
concentrations of L-Arg (5 to 100 mM) to 
muscles treated with L-NMMA and TNF-a 
resulted in a more pronounced negative 
inotropic effect than that seen with TNF-a 
alone [19 It- 4% of baseline tension with 
TNF-a and L-Arg as compared to 59 t 7% 
of baseline tension with TNF-a alone (P < 
0.01, n = 6; Student's two-tailed t test)] 
(Fig. 4A). This suggests that L-Arg en- 
hanced the negative inotropic effect of 
TNF-a by providing additional substrate for 
NO production. This effect was also greater 
than that seen with L-Arg (100 mM) alone 
(3 1 + 6% of baseline tension; P < 0.01, n 
= 6; Student's two-tailed t test). The addi- 
tion of L-Arg (100 mM) to muscles treated 
with L-NMMA and IL-6 reduced tension to 
35 t 3% (Fig. 4B). The addition of L-Arg 
(100 mM) to muscles treated with 
L-NMMA and IL-2 reduced tension to 11 
+ 10% of baseline (Fig. 4C). All of these 
inotropic effects were completely reversed 
within 30 min after the cytokines or other 
agents were washed away (Fig. 4, A 
through C). Removal of the endothelium 
did not alter the negative inotropic respon- 
ses of the papillary muscles to cytokines 
(Fig. 4, A through C). 

Cytokines increase the amount of NO in 
noncardiac tissues by inducing the transcrip- 
tion of an inducible NO synthase (1 3-16). 
The rapid onset and reversibility of the effects 
seen in this report argue against an effect 
requiring gene transcription. The negative 
inotropic effects of these cytokines in the 
papillary muscle preparation appear to result 
from enhanced activity of a constitutive NO 
synthase enzyme in the myocardium. 

The observed inotropic effects of pro- 
inflammatory cytokines raise the possibility 
that they participate inreversible, postische- 
mic myocardial depression ("stunning"). 
Myocardial stunning frequently occurs after 
cardiopulmonary bypass and may compli- 
cate successful recovery from cardiac sur- 
gery (5-9). We found elevated concentra- 
tions of IL-6 (1800 to 4000 Ulml) in bron- 
choalveolar fluid from patients after cardio- 
pulmonary bypass (1 8). IL-6 also reversibly 
decreased tension generated by pectinate 
muscles removed from patients at the time 
of surgery (1 8). These preliminary observa- 
tions in patients support the clinical rele- 
vance of our findings with the Syrian ham- 
ster papillary muscle preparation. Thus, the 
regulation of pro-inflammatory cytokines 
and myocardial NO synthase may provide 
new therapeutic strategies for the manage- 
ment of cardiac patients. 
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Structure and Functional Expression of an 
o-Conotoxin-Sensitive Human 

N-Type Calcium Channel 
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N-type calcium channels are w-conotoxin (o-CgTx)-sensitive, voltage-dependent ion 
channels involved in the control of neurotransmitter release from neurons. Multiple sub- 
types of voltage-dependent calcium channel complexes exist, and it is the a, subunit of 
the complex that forms the pore through which calcium enters the cell. The primary 
structures of human neuronal calcium channel a,, subunits were deduced by the char- 
acterization of overlapping complementary DNAs. Two forms (a,,-, and a,,-,) were 
identified in human neuroblastoma (IMR32) cells and in the central nervous system, but 
not in skeletal muscle or aorta tissues. The a,,-, subunit directs the recombinant expres- 
sion of N-type calcium channel activity when it is transiently co-expressed with human 
neuronal p, and a,, subunits in mammalian HEK293 cells. The recombinant channel was 
irreversibly blocked by w-CgTx but was insensitive to dihydropyridines. The a,,-,a,,P,- 
transfected cells displayed a single class of saturable, high-affinity (dissociation constant 
= 55 pM) w-CgTx binding sites. Co-expression of the P, subunit was necessary for N-type 
channel activity, whereas the a,, subunit appeared to modulate the expression of the 
channel. The heterogeneity of a,, subunits, along with the heterogeneity of a, and p 
subunits, is consistent with multiple, biophysically distinct N-type calcium channels. 

Voltage-dependent Ca2+ channels are 
multisubunit complexes through which ex- 
tracellular Ca2+ enters excitable cells. In 
rabbit skeletal muscle, four tightly coupled 
subunits, a , ,  a,, P, and y, make up the 
channel complex (I) .  The primary struc- 
ture of each subunit has been determined 
and a , ,  a,, and p cDNAs have been used 
to characterize transcripts expressed in oth- 
er tissues (2). The a, and P subunits are 
each encoded by a gene family, including at 

SIBIA, Inc., 505 Coast Boulevard South, La Jolla, CA 
92037. 

*To whom correspondence should be addressed. 

least five distinct genes for a, subunits and 
three genes for p subunits (3-6). Primary 
transcripts of each of the a, genes, the a, 
gene, and two of the p genes have been 
shown to yield multiple, structurally dis- 
tinct, subunits by means of differential pro- 
cessing (6-9). Expression studies have 
shown that the a, subunit forms the pore 
through which CaZ+ enters the cell (10, 
11).  

On the basis of biophysical and pharma- 
cological characteristics, three subtypes of 
neuronal, high-voltage-activated Ca2+ 
channels (L-, N-, and P-type) have been 
proposed (2). These high-voltage-activated 
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Fig. 1. Alignment of a, subunit deduced amino acid sequences. The 
nucleotide sequences have been deposited in GenBank (accession 
numbers M94172 and M94173 for a,,., and a,,.,, respectively). The 
number of the amino acid residue at the end of each line is given. 
Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, 
Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, 
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. Identical residues at 
one position in at least two of the sequences are enclosed in boxes. 
Potential N-glycosylation (o), cyclic adenosine monophosphate (AMP)- 
dependent phosphorylation (<), and protein kinase C .phosphorylation 

subtypes are most readily distinguished 
pharmacologically. The neuronal L-type 
channel is dihydropyridine (DHP)-sensitive 
and, in some cases, reversibly blocked by 
o-conotoxin (o-CgTx) (12, 13), the 
N-type channel is DHP-insensitive and ir- 
reversibly blocked by o-CgTx (14), and the 
P-type channel is both DHP- and o-CgTx- 
insensitive but is sensitive to toxins in 
venom from funnel web spiders (15). Re- 
cently, recombinant expression of neuronal 
Ca2+ channels was used to identify a high- 
voltage-activated, DHP-sensitive Ca2+ 

(>) sites (36) are shown. (A) Alignment of functional, neuronal a, 
subunits; the amino acid sequences of the human neuronal Ca2+ channel 
a,,., (1 8 - I ) ,  the human neuronal a,, (1 D) (8 ) ,  and the rabbit brain BI-2 
(1A-2) (11) are shown. 81-2 is designated 1A-2 because it is a rabbit 
homolog of the rat brain class A gene (4). The numbering begins with the 
proposed initiating methionine. The putative transmembrane segments S1 
through S6 in each of the repeats I through IV are shown (brackets). (B) 
Alignment of a,,., and a,,, sequences through the region of the 
insertion-deletion (21). The deduced amino acid sequence of the 187-nt 
insertion (a,,., nt 6490 to 6676; Gly2"64 to GlyzZz6) is shown. 

channel that was reversibly blocked by 
o-CgTx (classified as an L-type channel) 
(8) and a DHP-, o-CgTx-insensitive Ca2+ 
channel (possibly a P-type channel) (1 1). 
Co-exoression of or, and B subunits is nec- 
essary 'for substantiil functional expression 
of both Ca2+ channel subtypes, whereas 
addition of an or, subunit increases the 
magnitude of the functional response. 

Much evidence indicates that DHP-in- 
sensitive N-type Ca2+ channels that are 
irreversibly blocked by o-CgTx are respon- 
sible for the voltage-activated release of 

neurotransmitters in many neurons (1 6). In 
addition, o-CgTx binding sites have been 
localized to the frog neuromuscular presyn- 
aptic membrane (17) and to organized, 
single clusters coincident with synaptic 
contact sites in hippocampal neurons (18). 
Furthermore, o-CgTx binding sites on the 
presynaptic membrane of the frog neuro- 
muscular terminal align precisely with ac- 
tive zones where vesicular exocytosis of 
neurotransmitters occurs (1 6, 17). Finally, 
o-CgTx irreversibly blocks Ca2+ currents 
recorded directly from presynaptic termi- 
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nals (19). We report here the complete 
amino acid seauence of a human neuronal 
a, subunit (designated a,,) that mediates 
N-type voltage-dependent Ca2+ channel 
activity, which is irreversibly blocked by 
o-CgTx when transiently co-expressed 
with the human neuronal aZb and P, sub- 
units (8) in human embryonic kidney 
(HEK) 293 cells. The transfected cells bind 
o-CgTx with high affinity. 

We previously reported the isolation of 
cDNAs that encode the a, subunit of the 
rabbit skeletal muscle DHP-sensitive, 
L-type Ca2+ channel (3). These cDNAs 
were used as probes to isolate overlapping 
cDNAs encoding a complete human neu- 
ronal a,, subunit (20). The translation 
initiation site was assigned to the first in- 
frame methionine codon, and no upstream 
in-frame nonsense codon was identified 
(Fig. 1A). Two isoforms of a,,, a,,., and 
a,,,, that differ at their COOH-termini 
were identified (Fig. 1B). The a,,., subunit 
is comprised of 2339 amino acids and yields 
a calculated molecular weight of 262,494, 
whereas the a,,, subunit is comprised of 
2237 amino acids and yields a calculated 
molecular weight of 251,757. These iso- 
forms were identified by polymerase chain 
reaction (PCR) analysis (2 1) and revealed a 
deletion that produces a,,-,, which likely 
results from alternative selection of a splice 
acceptor. This insertion-deletion that pro- 
duces different COOH-termini is similar to 
the processing of putative rabbit alA gene 
transcripts encoding the rabbit BI-1 and 
BI-2 isoforms that mediate DHP-, o-CgTx- 
insensitive high-voltage-activated Ca2+ 
channel activity (1 I). The a,, sequence is 
94.5% identical to the previously reported 
164-amino acid sequence deduced from a 
rat brain class B partial cDNA (4) and has 
the same transmembrane topology as de- 
scribed previously for other Ca2+ channel 
a, subunits (7). 

The deduced amino acid sequences of 
two different neuronal a, subunits, the 
human a,, (8) and the rabbit BI-2 (I I) ,  
are shown aligned with the human a,,-, 
sequence (Fig. 1A). The a,,., amino acid 
sequence is 64.1% and 43.0% identical to 
the BI-2 and orlD sequences, respectively. 
The sequence identity is relatively well 
conserved through the four repeating do- 
mains, 72.6% and 50.7% for the a,,-,/BI-2 
and the a,,.,/a,, pairs, respectively. Both 
of the DHP-insensitive a, subunits, human 
neuronal a,,., and rabbit neuronal BI-2, 
have characteristic large putative cytoplas- 
mic loops between the IIS6 and IIISl trans- 
membrane domains. PCR analysis per- 
formed on RNAs isolated from IMR32 cells 
and several human primary tissues with 
a,,.,- and a,,.,-specific oligonucleotides 
identified a,,-, and transcripts in 
IMN2 cells and in each of the human 

central nervous system (CNS) tissues test- 
ed, including hippocampus, habenula, and 
thalamus but not in human skeletal muscle 
or aorta tissues (22). 

The transient expression of the human 
neuronal a,,.,, aZb, and p2 (8) subunits 
was studied in HEK293 cells (23). Trans- 
fected cells were examined for inward Ba2+ 
currents (I,,) mediated by voltage-depen- 
dent Ca2+ channels (24). Cells cotrans- 
fected with the a,,.,, and p2 cDNAs 
expressed high-voltage-activated Ca2+ 
channels (Fig. 2). IBa first appeared when 
the membrane was depolarized from a hold- 
ing potential of -90 mV to -20 mV and 
peaked in magnitude at 10 mV. Thirty-nine 
of 95 cells (12 independent transfections) 
had I,, that ranged from 30 to 2700 PA, 
with a mean of 433 PA. The mean current 
density was 26 pA/pF, and the highest 
density was 150 pA/pF (25). The I,, typi- 
cally increased by 2- to 20-fold during the 
first 5 min of recording. Repeated depolar- 

Fig. 2. Voltage dependence and kinetics of I,, 
expressed in HEK293 cells transfected with 
a ,,.,, aZb, and p, cDNAs (23). (A) Family of 
currents evoked at test voltages from -30 to 60 
mV, from a holding potential of -90 mV. (B) 
Peak current-voltage relations measured from 
the currents in (A). 

0 bp 
I (PA) 

Fig. 3. Holding potential sens~tivity of I,, ex- 
pressed in HEK293 cells transfected with a,,.,, 
a,,, and p, cDNAs (23). Peak current-voltage 
(I-V) relations measured from voltage steps 
delivered from different holding potentials (-90 
mV, 0; -70 mV, 0; -50 mV, A; return to -90 
mV, V). 

izations during long recordings often re- 
vealed rundown of I,, usually not exceeding 
20% within 10 min. I,, typically activated 
within 10 ms and inactivated with both a 
fast time constant ranging from 46 to 105 
ms and a slow time constant ranging from 
291 to 453 ms (n = 3). Inactivation showed 
a complex voltage dependence, such that 
I,, elicitqd at 220 mV inactivated more 
slowly than IBa elicited at lower test volt- 
ages, possibly a result of an increase in the 
magnitude of slow compared to fast inacti- 
vation components at higher test voltages. 

Recombinant ~ l , , . , a , ~ P ~  channels were 
sensitive to holding potential (Fig. 3). 
Steady-state inactivation of IBa, measured 
after a 30- to 60-s conditioning at various 
holding potentials, was approximately 50% 
at holding potentials between -60 and 
-70 mV and approximately 90% at -40 
mV. Recovery of IBa from inactivation was 
usually incomplete, measuring 55 to 75% of 
the original magnitude within 1 min after 
the holding ~otential  was returned to more -. 
negative potentials, possibly indicating 
some rundown or a slow recovery rate. 

Recombinant alB-la2bp2 channels were 
also blocked irreversibly by o-CgTx con- 
centrations ranging from 0.5 to 10 pM 
during the time scale of the experiments 
(Fig. 4). Application of 5 pM toxin (n = 7) 
blocked the activity completely within 2 
min, and we observed no recovery of I,, 
after washing o-CgTx from the bath for up 
to 15 min. Cd2+ blockage (50 pM) was 
rapid, c.omplete, and reversible; the DHPs 
Bay K 8644 (1 pM; n = 4) or nifedipine (5 
pM; n = 3) had no discernable effect. 

Cells cotransfected with cDNAs encod- 
ing a,,-,, aZb,  and P2 subunits predomi- 
nantly displayed a single class of saturable, 
high-affinity o-CgTx binding sites (26) 
(Fig. 5). The determined dissociation con- 
stant (&) value (Fig. 5) was 54.6 + 14.5 
pM (n = 4). Cells transfected with the 
vector containing only P-galactosidase 
cDNA or aZbP2 cDNA showed no specific 
binding. The binding capacity (B,,,) of the 
alB~la2b~2-transfected cells was 28,710 & 

11,950 sites per cell (n = 4). 
These results demonstrate that 

a2bp2-transfected cells express high-volt- 
ape-activated. inactivating Ca2+ channel " " 

activity that is irreversibly blocked by 
o-CgTx. insensitive to DHPs. and sensitive 
to hvoldi'ng potential. The activation and 
inactivation kinetics and voltage sensitivitv - 
of the channel formed in these cells are 
generally consistent with previous charac- 
terizations of neuronal N-type Ca2+ chan- 
nels (27, 28). Furthermore, the Kd value 
determined for o-CgTx binding is in agree- 
ment with previously reported values (29). 

The binding characteristics of o-CgTx 
to HEK293 cells transiently expressing var- 
ious subunit combinations were determined 
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from saturation binding analysis (Table 1). 
Each recombinant cell type displayed a 
single class of binding sites similar to the 
alB.la2bp2-transfected cells, with Kd values 
ranging from 38.8 2 13.1 pM to 76.1 + 
15.5 pM. The binding affinity of the recom- 
binant cell types for o-CgTx agrees well 
with that determined for intact IMR32 cells 
(36.5 + 6.2 pM) (Table 1) but is different 
from measurements derived from crude ho- 
mogenates of IMR32 cells (30). 

There were significant differences in the 
receptor densities of the four recombinant 
cell types (Table 1). The B,,, for o-CgTx 
binding in alB-,a2bP2-type cells was ap- 
proximately ten times greater than that in 
alB.,aZb- and a,,.,-type cells. The estimate 
for the binding capacity of the IMR32 cells 
correlates well with a previous report (30). 
The comparison of the Bmax values suggests 
that the o-CgTx-binding alB., subunit is 
more efficiently expressed on the cell sur- 
face when co-expressed with the aZb and p2 
subunits. Similarly, efficient expression of 
heteromeric protein complexes on the cell 
surface, such as nicotinic acetylcholine re- 
ceptors, has been shown to require subunit 
assembly (3 1 ) . 

We performed whole cell recordings of 
HEK293 cells transfected with the cDNA 
encoding a,,., or with cDNAs encoding 

and aZb or P2 to assess functional 
contributions of the various subunits to the 
N-type channel activity. Currents recorded 
from a,,-,P2-transfected cells were ob- 
served at a frequency comparable to that of 
the alB.,a2b~2-transfected cells (16 of 46 
cells; five independent transfections), con-. 
sistent with a B,,, of approximately 12,000 
receptors per cell (Table 1). These currents 
resembled those observed in alB.la2bP2- 
transfected cells, having similar current- 
voltage (I-V) curves, inactivation kinetics, 
and sensitivity to holding potential. Fur- 
thermore, al,-lp2-mediated currents were 
irreversibly blocked by o-CgTx (5 pM; n = 
3). However, currents in alB-1P2-trans- 
fected cells were generally smaller in mag- 
nitude than those observed in alB-,aZbP2 
cells and never exceeded 205 pA (15 pA/ 
pF), with a mean of 91 pA (5.6 pA/pF). In 
contrast, currents in alB~la2bp2-transfected 
cells exceeded 200 pA in 57% of the cells 
tested (25). 

Of 23 cells studied that were transfected 
with only alB-, (three independent trans- 
fections), two had small (20 to 40 PA) 
rapidly inactivating (T = -20 ms) currents 
that were reversibly blocked by o-CgTx. A 
similar current was detected in 1 of 11 
al,~la2b-transfected cells, whereas none of 
the untransfected HEK293 cells (n = 17) or 
HEK293 cells transiently expressing the aZb 
and P2 subunits (n = 17) displayed such 
currents. These results together with the 
relatively small B,,, values observed in 

a,,.,-only and alB.la2b-transfected cells 
(<2650 receptors per cell) further support 
the importance of the p subunit in the 
formation of functional N-type Ca2+ chan- 
nels. 

N - t v ~ e  Ca2+ channels characterized , . 
from different cell preparations have bio- 
physically distinct properties that have 
made it difficult to distinguish N- and 

Toxin Washout 
-1 1 

0 3 6 9 1 2 1 5  
Elapsed time (min) 

B 

Fig. 4. Effect of o-CgTx on I,, expressed in 
HEK293 cells transfected with a,,.,, a,,, and 
p, cDNAs (23). (A) Plot of peak current mag- 
nitude versus time before, during (hatched 
bar), and after (open bar) application of 5 pM 
o-CgTx. Test pulses (10 mV; holding potential 
= -90 mV) were delivered every 15 s before 
and during toxin application. Pulses were re- 
sumed every 30 s after recording of current- 
voltage relations from which only the current 
measured at 10 mV is shown. Similar results 
were obtained with the three concentrations of 
o-CgTx tested: 0.5 FM (n = 3), 5 pM (n = 7), 
and 10 pM (n = 6). (B) Example recordings 
made at points 1 to 4 of (A). 

0 
Bound (fmoVrnl) 

Fig. 5. Binding of 1251_o-CgT~. HEK293 cells 
were cotransfected with the a,,., , a,,, and p2 
cDNAs (23) and assayed for specific binding of 
IZ51+-CgTx as a function of increasing con- 
centration of 1251+-CgTx (26); 2 x l o 5  cells 
were used in the assay mixture. (Inset) Scatch- 
ard analysis of the data. 8, bound; F, free. 

L-type currents on the basis of inactivation 
properties. N-type Ca2+ channels were first 
described in chicken sensory neurons as 
high-voltage-activated Ca2+ channels that 
could be activated only from strongly neg- 
ative holding potentials and inactivated 
within tens of milliseconds (27). Current 
remaining after decay of the inactivating 
component or currents activated from hold- 
ing potentials r -40 mV were believed to 
represent L-type channel activity. N-type 
Ca2+ channels have since been found to 
inactivate slowly and incompletely in some 
neuronal types (32). The range of inactiva- 
tion rates observed in different tissues may 
be a result of a combination of factors. 
including distinct combinations of variant 
channel subunits and different states of 
regulation. Recent single channel analysis 
indicates that individual N-type channels 
can switch between transient and long- 
lasting modes of gating (33). Our whole cell 
data that show biphasic decay of a recom- 
binantly expressed N-type Ca2+ channel 
are consistent with a population of chan- 
nels that exhibit different gating modes. 

Recent biochemical studies on brain 
o-CgTx receptors have revealed proteins 
on SDS-polyacrylamide gel electrophoresis 
of a relative molecular mass consistent with 
a , ,  a,, and p subunits (29), although 
additional uncharacterized bands were also 
observed. Molecular biological evidence in- 
dicates that multiple a , ,  a,, and P tran- 
scripts, including a,,, aZb, and P2 mRNAs, 
are co-expressed in IMR32 cells and hippo- 
campal tissue (8), both sources of o-CgTx 
binding sites (1 8, 30). The recombinant 
expression of a,,.,, aZb,  and P2 subunits to 
produce o-CgTx-sensitive N-type channel 
activity confirms that an a,, gene product 
mediates this activity. The functional ne- 
cessity of a p subunit and modulation by an 

Table 1. Summary of Scatchard analysis of 
o-CgTx binding to intact cells. HEK293 cells 
transfected with the indicated subunit cDNAs 
and IMR32 cells induced with dibutyryl cyclic 
AMP and bromodeoxyuridine (28) were as- 
sayed for saturation of specific w-CgTx binding, 
and the data were analyzed by the Scatchard 
method (26). The B,, values determined from 
Scatchard analysis were corrected for transfec- 
tion efficiency. 

Cell line Kd (PM) B,, (siteslcell) 
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a, subunit are consistent with the recom- 
binant functional expression of other a, 
subtypes (8,  1 I ) ,  although expression of 
a,,, alone appears sufficient for o-CgTx 
binding. 

Our results suggest that multiple subtypes 
of the N-type channel might exist as a result 
of the heterogeneity of the subunits that 
comprise the channel complex. Co-expres- 
sion of three different P gene products with 
the rabbit cardiac (alc) subunit alters the 
channel properties and thus indicates that 
subunit composition can determine distinct, 
voltage-dependent Ca2+ channels (6 ) .  At 
least two forms each of a,,, a,, and P 
transcripts expressed in the brain are prod- 
ucts of differential processing (6,  8 ,  34). 
This heterogeneity of the a,,, a,, and P 
subunits is consistent with biophysically dis- 
tinct N-type channels characterized from 
different cell preparations. Recombinant ex- 
pression of each of the a,,, a,, and p forms 
might reveal multiple N-type channels and 
the functional consequence of various sub- 
unit combinations (35). 
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Membrane Depolarization Induces p 1 40trk and NGF 
Responsiveness, But Not p75LNGFR, in MAH Cells 

Susan J. Birren, Joseph M. Verdi, David J. Anderson* 
Nerve growth factor (NGF) is required for the maturation and survival of sympathetic 
neurons, but the mechanisms controlling expression of the NGF receptor in developing 
neuroblasts have not been defined. MAH cells, an immortalized sympathoadrenal pro- 
genitor cell line, did not respond to NGF and expressed neither low-affinity NGF receptor 
(p75) nor p l  40trk messenger RNAs. Depolarizing concentrations of potassium chloride, but 
none of a variety of growth factors, induced expression of p140trk but not p75 messenger 
RNA. A functional response to NGF was acquired by MAH cells under these conditions, 
suggesting that expression of p75 is not essential for this response. Depolarization also 
permitted a relatively high proportion of MAH cells to develop and survive as neurons in 
fibroblast growth factor and NGF. These data establish a relation between electrical activity 
and neurotrophic factor responsiveness in developing neurons, which may operate in the 
functioning of the mature nervous system as well. 

T h e  survival of vertebrate neurons is de- 
pendent on neurotrophic factors secreted by 
their postsynaptic targets. NGF, the proto- 
typic neurotrophic factor, is required for the 
survival of sympathetic and some sensory 
neurons (I). The embryonic precursors to 
sympathetic neurons neither respond to nor 
require NGF (211.). This raises the question 
of how developing sympathetic neuroblasts 
acquire their responsiveness to and depen-. 
dence on NGF. We have studied this pro- 
cess with the use of MAH cells a retrovi- 
rally immortalized sympathoadrenal pro- 
genitor cell line (5). The identification of 
the product of the proto-oncogene trk, 
p140t'k (Trk), as a signal-transducing sub- 
unit of the NGF receptor (NGFR) (6, 7) 
has allowed us to use Trk mRNA expression 
to assay environmental signals that may 
induce NGF responsiveness in MAH cells. 
Here we identify membrane depolarization 
as one such signal. 

MAH cells, like the nonimmortalized 
progenitors from which they derive, do not 
undergo neuronal differentiation in re- 
sponse to NGF. The protein p75, the low- 
affinity NGFR (8, 9), is not expressed by 
these cells (5). MAH cells grown in the 
absence of added factors also express little 
or no Trk mRNA (Fig. IA, lanes 1 and 2). 
Thus, the failure of these precursor cells to 
respond to NGF correlates with their lack 
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of expression of both types of NGFR 
mRNAs. We then sought to identify factors 
that induce expression of NGFR and NGF 
responsiveness. Previously, we found that 
basic fibroblast growth factor (bFGF) in- 
duced low levels of p75 expression and 
NGF responsiveness in a small subpopula- 
tion of MAH cells (5). However, bFGF 
failed to induce significant Trk expression 
in MAH cells, as did a number of other 
growth and neurotrophic factors (Fig. IA, 
lanes 4 through 7, and data not shown). In 
addition, retinoic acid, which induces 
high-affinity NGF receptors and NGF de- 
pendence in chick sympathetic neuroblasts 
( lo),  did not induce Trk mRNA (Fig. IA, 
lane 8). 

In the chick, depolarization increases 
the survival of NGF-dependent sympathet- 
ic neurons (4). In MAH cells, depolariza- 
tion stimulated the survival of postmitotic 
neurons. Depolarization of MAH cells pro- 
duced by the addition of 40 mM KC1 led to 
an induction of Trk mRNA (Fig. IA, lane 
3). A time course in 40 mM KC1 revealed 
that Trk expression was detectable within 
24 hours and reached maximal amounts 
within 3 days (Fig. IC, lanes 5 through 8). 
Reprobing of the same blots with p75 
probes revealed that, in contrast to Trk 
mRNA, p75 mRNA was not induced by 40 
mM KC1. 

MAH cells require dexamethasone 
(dex) for long-term survival; when dex is 
removed, the cells die within 4 to 5 days. In 
the presence of 5 p,M dex, a low steady- 
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presence of dex an up-regulation of Trk 
mRNA by 40 mM KC1 occurred (Fig. IB, 
lane 3), indicating that the effect of depo- 
larization is not simply to maintain the 
survival of Trk-expressing MAH cells. The 
time course of Trk induction by 40 mM KC1 
was similar in the presence of dex (Fig. ID, 
lanes 6 through 9) as in its absence, al- 
though higher steady-state amounts of Trk 
mRNA were produced in the presence of 
dex (compare Fig. 1 D, lane 8, with Fig. IC, 
lane 7). As was the case in the absence of 
dex, no induction of p75 mRNA was de- 
tected in 40 mM KC1 plus dex. 

The effect of 40 mM KC1 is likely to be 
produced by membrane depolarization be- 
cause no induction of Trk mRNA was 
observed in 40 mM NaCl (Fig. I, A and B, 
lanes 9). Moreover, veratridine, an Na+ 
channel agonist that leads to membrane 
depolarization, also caused an increase in 
the amount of Trk mRNA concentrations 
(data not shown). In PC12 cells, the induc- 
tion of immediate-early gene expression by 
membrane depolarization requires the 
opening of voltage-gated Ca2+ channels 
and depends on extracellular Ca2+ (1 1). 
Removal of extracellular Ca2+ or addition 
of dihydropyridine antagonists of voltage- 
gated Ca2+ channels resulted in the death 
of MAH cells within 24 hours, precluding 
our ability to determine a requirement for 
Ca2+ influx in Trk induction. However, at 
suboptimal concentrations of KC1 (20 mM) 
(Fig. IE, lane 4), the Ca2+ channel agonist 
Bay K 8644 potentiated the induction of 
Trk mRNA (Fig. IF, lanes 3 and 4), which 
suggests that Ca2+ influx through voltage- 
gated L-type Ca2+ channels is indeed in- 
volved in the induction of Trk mRNA by 
membrane depolarization. 

We then sought to determine whether 
depolarization induces a functional re- 
sponse to NGF. We used two assays of NGF 
responsiveness: neurite outgrowth and cell 
number. Cell number reflects both the sur- 
vival- and proliferation-promoting (12) ef- 
fects of NGF, although for technical rea- 
sons it is difficult to determine the relative 
contributions of these two processes in this 
system. NGF responses were assayed after 5 
days, by which time most MAH cells had 
died in control medium (Table 1). Those 
few cells that survived showed little process 
outgrowth (Fig. 2A). Similar results were 
obtained in NGF alone (Fig. 2B and Table 
I) ,  indicating that MAH cells do not re- 
spond to this factor. Cell number was sig- 
nificantly increased by depolarizing concen- 
trations of KC1 (Table I) ,  although little 
neurite outgrowth was observed (Fig. 2C). 
In NGF plus 40 mM KC1, cell number was 
even higher (Table 1) and the cells bore 
long neurites (Fig. 2D). These neurite- 
bearing cells, however, lacked the cell soma 
hypertrophy characteristic of mature neu- 
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