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Nerve Growth Factor ‘Increases Nicotinic ACh Receptor Gene 
Expression and Current Density in Wild-Type and Piotein 
Kinase A-Deficient PC 12 Cells 
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Departments of ‘Physiology and 2 Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 037553833 

Although neuronal nicotinic ACh receptors (nAChR) play a 
key role in synaptic transmission and information transfer in 
the nervous system, little is known about the molecular 
mechanisms that govern the expression of the multiple sub- 
units that form the receptors and determine their functional 
properties. Using electrophysiological and molecular biolog- 
ical approaches, we have investigated the NGF-mediated 
regulation of nAChR expression in rat pheochromocytoma 
(PC1 2) cells and protein kinase A (PKA)-deficient PC1 2 cells. 
We report that NGF treatment increases steady state levels 
of mRNA encoding the (Ye, (Ye, (Y,, &, and 8, subunits, increas- 
es the occurrence of ACh-induced single-channel activity in 
excised patches, and increases ACh-induced macroscopic 
current density, all by mechanisms independent of PKA ac- 
tivity. 

[Key words: ion channel regulation, neoronal nicotinic ACh 
receptors, NGF, PC12 cells, protein kinase A, patch-clamp 
recording, gene expression, mRNA] 

In the nervous system, information is transmitted across syn- 
apses between individual nerve cells by chemical neurotrans- 
mitters such as ACh. The binding of these neurotransmitter 
molecules to specific receptor proteins in postsynaptic neurons 
is a key step in this process. Changes in the function, expression, 
or density of the receptor proteins can have profound effects on 
the efficacy of synaptic transmission, and ultimately influence 
the integration and modulation of information in the nervous 
system. Specifically, neuronal nicotinic ACh receptors (nAChR) 
are 300 kDa complexes composed of five membrane-spanning 
subunits (Lindstrom et al., 1987; Cooper et al., 1991) that as- 
sociate to form an ion-conducting pore through the plasma 
membrane. Molecular cloning studies have identified a family 
ofnAChR subunit genes that exhibit distinct temporal and tissue 
specific patterns of expression in the PNS and CNS, with at 
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least six distinct genes encoding 01 subunits and three genes 
encoding p subunits (Boulter et al., 1986, 1990; Goldman et al., 
1987; Deneris et al., 1988a,b; K. Wada et al., 1988; Duvosin 
et al., 1989; E. Wada et al., 1989; Seguela et al., 1993). Although 
nAChRs most likely contain two (Y subunits and three /3 subunits 
(Cooper et al., 1991) analysis of the electrophysiological and 
pharmacological properties of various combinations of these 
subunits suggests a great deal of functional diversity can arise 
from different combinations of a and /3 subunits (Boulter et al., 
1987; Duvosin et al., 1989; Papke et al., 1989; Luetje et al., 
1990; Luetje and Patrick, 1991; for review, see Deneris et al., 
199 1). While the functional implications of this diversity are 
beginning to be understood, little is known about the molecular 
mechanisms governing the expression of nAChRs, despite ev- 
idence that neurotrophic factors, such as NGF, play an impor- 
tant role. For example, NGF increases ACh current density in 
primary sensory neurons (Cooper and Lau, 1986; Mandelzys et 
al., 1990; Mandelzys and Cooper, 1992). In addition, NGF 
induces an increase in ACh sensitivity in the rat pheochromo- 
cytoma (PC12) cell line (Dichter et al., 1977; Ifune and Stein- 
bath, 1990a). 

Neurotrophins, such as NGF, are expressed early in devel- 
opment (for review, see Levi-Montalcini, 1987; Bothwell, 199 1) 
and play a critical role in the development and maintenance of 
both the PNS and CNS (for review, see Levi-Montalcini, 1987; 
Gage et al., 1991; Wagner and Kostyk, 1991). In particular, 
NGF influences the survival, growth, and differentiation of sym- 
pathetic and sensory neurons of the PNS and selective popu- 
lations of cholinergic neurons in the CNS (for review, see Levi- 
Montalcini, 1987; Barde, 1989). In addition, NGF induces PC 12 
cells to differentiate and acquire characteristics of sympathetic 
neurons (Greene and Tischler, 1976). The dramatic transfor- 
mation that occurs in PC12 cells in response to NGF includes 
cessation ofcell division, formation of long neurites, an increase 
in the synthesis of neurotransmitters, an increase in the ex- 
pression of voltage-dependent sodium (Na) channels, and an 
increase in sensitivity to ACh (for review, see Greene and Tisch- 
ler, 1982; Halegoua et al., 199 1). 

The interaction of NGF with specific cell surface receptors 
induces neuronal differentiation through the coordinate recruit- 
ment of a variety of cellular control mechanisms. The product 
of the proto-oncogene trk, p140”“, either alone or in association 
with a 75 kDa membrane-spanning protein, ~7.5 (Johnson et 
al., 1986; Radeke et al., 1987) serves as the high-affinity receptor 
for NGF (Hempstead et al., 199 1; Kaplan et al., 199 la,b; Klein 
et al., 199 1; for discussion, see Barker and Murphy, 1992; Chao, 
1992; Meakin and Shooter, 1992). When NGF binds to its high- 
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affinity receptor, the intrinsic tyrosine kinase activity of ~140’~~ 
is rapidly induced (Kaplan et al., 199 1 b; Klein et al., 199 1) and 
initiates a signaling cascade that involves a wide variety of sec- 
ond messenger pathways, including those associated with changes 
in phospholipid turnover, intracellular calcium, arachidonic acid, 
CAMP, and ras activity. A variety of protein kinases, including 
S6 kinase, protein kinase C (PKC), CAMP-dependent protein 
kinase A (PKA), and the extracellular signal-regulated kinases, 
have also been implicated in mediating the effects of NGF (for 
review, see Haleguoa et al., 1991). These rapidly occurring 
changes trigger an enormous cascade of gene expression, with 
the activation of immediate-early genes, encoding proteins such 
as c-j&, c-jun, and jun-B, occurring within minutes after ex- 
posure to NGF (Bartel, et al., 1989; for review, see Morgan and 
Curren, 1989). These proteins then appear to serve as transcrip- 
tion factors that subsequently activate genes associated with the 
neuronal phenotype (Gizang-Ginsberg and Ziff, 1990; for re- 
view, see Haleguoa et al., 199 1). 

In particular, the role of PKA in mediating the effects of NGF 
has received considerable scrutiny (for review, see Greene and 
Tischler, 1982; Haleguoa et al., 199 1). The treatment of PC1 2 
cells with permeable analogs of CAMP appears to mimic some 
of the responses to NGF and cause some of the same changes 
in protein phosphorylation (Haleguoa and Patrick, 1980; Erny 
et al., 1981; Cremins et al., 1986). Analyses of PKA-deficient 
cells have revealed NGF-mediated responses that are dependent 
upon PKA activity (Cremins et al., 1986; Ginty et al., 1992) 
but have also clearly shown that there are responses to NGF 
that can occur via PKA-independent mechanisms (Damon et 
al., 1990; Ginty et al., 199 1). While the role of PKA in the NGF- 
mediated induction of Na channels in PC12 cells has been in- 
vestigated (Kalman et al., 1990; Pollock et al., 1990; Ginty et 
al., 1992) its involvement in the NGF-mediated induction of 
nAChRs has not been determined. 

In the present study, we have exploited the experimental ad- 
vantages associated with PC12 cells and the fact that they ex- 
press nAChR to analyze the mechanisms underlying the NGF- 
mediated regulation ofnAChR expression. Using single-channel 
and whole-cell patch-clamp recording, as well as Northern blot 
hybridization analysis, we find that NGF treatment increases 
the steady state levels of mRNA encoding the a3, CQ, a1,, p2, and 
P, subunits, increases the occurrence of ACh-induced single- 
channel activity in excised membrane patches, and increases 
ACh-activated macroscopic current density, all by mechanisms 
independent of PKA activity. 

Materials and Methods 
Cell culture and reagents. Cells were maintained in a humidified CO, 
environment in Dulbecco’s Modified Eagle’s Medium (DMEM) con- 
taining 0.45% glucose, 10% fetal bovine serum, 5% heat inactivated 
horse serum, 100 U/ml penicillin, and 100 &ml streptomycin (GIBCO, 
Grand Island, NY). The 123.7 cells, generously provided by J. Wagner 
(Cornell Medical Center), were maintained in media that contained 500 
&ml G4 18 (GIBCO). Media were changed every other day, and cells 
were passaged once a week. Cells were grown in 100 mm (for RNA) or 
35 mm (for electrophysiology) tissue culture dishes (Falcon). When 
appropriate, cells were treated with 100 rig/ml of 7s NGF (Upstate 
Biotechnology, Inc., Plattsburg, NY) for 7 d, with fresh growth factor 
added each time the media were changed. 

Electrophysiological recording and analysis. Prior to recording, a plas- 
tic insert was placed inside of a 35 mm culture dish containing cells 
and held into place with Vaseline petroleum jelly, forming a 0.5 ml 
chamber that was continuously perfused at 1 ml/min with an extracel- 
lular saline solution (150 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM 

MgCl,, 5 mM HEPES, 5 mM glucose). In initial experiments, 500 nM 
atropine was included in the extracellular solution; however, inclusion 
of atropine did not cause discernible changes in the results obtained, 
and it was omitted from further experiments because of a reported 
blocking effect on the inward currents elicited by ACh (Ifune and Stein- 
bath, 1990b). Cells were viewed at a magnification of 640x using a 
Zeiss Axiovert inverted microscope equipped with Hoffman modulation 
contrast optics. Patch-clamp recordings (Hamill et al., 198 1) were made 
at room temperature (20-24°C) using a List EPC-7 patch-clamp am- 
plifier (Medical Systems Corp., Greenvale, NY). Patch electrodes were 
pulled from capillary glass (Sutter Instruments, Novato, CA) and had 
resistances of 3-7 MQ when filled with an internal saline solution (140 
mM CsCI, 10 mM EGTA, 10 mM HEPES, pH 7.2). For the whole-cell 
recordings, electrode tips were coated with Sylgard (Dow Coming, Mid- 
land, MI) to minimize electrode capacitance. Puffer electrodes contained 
ACh (acetylcholine chloride; Sigma Chemical Co., St. Louis, MO) dis- 
solved in the extracellular saline solution. Puffer electrodes used for the 
whole-cell experiments contained 100 PM ACh, had tip diameters of 5- 
10 pm, and were placed -30 km from the cell. For the single-channel 
experiments, puffer electrodes contained 10 PM ACh, had tip diameters 
of l-5 pm, and were placed -30 pm from the membrane patch. Voltage 
commands were applied, current measurements were stored, and pres- 
sure application (3 psi) of ACh from the puffer electrodes was controlled 
using an Atari computer-based acquisition system and software (In- 
strutech Corp., Elmont, NY). For the whole-cell recordings, the cell 
membrane potential was clamped to -80 mV, and a computer-driven 
system simultaneuously applied a 5 set pressure pulse to the back of a 
puffer electrode containing ACh while recording the current responses 
from the patch-clamp electrode. Electronic compensation was used to 
reduce the effective series resistance and the time constant ofmembrane 
charging, and provided measurements ofaccess resistance and cell mem- 
brane capacitance. Series resistance compensation of 60-75% was rou- 
tinely used. Data were analyzed from cells with estimated series resis- 
tance errors of 5 mV or less. When possible, subsequent to the application 
of ACh, voltage-dependent Na currents were assayed using previously 
established procedures (Ginty et al., 1992) and the current versus volt- 
age relationship and the kinetic parameters of the Na currents were used 
as additional indications of the quality of the voltage clamp. For the 
whole-cell recordings, the current signal was low-pass filtered at 4 kHz, 
and then digitally filtered at 2 kHz for storage and off-line analysis. The 
macroscopic current decay was fitted with two exponential components 
using an iterative fitting routine developed by F. J. Sigworth for Instru- 
tech Corp. The peak current and the estimate of cell membrane capac- 
itance (as an indication of membrane area) were used to calculate ACh 
current density. For single-channel recordings, the membrane potential 
was held at -80 to - 140 mV, and 10 PM ACh was applied every l-5 
min for 10 sec. The current signal was low-pass filtered at 10 kHz, and 
then digitally filtered at 4 kHz for storage and off-line analysis. Analysis 
was done as previously described (Brennan et al., 1992) using com- 
mercially available software (Instrutech Corp.). Slope conductances were 
estimated by linear regression, using the mean single-channel ampli- 
tudes at membrane potentials between -80 mV and - 140 mV. Min- 
imum gap duration for burst duration analysis was set at 5 msec. The 
fraction oftime open, as an indication ofopen probability, was estimated 
using commercially available software (F. J. Sigworth, Instrutech Corp.) 
and calculated as the sum (for current levels 1 through n) of the dwell 
time at each current level multiplied by the level number and divided 
by the total recording time. Values given in the text are mean ? SEM. 
Statistical significance was determined using a two-tailed Student’s t 

test. 
RNA isolation and Northern blot analysis. Cells plated at - 1 O6 cells 

per 100 mm tissue culture dish were harvested, total cellular RNA 
isolated from them by the method of Chirgwin et al. (1979) and 40 bg 
samples size-fractionated on 1 .O% agarose gels containing 2.0 M form- 
aldehyde. Following electrophoresis, the RNA was transferred to a nylon 
membrane (Zetabind, Cuno, Inc., Meridan, CT) overnight and the mem- 
brane baked at 80°C for 2 hr. Northern blot hybridization was then 
performed similar to that described in Boulter et al. (1990). Blots were 
prehybridized for 3 hr at 42°C in I M NaCl, 50% formamide, 10% 
dextran sulfate, 50 mM Tris pH 7.5, 1% SDS, 100 Kg/ml denatured 
salmon sperm DNA. The blots were then hybridized with random- 
primed cDNA probes generated using a commercially available kit (Be- 
thesda Research Laboratories, Grand Island, NY) and 3’P-labeled dCTP. 
nAChR cDNAs were generously provided by Dr. J. Boulter (The Salk 
Institute). Probes generated from these clones have been used in pre- 
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Table 1. Kinetic properties of the ACh-induced macroscopic currents in PC12 and PKA-deficient 123.7 cells 

Tpcak (msec) Tag., (set) 7,10w (se4 %,, 

PC12 107.0 + 10.1 0.31 i 0.04 5.53 i 1.09 82.8 + 3.3 
(n = 34) (n = 34) (n = 18) (n = 34) 

PC12 + NGF 137.8 i 11.1 0.41 IL 0.05 4.11 i- 0.65 81.2 + 2.7 
(n = 33) (n = 33) (n = 27) (n = 33) 

123.7 93.1 i 13.7 0.33 + 0.04 4.86 f  0.75 72.0 i 4.2 
(n = 23) (n = 22) (n = 18) (n = 20) 

123.7 + NGF 113.6 * 10.6 0.38 f  0.05 5.24 f  1.27 71.0 * 5.0 
(n = 22) (n = 21) (n = 20) (n = 21) 

The time-to-peak current (T,,,), the time constants of the fast (r& and slow (T,,.~) exponential components of the current decay, and the relative contribution of the 
fast exoonential comoonent to the total macroscooic current (%,...) are listed for untreated and NGF-treated PC12 and 123.7 cells. The mean f SEM are shown, with 
the number of cells in each group indicated in parentheses. 

,“... 

vious studies to detect nAChR transcripts (Boulter et al., 1990; Rogers 
et al., 1992), and for LY? consisted ofa 193 1 base pair (bp) EcoRI fragment 
corresponding to nucleotides -385 to 1546; for cy, a 1858 bp EcoRI/ 
Hind111 fragment corresponding to nucleotides - 15 1 to 1707; for o(~, 
a 2 110 bp Hind111 fragment corresponding to nucleotides ~ 2 1 to 2089; 
for q, a 1607 bp PstI fragment corresponding to nucleotides - 183 to 
1424; for q,, a 1760 bp HindIII/PstI fragment corresponding to nucle- 
otides -277 to 1483; for q, a 2105 bp KpnI/SmaI fragment corre- 
sponding to nucleotides -99 to 20 17; for p2, a 2 196 bp EcoRI fragment 
corresponding to nucleotides - 179 to 20 17; for p,, a 2 130 bp EcoRI 
fragment corresponding to nucleotides -258 to 1872; and for/&, a 2522 
bp EcoRI/XhoI fragment corresponding to nucleotides ~ 135 to 2387. 
Probes were added to the prehybridization solution at a final activity 
of 1 O6 cpm/ml. After a 14 hr hybridization at 65”C, the membrane was 
washed two times (30 min each) at room temperature in 2 x SSPE (0.75 
M NaCl, 57 mM Na,HPO,, 5 mM EDTA, pH 7.4), 0.5% SDS, two times 
(30 min each) at 65°C in 0.2 x SSPE, O.J% SDS, and then exposed to 
Kodak XAR film at -80°C for 7-72 hr. The blots were subseauentlv 
reprobed with an RNA probe specific for the - 1 kilobase (kb)‘cyclo- 
philin mRNA. The cyciophilin- probe, generated using a cyclophilin 
cDNA (generouslv urovided bv C. Machida. Oreeon Health Sciences 
University), a co&nercially a;ailable kit (Promeia Corp., Madison, 
WI) and 32P-labeled CTP, was added to the blots at a final activity of 
5 x lo5 cpm/ml. After a 14 hr hybridization, the blot was washed and 
exposed to Kodak XAR film at -80°C for 15-30 min. After densito- 
metric analysis of the autoradiographic densities representing the nAChR 
and cyclophilin mRNAs using the NIH IMAGE program, nAChR signals 
in the samples were normalized to their respective cyclophilin signal 
before being compared to each other. 

Results 
NGF increases ACh-induced macroscopic current density in 
PC12 and PKkdeficient PC12 cells 
Whole-cell currents elicited by pressure application ofACh from 
a puffer electrode were recorded from cells maintained in tissue 
culture dishes in the presence or absence of NGF for 7 d. The 
cell membrane potential was clamped to -80 mV, and a com- 
puter-driven system simultaneously applied a 5 set pressure 
pulse to the back of a puffer electrode containing 100 FM ACh 
while recording the current responses from the patch-clamp 
electrode. Peak currents were normalized to cell capacitance (see 
Materials and Methods) in order distinguish changes in current 
density from changes in current magnitude arising simply from 
increases in cell size. After the ACh-induced currents were re- 
corded, voltage-dependent Na currents were recorded using pre- 
viously established procedures (Ginty et al., 1992). The current 
versus voltage relationship and kinetic parameters of the Na 
currents were used as additional indications of the quality of 
the voltage clamp. In addition, for PC 12 cells, the induction of 
functional Na channel expression helped to verify that the cells 
had responded to NGF treatment. While almost all untreated 

PC12 cells (3 1 of 35) exhibited a discernible response to ACh 
(>20 PA), the responses were generally small (Fig. lA), and in 
most of the cells (21 of 35) the peak amplitude of the inward 
current was less than 100 pA. The peak current occurred within 
- 100 msec of the onset of the pressure applications of ACh, 
and the subsequent decline, presumably due to receptor desen- 
sitization, could be adequately described by the sum of two 
exponential components, one with a time constant (7& of 0.3- 
0.4 set, the other with a time constant (T~,~~) of 4-5 set (Table 
1). The fast component was predominant in all cases, accounting 
for - 80% of the total current (Table 1). The values for the time- 
to-peak current, the time constants of the two components, and 
the predominance of the fast component are consistent with 
previous results from PC12 cells (Ifune and Steinbach, 1990a) 
and primary neurons (Margiotta et al., 1987) using similar ex- 
perimental approaches. Upon treatment with NGF, there was 
a dramatic increase in the magnitude of the ACh-induced cur- 
rents (Fig. 1A). There was also a substantial increase in cell 
membrane capacitance (Fig. 2 caption), presumably reflecting 
the NGF-induced hypertrophy of PC 12 cells (Greene and Tisch- 
ler, 1976). Despite the increase in cell size, current densities 
observed for individual cells treated with NGF were often great- 
er than 50 pA/pF (11 of 33), values never observed for untreated 
PC1 2 cells (0 of 35). Overall, NGF treatment caused a significant 
increase (2.7-fold; p < 0.05) in the average ACh-induced mac- 
roscopic current density (Fig. 2). In contrast, NGF-induced 
changes in ACh sensitivity were not accompanied by apparent 
changes in the kinetics of the whole-cell currents (Table 1). 

The effect of NGF on the density of ACh-induced currents 
was also determined in two sublines of PC12 cells (123.7 and 
AB- 11) rendered PKA-deficient through the stable incorpora- 
tion and overexpression of mutant regulatory subunits of PKA 
(Ginty et al., 199 1). As judged from biochemical assays of PKA 
activity, 90% of the CAMP-dependent activation of PKA is 
inhibited in these cells, and in response to NGF the inhibition 
occurs to an even greater extent due to a marked increase in the 
expression of the mutant regulatory subunit but not the endog- 
enous regulatory subunit (Ginty et al., 199 1). Functionally, the 
phosphorylation of tyrosine hydroxylase, ribosomal S6, and his- 
tone 2B, the increase in ornithine decarboxylase (ODC) activity, 
and the induction of neurite outgrowth that normally occur in 
wild-type PC12 cells in response to CAMP analogs are unde- 
tectable in the PKA-deficient cells treated with dibutyryl-CAMP, 
although these changes occur in the PKA-deficient cells in re- 
sponse to NGF (Ginty et al., 199 1). In addition, in the present 
study the CAMP analog 8-(4-chlorophenyl-thio)adenosine 3’,5’- 
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A B 

ACh ACh 

PC12 123.7 

PC1 2 + NGF 123.7 + NGF 

Figure 1. NGF treatment increases the whole-cell macroscopic currents induced by ACh in PC12 and PKA-deficient PC12 cells. Shown are 
representative records of ACh-induced currents in untreated and NGF-treated PC 12 cells (A) and untreated and NGF-treated 123.7 cells (B). The 
duration of the pressure application of ACh from the puffer electrode is indicated by the solid bar above the current records. A solid line fitted to 
the decline of the current from its peak value is superimposed on the current records, and represents the sum of the fast and slow decaying 
exponential components of the current. Estimated time constants of the fast and slow decaying components for these four representative cells were 
rrar, = 0.2 1 msec, 7,,“- = 1.96 msec (untreated PC1 2 cell); 7rar, = 0.33 msec, 7,,0W = 3.90 msec (NGF-treated PC1 2 cell); arcs, = 0.27 msec, rSlow = 3.20 
msec (untreated 123.7 cell); and re,, = 0.32 msec, rSloW = 3.59 msec (NGF-treated 123.7 cell). The average time constants are shown in Table 1. 

cyclic monophosphate (8-CPT-CAMP) failed to elicit neurite 
outgrowth or an increase in ODC activity in these P&A-deficient 
cells (L. P. Henderson and R. A. Maue, unpublished observa- 
tions). With regard to functional nAChR expression, untreated 
123.7 cells were similar to untreated PC 12 cells in that most of 
them (23 of 26) had small, yet discernible responses to ACh 
(Fig. 1B). The peak current occurred within - 100 msec and the 
subsequent decline in current could be adequately described by 
two exponential components with time constants of -0.3 set 
and -5 set, with the fast component predominant in all cases 
(Table 1). More importantly, despite the PKA deficiency, NGF 
treatment still elicited a dramatic increase in the magnitude of 
the ACh-induced currents in these cells (Fig. 1B). In contrast, 
NGF treatment failed to elicit an increase in voltage-dependent 

Na channel expression in 123.7 cells (data not shown), in agree- 
ment with our previous results indicating that NGF-induced 
Na channel expression was PKA-dependent (Ginty et al., 1992). 
Despite the accompanying increase in cell membrane capaci- 
tance (Fig. 2 caption), the density of ACh-induced current in 
the NGF-treated 123.7 cells was often larger than observed for 
untreated 123.7 cells. As with PC12 cells, current densities ex- 
hibited by NGF-treated 123.7 cells often exceeded 50 pA/pF (7 
of 2 l), values never observed in untreated cells (0 of 26). Over- 
all, NGF treatment induced a 2.8-fold increase in the average 
density of the ACh-induced current, similar to that observed in 
PC 12 cells (Fig. 2). Furthermore, although there was a significant 
increase in the density of the ACh-induced currents in 123.7 
cells in response to NGF (p < 0.05) there were no apparent 
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changes in the kinetics of the whole-cell currents (Table 1). 
Analysis of the PKA-deficient AB-11 cells produced similar 
results (data not shown) and, when combined with the results 
obtained from the 123.7 cells, provides strong evidence that the 
NGF-mediated increase in the density of ACh-induced currents 
does not require PKA activity. 

NGF increases ACh-induced single-channel activity in 
membrane patches from PC12 and PKA-dejicient PC12 cells 
Neuronal nAChRs with different functional properties, includ- 
ing differences in mean channel open time and single-channel 
conductance, have been described (Bormann and Matthaei, 1983; 
Margiotta and Gurantz, 1989; Papke et al., 1989; Papke and 
Heinemann, 199 1; Ifune and Steinbach, 1990b, 199 1; Listerud 
et al., 199 1). While analysis of whole-cell currents is useful for 
revealing the NGF-mediated increase in the density of ACh- 
induced currents, single-channel analysis provides a direct means 
of characterizing the functional properties of the individual 
nAChRs, and determining whether NGF treatment, the lack of 
PKA activity, or both, influences these properties. Therefore, 
single-channel recordings were made from outside-out patches 
of membrane during 10 set applications of 10 PM ACh from a 
puffer electrode. In patches containing functional channels, there 
was a clear onset of single-channel activity in response to ACh 
(Fig. 3A). This activity was not observed when the puffer elec- 
trode contained only saline, was not abolished when atropine 
was included in the puffer solution, and did not differ substan- 
tially from the ACh-dependent activity observed in cell-at- 
tached recordings (data not shown). Although in most cases 
single-channel activity ceased during the course of the 10 set 
ACh application, activity occasionally continued for brief pe- 
riods of time beyond this. Only the single-channel activity oc- 
curring during the application of ACh was included for analysis. 

Single-channel activity was elicited by ACh in 23% (20 of 87) 
of the membrane patches excised from untreated PC12 cells 
(Fig. 38). Nearly all ACh-induced events could be attributed to 
one class, which had a slope conductance of 43.4 + 2.5 pS (n 
= 6) and an average burst duration at - 80 mV of 12.92 + 3.4 1 
msec (n = 10). In the NGF-treated cells, the percentage ofpatch- 
es with ACh-induced activity was 2.7-fold higher (62%, 51 of 
82), corresponding closely to the increase in macroscopic current 
density observed in the whole-cell recordings. In addition, the 
percentage of patches with simultaneous openings of more than 
one nAChR channel increased from 22% for untreated cells to 
37% for treated cells. The increase in single-channel activity was 
not accompanied by obvious changes in single channel con- 
ductance (Fig. 3C) or mean burst duration, and in NGF-treated 
PC12 cells, nearly all ACh-induced events could be attributed 
to channels with a slope conductance of 47.6 + 5.5 pS (n = 6) 
and a mean burst duration at -80 mV of 11.02 f 2.14 msec 
(n = 2 1). For patches that had only a single channel active at a 
time, the fraction of time open was calculated (see Materials 
and Methods) and was not significantly different in patches from 
treated and untreated PC 12 cells (data not shown). 

The single-channel activity induced by ACh in both the un- 
treated and NGF-treated 123.7 cells was noticeably similar to 
that observed in PC 12 cells (Fig. 3B). ACh-induced single chan- 
nel activity was detected in 25% (14 of 57) of the patches from 
untreated 123.7 cells, and increased 2.3-fold to 56% (27 of 48) 
when patches from NGF-treated 123.7 cells were analyzed. As 
with PC12 cells, the percentage of patches with simultaneous 
openings of more than one nAChR channel increased with NGF 
treatment, from 0% for untreated cells to 30% for treated cells. 
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Figure 2. NGF treatment increases the average ACh-induced current 
density in PC1 2 and PKA-deficient 123.7 cells. The number of cells in 
each group is indicated in parentheses. The SEM is shown as an error 
bar. The average cell membrane capacitance (mean t SEM) for PC12 
cells was 6.5 TO.2 pF (n = 35), for NGF-treated PC12 cells was 15.0 
+ 0.9 pF (n = 33), for 123.7 cells was 9.6 + 0.5 pF (n = 26), and for 
NGF-treated 123.7 cells was 15.5 * 1.0 pF (n = 21). 

Nearly all ACh-induced events recorded in 123.7 cells could be 
attributed to a single conductance class of 44.2 * 3.7 pS (n = 
6) with a mean burst duration at -80 mV of 13.79 -t 4.05 
msec (n = 6). Comparable activity was also observed in the AB- 
11 subline of PKA-deficient PC1 2 cells (data not shown). When 
ACh-induced events were recorded from membrane patches of 
NGF-treated 123.7 cells, similar values were obtained for the 
slope conductance (50.0 t 3.9 pS; n = 6) and mean burst du- 
ration at -80 mV (17.84 ? 4.29 msec; n = 18). When patches 
with only a single nAChR channel active at a time were ana- 
lyzed, the fraction of time open was not significantly different 
between treated and untreated 123.7 cells, and was similar to 
that observed in patches from PC12 cells. 

In both the untreated and NGF-treated PC 12 and 123.7 cells, 
events of both smaller and larger amplitude than the major class 
of events described above were occasionally observed (Fig. 3B). 
Heterogeneity in the functional classes of nAChR expressed in 
PC12 cells, with a predominant conductance class and other 
rarely observed channel types, has been reported in previous 
studies (Bormann and Matthaei, 1983; Ifune and Steinbach, 
1990b, 199 1). However, both the low frequency of occurrence 
of these smaller and larger events and the “rundown” or “drop- 
out” observed for nAChR activity in excised patches (Ifune and 
Steinbach, 199 1; Vernino et al., 1992) precluded further char- 
acterization beyond the observation that their frequency in re- 
lation to the major conductance class did not appear to be af- 
fected by NGF treatment or PKA deficiency (L. P. Henderson 
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and R. A. Mave, unpublished observations). Instead, the overall 
results suggest that the ACh-induced response of both untreated 
and NGF-treated PC12 cells is primarily due to the activity of 
a 43-50 pS channel and that the functional characteristics of 
nAChRs in untreated and NGF-treated PC1 2 cells are not dra- 
matically altered by the absence of PKA activity. 

NGF increases nAChR gene expression in PC12 and 
PKA -deficien t PC1 2 cells 
To begin to investigate the molecular events underlying the 
increase in ACh sensitivity that occurs in PC1 2 cells in response 
to NGF, the expression of RNA transcripts encoding nAChR 
subunits was measured using Northern blot analysis. The RNA 
from untreated and NGF-treated cells was probed with 32P- 
labeled cDNA probes under hybridization conditions that al- 
lowed subunit-specific mRNA transcripts to be detected (Boul- 
ter et al., 1990; Rogers et al., 1992). To quantitate changes in 
nAChR mRNA levels and control for variations in RNA load- 
ing, densitometry was used to analyze the nAChR signals and 
normalize them to the signal for cyclophilin mRNA, which is 
constitutively expressed in PC 12 cells and unaffected by growth 
factor treatment (Machida et al., 1989). 

As shown in Figure 4, untreated PC12 cells expressed RNA 
transcripts corresponding to the cyJ, a5, LY,, &, and p4 nAChR 
subunits. In contrast, RNA corresponding to the cyZ, a4, (Ye, and 
& subunits were not detected, even when blots were exposed to 
film for 72-96 hr (data not shown). Multiple transcripts were 
evident for the CY,, a5, and p, subunits, consistent with previous 
reports (Boulter et al., 1986, 1990; Rogers et al., 1992). Multiple 
transcripts for the & subunit, similar to those reported in earlier 
studies (Boulter et al., 1990), were also evident upon exposure 
of the blots to film for longer periods of time (data not shown). 
In NGF-treated PC12 cells, the same nAChR transcripts were 
expressed as in the untreated cells (Fig. 4). However, in all cases 
there were 1.5-2.5-fold increases in the steady state levels of 
mRNA encoding the individual subunits, with the multiple tran- 
script forms for a given subunit appearing to be equally affected 
(Fig. 4). The increases in a3, LYE, 01,, &, and p, subunit mRNAs 
were consistently observed in separate experiments with differ- 
ent platings of cells and different lots of growth factor. Fur- 
thermore, when expression of o(3 and p4 transcripts was analyzed 
in PC 12 cells obtained from three additional sources, NGF treat- 
ment caused an increase in these mRNAs (data not shown), 
indicating that the observed increases in specific nAChR tran- 
scripts were not unique to the PC12 cells used in the present 
study. 

The expression of nAChR transcripts in the PKA-deficient 
123.7 cells was similar to that observed in the PC12 cells (Fig. 
4). In untreated 123.7 cells, RNA transcripts encoding the OIL, 

asa LY,, &, and p, subunits were detected (Fig. 4), while those 
encoding the a,, 01~, o(~, or & subunits were not, even upon 
exposure of the blot to film for 72-96 hr (data not shown). 
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Multiple transcripts were evident for the a3, o(~, and p, subunits, 
and could be detected for the pZ subunit upon longer exposures 
of the blot to film. Upon treatment of the cells with NGF, the 
same nAChR transcripts were expressed at 1.5-2.5 times the 
levels found in untreated 123.7 cells, with multiple transcripts 
for a given subunit appearing to be equally affected (Fig. 4). As 
in PC12 cells, the increases in nAChR transcript levels were 
consistently observed in separate experiments with different 
platings of cells and different lots of growth factor, and were 
accompanied by increases in Na channel mRNA (data not shown) 
that were comparable to those previously reported for these cells 
(Ginty et al., 1992). When combined with the results from the 
PC 12 cells, the results from the PKA-deficient cells clearly show 
that NGF causes an increase in the steady-state levels of mRNA 
encoding specific nAChR subunits, and does so by means that 
are independent of PKA activity. 

Discussion 
In order to identify the molecular mechanisms that govern the 
expression of nAChRs and extend our understanding of the 
means by which NGF influences neuronal differentiation, we 
have used patch-clamp recording and Northern blot hybridiza- 
tion to analyze the effects of NGF on ACh sensitivity in PC12 
cells and PKA-deficient PC12 sublines. NGF induced a signif- 
icant increase in nAChR macroscopic current density, in accord 
with previous electrophysiological studies (Dichter et al., 1977; 
Ifune and Steinbach, 1990a). Furthermore, our results are also 
consistent with the two- to threefold increases in )H-nicotine 
binding (Madhok and Sharp, 1992) and agonist-induced 2zNa+ 
flux (Amy and Bennett, 1983) that occur in PC12 cells in re- 
sponse to NGF. These results contrast with those of Rogers et 
al. (1992), who recently reported that the average nAChR cur- 
rent density in PC1 2 cells did not change upon treatment with 
NGF, despite an increase in the proportion of responsive cells 
and a similar range ofnAChR current densities in both untreated 
and treated cells. In our study, the proportion ofcells responding 
to ACh did not increase dramatically upon treatment with NGF 
because most of the untreated cells had small, yet discernible 
responses at the outset. However, the density of nAChR current 
in individual NGF-treated cells was often much larger than ever 
observed in the untreated cells, and there was a significant in- 
crease in the average current density, consistent with previous 
reports ofNGF effects on nAChR expression in primary sensory 
neurons (Mandelzys et al., 1990) and PC12 cells (Ifune and 
Steinbach, 1990a). The reason for this incongruity is not clear, 
although it may be due to a difference in the particular subclone 
of PC12 cells used by Rogers and colleagues as those authors 
suggest (Rogers et al., 1992). 

Our analysis also included the first direct comparison of the 
ACh-induced single-channel activity in untreated versus NGF- 
treated PC12 cells. The increase in the percentage of patches 
with ACh-induced activity in NGF-treated cells was not accom- 

Figure 3. ACh-induced single-channel currents in PC12 and 123.7 cells. For all current records, downward deflections represent channel openings, 
V,,, = - 120 mV, and the current records were filtered at 4 kHz. A, Pressure application of 10 PM ACh from a puffer electrode for 10 set (beginning 
at arrow) elicits single-channel activity in an excised, outside-out patch of membrane from an NGF-treated PC12 cell. B, Representative single- 
channel currents elicited by 10 HM ACh in excised, outside-out patches of membrane from untreated and NGF-treated PC 12 cells (left) and untreated 
and NGF-treated PKA-deficient 123.7 cells (right). The asterisk indicates a single-channel event of smaller amplitude than normally observed at 
this membrane potential. C, Representative current versus voltage relationships for ACh-induced single-channel events in membrane patches from 
untreated (0) and NGF-treated (0) PC12 cells (left), and untreated (0) and NGF-treated (0) 123.7 cells (right). The symbols represent the mean 
single-channel current amplitude at the corresponding membrane potential. The solid lines drawn through the symbols were calculated by linear 
regression, and were used to provide an estimate of slope conductance. 
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panied by obvious changes in single-channel conductance, mean 
burst duration, or fraction of time open. This suggests that the 
increased response of PC 12 cells to ACh upon NGF treatment 
involves an increase in the number of functional nAChRs and 
not a dramatic change in channel type. An increase in the num- 
ber of nAChRs is consistent with previous reports demonstrat- 
ing NGF-mediated increases in the binding of ACh receptor 
antibodies (Whiting et al., 1987) and ?H-nicotine (Madhok and 
Sharp, 1992) to PC1 2 cells. Under all conditions, the predom- 
inant channel type observed in PC1 2 cells had a slope conduc- 
tance and a mean burst duration comparable to nAChRs pre- 
viously described in PC 12 cells (Bormann and Matthaei, 1983; 
Ifune and Steinbach, 1990b, 1991) bovine chromaffin cells 
(Fenwick et al., 1982) chick ciliary neurons (Margiotta et al., 
1987), and sympathetic neurons (Listerud et al., 199 1). 

Results from whole-cell and single-channel recordings also 
provide the first evidence that a deficiency in PKA activity does 
not alter the constitutive expression, the NGF-stimulated ex- 
pression, or the functional properties of nAChRs in PC 12 cells. 
The NGF-stimulated increase in nAChR expression is similar 
to other PKA-independent responses to NGF, including changes 
in cell size, neurite outgrowth, ODC activity, and protein phos- 
phorylation (Ginty et al., 199 1, 1992). However, it is in stark 
contrast to the PKA-dependent changes in functional Na chan- 
nel expression (Kalman et al., 1990; Ginty et al., 1992) and 
tyrosine hydroxylase phosphorylation (Cremins et al., 1986) that 
occur in response to NGF. In chick ciliary ganglion neurons, 
PKA appears to play a role in modulating ACh sensitivity, since 
CAMP and CAMP analogs cause a rapid increase in the number 
of functional channels (Margiotta et al., 1987). A rapid increase 
in ACh sensitivity does not appear to occur in PC 12 cells, since 
treatment of PC12 cells with the CAMP analog 8-CPT-CAMP 
for 4-6 hr did not cause detectable changes in the amplitude or 
kinetics of the ACh-induced whole-cell currents (Henderson and 
Maue, unpublished observations), nor did CAMP analogs cause 
a detectable increase in the carbamylcholine-induced 2*Na+ in- 
flux (Amy and Bennett, 1983). Furthermore, CAMP analogs do 
not increase the response of chromaffin cells to ACh (Dubin et 
al., 1992). The reason for the difference in the ability of CAMP 
to influence nAChR function in chick ciliary neurons versus 
PC1 2 and chromaffin cells is not clear. While there is evidence 
for CAMP-dependent phosphorylation of the LYE subunit ex- 
pressed in chick ciliary neurons (Vijayaraghavan et al., 1990), 
the only mammalian subunits with consensus sites for phos- 
phorylation by PKA are a14 (for review, see Swope et al., 1992) 
which does not appear to be expressed in PC 12 cells (Rogers et 
al., 1992; present study), and 01, (Seguela et al., 1993) which 
may not contribute to the ACh-induced currents in these cells 
(Patrick and Stallcup, 1977; for discussion, see Seguela et al., 
1993). 

To define further the molecular mechanisms underlying 
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nAChR expression in PC12 cells, Northern blot analysis was 
used to determine the steady state levels of nAChR subunit- 
specific mRNAs in both untreated and NGF-treated PC 12 and 
PKA-deficient 123.7 cells. The spectrum of nAChR subunit 
mRNAs expressed in PC12 and 123.7 cells is similar to that 
reported for sympathetic and parasympathetic neurons (Liste- 
rud et al., 1991; Corriveau and Berg, 1993). In PC12 and 123.7 
cells, multiple transcripts were evident for the a3, +, &, and p, 
subunits, as reported in previous studies (Boulter et al., 1990; 
Rogers et al., 1992). Although the relevance of these multiple 
transcripts is not clear, they are also detected in RNA from rat 
adrenal glands and, based on the results of RNase protection 
experiments, probably represent stable splicing intermediates 
derived from a single gene (for discussion, see Boulter et al., 
1990). The results obtained from the untreated PC1 2 and 123.7 
cells are not only in general agreement with earlier studies (De- 
neris et al., 1988a; Boulter et al., 1990; Rogers et al., 1992) but 
extend the analysis of nAChR expression in PC12 cells to in- 
clude the cyh and a), subunits, and provide the first documentation 
of 01, expression in these cells. Furthermore, the results from 
the untreated 123.7 cells demonstrate for the first time that the 
basal level of nAChR gene expression in PC 12 cells occurs by 
mechanisms that are independent of PKA activity. 

NGF treatment consistently induced increases in nAChR 
mRNA in PC 12 and 123.7 cells. The response to NGF did not 
include changes in the subset of nAChR subunit genes that were 
expressed, and instead involved increases in the steady state 
levels of the nAChR subunit mRNAs expressed under basal 
conditions, with the multiple transcripts encoding a particular 
subunit appearing to be equally affected. In contrast, Rogers et 
al. (1992) reported that, with the exception of the pZ mRNA, 
NGF treatment decreased nAChR mRNA levels. The reason 
for this discrepancy is not clear, and again may reside in the 
particular subclone of PC12 cells used in those studies, given 
that we observed NGF-dependent increases in nAChR tran- 
script levels in PC1 2 cells obtained from several different sources. 
The increase in nAChR mRNA levels observed in the present 
study is consistent with other published results. For example, 
the increase in carbamylcholine-stimulated zzNa+ influx in PC12 
cells upon treatment with NGF is apparently inhibited by the 
RNA synthesis inhibitor actinomycin D (Amy and Bennett, 
1983). In addition, the approximately twofold increase in nAChR 
mRNA levels observed in the present study is comparable in 
magnitude to other NGF-induced increases in mRNA in PC 12 
cells, including those for tyrosine hydroxylase and tubulin (Fer- 
nyhough and Ishii, 1987; Leonard et al., 1987; for review, see 
Haleguoa et al., 1991). Furthermore, the changes in nAChR 
mRNA levels are also comparable to the electrophysiological 
changes detected in parallel cultures of these cells. Most im- 
portant, the results presented here also show for the first time 
that the increase in nAChR subunit mRNAs in response to NGF 

Figure 4. Northern blot analysis of nAChR mRNA expression in PC12 and PKA-deficient 123.7 cells. In each blot, 40 qg samples of RNA from 
untreated cells (-) or cells treated with 100 ng’ml NGF for 7 d (+) were analyzed using random-primed, 32P-labeled probes. The position and 
molecular sizes of a commercially available RNA ladder (Bethesda Research Laboratories, Grand Island, NY) are shown on the leff. For (Ye, signals 
at -3.9 kb and 2.6 kb are shown after 24 hr exposure to film; for ols, signals at - 10 kb, 7.8 kb, 4.5 kb, and 2.8 kb are shown after 48 hr exposure 
to film; for LYE, a signal at -5.5 kb is shown after 72 hr exposure to film; for &, a signal at -7.6 kb is shown after 7 hr exposure to film; for p4, 
signals at -5.1 kb and 3.5 kb are shown after 72 hr exposure to film. The corresponding cyclophilin mRNA signals (Cycle), used as an internal 
control to ensure that equivalent amounts of RNA were loaded in each lane and as a means of normalizing the nAChR signals during densitometric 
analysis, are shown after the blots were probed again with a 32P-labeled antisense probe specific for the - 1 kb cyclophilin mRNA and exposed to 
film for 15-30 min. Although for each case the results from one experiment are shown, consistent results were obtained in three or four separate 
experiments, using different platings of cells and different lots of growth factor. 
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can occur via PKA-independent mechanisms, similar to the 
PKA-independent increases in C-$X, egr- 1, GAP-43, transin, 
and type II Na channel mRNAs that occur in response to NGF 
(Ginty et al., 199 1, 1992; Machida et al., 1991). 

In the present study, NGF treatment led to an increase in the 
steady state levels of all of the expressed nAChR mRNAs. Al- 
though the mechanistic implications ofthe concomitant increase 
in nAChR subunit mRNAs are unknown, the arrangement of 
the a3, a5, and fl, genes in a tightly linked gene cluster (Boulter 
et al., 1990) may be relevant. Additional analysis of NGF-me- 
diated changes in nAChR gene expression and the regulation of 
individual subunit genes will be necessary to define further the 
mechanisms that contribute to the increases in mRNA. For 
example, while withdrawal from the cell cycle can, by itself, lead 
to accumulation of specific mRNAs (Medford et al., 1983), the 
increases in nAChR mRNA could also arise from changes in 
mRNA stability (Lindenbaum et al., 1988), in transcriptional 
activity (Gizang-Ginsberg and Ziff, 1990), or both, since NGF 
has been shown to influence gene expression in PC12 cells by 
these mechanisms (for review, see Haleguoa et al., 1991). To 
address these issues, as well as others, combined electrophysi- 
ological and molecular biological analyses of PC12 cells with 
selective alterations in signaling components should continue 
to provide new insights into the mechanisms underlying nAChR 
regulation and the actions of NGF, and by doing so provide an 
avenue toward understanding the mechanisms guiding the de- 
velopment and differentiation of the nervous system. 
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