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Summary. The influence of nerve growth factor (NGF) on Na 
currents of rat dorsal root ganglia (DRG) was studied in neurons 
obtained from newborns and cultured for 2-30 hr in serum-free 
defined medium (SFM). Cell survival for the period studied was 
78-87% both with and without NGF. Na currents were detected 
in all cells cultured for 6-9 hr. They were also detected after 2 hr 
in culture in 21.5% of the cells cultured without NGF ( -NGF 
cells), and in 91.5% of the cells cultured with NGF (§ 
cells). Current density of the -NGF cells was 2.3 and 2 pA/p~m 2 
after growth for 2 and 6-9 hr, respectively, compared to 3.0 and 
3.9 pA//~m ~- for the +NGF cells. The+NGF cells were separated 
into fast (F), Intermediate (I) and slow (S) cells, based on the Na 
current they expressed, while - N G F  cells were all of the I type. 
F, I and S currents differed in their voltage-dependent inactiva- 
tion (Vhso = -79, -28 and -20 mV), kinetics of inactivation 
(tauh = 0.55, 1,3 and 7.75 msec), and TTX sensitivity (Ki = 60, 
550 and 1100 nM). All currents were depressed by [Ca]o with a 
Kdca of 22, 17 and 8 m~4 for F, I and S currents, respectively. 
Current density ofFand S currents was 5.5 and 5 pA//~m 2 for the 
I current. The concentration-dependent curve of I current vs. 
TTX indicated that I current has two sites: one with F-like and 
another with S-like Ki for TTX. Hybridization of F and S cur- 
rents yielded/-like currents. Thus, the major effect of NGF on 
Na currents in SFM is the accleration of Na current acquisition 
and diversity, reflected in an increase of either the S or F type in 
a cell. 
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Introduction 

The  p e r i p h e r a l  s e n s o r y  neu rons  or ig ina te  f rom the 
do r sa l  r oo t  gangl ia  (DRG),  wh ich  are  de r i ved  f rom 
the  neura l  c r e s t  [35, 53]. T h e s e  neu rons  send the 
n e r v e  f ibers  tha t  p a r t i c i p a t e  in cod ing  s e n s o r y  infor-  
m a t i o n  into  p a t t e r n s  of  n e u r o n a l  firing [12, 15, 16]. 

* Present address: c/o Prof. E. Landau, Department Psy- 
chiatry, Bronx VA Medical Center, 116A, 130 W. Kingsbridge 
Road, Bronx, New York 10468. 

The  cell  bod i e s  o f  m y e l i n a t e d  fibers c onduc t i ng  in- 
f o r m a t i o n  a b o u t  touch ,  p r e s s u r e  and t e m p e r a t u r e  
have  fas t - r i s ing ,  T T X - s e n s i t i v e ,  s o d i u m - d e p e n d e n t  
ac t ion  po ten t i a l s .  Cel l  bod i e s  o f  c f ibers conduc t ing  
n o c i c e p t i v e  i n fo rma t ion  t end  to r epe t i t i ve ly  fire 
s low-r i s ing ,  s o d i u m - d e p e n d e n t  ac t ion  po ten t i a l s  of  
high t h r e s h o l d  and  low T T X - s e n s i t i v i t y  [15, 16, 39, 
40, 67]. The  ques t i on  is h o w  this d ive r s e  firing pat-  
te rn  is d e v e l o p e d .  

S tud ies  dur ing  the  las t  two  d e c a d e s  have  shown  
d e v e l o p m e n t a l  c ha nge s  in the  firing pa t t e rn  and  
shape  o f  the  ac t i on  po ten t i a l s  in m a n y  neu rons  [46, 
62]. In  m a m m a l i a n  D R G  neu rons ,  the  ac t ion  po ten -  
t ials  a re  modi f i ed  dur ing  m a t u r a t i o n  as  a resu l t  o f  
changes  in the i r  ionic  cu r ren t s  [20, 39, 47]. One o f  
the  p r o m i n e n t  ef fec ts  is a g radua l  i n c r e a s e  in the  
p r o p o r t i o n  o f  n e u r o n s  wi th  T T X - s e n s i t i v e  ove r  
T T X - r e s i s t a n t ,  s o d i u m - d e p e n d e n t  ac t ion  po ten t i a l s  
[20, 39]. This  is c o n s i s t e n t  wi th  the  d e v e l o p m e n t a l  
changes  in two  t y p e s  o f  sod ium cur ren t s :  a TTX-  
sens i t ive  c u r r e n t  wi th  r ap id  k ine t ics  o f  ac t iva t ion  
and inac t iva t ion ,  and  a s low c u r r e n t  wi th  low TTX-  
sens i t iv i ty  [31, 42]. Thus ,  it is i m p o r t a n t  to iden t i fy  
the  fac tor (s )  i n v o l v e d  in the  r egu la t ion  o f  such  de-  
v e l o p m e n t a l  changes .  

One  such  po t en t i a l  f a c to r  is n e r v e  g rowth  f a c t o r  
( N G F ) .  This  p o l y p e p t i d e  is one  o f  the  mos t  ful ly 
c h a r a c t e r i z e d  g r o w t h  fac to r s  [5, 53, 58, 60], and  its 
func t ion  is r e l a t i ve ly  wel l  u n d e r s t o o d  [5, 25, 28, 35, 
36]. I t  is n o w  k n o w n  tha t  in D R G  neu rons ,  l ike in 
m a n y  o t h e r  cel ls  d e r i v e d  f rom the neura l  c res t ,  
N G F  is r e s p o n s i b l e  for  the  se lec t ive  surv iva l  o f  cel l  
p o p u l a t i o n s ,  and  the  s u b s e q u e n t  m a i n t e n a n c e  o f  
the i r  d i f f e ren t i a t ed  s ta te  [35, 41, 53, 58, 60]. I n t e r e s t  
now foc use s  on the  m o l e c u l a r  p r o c e s s e s  i n v o k e d  by  
N G F ,  in pa r t i c u l a r  i ts p o s s i b l e  role  in the  regu la t ion  
o f  va r ious  ion  c h a n n e l s - - m a i n l y  Ca [64] and  N a  
[38, 48, 5 6 J - - a n d  the i r  d e v e l o p m e n t  in ne u rons  de- 
r ived  f rom the  neura l  c res t .  
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The present study was undertaken to examine 
the role of NGF in controlling the appearance of 
diverse sodium currents. It was conducted on DRG 
from newborn rats despite the fact that not all DRG 
cells are sensitive to NGF at this stage [35, 53]. The 
choice was made because newborn cells contain 
both fast and slow currents [31, 42] while the more 
NGF-sensitive embryonic cells have mostly fast Na 
current, at least in freshly dissociated neurons from 
14-15 days embryo [68, and manuscript in prepara- 
tion]. 

In the past, sodium currents were recorded in 
cultured DRG cells from newborn rats using intra- 
cellular perfusion [31]. 

The whole-cell patch-clamp technique subse- 
quently used [14] to record Na currents from the 
DRG. However, patch-clamp results were given for 
embryonic or adult cells after growth in culture for 
several days, weeks and even months [40, 49], and 
cells were also cultured in media containing serum 
[31, 40, 42, 49]. The present study adapts the patch- 
clamp technique to freshly dissociated cells cul- 
tured for a short time in a serum-free defined me- 
dium (SFM) [25, 26, 41]. The properties of the Na 
currents of neurons cultured in SFM with and with- 
out NGF are characterized, and the role of NGF in 
regulating the properties and diversity of the so- 
dium current are examined. Experimental condi- 
tions approximate physiological conditions as 
closely as possible, and the defined medium enables 
assessment of the effects of NGF. 

Our major conclusions are that under the exper- 
imental conditions used here, NGF fosters earlier 
appearance of Na currents, larger peak current den- 
sity, and the accelerated development of sodium 
current diversity, expressed in the early appearance 
of more F and S neurons than I neurons. Thus, 
NGF is demonstrated to have a role in the differen- 
tiation of the diverse pattern of currents in sensory 
neurons. 

Materials and Methods 

CULTURES 

OF DORSAL ROOT GANGLION ( D R G )  CELLS 

Lumbar and sacral ganglia were isolated from newborn rats ( l -2  
days old) and transferred into a physiological solution composed 
of (in raM): NaC1 136.8, KCI 2.6, NazHPO4 0.28, NaHCO3 2.6, 
and glucose 33.3 (pH 7.3, adjusted with 1 M NaOH and osmolar- 
ity 300 mOsm). The medium was supplemented with penicillin 
(100 U/ml), streptomycin (0.1 mg/ml), and fungizone (0.25 b~g/ 
ml). The roots were removed and the ganglia were incubated for 
30 min at 37~ with trypsin (0.05%, Difco 1:250). After extensive 
washing with serum-free defined medium (SFM, see below) to 
remove the enzyme, single cells were released from the ganglia 

b y agitation with flame-polished Pasteur pipettes. Cells ( 103-104) 
were plated at homogeneous density onto 35-mm Falcon tissue 
culture dishes precoated with 5 btg/ml of poly-L-lysine, using 2 
ml of culture medium (SFM). 

The SFM consisted of Eagle's basal medium, supplemented 
with 2 mM glutamine (Biological Laboratories, Beit-Hamek, Is- 
rael), 0.3% glucose, 25 tzg/ml insulin, 25 p,g/ml transferrin [hu- 
man], 100 nM cortisone, 0.07 /xg/ml biotin, 1.36/xg/ml vitamin 
Blz, 30 nM 3-iodo-thrionine (T3), 10/xM L-carnitine, 10 txM lino- 
leic acid, and 1 /xM lipoic acid (all from Sigma, St. Louis, MO). 
Nerve growth factor (beta-NGF, Sigma #N-0513) was added, 
when indicated, immediately after plating at a final concentration 
of 100 ng/ml. The biological activity of NGF was measured using 
the tissue culture bioassay of Fenton [9]. 

Cultures were maintained in 5% CO2 at 37~ After 2 hr in 
culture, bright neurons (10-15 txm diameter) were distinguished 
from the fibroblasts, Schwann cells and other cells by their round 
shape, bright halo and short, thin neurities. 

CELL SURVIVAL 

At 10 x 10 magnification of the inverted microscope, living cells 
were identified as those not taking trypan blue. The baseline 
(100% living cells) was set by measuring the percent of living 
cells 1 hr after culturing. To estimate this value, 100 fields of 
0.5 x 0.5 mm were sampled at 2-ram distances throughout the 
culture dish. The sampled area was 2.6% of the entire surface 
area. The mean number of living cells in all 100 fields of 10-12 
plates was calculated and normalized to the mean number of 
surviving cells measured 1 hr after culturing. 

CELL SAMPLING 

FOR ELECTROPHYSIOLOGICAL EXPERIMENTS 

Round bright cells, 10-15 b~M in diameter, were used for patch 
clamping. In the freshly dissociated cells (2-3 hr in culture), 
these neurons usually had no neurites. After 6-9 hr in culture 
with or without NGF these cells had neurites. Only cells with 
thin (below 2 p.M), short (<30 p~m) processes were patch 
clamped. After 24-30 hr in culture, sprouting of cells cultured 
with NGF was too vigorous to allow an appropriate space clamp- 
ing. At any time of the time periods studied, the sampled cells 
accounted for 30-40% of the population, and all our conclusions 
were limited to this kind of cells. 

When larger bright cells (25-30 /xm) were occasionally 
patch clamped (after any culturing duration), their capacitance 
was too large to be appropriately space clamped with the EPC-7 
amplifier used in these studies. Small dark cells (2-10/xm diame- 
ter), corresponding to c fibers [3], were not taken because of 
their fragility and difficulty in accurately defining them as neu- 
rons. 

ELECTROPHYSIOLOGY 

Recording Solutions 

Fire-polished borosilicate electrodes (1-6 Mf~) were filled with 
internal solution consisting of (in raM): NaCI 10, CsC1 135, MgCI2 
5, HEPES 5 and EGTA 5; Osm 290-300, pH 7.35 (adjusted with 
1 M CsOH). Neurons were patch clamped in culture dishes exter- 
nally perfused with EG-100 (Table 1). A perfusion system by 



G. Omri and H. Meiri: NGF and Sodium Channels in DRG 

Table 1. Composition of external solutions 

15 

Solution EGI00 + 0.01 Ca 0.1 Ca 1 Ca 2 Ca 5 Ca 12 Ca 

NaCI 100 80 80 80 80 80 80 
KCI 5 5 5 5 5 5 5 
CaCl~ - -  0.01 0.1 1 2 5 12 
MgCI~_ 5 5 5 5 5 5 
TrisCl - -  20 20 18.5 17 5 2 
TEA-CI 40 40 40 40 40 40 40 
HEPES-Na 5 5 5 5 5 5 5 
Na2HPO4 2 2 2 2 2 2 2 
Glucose 10 10 10 10 10 10 10 

EG100+-standard extracellular solution. All values are in mM. Osm = 290-300, pH = 7.4, adjusted 
with 1 N NaOH. 

which the external solution could be replaced within l min was 
used for changing the composition of the external solution (Table 
1) or adding TTX. 

Separation o f  Na  Current 

For studying sodium currents, the K channels were blocked with 
tetraethylammonium ions in the external solution, and cesium in 
the internal solution [42]. Selective blocking of calcium channels 
in this preparation is not trivial. Dihydropyridins were found 
ineffective in blocking the various types of Ca channels in rat 
DRG cells [8, 30]. Cations which block Ca channels (Cd, Co) 
could not be used since they significantly attenuate the Na cur- 
rents of this preparation [31, 42, 49]. D-600 was found to block 
both Ca channels and slow sodium channels [31]. Fluoride, 
which blocks Ca current in this preparation [30, 31], could not be 
used on the inside as it polarizes the recording vs. ground elec- 
trode [49]. Thus, the current through the calcium channels was 
blocked as follows: a low concentration of calcium (10/zM) was 
added to the external solution to block the calcium channels by 
calcium binding to its high affinity site within its channel [1,8, 17, 
37]. Mg 2+, a nonpermeable Ca competitor [17J, was used on both 
sides of the membrane (5 mM), and EGTA was employed from 
inside to buffer calcium leaking from internal stores [21]. The 
current flowing in the calcium channels under these conditions is 
negligible [1, 8, 17, 37]. 

Current Recording 

The cells were studied with a List pre-amplifier (EPC-7) with a 1 
Gf~ head stage set for a whole-cell clamp configuration [14]. 
Currents were filtered at 3-10 kHz, except for pure fast currents 
which were filtered at 10 kHz. Capacitative transients were mini- 
mized using the negative capacity compensation of the patch- 
clamp amplifier [14]. Further capacity subtraction was achieved 
digitally using currents elicited by depolarizing the membrane 
from a prepulse to - 130 mV to the holding potential ( -70 mV, at 
which all currents are inactive). This pulse was used for point-to- 
point subtracting of the capacitative transient after correcting for 
the appropriate membrane potential (I C = -cdV/dt,.~where c is 
the cell capacitance and dV is the change in membrane potential 
at any given time, dt). 

The series resistance, R,, mainly due to the microelectrode 
resistance, was uncompensated to avoid oscillations of the am- 

plifier which damage the cells [49]. Because of this, the error in 
the voltage applied to the membrane was estimated by attenuat- 
ing sodium current with TTX. The attenuated sodium current 
was not shifted along the voltage axis, indicating that the series 
resistance error was negligible [51, 63]. The holding potential 
(Vn) was -70 mV. A Data General "Desk top-30" computer 
with analog-to-digital and digital-to-analog converters was used 
to generate command voltages, and to digitize the currents at 
sampling rates of 2-24 kHz at 10-bit resolution. 

Leakage Subtraction 

In the absence of K and Ca currents, leakage current was consid- 
ered to be the steady-state current remaining after suppression of 
the TTX-sensitive fast sodium channel with 300 nM TTX, or of 
the less sensitive slow sodium channel by 30 p~M TTX. Alterna- 
tively, the leakage current (It) was measured during a 40-mV 
hyperpolarizing pulse, and the leakage conductance (GL) was 
calculated. Leakage current at any Vm was calculated assuming a 
linear leakage I/V relationship and that EL = --70 inV. In most 
experiments the leakage current was calculated according to the 
latter method. Experiments in which leakage conductance ex- 
ceeded 5% of peak sodium conductance were rejected. 

I / V C u r v e s  

Membrane potential (V~) was stepped by a 40-msec prepulse to 
-110 mV followed by 40-msec command pulses to V,,~ values 
between -60 and +90 mV in 5-10 mV increments. Pulses were 
applied at intervals of 4 sec. The peak sodium current (peak INa) 
was measured at various Vm'S. The current reversal potential (Er) 
was determined from the I/V curve. The current density was 
computed by dividing the measured peak INa by the cell surface 
area. The latter was estimated from measurements of cell capaci- 
tance (see below). 

Relative Conductance 

Peak sodium conductance {gNa(max)} at every V,,, was calculated 
from gya(max) = Ipeak/(Vm -- Er). The gyamax values obtained at 
each Vm were then normalized to the largest gNamax {gya(bar)} to 
obtain the relative conductances which were then plotted as a 
function of Vm. 
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Table 2. Electrophysiological  parameters  of  sodium currents in neurons grown with and without N G F  

Without  N G F  With N G F  
(n = 13) 

Intermediate Slow Fas t  
(n = 13) (n = 6) (n = 6) 

V,~(mV) a t l y a p e a k  - 1 1 . 6 - +  7.4 - 1 0 . 5 - + 7 . 2  - 1 0 . 0  _+ 1.0 

Peak current  densi ty  2.5 -+ 1.3 2.0 + 0.3 5.0 -+ 1.3"* 
(pA/p~m 2) (n = 5) 

Er (mV) 57.9 • 5.4 57.5 • 3.2 61.0 -+ 3.0 

Vhso (mV) - 3 2 . 0  • 8.0 - 28 .7  • 5.1 - 20 .5  -+ 3.0 

Vgso (mV) - 2 7 . 0  • 11.0 -28 .7  .+ 3.0 -23 .7  -+ 1.1 

Slowest tauh (msec) 1.5 • 0.6 1.3 + 0.4 7.75 _+ 1.7"* 
(Vm = - 2 5  mY) (Vm = - 2 5  mY) (Vm = --25 mV) 

Slowest taum (msec) - -  - -  0.7 -+ 0.2 

(V m = - 2 0  mY) 
Living cells (%) (at 24 hr) 78 .+ 7 87 • 8 (for all + N G F  cells) 

- 2 6 . 6  -+ 2.0** 

5.5 -+ 1.8"* 

66.0 _+ 7.4 

-70 .2  -+ 8.6** 

-43 .0  _+ 4.2** 

0.55 +_ 0.3* 
(V,, = - 3 5  mV) 

Measurements  were taken at 6 -9  hr after culturing. Values are means  + sD. All values of  the intermediate current  of  the + N G F  cells 
were indistinguishable f rom the current  of  - N G F  cells. The fast and slow current  have parameters ,  which (when indicated) are 
significantly different f rom either the intermediate current  of  + N G F  cells or the current  of  the - N G F  cells. 
* P < 0.05. 
** P < 0.01 for two-tailed t test.  

Current Inactivation 

The sodium current  inactivation was determined as a function of 
Vm by pairs of  pulses ,  each composed  of a 40-msec conditioning 
prepulse to various potentials (Vpp), followed by a 40-msec test  
pulse to V,, = + 10 inV. The  ratio between Ipeak obtained follow- 
ing any prepulse potential,  and the maximal/peak (hinf), was plot- 
ted against Vop. 

Kinetics of Activation 

The time constant  of activation (taum) was computed  from the 
slope of  1og(linf -- It) versus t (where linf is the current  at the peak 
and I t is the current  at any time before the peak). The slope 
(1/taUm) was linear, indicating a single exponential  function of 
time. The tau~ 's  obtained for various depolarization pulses were 
then plotted against  V~, to obtain the typical bell-shaped curve.  
The slowest  tau m was obtained from the peak of the bell curve.  

Kinetics of Inactivation 

The time cons tant  of  inactivation (tauh) was computed  from the 
log(liar - L) versus  t (where Ii,f = the current  at t - > inf and L = 
the current  at any t f rom the peak). The slope (1/tau h) was 
linear, indicating a single exponential  funct ion of  time. The taut, 
were then plotted against  Vm to obtain the bell curve,  from which 
the s lowest  t ime cons tan t  of  inactivation was obtained. 

Measurements of Cell Capacitance 

The cell membrane  capaci tance (Cm) was measured  by means  of 
the triangular waveform method  [50] adapted to patch clamp. 

The membrane  potential was centered at the holding potential 
( - 7 0  mV), and triangular 230 Hz waveform was given. Since size 
of the waveform (peak-to-peak ampli tude -V0) was 25 mV (i.e., 
12.5 above and below the holding potential), the triangular pulse 
did not initiate Na  currents .  Note  that Ca and K channels  were 
already blocked at the external  and internal solutions used here. 
The cell capacity was computed  from cm = low/4Vo, where I0 is 
the peak-to-peak current ,  and w is the wavelength of the triangu- 
lar wave.  The cell surface area could be calculated as the ratio 
between cell capaci tance,  cm, divided by the specific capacitance 
of  1 cm 2 o f  a cell membrane  (C~). The latter was taken as 1 
txF/cm 2, a typical value for biological membranes .  This value is 
known to be similar in numerous  types of cells f rom a variety of  
t issues and species,  regardless  of  their phospholipid composit ion 
[21, 51]. Thus ,  it was a s sumed  that the specific membrane  ca- 
pacitance C,~ would be the same at various growth conditions 
and that  all changes  in the  whole-cell membrane  capacitance (c,,O 
are due to changes  of the cell surface area. 

Results 

D R G  n e u r o n s  w e r e  f o u n d  t o  s u r v i v e  a n d  g r o w  

n e u r i t e s  i n  s e r u m - f r e e  m e d i u m  ( S F M )  w i t h  a n d  

without NGF [38]. Under both conditions, most 
neurons (78-87%) survived the first 24-30 hr in cul- 
ture (Table 2). Patch clamping was feasible begin- 
ning 2 hr after culturing. Measurements were taken 
at 2, 6-9 and 24-30 hr. The outgrowth of cells cul- 
tured with NGF at 24-30 hr was too vigorous to 
allow adequate space clamping (see Table 4). 
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Fig. 2. Current-voltage relationship, Peak sodium current den- 
sity at different V,~'s as plotted against V~ for F (open circles), l 
(filled circles) and S (open triangles) currents is shown for the 
traces of the cells described in Fig. 1 
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Fig. 1. Three types of Na current in DRG neurons grown in SFM 
with NGF. Representative current traces at various membrane 
depolarizations generated in (A) intermediate cell, (B) slow cell 
and (C) fast cell. Inset: stimulation protocol. V~t--holding poten- 
tial, Vp;--pre-pulse potential and Vp--test pulse potential. All 
membrane potentials are given in relation to Vou~ = 0. Traces 
were filtered at 3 kHz in A and B, and at 10 kHz in C. Cells were 
cultured for 6-9 hr with NGF 

CHARACTERIZATION OF THE VOLTAGE 
DEPENDENCY AND KINETICS OF SODIUM 
CURRENTS IN DRG CELLS GROWN IN SFM wtr~  
OR WITHOUT NGF 

NGF-Treated Cells 

Three types of Na currents were identified in 
freshly dissociated DRG neurons cultured in the 
presence of NGF: F (fast), I (intermediate) and S 
(slow). Each type is found alone in single cells, 
named accordingly, and each type has different 
voltage dependency and gating kinetics (Fig. 1A- 
C). The F, I, and S cells, however, were morpho- 

logically indistinguishable. While F and S currents 
were previously reported for DRG cells cultured in 
the presence of serum [31, 40, 42, 49], cells with 
"pure" F or "pure"  S currents were minor in the 
population, and most cells had a mixture of F and S 
currents within a single neuron. Growth in SFM 
with NGF yielded a large number of cells, each with 
a single current type, facilitating the characteriza- 
tion of these currents, as follows: 

Fast Current. This extremely rapid current was 
activated at V~ above -45 mV, and reversed at 
Vm = 66 -+ 7.4 mV (Fig. 2 and Table 2), approximat- 
ing the Nernst equilibrium potential for sodium 
(ENa = +60 mV). Peak current density (5.5 • 1.8 
pA//xm 2) was reached at -26.6 + 2 mV (Fig. 2 and 
Table 2). 

The slope o f f  current inactivation was gradual. 
It approached saturation at Vpp = -130 mV; the 
approximate 50% inactivation (Vhso), calculated by 
normalizing all currents to the current obtained at 
Vpp = -130 mV, was reached at -70.2 -+ 8.6 mV 
(Fig. 3B and Table 2), and the current was com- 
pletely inactivated at -(24 -+ 7) inV. A single time 
constant of inactivation (tauh) was measured at 
each membrane potential. This time constant was 
voltage dependent with a typical bell shape of tahh 
versus Vm [24]. The membrane potential with the 
slowest inactivation kinetics was found to be -35 
mV (tauh = 0.5 -+ 0.3 msec) (Fig. 4B). Faster tauh's 
were measured at larger and smaller depolariza- 
tions. Limited by the frequency response of the 
EP&7, the most rapid tauh (achieved at V,, > 50 
mV) that could still be measured accurately was 0.2 
msec. 
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The relative conductance steeply increased 
with membrane depolarization, and reached half 
maximum (Vgs0) at Vm = - 4 3  -+ 4.2 mV (Fig. 3A 
and Table 2). The kinetics of current activation 
were extremely rapid, and could not be measured 
accurately with the EPC-7. 

Slow Current. The S current was activated at 
V,~ above - 3 0  mV, and reversed at Vm = +61 --+ 3 
mV (at around ENa, Fig. 2). The average peak cur- 
rent density, which was achieved at - 1 0  -+ 1 mV, 
was 5 -+- 1.3 pA//xm 2 (similar to that measured for 
the fast current) (Fig. 2 and Table 2). 

The inactivation curve steeply decreased with 
depolarization, and the Vhs0 was more positive 
( - 2 0  + 3 mV) compared to the F currents (Fig. 3B). 
A single time constant of inactivation was measured 
at each membrane potential. The slowest tauh, mea- 
sured at V~ = - 2 5  mV (Fig. 4B) was 7.75 -+ 1.7 
msec (over 10 times slower than the slowest tauh of 
fast current). The relative conductance began to in- 
crease at V,~ above - 2 5  mV (30 mV more depolar- 
ized compared to the activation of the fast current), 
and reached 50% of its maximum at Vm = -23 .7  -+ 
1.1 mV (Fig. 3A and Table 2). The kinetics of acti- 
vation was slow enough to be measured. A single 
time constant was obtained at each Vm. The slowest 
time constant of activation (taUm = 0.7 +- 0.2 msec) 
was reached at Vm = - 2 0  mV (Fig. 4D). 

Intermediate Current. The I sodium current 
was ac t iva ted  at depolarizations above - 4 0  mV, 
and reversed at Vm = 57 --+ 3.2 (i.e., at ENa, Fig. 2 
and Table 2). The current  density was significantly 
smaller compared to fast and slow currents, with 
the averaged peak current density (which was 
achieved at Vm = -- 10.5 --+ 7.2) only 2 --+ 0.3 pA//zm 2 
(Fig. 3 and Table 2). 

The voltage dependency of sodium current in- 
activation and activation was steep, and the s- 
shaped curves reached half-maximum at membrane 

potentials of -28.1  -+ 5.1 mV (Vhs0) and -28 .7  -+. 3 
mV (Vgs0) (Fig. 3A and B). The kinetics o f / c u r r e n t  
activation were too rapid to be measured accu- 
rately. The slowest tauh (1.3 _+ 0.4 msec) was mea- 
sured at Vm = --20 mV (Fig. 5A); it was five times 
faster than the slowest tauh of the slow current (al- 
though being measured at the same Vm), and more 
than two times faster than the slowest time constant 
of the fast current (Table 2). 

NGF-Free Cells 

The sodium current  recorded in all cells examined 
after 6-9  hr of growth without N G F  were of the I 
type. The voltage dependency and kinetics of the 
current in the - N G F  cells (Fig. 5A-C) were indis- 
tinguishable from the intermediate current of 
+ N G F  cells (Fig. 1A, Fig. 2 and Fig. 3 A and B, 
filled circles, and pooled values in Table 2). Note,  
however,  that the mean parameters of the F and S 
currents of the + N G F  cells were significantly dif- 
ferent from the current of - N G F  cells (Table 2). 

Current densities of the - N G F  cells were simi- 
lar to those of the I cells from the + N G F  group. As 
described in the Materials and Methods section, 
current density was estimated by the measured 
whole-cell capacitance (Cm) divided by the specific 
value of  the membrane capacitance (Cm). Since Cm 
was found constant and indifferent to growth condi- 
tions, cell age, species and tissue [21, 50], it is ex- 
pected that this value would not be altered by the 
minor modification in cell membrane composition 
induced by N G F  [52, 60]. Thus, the similar densi- 
ties recorded for the I current of + N G F  and - N G F  
cells seem to be a true reflection of the current den- 
sities, and cannot be attributed to inappropriate es- 
timation of the cell surface area. 
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PHARMACOLOGICAL CHARACTERIZATION; 

SENSITIVITY TO T T X  AND EXTERNAL C a  

The pharmacological characterization of the sodium 
currents was examined in neurons cultured for 6-9 
hr with and without NGF. 

The reversal potential (Table 2) measured for 
each type of current described in this study (S, F 
and I) was close to the calculated Nernst equilib- 
rium potential ( -60  mV). Furthermore, F, I and S 
currents disappeared after substitution of sodium in 
the external solution with the nonpermeable cation 
choline or Tris (not shown), indicating that these 
three currents are carried by sodium ions. In order 
to prove that these currents are passing through a 
sodium and not a calcium channel, the effects of 
TTX and calcium were studied. 

TTX Sensitivity 

+NGF Cells. It was previously found [31], and con- 
firmed here, that the F current could be blocked by 
0.1-0.3/xM TTX (see Fig. 6A and D). The concen- 

tration required to block this current by 50% (Ki) 
was 60 nM (Table 3). This high TTX sensitivity, 
together with current reversal-potential dependence 
on [Na+]out, and the dependence of peak Iya on 
[Na+]out, were  all taken as strong indications that 
the F currents flow through sodium channels. 

The S current was relatively resistant to TTX, 
as already described by Kostyuk et al. [31], and the 
Ki was found to be 1.2/xM (Table 3). 

The I current has an intermediate sensitivity to 
TTX, and the Ki was 550 riM. However, the concen- 
tration-dependent curve of current decrease vs. 
TTX concentration indicated the presence of two 
sites--one at the range of F current and another at 
the range of S current (Fig. 6D). This implies that 
the I current can be a composite of S and F currents 
(see later Fig. 7). 

- N G F  Cells. TTX sensitivity of the I current 
(the one available after 6-9 hr growth in - N G F  
cells) was virtually no different than the TTX sensi- 
tivity of the I current in the +NGF cells (Table 3), 
suggesting that TTX sensitivity does not depend on 
NGF. 
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Table 3. The effects of external calcium and TTX on the three types of Na currents 

Cells 

Without NGF With NGF 

Intermediate current Intermediate current Fast current Slow current 
(n = 4 )  ( n = 5 )  (n = 5 )  (n = 7 )  

Ki TTX [/XM] 0.62 ----- 0.42 0.55 • 0.34 0.06 ----- 0.02** 1.10 +-- 0.35* 
Kdca [mM] 15 + 9 17 • 6 22 --+ 7 8 • 4** 
KiTTX + 2 mM Ca not measured 0.40 • 0.20 0.10 • 0.03** 0.77 • 0.2** 

K~ and Kdca were the concentrations required to attenuate the peak of the inward current by 50%. For 
fast and intermediate currents K / s  were measured from the complete dose-response curves. The K~ for 
the slow current and all Kdca were approximated by extrapolation of the linear curve of the current vs. 
concentration to zero. Values are means -+ SD. Statistical differences were compared to intermediate 
current without NGF. 
*P < 0.01. 
**P < 0.002, for two-tailed t test. 
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Fig. 6. The effect of  TTX and [Ca]o,t on sodium currents. (A) 
I - V  curves of F sodium current before (open circles) and after 
(filled diamonds) the addition of 300 nM TTX. (B) Maximal con- 
ductance of the S current vs. [Ca]out. Filled circles--experimen- 
tal gbar'S measured from seven cells with S currents at various 
[Ca]ore. Open ci rc les--values  derived from references 8, 17, 31 
for the behavior of  the high threshold Ca channels v s .  [Ca]out. (C) 
I - V  curve of  S sodium current in normal solution (open trian- 
gles), after elevating [Ca]ore to 2 mM (filled triangles), and at 
combination of 3/xM TTX with 2 mM [Ca]out (squares). The atten- 
uated current obtained with 2 mM [Ca]out is shifted to the right, 
indicating that the effect cannot be a result of series resistance 
error. The EN~ of  the attenuated current is not affected. Note the 
complete blockade of the S current with TTX when given in the 
presence of  2 mM [Ca]ore. (D) Concentration-dependent block of  
peak IN, by TTX. Open c i rc les- - fas t  current, filled c i rc les - -  
intermediate current and t r iangles--s low current. Each curve 
was measured in a single cell. Note the appearance of two slopes 
in the I current. All cells examined were cultured for 6-9  hr 

Calcium 

It has been shown that the S sodium current can be 
blocked by D-600, cobalt and cadmium [31, 49]. 
This unusual pharmacology together with the low 
TTX sensitivity led us to check whether the S cur- 
rent flows through Ca or Na channels. We mea- 
sured the effect of extracellular concentration of 
calcium on the S current. 

The logic of these experiments is based on the 
dual effect calcium has on the calcium channel. In 
the absence of calcium, the calcium channel trans- 
ports sodium ions. This Na transport can be 
blocked by micromoles of [Ca]out [1, 8, 30]. On the 
other hand, with millimoles of [Ca]out ,  the block is 
removed and Ca ions flow through the Ca channel in 
a concentration-dependent manner (as illustrated in 
Fig. 6B, open circles). The decrease in calcium 
channel conductance to sodium by micromoles of 
calcium has been attributed by Hess et al. [17] to 
the high affinity binding of the calcium ions to a site 
within its channel; at millimoles of lea]ore, the block 
is removed, and the Ca ions flow through their 
channel as determined by a second, low affinity site 
in the channel [17]. Similar behavior was found by 
Almers and McCleskey [1], who proposed that cal- 
cium binding to a high affinity site within the cal- 
cium channel increases the energy barrier for cat- 
ions fluxing through the calcium channel, which is 
removed at large calcium concentration [1]. 

Based on these characteristics of the Ca chan- 
nel, three sets of experiments were designed to 
eliminate the possibility that the S current described 
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in this study is passing through one of the Ca chan- 
nels. 

+NGF Cells. In the first series of experiments, 
calcium was added to the extracellular solution at 
micromolar concentrations (l, 10 and I00/xM, Table 
1). Na currents through calcium channels [8], or 
through the "nonselective" channel [1], were ex- 
pected to be blocked in these conditions. But, the 
experimental results (Table 3) showed that the peak 
of maximal conductance of the S current (Fig. 6B) 
was not affected by micromoles of [Ca]out, indicat- 
ing that S current is not flowing through a calcium 
channel. The TTX-sensitive F and I currents were 
also not affected by micromoles of external calcium 
(Table 3). 

in a second series of experiments, the inward 
current was measured before and after elevating 
[Ca]out to 1-12 mM at a constant concentration of 
extracellular sodium ions. Figure 6C summarizes 
such an experiment for the S current, showing that 
the peak of the S current (and in fact, the peak of F 
and I currents as well, Table 3) was depressed when 
[Ca]out was elevated from 1 to 12 mM (Fig. 6C and 
Table 3). Kdca was the concentration required to 
attenuate the inward current by 50%. The Kdca was 
8 mM for S current, 17 mM for I current, and 22 mM 
for F current (Table 3). These are the results ex- 
pected from a sodium channel modified by calcium 
[231. 

Very different behavior was seen when the ef- 
fect of [Ca]out on DRG Ca currents was examined 
[8, 30, 31]. The [Ca]out effect on our slow current 
was also different from the effect of [Ca]out on the 
muscle "nonspecific" channel [1]. 

The peak current was shifted towards depolar- 
izations (Fig. 6C) in accordance with the classical 
effect of [Ca]out on  peak sodium current via the sur- 
face charge [231. A calcium effect on Na channel 
gating can also account for some of these effects 
[49]. The shift of the I - V  curve towards depolariza- 
tion occurred only with Ca, and not with TTX, al- 
though both attenuated the current, precluding a 
series resistance error as a possible explanation of 
the shift of the I - V  curve by calcium [51, 63]. 

In the third set of experiments, TTX was added 
after attenuating Na current with millimoles of 
[Ca]out. In the case of the S current, combining 2 
mM calcium with 3/xg TTX was followed by a com- 
plete block of the S current (Fig. 6C), suggesting 
that external calcium elevates the affinity of S chan- 
nel to TTX (Table 3). This is surprising considering 
the ability of external calcium to compete with TTX 
on the binding to the classical Na channel{18, 22]. 
In any event, the larger blocks of S current by TTX 

in the presence of millimoles of calcium serves here 
as another indication that S current is not flowing 
through a calcium channel. 

The effect of external calcium on TTX sensitiv- 
ity of the F current was opposite of the effect found 
for the S current. The F current Ki for TTX is in- 
creased from 60 to 100 nM when TTX is given with 2 
mM [Ca]out, as was previously described for other 
TTX-sensitive Na currents [18, 22]. 

These three sets of experiments strongly indi- 
cated that the S current is flowing through sodium 
channels (of low TTX sensitivity), and not through 
calcium channels. 

- N G F  Cells. The results presented in Table 3 
and Fig. 6 were measured in neurons cultured for 6- 
9 hr. At this time, the only current available for 
measurements in the - N G F  group was the I cur- 
rent. The effect of extracellular calcium on the I 
current of - N G F  cells (Table 3) was identical to the 
effect of [Ca]out on  the +NGF I current (Table 3), 
providing further evidence that once the properties 
of a current are established, they are not affected by 
NGF. 

DISTRIBUTION OF CURRENT TYPE IN CELLS 

+ NGF Cells 

Table 4 summarizes the type of current in 59 + NGF 
cells tested at various time intervals. With the ex- 
ception of two cells cultured for 2 hr, all cells cul- 
tured with NGF had Na currents. The proportion of 
F and S cells is increased from 2 to 6-9 hr. At 24-30 
hr of culturing, currents were initiated in all exam- 
ined cells, but their actual characterization was 
based on TTX sensitivity and not on current charac- 
terization, which was impossible to achieve due to 
inadequate space damping (Table 4). At any given 
time, one could never tell from the morphological 
appearance of a cell whether it was F, S or I type. 

- N G F  Cells 

A total of 47 cells were examined. Unlike cells cul- 
tured with NGF, most freshly dissociated cells cul- 
tured without NGF for 2 hr had no sodium currents 
at all (Table 4). After 6-9 hr of growth without 
NGF, all cells expressed Na current of the I type. 
After 24-30 hr in culture the S and F cell types were 
found among the - N G F  cells (Table 4). Thus, the 
rate of appearance of each type of Na current, and 
the rate of development of current diversity, are 
accelerated by NGF, but NGF is not essential for S 
and F current appearance. 
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Table 4. Frequency distribution of fast, slow and intermediate cells as a function of culturing duration 
with and without NGF 

Current type hr in culture 
2 hr 6-9 hr 24-30 hr 

+NGF -NGF +NGF -NGF +NGF" -NGF 

With trypsin F 2 (9.5%) - -  6 (21.4%) - -  
I 14 (66.7%) 4 (21.5%) 16 (57.1%) 13 (100%) 
S 3 (14.3%) - -  6 (21.4%) - -  

NC 2 (9.5) 14 (79.5) - -  - -  

Cell total no. 21 18 28 13 

Without trypsin F 4 (19%) - -  
I 13 (62%) 6 (100%) 
S 4 (19) - -  

Cell total no. 21 6 

4 (40%) 1 (6,25%) 
1 (10%) 13 (81.25%) 
5 (50%) 2 (12.5%) 

10 16 

Cultures were prepared with and without prior exposure of the ganglia to trypsin. NC = no current. 
Identification of the current was made on the basis of TTX sensitivity, since vigorous sprouting 

precluded space clamping. 
The differences in the frequencies of the current types (F, I, S or NC) between each NGF group and its 
matched -NGF group were all significant (P < 0.001) as determined by the chi-square test. The 
frequency differences between the three +NGF groups cultured for different durations were signifi- 
cant (P < 0.02). The three - N G F  groups were also significantly different in current type distribution 
(P < 0.001). There were no significant differences between the cells prepared with and without trypsin 
after 6-9 hr in culture with or without NGF. 

TIME-DEPENDENT CHANGES IN THE PROPERTIES 
OF THE CURRENTS 

The  p r o p e r t i e s  o f  the  I cu r r en t  w e r e  v i r tua l ly  ident i -  
cal  in all - N G F  and  + N G F  cel ls ,  r ega rd l e s s  of  cul- 
tur ing  d u r a t i o n  (not shown). Charac t e r i s t i c s  of  S 
and F c u r r e n t s  ident i f ied  in the  + N G F  cel ls  were  
s imi lar  at 2 and  6 - 9  hr  (not shown). The  p r o p e r t i e s  
of  S and  F c u r r e n t s  of  the  + N G F  and  - N G F  cells  
we re  a lso  the  s a m e  (not shown). N o t e ,  tha t  cell  sur-  
v iva l  for  the  first  24 hr  in cu l tu re  wi th  and  wi thou t  
N G F  was  s imi la r  (Table  2). This  is cons i s t en t  wi th  
the  c o n c l u s i o n  tha t  the  p r o p e r t i e s  o f  a pa r t i cu l a r  
cu r r en t  once  e s t a b l i s h e d  are  not  N G F  d e p e n d e n t .  
P rope r t i e s  and  dens i t i e s  o f  S and  F cu r ren t s  in the  
+ N G F  cel ls  at 30 hr  we re  no t  d e t e r m i n e d  b e c a u s e  
of  diff icul t ies  in space  c l amping  (see Mate r i a l s  and  
M e t h o d s ) .  

CURRENT DENSITY 

The  m e a n  N a  cu r r en t  dens i t y  of  all cel ls  wi th  N a  
cu r r en t  ( regard less  o f  type )  was  la rger  in the  + N G F  
group  than  in the  - N G F  group .  This  was  t rue  at 
bo th  2 and  6 - 9  hr  (Table  5). This  d i f f e rence  is due  
main ly  to the  i n c r e a s e d  f r e q u e n c y  o f  cel ls  wi th  S 
and  F cu r r en t s  (Table  4), s ince  the  l a t t e r  have  twice  
the  cu r r en t  dens i t y  o f  ce l ls  wi th  I cu r r en t  (Table  5). 

Thus ,  the  N G F - a c c e l e r a t e d  a p p e a r a n c e  o f  cel ls  
wi th  e i the r  F or  S s o d i u m  cu r ren t s  is pa r t ly  r e l a t ed  
to e vok ing  the  a p p e a r a n c e  o f  cel ls  wi th  a l a rger  so- 
d ium c u r r e n t  dens i ty .  

Cu r r e n t  d e n s i t y  o f  S and  F cel ls  in the  + N G F  
cel ls  w e r e  not  a l t e r ed  b e t w e e n  2 and  6 - 9  hr  (Table  
5), ind ica t ing  tha t  the  de ns i t y  o f  t h e s e  cu r r en t s  once  
e s t ab l i shed  in a cel l  a re  not  d e p e n d e n t  on the dura-  
t ion of  the  e x p o s u r e  to N G F .  

The  de ns i t y  of  the  I c u r r e n t  in the  + N G F  and  
- N G F  g roups  6 - 9  hr  a f te r  cu l tur ing  were  ident ica l ,  
but  I c u r r e n t  was  s ignif icant ly  l a rge r  for  cel ls  cul- 
t u r e d  wi thou t  N G F  for  30 hr  than  for  9 hr  (Table  5). 
This  m a y  ind ica te  tha t  if  I c u r r e n t  r e ma ins  in cel ls  
for  long e n o u g h - - i t s  c u r r e n t  de ns i t y  is e ve n tu a l l y  
i nc r e a se d .  U n f o r t u n a t e l y ,  it was  imposs ib l e  to ob-  
ta in  the  c o m p a r a b l e  va lue  for  the  + N G F  group ,  due  
to p o o r  space  c l amping .  

ACUTE EFFECT OF N G F  

Cel l  su rv iva l  in the  + N G F  and  - N G F  groups  was  
s imilar .  S ince  cell  d iv i s ion  in b o t h  g roups  is l imi ted ,  
the  i n c r e a s e d  f r e q u e n c y  of  F and  S cel ls ,  and  the  
d e c r e a s e d  f r e q u e n c y  o f  ! ce l ls ,  might  ind ica te  that  
the  I cel ls  a re  t u rned  S or  F .  W e  t r ied  fo l lowing  such 
an e v e n t  in a s ingle cell .  

F r e s h l y  d i s s o c i a t e d  n e u r o n s  cu l tu red  in S F M  
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Table 5. Peak current density (pA//xm z) of neurons cultured with and without NGF 

23 

hr in culture - N G F  + N G F  F S I 
( /on ly)  (all cells) 

2 2.3 -+ 0.8 3.3 • 0.7 a 5.1, 4.7 5.0 • 0.8 1.8 • 0.7 
(n = 4) (n = 19) (n = 2) (n = 3) (n = 14) 

6-9 2.0 -+ 1.1 3.9 -+ 0.7 b 5.5 • 1.8 5.0 • 1.3 2.0 -+ 0.3 
(n = 10) (n = 28) (n = 6) (n = 6) (n = 16) 

30 3.3 -+ 0.6" - -  
(n = 5) 

Values are means • SD. In the - N G F  group all cells examined were of the intermediate (I) type. The 
+ N G F  cells are presented first as the pooled mean value (under column all cells), and than subdivided 
into the fast (F), slow (S) and I groups. For statistical significance, values of all cells in the + N G F  
group were compared to the - N G F  cells using two-tailed t test. 
~P < 0.05. 
bp < 0.01. 

for 2 or 6-9 hr without NGF were patch clamped, 
identified usually as I cells but occasionally as S or 
F cells and then perfused with 100 ng NGF/ml ex- 
ternal solution. NGF had no effect on either F, S or 
I currents. Conclusions are limited, however, by 
the experimental conditions: the cells could be held 
for only 45 rain--perhaps, too short a time to allow 
NGF to transfer one current type into another; the 
experimental temperature was 20 not 37~ which 
might have delayed the development of an NGF 
effect; and only 28 cells were examined, all of which 
could conceivably (although not very likely) have 
been NGF insensitive. Moreover, essential cellular 
components might have been lost during cytoplasm 
perfusion with the patch electrode. 

W H A T  A R E  1 C U R R E N T S ?  

Further characterization of I current focused on 
testing three hypotheses: (i) that I current is an im- 
mature form of Na current, which is later replaced 
by F and S currents; (ii) that I current is the current 
developed in NGF-insensitive cells [19]; and (iii) 
that I current is a "modified" current, an artifact of 
the exposure of the ganglia to trypsin [34]. 

The last option was studied first. Ganglia were 
isolated as described earlier, but instead of exposing 
them to trypsin, each ganglion was dissected into 
four pieces and the cells were released mechani- 
cally by agitation with a flame-polished Pasteur pi- 
pette. The yield was smaller, but in cells cultured 
for 6-9 hr, the frequency of each current type in the 
+trypsin and - t rypsin cultures was practically 
identical in the +NGF and - N G F  groups(Table 4). 
These results proved that the I current is not gener- 
ated by trypsin-digesting parts of the Na channel 
[34], and that the distribution of current types 

among the DRG cells could not be attributed to 
trypsin modifying the responsiveness of DRG cells 
to NGF (that is, the I cells are not those that lost 
their NGF receptors as a result of trypsin diges- 
tion). 

Cells were then treated in SFM+NGF for 9 hr, 
followed by 9 hr of SFM-NGF.  Comparison of the 
frequency of cell type obtained under these condi- 
tions (Table 6) to that obtained in cultures grown for 
18 hr with or without NGF, showed that the fraction 
of F and S cells was directly proportional to the 
duration of growth with NGF (Table 6). Thus, al- 
though we were unable to turn I cells into F or S 
cells (and vice versa), such a turning is most likely 
happening. The I current found in cells after 18 hr in 
culture is therefore the current of cells which are 
late to respond to NGF or those which never turn F 
or S. The latter possibility is supported by the find- 
ing that I current density in - N G F  cells is larger at 
30 hr than at 6-9 hr (Table 5). 

A final experiment examined the possibility that 
in view of the sensitivity of the I current to TTX 
(Fig. 6D), this current is actually a mixture of F and 
S currents. Current traces o f F  cell (Fig. 7A, smooth 
line) and of S cell (Fig. 7A, dashed-dotted line) were 
mixed at 1 : 1 ratio (dotted line, Fig. 7A). The resul- 
tant "hybrid" traces obtained at each membrane 
depolarization (Fig. 7A and B) were similar to the I 
current traces recorded experimentally in I cells of 
the - N G F  (Fig. 7C) and +NGF (Fig. 7D) cells. The 
differences can be attributed to the ratio of the mix- 
ture, which in nature can be other than 1 : 1 (inset of 
Fig. 7). This analysis does not prove that the I cur- 
rent is not a separate current entity, but taken to- 
gether with the finding that TTX sensitivity of /cur -  
rent can be mediated by two sites corresponding to 
F and S channels, speaks strongly against the sepa- 
rate entity of I current. Single-channel analysis is 
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Table 6. The effect of culturing duration with NGF on the frequency of fast, intermediate and slow 
cells 

Current type DRG cells 

18 hr - N G F  9 hr +NGF ~ 9hr - N G F  18 hr +NGF 

Fast 4 6 8 
Intermediate 14 9 6 
Slow 2 5 6 

Cultures were grown for either 18 hr without NGF, 9 hr with NGF followed by 9 hr without NGF, or 18 
hr with NGF. Five dishes were prepared in each group, and four cells (10-15/xm in diameter) were 
arbitrarily selected at the center of each dish. The frequency of the current types (fast, intermediate or 
slow) differed significantly between the three experimental groups (P < 0.01) as determined by the chi- 
square test for three samples of 20 cells each. 

required to identify the final number of channel 
types in these cells. 

Further analyses have shown that at an F : S  
ratio of 8 : 1, the current is practically a pure F cur- 
rent; and at an F : S ratio of 1 : 5, the cell is practi- 
cally a pure S cell. 

Discussion 

CURRENT CHARACTERIZATION AND ITS 

RELEVANCE TO FIRING DIVERSITY 

The diversity of sodium currents in rat DRG cells, 
and the presence of fast (F) and slow (S) currents, 
have been described [3, 30, 3 I, 40, 42, 49]. A com- 
plete current characterization was usually difficult 
to obtain, since most newborn and adult neurons 
contain a mixture o f F  and S currents within a single 
cell [31, 40], requiring separation by pharmacologi- 
cal and electrophysiological procedures. Our ap- 
proach of growing DRG cells in serum-free defined 
medium in the presence of NGF yielded a large pro- 
portion of cells with either F or S currents, thereby 
simplifying the characterization of each current. 

Our findings differed from those of Orozco et al. 
[49], who cultured embryonic cells for 2-3 weeks. 
Their activation and inactivation curves were 
shifted to more depolarized values, and their slopes 
of the activation and inactivation curves were 
steeper, due in part to their use of cobalt and cad- 
mium to block the S current and characterize the F 
currents in mixed cells. Our results also differ from 
those of Kostyuk et al. [31], whose kinetics of cur- 
rent inactivation were 10 times slower for the F 
current and two times slower for the S current than 
ours. In addition, our inactivation curves were 10 
and 30 mV more depolarized than theirs for the F 

and S currents, respectively. These differences can 
be attributed to different techniques, and their use 
of Tris versus our use of cesium as the major cation 
in the internal solution [31]. These values are impor- 
tant and may give us a better fit in our subsequent 
attempt of reconstructing the action potential from 
the separated ionic currents [2, 24]. 

The shape of an action potential evoked by acti- 
vation of the F Na current was demonstrated after a 
block of all other currents [40]. Cells of F current 
have an action potential of a low threshold, rapid 
rate of rise, and short duration. Their kinetics of 
inactivation prevent neurons with this current from 
spontaneously firing repetitively. However, neu- 
rons with F current follow high frequency stimula- 
tion. Such neurons, with an appropriate high sensi- 
tivity to TTX, are abundant among the DRG cells, 
and are denoted F neurons by some investigators 
[39, 67], and low threshold by others [16, 39, 40]. 

The action potentials of cells with S currents 
have higher threshold, slower rate of rise, and 
longer duration than F neurons. Due to their slow 
kinetics of inactivation and their depolarized Vhso, 
cells of these currents fire repetitively, but have lim- 
ited ability to follow high frequency stimulation. 
Such cells, with low sensitivity to TTX, are also 
identified among the DRG population [10]. 

The shape of the action potential of cells with 
intermediate (I) currents is between the fast and 
slow ones [40]. The presence of neurons with F, S 
and I currents enlarges the spectrum of firing pat- 
terns among the DRG neurons, compared to the 
"basic firing pattern" expected in a population of 
DRG neurons with only the I current. Thus, NGF 
was found to have the important role of accelerating 
the development of a diverse firing spectrum among 
maturing DRG neurons, compared to the stereo- 
typic forming of a "basic neuron" [10] in DRG cells 
grown in NGF-free conditions. 
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Fig. 7. "Hybridization" of a fast and slow currents. (14) and (B) 
Traces of a fast (F)-cell (smooth line, cell G225R) and a slow (S)- 
cell (dashed-dotted line, cell G230V) were depicted from two 
cells depolarized to - 1 0  mV (A) or -25  mV (B). The traces were 
mixed at 1 : 1 ratio to yield the hybrid (H) (dotted line) which 
resembles trace of an intermediate cell. (C) The hybrid line of A 
and B above (H) is depicted along with current traces of two 
intermediate cells (G186J (I~)- dashed-dotted line, and G509C 
(12)- dashed-dotted line) of the - N G F  groups depolarized to -10  
mV. The hybrid line was scaled to fit current amplitude of the 
measured currents. (D) As in C, but current traces were obtained 
from two ceils cultured with NGF (G334L (It)- dashed-dotted 
line, G371V (12)- dashed line). Again, the hybrid trace (H) was 
scaled to fit peak currents of the measured traces. Inset: hybrid- 
ization of the F and S currents of A at various ratios: F : S = 3 : l, 
dashed line; F : S  = 1: 1, dotted line; and F : S  = 1:3, dashed- 
dotted line. Note the differences in time to peak, kinetics of 
inactivation, and the implied presence of two current peaks (ar- 
rows) in the F : S = 1 : 3 curve. All cells were cultured for 6-9 hr 

CURRENT DIVERSITY AND CHANNEL DIVERSITY 

F and S currents differ significantly from each other 
in their voltage dependency of activation, inactiva- 
tion and kinetics. They also have different TTX sen- 

sitivities. I current appears to be a simple combina- 
tion of the two. However, single-channel recording 
is required to verify whether I is not generated by a 
third channel type [21]. It is interesting that the 
properties of each current were not altered over 
time in culture. The developmental process seems 
to progress in the direction of creating different 
combinations from the two available current types, 
rather then forming multiple types of currents. NGF 
was important in accelerating the development of 
such current diversity. 

F and S sodium currents are predicted to be 
carried by different molecular complexes of the Na 
channel. They may have different primary se- 
quences [29, 44, 45, 65], various levels of subunit 
oligomerization [32, 43], or arise as a result of post- 
translational changes [4]. The differing TTX sensi- 
tivities of the three currents are noteworthy in this 
context. Although most Na channels are TTX sensi- 
tive, the presence of TTX-insensitive channels was 
previously described for denervated and developing 
skeletal and heart muscles [66], molluscan neurons, 
sympathetic neurons [27], and the TTX-producing 
fish [21]. TTX insensitivity is always associated 
with slow kinetics [27, 61, 66]. Trypsin treatment 
was also found capable of artificially generating a 
TTX-resistant slow current [34]. However, our 
results show that S and I currents are present in 
cells cultured without exposure to trypsin, suggest- 
ing that these are native currents. 

To identify the TTX-insensitive channel as a 
sodium channel, the [Ca]out test was employed. This 
test was developed [1, 8, 17] to reveal the presence 
of calcium binding sites within the calcium chan- 
nels, and to elucidate their role in regulating cal- 
cium channel permeability, selectivity, and gating 
[1, 8, 17, 30, 37]. In our study it was used as a 
screening assay to differentiate between sodium 
and calcium channels, and found effective in distin- 
guishing between the two channels. 

The effect of [Ca]out on the S current in our 
study is consistent with its previously reported ef- 
fects on S sodium currents described for other cells 
of neural crest origin [27]. We went one step further 
and characterized the effect of [Ca]out on TTX affin- 
ity to S and F channels. In the classical channels, 
TTX and calcium compete for a binding site at the 
selectivity filter of the TTX-sensitive Na channel 
[18, 22]. We confirmed these observations for the F, 
TTX-sensitive site. However, the opposite was dis- 
covered for the S, TTX-insensitive Na current in 
which Ca was found to increase the affinity to TTX. 
A more detailed examination of this assay on a 
larger spectrum of TTX-insensitive neurons may re- 
veal how general this finding is, and whether it can 



26 

be used to elucidate the structure of the TTX-insen- 
sitive Na channel. 

THE EFFECT oF NGF ON Na CU~I~ENT 

Adding NGF to defined culture medium in our 
study resulted in: (i) earlier presence of Na cur- 
rents, (ii) earlier appearance of S and F cells leading 
to an increase in the diversity of sodium currents, 
and (iii) an increase in the density of the Na current 
due to earlier appearance of neurons with larger Na 
current density (the F and S types). Thus, the main 
effect of NGF is to accelerate the acquisition of the 
various Na currents. It appears that in the absence 
of NGF, cells are not yet committed and develop 
both S and F currents mixed together at low density 
within a single cell. Then, as a function of time, and 
more rapidly with NGF, one current proliferates 
and dictates the nature of the cell. Whether this 
reflects an increase in single-channel current, or an 
increase in channel number, remains to be deter- 
mined by single-channel recording. The results of 
this study are insufficient to tell whether turning of I 
into either F or S cell is a function of a genetic pre- 
program, a possible difference in the cascade of re- 
sponses to NGF, or the consequence of the involve- 
ment of another environmental factor(s). 

The action of NGF in increasing the diversity of 
Na currents among the DRG cells can produce a 
diversity of excitability and firing patterns suitable 
to the large spectrum of sensory information which 
the peripheral neurons are required to handle [12, 
15, 16, 40, 59]. However, NGF acts only on the rate 
at which such diversity is developed. When neurons 
are cultured without NGF, Na current diversity is 
still developed, but over a longer period of time, 
suggesting that the diversity is an inherent feature 
of the sodium current in the DRG cells, and NGF 
sets the clock. 

The finding that NGF affects the time onset of 
the currents and their diversity, and does not mod- 
ify the current properties once established, coin- 
cides with what is known today about the in vivo 
development of Na currents and Na-dependent 
action potentials among mammalian DRG cells. 
Studies performed in situ [15, 16] and on neurons 
obtained fresh from the animal demonstrated that it 
is the proportion of neurons with each type of 
action potential that is changing during develop- 
ment [39, 59, 67]. The DRG's of frogs and chicks 
exhibit only one current type throughout develop- 
ment [10, 45]. The presence of two types of Na 
currents in the mammalian sensory neurons, and 
their diversified distribution, may have importance 
in the generation of a larger spectrum of firing in 
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response to various types of stimulation. Also, the 
distribution of F and S channels in a neuron can be 
nonhomogeneous [4], providing another level of 
specialization [4]. 

The lumbar and sacral neurons of the DRG (and 
also within each ganglion) are generated over a pe- 
riod of several days [35, 53], and the ganglia of new- 
borns contain a mixture of mature and immature 
cells [53]. It is possible that whether a neuron be- 
comes F or S is related to its age. Indeed, DRG 
neurons obtained from 16-day-old embryos have no 
pure S neurons [68; I. Zeitoun, personal communi- 
cat&n]. However, we cannot rule out the possibil- 
ity that there are different neuronal precursors for F 
and S cells [7, 10]. The F or S nature of the neuron 
may also be dictated by the target the neuron was 
connected to in the animal, before being isolated 
into culture [53, 58, 59]. 

The response of DRG sodium currents to NGF 
can be compared to the response of the pheochro- 
mocytoma PC12 cells. The addition of NGF to PCI2 
cells was followed by increased electrical excitabil- 
ity [6] due to elevated number and density of TTX- 
sensitive sodium channels, and the appearance of a 
few neurons with TTX-insensitive "Na-spikes" [6, 
38, 48, 56]. Considering the common embryonic ori- 
gin, it is reasonable to generalize that channel diver- 
sity is under NGF regulation in mammalian neural 
crest-derived cells. There are differences, however, 
between DRG and PCz2: the effect in DRG takes a 
few hours compared to several days in PC12 [38]; 
the DRG cells exhibit a larger proportion of neurons 
with S, TTX-insensitive Na current [56]; and NGF 
works in DRG cells mainly on the rate of the pro- 
cesses, while it works in PC12 cells on the final cur- 
rent density [38]. Since PC12 are transformed cells, 
these differences can be attributed to the transfor- 
mation process. 

How does the effect of NGF develop? Four dif- 
ferent mechanisms are postulated: (i) selective sur- 
vival of neurons, (ii) enhanced synthesis of S and F 
channels, (iii) DNA activation via promoters and 
enhancers, and (&) active post-translational modifi- 
cation of channels. 

Selective Survival 

This model suggests a linkage between the effect of 
NGF on selective survival of subgroups of neurons 
[7, 53] and the development of a particular type of 
Na current in their membrane. Our results do not 
support this model, since there were no significant 
differences in the survival of neurons with and with- 
out NGF (Table 2). The measurements of survival 
were taken 1 hr after disaggregating the neurons to 
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single cells, with and without NGF. If NGF worked 
via selective survival, the entire process would 
have to be completed within 1 hr--an unusually 
short time for differentiation processes regulated by 
NGF [60]. 

ENHANCED SYNTHESIS OF F AND S CHANNELS 

NGF may work at the mRNA level to enhance the 
synthesis of Na channels [38]. If so, according to 
our study, NGF would have to enhance the synthe- 
sis of F or S channels in 2-6 hr. Indeed, it was 
found that mammalian neurons cultured at 37~ re- 
quire only 2-6 hr to take up labeled amino acids, 
synthesize channels, and complete the incorpora- 
tion of TTX-sensitive sodium channels to the 
plasma membrane [57]. Thus, it is possible that if 
NGF enhances the synthesis of Na channels, these 
channels can be detected within several hours of 
growth with NGF. 

DNA Level 

It was found that NGF in PC12 cells stimulates the 
transcription of c-fos oncogenes associated with 
NGF ability to induce outgrowth and increase Na 
channel density [33]. Thus, it is possible that the 
effect of NGF on Na currents is mediated at the 
DNA level. 

Post-Translational Modulation 

It is well known that chemical modifications can 
change TTX sensitivity, and that these modifica- 
tions are often associated with slowing current ki- 
netics [54, 61]. NGF cannot be included among 
these factors, since it does not change the charac- 
teristics of the currents, and has no acute effect on 
current properties. The binding of NGF to its recep- 
tor may, however, activate second messenger sys- 
tems, thereby changing protein phosphorylation 
and methylation [13, 52]. NGF is capable of activat- 
ing Ca channels [64] and changing the level of intra- 
cellular calcium [11, 58]. Second messengers and 
intracellular calcium were found to change Na cur- 
rent density and, to a lesser extent, to modify their 
voltage dependency or TTX sensitivity [4]. Thus, 
they may affect the differentiation towards either S 
or F current (depending on the cellular cascade 
which is activated in a cell). Rang and Ritchie [55] 
found a TTX-resistant, slow Na channel in rat sen- 
sory nerves, which is recruited following !6ermanent 
activation of protein kinase C by second messen- 
gers. At the same time, the TTX-sensitive channels 

were suppressed. (Interestingly, the TTX-insensi- 
tive Na channel they found is also depressed by 
millimoles of external calcium like our S current.) 
NGF receptors may serve as the potential surface 
molecules linking second messengers to processes 
regulating the acquisition of Na currents [!l, 19, 
33]. 

The relatively simple approach of short-dura- 
tion culturing in serum-free defined medium, and 
patch clamping, enabled us to start eliminating 
some of the possibilities listed above. Further stud- 
ies employing inhibitors of protein synthesis, RNA 
translation or DNA transcription, as well as the use 
of activators of second messengers [4, 33, 38, 52, 
55] may illuminate the level(s) at which NGF is 
working. 
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