currents  that are 

no rma l ly  o b s e r v e d  in these  cells.  In nine o ther  exper -  
iments ,  the inh ib i to ry  ef fec ts  o f  cis-fatty acids  on Na  + 
currents  were  p reven ted  by pretreat ing cel ls  wi th  0.1 [.IM 
ca lphos t in  C (n = 3), 10 ~tM H7 (n = 2) or  1 pM stau- 
rospor ine  (n = 4). 

OLEATE (ANOTHER ciS-UNSATURATED FATTY ACID) 
ENHANCES Na  + CURRENTS 

Olea t e  (cis-9-octadecenoic acid)  e n h a n c e d  Na  + cur-  
rents,  and said e n h a n c e m e n t  cou ld  be  abo l i shed  by pre-  
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Fig. 9. Relative peak Na ~ currents (//lco,trf,0 and voltage clamp test 
pulses. In these three different experiments, 4 pM linolenic acid was 
used to attenuate Na* currents. Triangles were obtained from ex- 
periment shown in Fig. 7. Squares were obtained from an experiment 
with 75 mM Na + in the pipette and bath solutions (VN~ = 0 mV). In 
this experiment 35 mM intracellular CsCI was replaced with the same 
concentration of NaCI. Circles were obtained from a different ex- 
periment where calculated V~ a is 51 mV (20 mM NaC1 in the pipette 
solution was replaced by the same concentration of CsF, while 75 mM 
CholineCl in th external bath was replaced with the same concen- 
tration of NaCI). Notice that for the three different experiments, Na- 
outward currents are substantially less attenuated than the inward cur- 
rents. 

t rea t ing N 1 E - 1 1 5  cel ls  wi th  d i f fe ren t  P K C  inhibi tors .  
Th is  is shown  in the nex t  two  f igures .  F i g u r e  I1A 

shows  the or ig ina l  current  t races in response  to vo l tage  
c l amp  pulses  f rom - 1 0 0  to - 1 0  ( inward  currents)  and 

to + 6 0  m V  (ou tward  currents)  in cont ro l  cond i t ions  

(circles) ,  and af ter  addi t ion  o f  4 p.M olea te  to the per-  
fus ion  solut ion ( tr iangles) .  In panel  B of  the same f ig-  
ure, the c o m p l e t e  I-V re la t ionsh ip  is shown.  The  vol t -  

a g e - d e p e n d e n t  e n h a n c e m e n t  o f  p e a k  Na  + c u r r e n t s  
c a u s e d  by o le i c  ac id  is a lso i l lus t ra ted  in Fig.  8 as 
squares .  
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O O O O 0  

D D V V  



108 C.M.G. Godoy and S. Cukierman: PCK Activators and Na ~ Currents 

.<  

2 

1.8 m s  

Fig. 10. Depression of Na + currents caused by linolenate is prevented 
by PKC inhibitors. Na + current recordings in response to voltage steps 
from - 100 to 10 mV in control (t = 15 min after beginning of ex- 
periment, smaller current trace), 10 rain after adding 0.1 gM calphostin 
C (t = 25, middle trace), and after adding 4 gM linolenate to the 
calphostin C containing solution (t = 45 min, larger current trace). 

As with other PKC activators,  the effects of  oleate 
were rapidly induced but were not revers ible  even af- 
ter extensive perfusion of  drug from external  solution 
(see squares in Fig. 3). Figure 12 shows different  Na + 
current  recordings in response to vol tage pulses from 
- 1 0 0  to - 1 0  mV. The smal ler  current trace was ob- 
tained in control  condi t ions (t = 15 min), while the 
middle  and the larger  traces were obtained 10 min af- 
ter perfusion with 1 gM staurosporine,  and 25 min af- 
ter adding oleate to the perfusing system, respect ively.  
Similar  results were also obtained in one exper iment  
with 0.1 gM calphost in  C, and in two exper iments  with 
H7 (10 gM). The effects of  oleate were l imited to an in- 
crease in Na + current ampli tude (see Tables  1 and 2). 

SATURATED AND trans-UNSATURATED FATTY ACIDS DO 
NOT CHANGE Na + CURRENTS IN N1E-115 CELLS 

Saturated and trans-unsaturated fatty acids do not acti- 
vate P K C ' s  (Asaoka  et al., 1992). Elaidic  (trans-9-oc- 
tadecenoic,  three experiments) ,  stearic (octadecanoic,  
two exper iments) ,  and myris t ic  ( te t radecanoic)  acids 
(one exper iment)  did not affect Na + currents (see Ta- 
bles 1 and 2). These results support  the conclusion that 
the cis-unsaturated fatty acids used in this study are 
modu la t ing  Na  + channel  funct ion  via  ac t iva t ion  of  
PKC' s .  

Discussion 

The most  impor tant  exper imenta l  conclus ion of  this 
study is that different  PKC activators modula te  Na + 
currents in three dist inct  ways. DAG- l ike  substances 
and cis-unsaturated fatty acids (but not oleate) attenu- 
ated, while oleate enhanced Na + currents. The attenu- 

ation of  Na + currents by DAG-l ike  substances or cis-fat- 
ty acids was accompanied  by a signif icant  shift of  the 
s teady-s tage inact ivat ion curves to more hyperpolar -  
ized potentials ,  while the act ivat ion curve and the time 
constants of  inact ivat ion or act ivation at different  test 
vo l tages  r e m a i n e d  essen t i a l ly  unchanged .  The en- 
hancement  of  Na + currents by oleate was not accom- 
panied by other significant alterations of  these currents. 
The effects of  PKC activators could be comple te ly  pre- 
vented by pretreat ing neuroblas toma cells for 10-15 
min with PKC inhibitors.  PKC inhibitors,  by them- 
selves, did not modify  Na + currents. Moreover ,  satu- 
rated or trans-unsaturated fatty acids did not affect Na + 
currents. The alterations caused by PKC activators on 
Na + currents were irreversible within the duration of  ex- 
periments. It is possible that such "irreversibil i ty" is due 
to the hydrophobic  nature of  PKC activators.  They 
probab ly  bind to different  in t racel lu lar  components ,  
lengthening the time required for these compounds  to 
leave the in t racel lular  environment  and interrupt the 
activation of  PKC. Surpris ingly,  phorbol  esters did not 
affect Na + currents. Taken together, these results are 
suggest ive that al terations in Na + currents caused by 
PKC act ivators  are being media ted  by PKC- induced  
phosphoryla t ion  of  Na + channels and/or an intracellu- 
lar component  capable  of  interacting with and modu-  
lating Na + channels.  

Na + current inhibit ion caused by DAG-l ike  sub- 
stances had different characteristics from the one caused 
by cis-fatty acids. While  the inhibition caused by DAG-  
like substances was cont inuously dependent  on mem- 
brane voltage,  being stronger at posi t ive voltages (see 
Figs. 2 and 8, and also Fig. 1B in Numann et al., 1991), 
cis-fatty acids preferentially attenuated inward Na + cur- 
rents with little or no effects on outward currents (see 
Figs. 7-9 ,  and compare  I-V plots between Figs. 2 and 
7). Cis-fatty acids  modula ted  (enhanced with oleic  
acid, or at tenuated with other fatty acids) preferent ial-  
ly inward Na + currents. This is a novel and puzzling 
observat ion for which, at present,  we are unable to pro- 
vide a reasonable  explanation.  

PKC act ivat ion has been l inked with at tenuation of  
Na + currents in different  cells (cf Catterall ,  1992; see 
references in Introduction).  Of part icular  interest to 
our resul ts  is the work  by Linden  and Rout tenberg  
(1989). Those authors have invest igated the effects of  
different  PKC activators on Na + currents in the same 
cell  line used in the present  investigation.  Signif icant  
di f ferences  were not iced between their exper imenta l  
f indings and ours: (i) Linden and Routtenberg did not 
observe effects of  O A G  on Na + currents. In our ex- 
periments,  O A G  and DOG clearly inhibited Na + cur- 
rents; (ii) cis-unsaturated fatty acids (including oleate) 
attenuated Na + currents without affecting steady-state 
inactivation.  In our experiments ,  the inhibit ion caused 
by cis-unsaturated fatty acids (excluding oleic acid) 
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Fig. 11. Enhancement of Na* currents caused by 

oleic acid (4 btM). (A) Current recordings in 

response to voltage pulses from - 100 to - 10 

(inward currents) and +60 mV (outward 

currents). Control (t = 15 min), circles, and 25 

min after perfusing the cell with oleic acid. (B) 

Peak Na + current-voltage relationship from the 

same experiment in A. 

S 

Fig. 12. Effects of oleic acid are prevented by PKC inhibitors. Three 

Na ~ current recordings obtained in control (t = 15 min), 10 rain af- 

ter perfusion with ~M staurosporine (t 25 rain), and with stau- 

rosporine and 4 btM oleate (t - 45 min). Notice that staurosporine as 

well as oleate did not prevent the Na ~ current from having the nor- 

mal increase in amplitude and decrease in activation time. 

was accompanied by an appreciable hyperpolarizing 
voltage shift in the steady-state inactivation curves (see 
Table 2); (iii) another important difference concerns 
the reversibility of effects of PKC activators: Linden and 
Routtenberg (1989) reported that the effects of PKC ac- 
tivators were reversible within several minutes; (iv) In 
our experiments oleic acid caused a dramatic increase 
in Na + current amplitude. Therefore, the only common 
observation shared by us and Linden and Routtenberg 
(1989) is the absence of effects of phorbol esters on 
Na + currents in N1E-115 neuroblastoma cells. The ef- 
fects of PKC activators on Na + currents described by 
Linden and Routtenberg (1989) were also prevented 
with different PKC inhibitors. A significant method- 
ological difference exists between our experimental ap- 
proach and the one followed by Linden and Routten- 
berg. While they used the whole cell voltage clamp 
technique to record Na + currents, we have been using 
the perforated patch clamp method which seems to pro- 
vide a close-to-normal intracellular milieu by avoiding 
the washout of macromolecules from the cytoplasm 
(Horn & Marty, 1988). It is thus possible that the full 
physiological effects of PKC activators on Na ~ cur- 
rents might require the presence of a normal or close- 

to-normal intracellular environment to modify Na + cur- 
rents in the manner shown in the present study. In a first 
pass, the discrepancies observed between our experi- 
mental results and those previously reported (Linden & 
Routtenberg, 1989) might be a consequence of the use 
of different patch clamp methodologies. If this is cor- 
rect (experiments in progress in our laboratory are ad- 
dressing this possibility), then the modulation of Na + 
currents by different PKC activators can be a very com- 
plex phenomenon under physiological conditions. 

Different nonmutually exclusive hypotheses could 
explain the diversity of experimental results obtained in 
this study. One of them is related to the existence of dif- 
ferent PKC isoforms (Asaoka et al., 1992; Azzi et al., 
1992), and to the presence of several phosphorylation 
sites on Na + channels (Murphy & Catterall, 1992). It 
is plausible that different PKC activators could mobi- 
lize different sets of PKC isoforms (Khan, Blobe & 
Hannum, 1992). These, in turn, could phosphorylate 
Na + channels with different patterns leading to differ- 
ent modulations of Na + channel function. In this re- 
spect, it is important to mention that PKCr lacks the 
binding domain for phorbol esters (Asaoka et al., 1992). 
Because phorbol esters did not modify Na + currents in 
NIE-115 cells, it is possible that PKCr needs to be 
necessarily activated in order for Na + currents to be 
modulated. It is thus possible that a common isoform 
present among different sets of PKC isoforms mobilized 
by different PKC activators is PKCr 

Another possibility that must be seriously consid- 
ered is that an unknown intracellular component after 
being phosphorylated by PKC might interact with and 
modulate Na + channels. This is an interesting possi- 
bility because the effects of PKC activation on Na + 
currents seem to depend on whether the normal intra- 
cellular environment is or is not maintained (see above). 

Also, it has been suggested (of Ordway et al., 1991) 
that fatty acids can modulate some ion channels by di- 
rectly interacting with them. Consequently, it is possi- 
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b le  tha t  some  o f  the  ef fec ts  seen  in this  s tudy  m i g h t  ar ise  

as a c o n s e q u e n c e  o f  s u c h  d i r e c t  i n t e r a c t i o n  w i t h  N a  + 

c h a n n e l s .  S o m e  e v i d e n c e  for  th i s  was  p u b l i s h e d  (Tak-  

e n a k a ,  H o r i e  & Hiro ,  1987;  W i e l a n d ,  F l e t c h e r  & G o n g ,  

1992).  B e c a u s e  P K C  i n h i b i t o r s  p r e v e n t e d  the  e f fec t s  o f  

c i s - f a t t y  ac ids  on  N a  + c u r r e n t s ,  it is i m p o r t a n t  to no te  

t ha t  th i s  h y p o t h e t i c a l  d i r ec t  e f f e c t  m a y  d e p e n d  on  P K C  

a c t i v a t i o n  o f  the  c h a n n e l  a n d / o r  an  u n k n o w n  in t r ace l -  

lu l a r  c o m p o n e n t .  H o w e v e r ,  the  i m p l i c i t  a s s u m p t i o n  in 

th is  la t te r  pos s ib i l i t y  tha t  n e e d s  to be  i n v e s t i g a t e d  is tha t  

P K C  i n h i b i t o r s  do  no t  p r e v e n t  the  d i r ec t  e f fec t s  o f  fa t -  

ty ac ids  o n  N a  + c h a n n e l s .  

T h e  m u l t i p l e  e f f ec t s  o f  d i f f e r e n t  P K C  a c t i v a t o r s  on  

N a  + cu r r en t s  ra ise  a w o r d  o f  cau t ion  in a t t e m p t i n g  to in-  

fe r  the  p h y s i o l o g i c a l  c o n s e q u e n c e s  o f  P K C  a c t i v a t i o n  

for  a g iven  b io log ica l  p h e n o m e n o n .  In this  sense,  an  im-  

p o r t a n t  and  g e n e r a l  s i g n a l i n g  m e c h a n i s m  in p h y s i o l o g y  

is the  a c t i v a t i o n  o f  p h o s p h o l i p a s e s  l e a d i n g  to the  si- 

m u l t a n e o u s  p r o d u c t i o n  o f  D A G ' s  a n d  c i s - u n s a t u r a t e d  

fa t ty  ac ids .  B e c a u s e  t h e s e  s u b s t a n c e s  m i g h t  h a v e  c o m -  

p l e t e ly  d i f f e r e n t  e f f ec t s  on  N a  § cu r r en t s ,  it is no t  c l ea r  

h o w  N a  + c u r r e n t s  a n d  a c t i o n  p o t e n t i a l  g e n e r a t i o n  or  

p r o p a g a t i o n  in e x c i t a b l e  ce l l s  wi l l  r eac t  to a p h y s i o l o g -  

ical  a c t i v a t i o n  o f  p h o s p h o l i p a s e s .  
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