
Lawrence Berkeley National Laboratory
Recent Work

Title
NERVE GROWTH FACTORS INCREASE SODIUM ION CONDUCTANCE THROUGH THE 
NICOTINIC ACETYLCHOLINE RECEPTOR CHANNEL IN PC12 CELLS

Permalink
https://escholarship.org/uc/item/57g7s7m4

Authors
Amy, C.M.
Bennett, E.L.

Publication Date
1982-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/57g7s7m4
https://escholarship.org
http://www.cdlib.org/


'';/ 
' . ,... 

LBL-14937 
Preprin t c.· d-. 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

! 1"-J iG 1982 

Submitted to Cellular Neuroscience LIBRARY AND­
DOCUMENTS SECTION 

NERVE GROWTH FACTORS INCREASE SODIUM ION CONDUCTANCE 
THROUGH THE NICOTINIC ACETYLCHOLINE RECEPTOR CHANNEL 
IN PC12 CELLS 

Christopher M. Amy and Edward L. Bennett 

August 1982 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 

which may be borrowed for two weeks. 
~ 

For a personal retention copy~ call 

Tech. Info. Division~ Ext. 6782. 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-14937 

.. Nerve Growth Factors Increase Sodium Ion Conductance Through the 

'~ 

• 

Nicotinic Acetylcholine Receptor Channel in PC12 Cells 1 

by 

Christopher ~1. Amy and Edward L. Bennett 

Melvin Calvin Laboratory 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, California 94720 

1This work w~s supported by National Institutes of Health Grant ~S 16661 

and by the Office of Energy Research, Office of Health and Environmental 

Research, Health Effects Research Division of the U. S. Department of 

Energy under contract No. DE-AC03-76SF00098. He wish to thank Dr. James 

Bartholomew for use of his tissue culture facilities and for helpful 

discussions. 



1 

ABSTRACT 
• .J 

22 Na ·· uptake in response to cholinergic stimulation was measured in PC12 

cells exposed to either BNGF from mouse submaxillary gland or a component of 

.Bungarus multi cinctus venom (fraction 9B) which has nerve growth factor activity. 

Our results ~hawed that nerve growth factors produced a relatively stable 

increase. in the.Na+ conductance capacity of ACh receptor-linked ion channels 

in PC12 cells which accompanied cellular differentiation but was not linked to 
. + . 

neurite outgrowth itself. Compared to untreated cells, Na uptake was enhanced 

by about40% in cells exposed for 24 to 30 hrs to either 50 ng per ml BNGF or 

to 5 llg per ml fraction 9B. This enhanced Na+ flux through the ACh receptor­

linked ion channels increased with time and reached a level 2- to 3-fold higher 

than that of untreated cells after 4 to 6 days exposure to NGFs. The generation 

of neurites in response to NGFs from either source occurred with the same time 

course as the increase in Na+ channel conductance. Thus, BNGF from mouse sub-

~axillary gland.was 100-fo~d more effective than snake v~nom fraction 9B on a 

weight basis in ~timulating both neurit~ outgrowth and enhanced Na+ uptake. and 

the dos~ of each .NGF whi~h produced the greatest neurite ~utgrowth also 

increased ch~ll~ergically stimulated Na+ flux to the greitest extent. lhi~ 

enhanced Na+ flux capacity was shown to be inhibited by nicotinic (but rot 

muscarinic) 'ntagonists and was maintained for s~veral days after NGFs were 
/ 

removed from cells and neurites were lost. Dibutyryl cyclic AMP did not 
+' cause an increase in Na uptake in response to cholinergic agonists at 

concentrati:ons which generated neurites, nor did it potentiate the effects of 

NGFs. 
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When PC12 pheochromocytoma cells in culture are exposed to nerve growth 

fa~tQr (NGF), these normally spherical, continuously dividing cells respond by 

extending neurites and by ceasing cell division within one week (Greene and 

Tischler, 1976). These changes are accompanied by an increase in the specific 

activities of choline acetyltransferase (Schubert et al., 1977}, acetyl­

cholinesteras~ (Greene and Rukenstein, 1981}, and ornithine decarboxylase 

(Hatanak.a et .al., 1978} along with an increase in the synthesis of proteins 

(Garrels and·Schubert, 1~79} and RNA (Gunning et al., 1981a). Dichter et al. 

(1977) showed that, compared to u~treated cells, NGF caused an increased 

electrical excitability in PC12 cells as well as an increased sensitivity to 

acetylcholine. A high percentage of PC12 cells grown for more than two weeks 

~ith NGF were depolarized when exposed to short pulses of ionotophoretically 

applied acetylcholine. These changes are consistant with the view that NGF 

stimulates the differentiation of PC12 pheochromocytoma cells into 

sympathetic-like neurons (Greene and Tischler, 1976). 

a -Bungarotcxi n has been used .extensively as a 11gand which speci fi call y 

binds to and inl.ibits the normal functioning of the acetylcholine .receptor­

linked !odium channel in mu~cle cells {Dev~eotes and Fambrough, 1976). Patrick 

and Stall.:•.Ap (1977a} :m.r.ar·ed the binding of a -bungarotoxin to PC12 ce1~ s \'lith 

its effect on the physiol0qical functioning of the acetylcholine receptJr-. 

linked ion snannel. They found that this ligand binds to PC12 cells but does 

~ot inhibit1 sodium ion flux through the acetylcholine receptor in response-to, 

nicotinic stimulation. These results are consistant with other studies with 

non-muscle acetylcholine synapses (Brown and Fumagalli, 1977; Carbanetto et 

al., 1978) which suggested that a-bungarotoxin was not a specific ligand for 

acetylcholine receptors on central nervous system and sympathetic nerve cells. 

Because of these questions concerning the specificity of a-bungarotoxin, 

'.1.. 
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investigations of changes in nicGtinic acetylcholine receptor function during 

differentiation of PC12 cells in response to NGF have been limited to 

electrophysiological studies of individual impaled cells (Dichter et al., 

1977). Since stimulation of acetylcho.line receptors opens receptor-linked 

channels to the influx of Na+, we have used the 22 Na+ uptake assay develope~ 

by Catterall (1975) as a measure of the sensitivity of PC12 cells to nicotinic 

cholinergic stimulation and, indirectly, as an indication of the number of iGn 

channels sensitive to ACh stimulation on the surface of PC12 cells grown under 

different culture conditions. 

sNGF isolated from the mouse submaxillary gland has been used for-most 

investigations of the effect of nerve growth factors on neuronal development. · 

Polypeptide component.s of venoms from a number of snakes have also been found 

to possess similar nerve growth factor activity (Tu, 1977). In this study we 

have compared the effects on PC12 cell function of one such nerve growth 

factor from the venorn of the Formosan krait Bungarus multicinctus with the 

effects of sNGF isolated from mouse submaxillary gland. This comparison sho~ed 

that, although sNGF was effective at a much lower concentration than the sr!ke 

venom component, each of these NFGs produced identical effects on cPn 

.. morphology and nicoti.nic ACh receptor functiun. Our results showed that ~rowth 

factor treatment enhanced the iicetylcholine--s!.imulated influx of Na+ into °Cl2 . . . 

cells after
1
a 24 hr lag period and reached a maximum level after 4 to 6 days. 

This increaied sensitivity to cholinergic stimulation was lo~t slowly after th~ 

removal of nerve growth factors from cells, suggesting that there was a 

relatively stable i.ncrease in the number of ACh receptor-linked channels on 

PC12 cells treated with NGF. 

' ~-__ .. __ M 
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MATERIALS AND METHODS 

Cell growth and growth factor treatment conditions 

The PC12 clone of a rat pheochromocytoma cell line was obtained from the 

laboratory of Eric Shooter at Stanford University and grown in Dulbecco's 

modified Eagle's medium (GI8CO) containing 101 fetal talf serum and 51 horse 

serum. Cells were grown on polystyrene tissue culture dishes (Falcon) in a 

water-saturated atmosphere of 901 air, 10% co2• 

Nerve growth factors from two different sources \\..!re added to cultures of 

subconfluent cells plated at a concentration of about 3 x 105 cells per ml to 

induce cellular differentiation characteristic of PC12 cells. aNGF from mouse 

submaxillary gland was obtained from the Technology Transfer Office of SUNY, 

Albany, New York. Venom from the "Formosan krait 8ungarus multicinctus obtained 

from the Miami Serp~ntarium contained a component with nerve growth factor 

activity. The protein species in this crude venom were separated and purified 

by column ·chromatography on CM-Sepadex C50 and Sephadex G50 (Hanley et al., 

1977). This procedure separated the toxic venr.rn components from a nontoxic 

protein (fraction 98) which induced neurite OLtgrowth from chick ciliary 

ganglia (Hanley, 1978}. c:-nake· venom fraction 98 used in this study was 

isolated by :tat~lP.y and contained two protein components '.lith molecular weights 

of approximatetly 10-14,000 when electrophor~sed on 15% SDS polyacrylamide 

gels. Either> aNGF or fraction 98 were added to subconfluent cells in normal 

growth medium for the periods of time indicated for each experiment. 

Neurite outgrowth was observed with a Nikon Diaphot-TMO inverted micro-

scope with phase ·contrast optics, and the extent of neurite production was 

estimated using the criteria developed by Gunning et al. {1981a). Since the 

cells used for 22 Na+ uptake assays were plated at very high density {see 

below}, it was not feasible to determine the actual percentage of neurite-

,. 

.... ··._ ... 
.i. 
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bearing~cells. Estimates of neurite outgrowth were therefore based on neurite 

prod~ction relative to maximum responses under optimal BNGF treatment conditions. 

~ Assay for 22 Na+ Uptake 

Measurements of 22 Na + influx into PC12 cells· was performed as described 

by Patrick and Stallcup {1977b). PC12 cells were resuspended in fresh growth 

medium wi.th or without growth factor and plated on polylysi ne-coated 12-well 

cluster dishes {Costar) 1t a concentration of 1-2 x 10' cells per ml and 1 ml 

per well {4 cm 2 surface area)· for 24 hrs prior to assay unless specified 

otherwise. Immediately before the assay, cells were washed briefly with assay 

buffer composed of 130 mM NaCl, 5.4 mM KCl, 2 mM CaC1 2, 5 mM glucose and 50 mM · 

HEPES adjusted to pH 7.4 with NaOH. Assay buffer {300 lll) supplemented with 5 

mM ouabain, 1.5 l!Ci per ml 22NaCl {New England Nuclear) and agonist (carbamyl­

~holine or nicotine) was then added to each well to initiate the assay. 22 Na+ 

uptake was stopped'by washing the cells within 5 sec \'lith three 2-ml aliquots 

of wash buffer romposed of 150 mM NaCl, 5.4 mM KCl, 2 mM CaC1 2, 5 mM glucose 

and 5 mM HEPE~ l~ffer (pH_7.4). Cells were.dissolved in 1 ml of 0.4 N NaOH and 

the amount of labeled sodium taken up \·:as determined by counting in a Tracer 

Analytic gamma r.ounter. All values were normalized for protein content ir. each 

well determinea by the method of Lowry et al. {1951 ); C!=·ll counts with a hemo­

cytometer showed that there were appro;dmately 240 llg of protein per 106 
/ 

cells. Unless indicated otherwise, 22 Na+ uptake into identically treated c~ll~ 

assayed without agonist was subtracted to obtain net agonist-stimulated up­

take. Preliminary studies showed that uptake was linear with time between 0 

and 30 $ec in agreement with previous 22 Na + uptake studies with PC12 cells 

{Stallcup, 1979·:; Karpen et al., 1982). All assays were performed for 30 sec 

at 22°C. 
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The effects of cholinergic inhibitors on Na+ uptake were tested by 

preincubating cells for 10 min prior to assay in Prep medium (Dulbecco's 

modified Eagle's medium plus 1~ fetal calf serum and 5 mM HEPES, pH 7.4) 

containing inhibitor (Patrick and Stallcup, 1977b). Inhibitors wer.e removed 

prior to assay when cells were washed with assay buffer. 

To test the effect of removing growth factors from tr~ated cultures, 

cells were resuspended in 15 ml of Prepmedium and centrifuged at 200 g for 4 

min. The supernatant was discarded, and the cell pellet WdS gently resuspended 

1n Prep medium. This procedure was repeated for a total of three washes before 

the cells were resuspended in growth medium for replating on fresh culture 

dishes or on polylysine-coated dishes for Na+ uptake assays. 

Materials 

Atropine and d-tubocurarine were obtained from Calbiochem and 

N',0 2 '-dibutyryladenosine 3':5'-cyclic monophosphate (dbcAMP), nicotir.e and 

carbamylchol ine were fr·.;m Sigma. 

RESULTS 

~Effects of Nerve Factors on PC12 cell ll'Jrphol ogy 

Neurite outgrowth from PC12 cells exp6sed to nerve growth factor 

increased with time and with increasing aNGF concentrations. This outgrowth 
/ 

was maximal/when the .cells were treated with 50 ng aNGF per ml of medium for 4 

to 6 days_ (see Gunning et al., 198la). Approximately the same level of neurite 

production was obtained by growing cells in medium containing 5 pg of snake 

venom fraction 9B per ml of medium for the same period. The morphological 

changes in response to 9B treatment were indistinguishable from those of 

aNGF-treated cells, but 100-fold more 9B was necessary to elicit the response. 
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. 
Hanley (1978) also reported a 100-fold difference in the amount (by weight) of 

mouse submaxillary BNGF and fraction 98 required to stimulate maximal neurite 

outgrowth from chick ciliary ganglia. 

Carbamylchol ine-stimulated 22 Na + uptake 

Our initial experiments were designed to determine whether both nerve 

growth factors increased ACh-stimulated Na+ uptake by PC12 cells and, if so, 

whether this increased Na+ uptake could be inhibited by a-bungarotoxin or 

other fractions from the venom of 8ungarus multicinctus nhich were lethal when 

injected into mice (Hanley et al., 1977). Table 1 presents data which showed 

that a week-long exposure of PC12 cells to the nontoxic snake venom fraction 

98 stimulated Na+ uptake by about-80% when cells were assayed with the 

cholinergic agonist carbamyl choline ( CCh). Under these growth conditions, 

neurite outgrowth wa.s substantial. No increase in Na+ flux was seen after 

treating previously untreated cells with 98 for only 1 hr pr~or to assay. 

Also, a 1 hr preincubation of cells grown in normal or growth factor­

containing media Prep medium containing 98 had no effect on Na+ flux in 

response to cholinergic agonists. When other pre- and post-synaptic toxins 

isolated from!!:_ multicinctus venom (fraction numbers 6,7,8,9A and 10 as 

described by Hanley _et al., 1977) were adder! to cells at a concentratior. of 1 

mg per ml for 1 hr prior to assay for Na+ flux, we found no evidence for 20% 

or more inhibition of CCh-stimulated Na+ flux (data not shown). Also, 
/ 

a-bungarotoxin added to PC12 cells for up to 4 days did not induce neurite. 

outgrowth-. Thus, fraction 98, when added to cells for a prolonged period, 

enhanced CCh-sensitive cholinergic functioning, but none of the toxic snake 

venom fractions showed any substantial inhibition of CCh stimulated Na+ flux 

or any evidence of growth factor activity. 

We next compared the cholinergic sensitivity of PC12 cells treated with 

---- ,1;:; 
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different levels of 13NGF or 98 for 4 dayswith cells grown in normal growth 

medium without growth factor {Fig. 1). Since aNGF caused inhibition of cell 
( 

divisi~n after 4 to 6 days {Greene and Tischler, 1976}, we generally avoided 

longer 13NGF or 98 exposure times to minimize the differences in growth 

conditions of treated and untreated cells. Net CCh-stimulated Na+ uptake was 

about 215 to 230, nmoles per min per mg protein for untreated cells in these 

experiments and rose with increasing growth factor concentration to a maximum 

level of 650 to 680 nmoles per min per mg, almost 3 times as great. The 

maximum amount of CCh-stimulated ion flux was the same for each growth factor, 

but the amount of 98 required to achieve these levels was 100-fold greater 

than for aNGF on a weight basis. A 4-day exposure to 0.2 pg fraction 98 per ml 

of medium produced discernable neurite outgrowth while only 5 ng per ml of 

f3NGF per ml medi urn p,roduced a simi 1 ar response; maximum 1 evel s of growth 

factor-induced morphological change required 5 JJg per ml of ~8 or 50 ng per ml 

of 13NGF. Overall, the changes in CCh-sensitive Na+ uptake closely paralleled 

the morphological changes induced by each growth factor after a 4-day 

treatment. 

Carbamylcholine concentrations cf 3.2 mM were maximally effective in 

stimulating 22 'ca + uptake i nt~.; subconfl uent cultures of FCl2 cells grow11 under 

normal culture conditions {Fig. 2). Half maximal uptake required approximately 

0.5 mM CCh. In this experiment, the maximum CCh-stimulated Na+ uptake was 277 
/ 

± 7 nmoles per min per mg protein above the background uptake of 42 ± 3 nmoles 
. ' 

per min per mg in cells assayed without CCh. These values for maximum and 

half-max~mum stimulation of Na+ uptake into PC12 cells are similar to those 

reported by Patrick and Stallcup (1977b) for PC12 cells in response to CCh. 

PC12 cells treated with 98 or BNGF for 5 days also showed increased Na+ 

uptake in response to increasing concentrations of CCh (Fig. 2). When assayed 

' ..... 
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without CCh, approximately the same low background level of Na+ uptake was 

seen in untreated and growth factor-treated cells. Cells grown with each of 
+ . 

the two growth factors had the greatest Na uptake with 3.2 mM CCh and half 

maximal uptake at 0.4 to 0.5 mM CCh. Na+ uptake by BNGF- and 98-t~eated celis 

~~sayed with maximally effective CCh concentrations increased by at least 100% 

compared to untreated cells assayed under the same conditions. These results 

confinned that the morphological differentiation of PC12 cells in response to 

nerve growth factors was accompanied by an increase in Na+ uptake stimulated 

by the same maximally effective concentratior.s of CCh .. 

~icotinic stimulation of Na+ uptake 

The nicotinic cholinergic inhibitor d-tubocurarine (dTC} has been shown 

to inhibit CCh-stimulated Na+ influx (Patrick and Stallcup, 1977b} as well as 

electrophysiological responses to iontophoretically applied acetylcholine 

. '·· L 

(Dichter et al., 1977} in PC12 cells. We therefore examined the effect of dTC , .. 

on the 22 Na+ uptake into PC12 cells grown with and without each growth factor ··i 

{Fig~ 3A}'. Pre"ir:·-:ubation·of cells with 400.liM dTC for 10 min prior to assay 

inhibited mo1e than 90% of the Na + uptake stimulated by CCh. Half-maximal 

inhibition of Na+ flux occt•rred with 20-50 liM dTC both for growth factor 

treated and untreated cells. In contrast, atropine, an inhibitor of muscarinic 

cholinergic 1esponses, reduced Na+ flux by less than 50% of control values in 

PC12 cells ~rown in each of the three media at the highest inhibitor 

concentration used (400 liM,-Fig. 38). 

We also examined the extent to which nicotine could mimic the effect of 

carbamylcholine in stimulating 22 Na+ influx. Na+ uptake by untreated and 98-

or BNGF-treated cells (5-day total exposure) in response to nicotine 

concentrations ranging from 40 to 320 liM was very similar to those results 
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presented in Fig. 1 for CCh-stimulated uptake. Nicotine concentrations of 160 

11M were maximally effective in stimulating Na+ uptake by un~reated cells and 

cells trPated with either SNGF or 98. Table 2 presents a comparison of uptake 

by cells assayed with 160 11M nicotine compared to uptake into cells from the 

same experiment assayed with 3.2 mM CCh. These results showed that the Na+ 

· influx induced by maximally €ffective doses of nicotine was approximately 
+ . equal to the Na uptake stimulated by 3.2 mM CCh regardless of the growth 

conditions. Thus, nicotini~ stimulation accounted for virtually all of the 

CCh-stimulated uptake measured in these assays, and the nicotinic antagonist 

dTC was more than 10-fold more effective as an inhibitor than was the 

muscarinic antagonist atropine on a molar basis. 

Cyclic AMP effect on CCh-stimulated Na+ uptake 
I 

N', 0 2 -Dibutyryl cyclic AMP (dbcAMP) induces the outgrowth of short 

neurites from PC12 cells within 24 hrs (Schubert et al., 1977). SNGF in 

combination with dbcAMP greatly potentiates morphological differentiation in 

response to either agent a1one after 24 hrs {running et al., 1981~). We tested 

the possibi1ity that dbcP.MP would inc.:-eJse CCh-sensitive Na+ uptake by PCl~ 

cells or pcten1;iate the effec.t of SNGF or· 9B. The result~ in Table 3 showed 

that the net CCh-stimul a ted Na + influx into cells exposPd to 1 mM dbcAMP was 

in fact less than into untreated cells. A high percentage of these cells had 
/ 

developed short neurites under these growth conditions while the outgrowth of 

neurites from cells exposed to BNGF or 9B for 24 hrs was very limited even 

though these cells showed a 30% and 44% increase in Na+ uptake, respectively 

(Table 3). The addition of dbcAMP to 9B- or BNGF-treated cells during the 24 

hr treatment period greatly enhanced neurite production but decreased Na+ 

uptake into cells to a level lower than uptake into untreated cells. A 

___ k 

.. ~.1.. 
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.combination of 98 and BNGF produc.ed an increase in Na+ flux above the level in 

untreated cells approximately equal to BNGF treatment alone; neurite outgrowth 

from such cells was essentially the same as from cells treated with 98 or BNGF 

for 24 hrs. Growth of cells for more thJn 1 or 2 days in 1 mM dbcAMP caused·a 

large reduction in cell number apparently due to a toxic effect of dbcAMP as 

previously noted by Garrels and Schubert {1979). 

Time course of development of CCh-sensitivity 

We next examined the time required for the development of increased 

CCh-sensitive Na+ uptake by PC12 cells grown with growth factors by the 

procedure used for the experiment. in Figure 4. Cells subcultured at the same. 

time were exposed to maximally effective doses of fraction 98 for different 

intervals, then repl.a.ted for Na+ uptake measurements as described in Materials 

and Methods. CCh-stimul a ted uptake by cells grown without grQ·wth factors 

remained unchanged over the 4 day duration of the experiment. Whether grown 

with or without 98, ce11s assayed without agonist showed uniformly low levels 

of uptake. The first increase in agonist-stimulated uptake above the control 

.level was seen after 48 hrs when CCh-induced Na+ influx into 98-trFated cells 

was 77" greater than into untreated cells. Pfter 3 and 4 d~ys treatment with 

98, uptake was more than 100% higher than control values. 

We next compared the Na+ uptake inresponse to cholinergic stimulation by 
/ 

cells grown1 in culture medium without growth factor with cells grown over the 
• I 

same period of time with BNGF or 98 added at approximately 12 hr intervals 

{Fig. 5) ~ As in the. previous experiment, the Na+ uptake by each of the 

cultures assayed without a cholinergic agonist renfined the same (data not . , . " 
shown). For cells assayed with 3.2 mM CCh, no increase in Na+ uptake was 

detected after 18 hr~ of exposure to either BNGF or 98. After a 26 hr exposure 
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to growth factors, however, Na+ influx into cells treated ~~ith either growth 

faci~r had increased by about 40% compared to control cells. This enhanced 
' 

sensitivity to CCh continued to increase gradually over most of the rest of 

the 90 hr treatment. The maximum increase of about 2 times the control level 

was reached after about 3 days exposure to growth factor. In all other 

experiments performed by this same procedure, CCh-sensitivity increased only 

after 24-30 hrs of growth factor treatment, and this sensitivity increased 

gradually for 3 to 4 day' thereafter. 

Stability of the growth factor-induced change in CCh-sensitivity 

We next tested how long the nerve growth factor-enhanced CCh-sensitivity 

of PC12 cells remained elevated after growth factor-treated cells were 

replated in normal growth medium (Table 4). Cells grown with 98 for 8 days had 

Na+ uptake rates 2.5 times higher than did cells never exposed to growth 

factors; SNGF treatment resulted in a 2-fold increase compared to untreated 

cells. Cells exposed to either growth factor for the final 4 days of the 8-day 

period had about 75% of the increased uptake seen in cells grown in growth 

factor for the \'(lol e period. About 75% of the maximum uptake with .each growth 

factor remained after BNGF or 98 was removed 24 hrs before the cells were 

assayed for ~~"+flux. Rougt"iy one-third of the maximum response remained ''hen 

growth factors were removed during the final 4 days .of the experiment. 

Neurites rapidly regenerated from cells replated with growth 
/ 

factor-containing media after 4 days exposure to either 98 or SNGF as 

described in previous studies with BNGF treatment of PC12 cells (Greene, 

1977). However, when such growth factor-pretreated cells were replated without 

growth factors, neurites were almost completely absent. Thus, even though cell 

morphology had returned to the undiffe~entiated state, a substantial 

enhancement of Na+ uptake relative to untreated cells still occurred in 
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response to CCh 4 days after the removal of growth factor. When cells from one 

such experiment were exposed to 98 or BNGF for 4 days, then.grown without 

growth f~ctors for 6 additional days before assay, CCh-stimulated Na+ flux was 

approximately 201 higher than in untreated cells in each case (data not 

shown). 

/ 

I 

, L 

• ••• J 

.·~ 



. . 

.. 
14 

:DISCUSS ION 

These results demonstrated that nerve growth factors from two different 

sources dramatically enhanced the flux of Na+ ttl'rough the nicotinic 

acetylcholine receptor-linked ion channels in PC12 cells. The passive flux of 

ions through these channels was measur~d by the uptake of radiolabeled Na+ 

during the first 30 sec after the addition of cholinergic agonists to cells. 

Onder these conditions~ 22 Na+ uptake was maximally stimulated with the same 

concentration of the cholinergic agonists carbamylcholine or nicotine and was 

inhibited to the same extent by the nicotiniC cholinergic antagonist 

d-tubocurarine whether the cells were grown with or without either NGF. These 

tesults suggest that NGF treatment increases the number of functional ion 

conductance channels .in NGF-treated cells rather than changing the 

pharmacological characteristics of the receptors themselves. 

Dichter et al. ( 1977) first showed that BNGF increased ACh sensitivity in 

PC12 cells by measuring the depolarization of individual impaled cells grown 

for 2 weeks with NGF from mouse submaxillary gland. ~Jhen compared to untrea1·.ed 

cells, a higher percentage of NGF-treated cells were depolarized in respons~ 

to iontophoretic~lly appliP.d ACh. This response was as;ociated with an 

increased membrane conductance and was inhibited by d-tubocurarine. Cltw 

. experiments differed from those of Dichter et al. (1977) in focusing on 

changes in ACh-sensitive ion conductance changes in cells treated with NGrs 

for shorter1 periods of time as well as in the methods we used to measure these 
\ 

changes. Our results showed an increase in Na+ flux into cells between 1 and 4 

to 6 days after the addition of nerve growth factors which occurred before the 

cessation of cell division and DNA synthesis in response to NGF (Gunning et 

al., 198la). Overall, our quantitative measurements of ion conductance changes 

in PC12 cells in response to NGF were consistant with the electrophysiological 

. ·-' .li&. 
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measurements perfonned on individual cells by Dichter et al. (1977) indicating 
. . + 

that. 12Na flux measurements accurately reflected the sensitivity of PC12 

celTs to cholinergic agonists. 

Neither NGF from mouse submaxillary gland or from B. multicinctus venom 

(nor any of the other snake venom fractions tested) had any effect on 

CCh-stimulate~ Na+ uptake after a short treatment period (see Table 1). These 

results confinned the observations made by Patrick and Stallcup (1977b) from 

which ·they concluded tha~ a-bungarotoxin has no inhibitory effect on the 

functioning of the nicotinic ACh receptor in'PC12 cells. Our results also 

indicated that other venom components are ineffective as inhibitors of this 

receptor-linked ion flux into cells of neuronal origin and suggested that 

their lethal effect on mice, like the effect of a-bungarotoxin, was due to 

inhibition of cholinergic function at the neuromuscular junction. 

Cells grown in either BNGF or 98 for more than 24 hrs showed an enhanced 
+ ' 

sensitivity to cholinergic agonists which increased so that Na uptake after 4 

to 6 days was 2- to 3-times the 1 evel of uptake in untreated cells. All of our 

results showed i:.;le same Na + uptake and neurite generation responses with 

maximum concentrations of either NGF, and a combination of maximally effective 

doses of each NGF did not ~ncrease Na+ flux beyond the level seen with either 

growth factor alone. Though the 100-fold difference in the efficacy of t.he two 

growth factors on a weight basis showed thai they were clearly different 

~roteins, their effects on Na+ uptake and neurite generation were 

indistinguishable. 

In all time course experiments, cells were replated in fresh media with 

+ fresh growth factor 24 hrs before assay for Na flux to assure that the cells 

grown with different growth factors were assayed under more nearly similar 

conditions. When PC12 cells subcultured on the same day were assayed on 4 

,. 

.. ,_ i 
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successive days (Fig. 4), the uptake of Na+ into untreated cells remained the 

same demonstrating that the rate of 22Na+ uptake did not increase merely as a 

consequence of growth-conditioning of the medium or because of the increased 

cell density with age. Growth factor-treated cells subcultured and assayed by 

the same procedures had an uptake rate twice as great. 

The amount of nerve growth factor added to PC12 cells and the length of 

time that the cells were exposed to NGF from either source coincided with the 

outgrowth of neurites in response to BNGF as described in detail by Gunning et · 

al. (1981a). However, the generation of neurites by treatment with dbcAMP 

alone or in combination with either growth factor for 24 hrs was not 

associated with increased sensitivity to cholinergic stimulation of sodium 
. 

flux through the ACh receptor-linked ion channel. Also, when cells with 9B- or 

SNGF-generated neuri.tes were repl a ted in medi urn without nerve growth factors, 

neurite regeneration was limited to a small percentage of th~ cells. However, 

the cholinergic sensitivty of these cells was largely maintained for at least 

24 hrs and as much as 30-40% of the increased Na+ flux activity remained 4 

days after cells were repl~ted without NGF an~ neurites were lost~ These 

results were consistant \0/ith the resu.it:; of Gunning et al .. {1981b) which 

showed that db·..:AMP and NGF induced neurit€. formation by d·ifferent mechanisms· 

and showed that there was no clear association between the presence of 

neurites an~1 the sensitivity of the cells to CCh stimulation. 

Burnstein and Greene {1978) showed that the generation of neurites in 
in hi.bitor.s response to NGF was prevented by RNA synthes1s. However, the NGF-dependent 

. A 

regeneration of neurites occurred in cells treated with RNA synthesis 

inhibitors, suggesting that RNA synthesis had occurred during the initial 

exposure to NGF which facilitated the extension of neurites in response to 

continued exposure to NGF. Gunning et al. (1981a,b) observed an increase in 

\· 
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the levels of RNA and protein synthesis which began within 2.4 hrs after NGF 

was added to PC12 cells but was not seen when neurite production was induced 

by dbcAMP. Both the rise in CCh-sensitive Na+ uptake after 24 hrs and the 

insensitivity of dbcA~1P-treated cells· to CCh stimulation which we have 

observed therefore are consistant with the idea that these effects of NGF 

depend upon synthesis of new mRNA and protein. However, when we treated PC12 

cells with low levels of the RNA synthesis inhibitor actinomycin 0 (0.01 

pg/ml) 30 hrs before they were assayed for Na+ uptake, CCh-stimulated ion flux 

into both NGF treated and untreated cells was substanti~lly inhibited 

(unpublished results). Thus, this RNA synthesis inhibitor appeared to inhibit 

12 Na+ uptake directly, and we were unable to determine whether new RNA 

synthesis was required for the increase in carbamylcholine sensitivity by 

using this inhibitor. 

Jumblatt and Tischler (1982) recently showed that PC12 cells possess high 

affinity binding sites for the muscarinic antagonist quinuclidinyl benzilate .. 

(QNB). Treatment with BNGF produced an elevation in the number of QNB binding 

sites on cell5 w~ich was first apparent after a 2- to 5-day lag period and 

reached a m3ximum level of binding after about 2 weeks. Their result~ showed 

that the muscarinic antagcrist atropine was a much better inhib1tor of Qf\!'-, 

binding than was d-tubocurarine. Our results showed that the opposit~ was true 

for CCh-sti~ulated 22 Na+ uptake in PC12 cells (see Fig. 3). Our data also 

showed that1 nicotine was as effective as carbamylcholine in stimulating Na~ ,. 

uptake by NGF-treated or untreated cells (Table 2). Thus, though the 5-fold 

increase in muscarinic binding sites described by Jumblatt and Tischler (1982) 

occurred over roughly the same time period as the NGF-induced effect we have 

described, our results clearly showed that the increased 22 Na+ uptake in 

response to cholinergic agonists was not due to an increase in the number of 



te 

QNB binding sites. • 
'· These results have contributed to our understanding of the cholinergic 

sensitivity induced by nerve growth factors in PC12 cells. This increased 

sensitivity to neurotransmitter is undoubtedly an important event in the 

differentiation of neuronal cells and is accompanied by a number of other 

biochemical ahd morphological changes when PC12 cells are exposed to NGFs in 

culture. These changes include a 1- to 2-fold increase in the capacity of 

cells to bind BNGF after 3 to 5 days of treatment with BNGF (Calissano and 

Shelanski, 1980). This apparent increase in the number of BNGF receptors on 

the surface- of PC12 cells thus appears to closely parallel the NGF-induced 

effect we have observed. Whether either or both of these changes in PC12 

cells is due to NGF-induced gene "regulation leading to an increased 

incorporation of spe.cific proteins in the cell surface remains to be 

discovered. A great deal more needs to be learned before we can expect a 

complete understanding of how NGF induces these developmental changes in 

neuronal cells. 

/ 
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• 
TABLES 

Table 1. Effect of a-bungarotoxin and 98 fractions on·cch-stimulated Na+ 

uptake. Subconfluent cultures of PC12 cells were treated with. 0.5 llg/ml 

of 98 on day 0 and at 2 day intervals thereafter. On day 7, untreated and 

98-treated cells were replated in fresh media with or without 98 {0.5 .. 

llg/ml) for 22 Na + flux assay the next day as desc.ri bed in Methods. Prior 

to assay·, the culture media were removed and the cells were preincubated 

with Prep medium containing no additions (control), a-bungarotoxin {0.5 

llg/ml) or 98 {0.5 llg/ml) for·1 hr. The preincubation media were removed 

+ prior to assay for Na uptake in response to 0.5 mM CCh. Each value is 

the mean ± SEM for triplicate samples, and these results are typical of 3 

similar experiments. 

Growth Preincubation 2_2 Na ~ Uptake ~ Uptake into 
Conditions. Conditions ( nmo 1 es/m i n/mg) u·ntreated Cells 

Untreated control 158 ± 12 100 

a-8gt 173 ± 13 109 

98 148 ,.: - 4 94 

98-treated control 283 ± 3 179 

a-8gt 275 ± 6 174 

98 301 ± 23 190 

/ 
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Table 2. Nicotinic stimulation of Na+ flux into PC12 cells. CCh 

and"_nicotine-stimulated Na+ uptake by cells grown without added 

growth factor was compared to uptake by cells grown with 9B or BNGF 

for·4 days. Results are presented as the average of duplicate 

detenninations from a single experiment and compared as a percentage of 

the u~ta~~ into control {untreated} cells assayed with either 3.2 mM CCh 

or 160 ll.M nicotine~ {nic}; the nicotine-stimulated values are also 

expressed as a percentage of the CCh-stimul a ted .uptake into cells 

exposed to each growth factor. 

Agonist 

Growth conditions: 
Untreated 

9B {5 Pg/ml} 

~NG_F (50 ng/ml) 

/ 

/ 

22 Na + Uptake 
{ nmol es/mi n/mg} 

Nic CCh 

302 355 

832 746 

844 852 

% Uptake ; nto % Uptake into CCh-
Untreated Cells Stimulated Cells 

Nic CCh 

100 100 85 

276 210 112 

280 240 99 
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Table 3. Effect of dbcAMP on CCh:stimulated Na+ uptake with ·and without 

growth factors. Subconfl uent cultures of PC12 cells were repl ated on · 

polylysine-coated dishes and exposed to the indicated concentrations of 

dbcAMP and/or growth factors for 24 hrs prior to assay for Na + uptake in 

response to 3.2 mM carbamylcholine. Duplicate wells were assayed for 

each treatment condition, and these re~ults are representative of two 

similar experiments. 

12 Na + Uptake % Uptake into 

25 

( nmo 1 es/m i n/mg) Untreated Ce l1 s 

Untreated 198 ± 19 100 

dbcAMP (1 mM} 184 ± 1 93 

98 (5 Pg/ml) 257 ± 5 130 

BNGF (SO ng/ml) 284 ± 14 144 

dbcAMP + 98 157 ± 9 80 

dbcAMP + BNGF 175 ± 19 89 

98 + BNGF 281 ± 23 142 

/ 
/ 
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Table 4. Reversibility of growth factor enhanced CCh-stimulated Na+ uptake. 

Freshly subcultured PC12 cells were grown in media without _growth factor or 

with 5 llg/ml of 98 or 50 ng/ml of BNGF for 4 days. Cells were then replated in 

fresh media either with or without growth factors for an additional 3-day 

period. Following this second growth period, cells were harvested and replated 

in media with or without growth factor on polylysine-coated dishes for Na+ 

uptake assay 24 hrs 1 ater. In all cases, cells transferred from growth 

factor-containing to control growth medium were washed with Prep medium as 

described in Methods. The results are expressed as a percentage of the net 
+ growth factor-enhanced Na uptake (i.e., uptake into cells treated with 98 or 

SNGF for the entire length of the experiment minus the uptake by cells grown 

in control medium throughout the experiment). Essentially the same results 

were obtai ned when this experiment was repeated. 

Growth Media Changes 22 Na+ Uptake ~ Growth Factor-
4 days/3 days/1 day ( nmol es/mi n/mg) Enhanced Uptake 

Con/Con/Con "206 ± 20 0 

Con/98/98 440 ± 14 75 

98/98/98 519 ± 40 100 

98/98/Con 450 ± 13 78 
/ 

98/Con/Con ; 286 ± 9 26 

Con/NGF/NGF 351 ± 18 73 

NGF/NGF/NGF 410 ± 36 100 

. NGF /NGF /Con 358 ± 1 75 

NGF I Con/Con 290 ± 23 42 
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FIGURE LEGENDS 

f:i {Jure 1. Effect of 98 or BNGF on 22 Na + uptake by PC12 ce 11 s. Subc.onfl uent 

cultures of PC12 cells were plated in media containing fraction 98 {") at 

concentrations ranging from 0.1 to 10 J.lg per ml or BNGF {•) at concentrations 

~f 5 to 100 ng per ml. After 3 days, cells were replated for assay in fresh 

media with growth factors and assayed for Na + uptake with or without 3.2 mM 

CCh 24 hrs later. Each point represents the average uptake in duplicate wells 

from which the values for each cell sample varied by less than 10%. Protein 

content per well ranged from 270 to 440 Pg per well equivalent to 1.13 to 1.83 

)Cl0 1 cells per well. The open symbols in each r.ase represent data from 

co·ntrol cells grown without growth factor in each experiment. These results 

are representative of results obtained in three separate experiments. 

Figure 2. Carbamylcholine stimulation of Na+ uptake in growth factor-treated 

and untreated c~lls. PC12 cells replated on 100 mm dishes were grown in 

control m2dium (I) or in media containing ~0 ng/ml of BNGF {a) or ·s Pg/ml Qf 

snake \er.om fraction 98 (+). After 2 days a second dose of fresh growth factor 

was added to the.BNGF- and 38-treated cells. All cells were harvested aftP.i' a 

total of 4 days and replated on polylysine-coated dishes in media containing 

fresh growtW factors. Duplicate cell samples were assayed for Na+ uptake 
/ 

.without agonist and with CCh concentrations ranging from 0.1 to 6.4 mM. Uptake' 

by individual cell samples was within 7% of each average uptake value for all 

assays with CCh concentrations greater than 0.4 mM and within 20% of average 

uptake for the remaining samples; these results are typical of two such 

experiments. Protein concentration in individual wells ranged from 240 to 350 

Pg equivalent to 1.0 to 1.46 X 10' cells per well. 
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Figure 3. d-Tubocurarine and atropine inhibition of Na+ uptake by untreated, 

98- and BNGF-treated cells. PC12 cells plated on polylysine~coated 12-well 

dishes were grown without (0) or with 5 Pg per ml 9B (+)or 50 ng per ml SNGF 

(O) for 48 hrs. Media were then removed and replaced with Prep medium 

28 
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containing d-tubocuarine {A) or atropine {B) at conce_ntrations ranging from-.1 ~ 

to 400 PM for 10 min. The inhibitors were then removed, and the cells were 

assayed for 22 Na+ uptake in response to a subsaturating concentration of CCh 

(1 mM). The results are expressed as the percent of ac.:ivity assayed without 

inhibitor for each growth condition: 206 ± 2, 346 ± 13 and 364 ± 19 nmole~ per 

min per mg protein for untreated, 9B- and SNGF.;.treated cells, respectively, 

assayed in duplicate. A second experiment of this kind gave essentially the 

same results. 

Figure 4. Na+ uptake by PC12 cells grown with and without 9B for 1, 2, 3 or 4 

days. Cells were replated and grown for 2 days before half of the dishes were 

treated with 9B at a concentration of 5 P g/ml , The ce 11 s to be assayed for Na + 

uptake after 24 hrs (day 1 cells) were also rtplated on polylysine-coated 

dishes in fresh medium w-:th (¢,~) or without (0,1) 9B at that time. At 1 day 

intervals tht:r~..;-:tfter, other cells from these 9B-trEated dnd untreated cultures 

were harvested and assayed as described for day 1 cells. In all cases, cells 

were assayed' for 22 Na+ uptake without {open symbols) or with {closed symbols) 
/ 

3.2 mM CCh. Results are the mean of duplicate values and the range of the· 

duplicates are represented by error bars. 

Figure 5. Sodium uptake into PC12 cells treated with BNGF or 9B for a total of 

18 to 90 hrs. All cells in this experiment were subcultured from a subcon­

fluent population of PC12 cells, and a single dose of BNGF {50 ng/ml) or 9B {5 

-. 
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Pg/ml) was added to one group of dishes at that time and to other dishes of 

cetl_s at intervals thereafter. Seventy-two hrs after the first cells were 

exposed to growth factor, all cell cultiA:--es were replated for assay of Na+ 

uptake in response to 3.2 mM CCh as described in Methods. Fresh growth factors 

were added to all previously treated cells at that time as well as to 

previously untreated cells for the final 18 hr period prior to assay for 

sodium u·ptake. Results are expressed as nmoles of Na+ taken up by untreated 

(0) cells grown for the entire 90 hr period as well as for cells treated with 

98 (•) and SNGF {O) for \laryi ng 1 engths of time before the assay. The error 

bars indicate the range of duplicate cell samples in this experiment; three 

other experiments c.f this type gave similar results. 

/ 
I ,. 

·-- !-;; 

\ k 



FIGURE 1 
lvr_ty and Bennett 

ng/ ml [NGF] ( a ) 
7oo --·----t---- - --- 3 10 30 

-· 
~ 

.00 . 
E 

........ 600 c: . ·"E ~-

' .{I) 
(I) 

15 -500 _E . 
C· ........, 

·(I) 
~ ·co 
~ 400 
-.0. . ;:> . 
+co 
z 
~ 300 

. <> . 
200 . ~~-- ~-- -----;~ -·--_----· I 

3 

/ 

/ 

fJg/ml f9B] ( ¢) 

30 

100 

10 

tBL 8~!1-11316 

,. 

- . .i 

... 
• 



.. ___ Ji.lj 

31 

FIGURE 2 
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FIGURE 5 
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