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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 

S. J. Birren, Division of Biology, California Institute of 
Technology, Pasadena, CA 91 125. 
J. M. Verdi and D. J. Anderson, Division of Biology and 
the Howard Huahes Medical Institute. ~alifornia-lnsti- 

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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Flg.l.EffectofeIevatedK+onTrk A B D M  
mRNA expr& in MAH cells. A g F r  LL 

series of Northem (RNA) blotscon- .z s 0 % % 3 5 5 8 2 g g g 
taining5~perlaneoftotalRNA, t * ' Z " Z m  

probed with a "P-labeled rat Trk -28s 

cRNA probe derived from the phs- m a -~ 
mid NM97 (29). Equal loadim~ of 
RN*sampleswasverifiedbyethi* 1  2  3 4 5 6 7 8 9  0 1  2 3 4 5  6  7 8 9  10 
ium bromide stainiw of ribosomal 
RNA (rRNA) or by hybrid~zation with 

MAH cells were preincubated in 
the absence of factors for 24 hours. w a ' . -28s 
Various factors were then added (. I )  - 1. -Qk 

and RNA isolated after a further 3 
days of incubation, except where , , , , , , , 1 2 3 4 5 6 7 8 9  
indicated. IA) Lane 1. weincu- 
bated cells;'l& 2, controi; lane 3, 
40 mM KCI; lane 4,50 ng of NGF F -  - - + + B A Y K W  

0 5  10 20 40 80 mM KC1 0 40 20 20 0 mM KC1 
per milliliter; lane 5, 10 ryl of FGF 
&milliliter; lane 6,25 ng of r e m  
binant neurotrophin-3 (NT-3) per 0 t ~ c  
milliliter; lane 7, 25 ng of recombi 
nant brairrderived neurotrophic 1 2 3 4 5 6  1 2 3 4 s  
factor (BDNF) per milliliter; lane 8,5 
x 1 0-9 M retinoic acid; lane 9,40 mM NaCI; lane 10, PC1 2 cell RNA. (B) The same conditions as (A), 
except that after the preincubation all factor a d d i i s  were performed in the presence of 5 pM dex. 
(C) Time course of KCI-induced Trk expression. MAH cells were plated in the absence (lanes 2 to 4) 
or presence (lanes 5 to 8) of 40 mM KC1 (without preincubation), and RNA was isolated after l,2,3, 
or 5 days. Lane 1, PC12 cell RNA. (D) MAH cells were plated in 5 pM dex in the absence (lanes 2 to 
5) or presence (lanes 6 to 9) of 40 mM KCI. RNA was isolated after 1,2,3, and 5 days. Lane 1, PC1 2 
cell RNA. (E) Dose response of Trk induction by KCI. MAH cells were treated with 0,5,10,20, 40, or 
80 mM KC1 (lanes 1 through 6, respectively) for 3 days. (F) The Ca2+-channel agonist BAY K 8644 
potentiates Trk induction by KCI. Cells were treated with 20 mM KC1 in the presence (lanes 4 and 5) 
or absence (lanes 1 to 3) of 1 pM BAY K 8644 for 3 days. Lane 1, control; lane 2,40 mM KCI; lane 
3,20 mM KCI; lane 4,20 mM KC1 plus 1 pM BAY K 8644; lane 5, 1 pM BAY K 8644 alone. The trk 
transcript is indicated by an arrow; "28s' indicates cross-hybridization of probe to rRNA. Similar 
results were obtained in at least two or more independent experiments. Reprobing of the same or 
similar b h s  with a p75 cRNA probe yielded a strong signal in PCl2-positive control lanes but no 
signal in MAH cells under any of the conditions tested (data not shown). 

Flg. 2. Effect of depdarization on 
the functional response to NGF in 
MAH cells. Cells plated on a poly- 
plysine plus laminin substrate in 
control medium (A), in 50 ng of 
NGF per milliliter (B), in 40 mM 
KC1 (C), or in NGF plus KC1 (D) 
were photographed after 5 days 
of culture. Quantitation is shown 
in Table 1. Surviving cells in (D) 
constituted 20 to 25% of the max- 
imum number of cells measured 
on days 1 to 3. Bar in (A), 85 pm. 

rons and resembled a previously described 
immature neuroblast state in this lineage 
(3). Thus, depolarization induced not only 
expression of Trk mRNA but also at least a 
short-term functional response to NGF, 
suggesting that Trk mediates this response. 
However, even in NGF plus 40 mM KCl, 
only about 20 to 25% of MAH cells sur- 
vived to day 5, suggesting that not all cells 
expressed sufficient Trk or that Trk and 
NGF are insufficient to support the survival 
of  all cells under these culture conditions. 

The finding that depolarization induces 
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Trk mRNA and NGF responsiveness in 
MAH cells, but does not induce p75 
mRNA, implies that p75 is not required in 
MAH cells for at least short-term NGF 
responsiveness. However, because Trk 
mRNA and p75 mRNA expression were 
assayed on day 3 and functional responsive- 
ness to NGF was assayed on day 5, it is 
possible that MAH cells had acquired p75 
expression by day 5. To  resolve this issue, 
we stained MAH cells grown for 5 days in 
NGF plus KC1 with a monoclonal antibody 
to p75, 192-Ig (13), and analyzed the cells 
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Fig. 3. MAH cells grown in NGF plus 40 mM 
KC1 do not express low-affinity NGF receptor 
(p75). (C and D) MAH cells were grown in 
NGF plus KC1 as in Fig. 2, harvested after 5 
days, and surface-labeled with monoclonal 
antibody 192-lg (anti-p75) followed by fluores- 
cein-conjugated goat antibody to mouse im- 
munoglobulin G (TAGO, Inc., Burlingame, 
California). (A and B) PC12 cells were ana- 
lyzed in parallel as a positive control. (B) and 
(D) contained no primary antibody. Flow cy- 
tometry was performed on a Coulter Elite 
instrument. LOFL, log of fluorescence. FALS 
(forward angle light scatter) is a measure of 
cell size. The percentage of p75-positive cells 
in the population is shown in the gated region. 
No significant staining of MAH cells (C) is 
observed above control (D), whereas PC12 
cells (A) are strongly positive for p75. 

by flow cytometry. PC12 cells, which ex- 
press p75, were analyzed in parallel as a 
positive control. Whereas over 97% of the 
PC12 cells were strongly labeled by the 
192-Ig antibody (Fig. 3A), the NGF plus 
KC1-treated MAH cells were not detect- 
ably labeled (Fig. 3C). These results were 
confirmed by immunohistochemical anal- 
ysis of  process-bearing MAH cells grown 
in NGF plus KCI. These cells clearly 
showed a functional response to NGF 
(survival and neurite outgrowth) but failed 
to express p75 as determined by a sensitive 
nickel-diaminobenzidine immunostaining 
method. These data suggest that in MAH 
cells, Trk i s  sufficient to mediate a biolog- 
ical response to NGF in the absence of 
detectable p75 protein. 

Previously, we found that growth of 
MAH cells in FGF plus NGF allows a small 
proportion of the cells to survive as NGF- 
dependent, postmitotic neurons (5). The 
inefficiency of such neuronal survival has 
limited the utility of  MAH cells as a model 
system for studying neuronal dserentia- 
tion. Because elevated potassium has been 
shown to promote the survival of  both 
immature chick sympathetic neuroblasts 
(4) and postnatal rat sympathetic neurons 
(14), we reasoned that such a depolarizing 



T a b  1. MAH cells grown in depolarizing con- 
ditions display a functional response to NGF. 

Percentage 
Of process- Cell number* Treatment bearing 
clusters* 

'Two thousand cells were initially plated per well in 
24-well dishes. The percentage of cell clusters bear- 
ing processes, and total cell number, were deter- 
mined after 5 days in culture. Values are the 
mean 2 SEM of triplicate determinations from a rep- 
resentative experiment. Similar results were obtained 
in a minimum of three independent experi- 
ments. t40 mM KCI. $50 ng of NGF per milli- 
liter. 

treatment might similarly enhance the 
long-term survival of MAH cell-derived 
neurons. To test this idea, we compared 
the number of MAH cells that developed 
and survived as neurons after 10 days in 
FGF plus NGF, with or without 40 mM 
KCI. We observed that many more neu- 
rons exhibiting characteristic cell soma 
hypertrophy and distinctive nucleoli sur- 
vived in the presence of 40 mM KC1 (Fig. 
4B) than in its absence (Fig. 4A). In one 
representative experiment, 2000 MAH 
cells per well were initially plated and 
yielded 261 2 52 neurons per well (mean 
+ SEM, n = 5) in NGF plus FGF, versus 
1324 + '3 15 neurons per well in NGF plus 
FGF plus KCl, a fivefold enhancement. It 
is difficult to calculate the efficiency of 
survival because of the cell proliferation 
that occurs between plating and the time 
of assay. In the presence of KCl, the 
survival of most neurons was independent 
of NGF, as demonstrated for primary sym- 
pathetic neurons (1 4). 

These data suggest a possible relation 
between electrical activity and trophic fac- 
tor responsiveness in developing neurons. 
In the rat, developing sympathetic ganglia 
become innervated between embryonic day 
12 (E12) and El3 (15, 16). Growing sym- 
pathetic axons reach their peripheral tar- 
gets several days later at El5 (1 7) and then 
acquire NGF dependence. The relative 
timing of these events is consistent with a 
role for preganglionic activity in the induc- 
tion of Trk. In support of this hypothesis, 
blocking preganglionic cholinergic trans- 
mission has been shown to decrease survival 
of chick sympathetic neurons (18). Such a 
mechanism is attractive because it could 
provide a way to coordinate the formation 
of stable preganglionic and postganglionic 
synapses. However, we do not know wheth- 
er the extent or duration of depolarization 
required for Trk induction in vitro is nor- 
mally achieved in vivo. 

This result is consistent with the observa- 
tions that PC12 cells are able to respond to 
NGF in the presence of a blocking antibody 
to p75 (25), that Xenopur oocytes and 
fibroblasts expressing Trk but not p75 re- 
spond to NGF (26, 27), and that a mutant 
NGF lacking a p75 binding site retains 
biological activity on PC1 2 cells (28). Nev- 
ertheless, it has been shown that coexpres- 
sion of p75 with Trk increases NGFR a h -  
ity in fibroblasts (29). Although these ob- 
servations are diicult to reconcile, MAH 
cells should provide a neuronal system for 
analyzing the relative contributions of p75 
and Trk to NGFR function and identifying 
the signals that control expression of these 
receptors during development. 

REFERENCES AND NOTES 
Flg. 4. Effect of depolariiation on the number of 
neurons that develop from MAH cells grown in 
FGF plus NGF. Representative fields are shown 
from MAH cell cultures grown for 10 days in 
either 50 ng of NGF per milliliter plus 10 ng of 
FGF per milliliter (A) or NGF plus FGF plus 40 
mM KC1 (8). Cells were fed after 4 days and 
replated after 7 days. Quantification of a repre- 
sentative experiment in which 2000 MAH cells 
per well were initially plated yielded 261 .c 52 
neurons per well (mean 2 SEM, n = 5) in NGF 
plus FGF, and 1324 + 31 5 neurons per well in 
NGF plus FGF plus KCI, a fivefold difference. 
Bar in (A), 32 Fm. 

1. R. Levi-Montalcini and B. W e r ,  Roc. Natl. 
Acad. Sci. U.S.A. 46, 384 (1 960). 

2. M. D. Coughlin and M. D. Collins, Dev. Bid. 110, 
392 (1985). 

3. D. J. Anderson and R. Axel. Ce1147. 1079 (1986). 
4. U. Ernsberger, D. Edgar, H. ~ohier, ~ e " .  Bidl. 

135, 250 (1989). 
5. S. J. Birren and D. J. Anderson, Neum 4, 189 

(I-). 
6. D. R. Kaplan etal., Science 252, 554 (1991). 
7. R. Klein etal., Cell65, 189 (1991). 
8. D. Johnson et al., ibid. 47, 545 (1986). 
9. M. J. Radeke et el., Nature 325, 593 (1987). 

10. A. Rodriguez-TBbar and H. Rohrer, Dewkymnt 
112, 813 (1991). 

11. M. Sheng and M. E. Greenberg, Neum 4, 477 
(1 -1. 

12. L. E. Lillien and P. Claude, Nature 317, 632 

In order to survive, developing neuro- 
blasts must both express NGF receptors and 
extend axons to reach peripheral sources of 
NGF (19, 20). These two aspects of neu- 
ronal development are independently con- 
trolled, as illustrated by the observation 
that chromah cells are NGF-responsive 
but lack axons (2 1,22). We have identified 
candidate environmental signals that con- 
trol these distinct processes. Membrane de- 
polarization induces expression of Trk but 
does not cause neurite outgrowth. Con- 
versely, bFGF promotes neurite outgrowth 
(23) but does not induce Trk mRNA. 
(However, after long-term exposure to FGF 
and NGF, a small proportion of MAH cells 
become NGFdependent (5); it is not yet 
clear whether or how such extended FGF 
treatment causes expression of Trk.) Depo- 
larization is not the only signal that can 
induce Trk mRNA; dibutyryl cyclic adeno- 
sine 3',5'-monophosphate (CAMP) has a 
similar effect (24), suggesting that agents 
that activate adenylate cyclase may induce 
Trk as well. It remains to be determined 
which signals are most important for Trk 
expression in vivo. 

Our data indicate that developing neu- 
rons expressing Trk but not p75 display a 
functional response to NGF (although we 
cannot exclude low-level expression of p75 
below the detection limits of our assays). 

(1985). 
13. C. E. Chandler, L. M. Parsons, M. Hosang, E. M. 

Shooter, J. Bid. Chem. 259, 6882 (1984). 
14. T. Koike, D. P. Martin, E. M. Johnson, Jr., Proc. 

Natl. Acad. ScL U.S.A. 86, 6421 (1989). 
15. E. Rubin, J. Neurosci. 5, 685 (1 985). 
16. , ibid., p. 697. 
17. , ibid., p. 673. 
18. J. L. Maderdrut, R. W. Oppenheim, D. Prevette, 

Brain Res. 444, 189 (1 988). 
19. A. M. Davies et ab, Nature 326, 353 (1987). 
20. S. Korsching and H. Thoenen, Dev. Bid. 126, 40 

(1988). 
21. A. J. Doupe, S. C. Landis, P. H. Patterson, J. 

Neurosci. 5, 21 19 (1985). 
22. K. Unsicker, K. Seidl, H. D. Hofmann, Int. J. Dev. 

Neurosci. 7, 41 3 (1989). 
23. D. L. Stemple, N. K. Mahanthappa, D. J. Ander- 

son, Neum 1, 51 7 (1988). 
24. S. J. Birren, J. M. Verdi, D. J. Anderson, unpub- 

lished data. 
25. G. Weskamp and L. F. Reichardt, Neuron 6, 649 

(1991). 
26. C. Cordon-Cardo etal., Cell=, 173 (1991). 
27. k R. Nebreda et al., Science 252, 558 (1 991). 
28. C. F. IMtiez etal., Cell 69, 329 (1992). 
29. B. L Hempstead, D. Martin-Zanca, D. R. Kaplan, 

L F. Parada, M. V. Chao, Nat~r8350,678 (1991). 
30. We thank L Parada for the Trk cDNA probe, E. M. 

Johnson for moooclonal antibody 192-lg, M. Chao 
for the p75 probe, and G. Yancopoulos (Regen- 
eron) for BDNF and NT-3; R. Diamond for per- 
forming Row cytometric analysis; S. Padilla and M. 
Sylber for technical assistance; D. Stemple for 
helpful comments and suggestions; and K. Zinn 
and P. Patterson for comments on the manuscript. 
This work was supported by NIH grant NS23476. 
S.J.B. was supported by funds from the PEW 
Neurosciences program. D.J.A. is an assistant 
investigator and J.V. is an associate of the How- 
ard Hughes Medical Institute. 

6 April 1992; accepted 5 June 1992 

SCIENCE VOL. 257 17 JULY 1992 




