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ACh regulates the gene encoding phenylethanolamine
N-methyltransferase (PNMT) in bovine adrenal chromaffin
cells. In addition to stimulating catecholamine release from
these cells, cholinergic agents elevate transcription of the
PNMT gene. Carbachol, which activates both nicotinic and
muscarinic receptors, produces 12-19-fold increases in
PNMT mRNA and a 22-fold increase in epinephrine release.
Selective nicotinic and muscarinic antagonists (hexame-
thonium and atropine) each partially reduce carbachol-stim-
ulated increases in PNMT mRNA while a combination of both
eliminates >90% of the carbachol response, thus indicating
that separable nicotinic and muscarinic components con-
tribute to the cholinergic increase in PNMT mRNA. Muscarine
alone produces a dose-dependent increase (mean sixfold)
in steady state PNMT mRNA levels and stimulates the rate
of transcription fivefold. Only atropine and the m3-m4-se-
lective muscarinic antagonist 4-diphenylacetoxy-4-methyl-
piperidine (4-DAMP) reduce the response to muscarine,
strongly suggesting that the m4 receptor is crucial for PNMT
mRNA activation. In these chromaffin cells, muscarine in-
hibits adenylate cyclase, antagonists bind with affinities
characteristic of m4 receptors, and cDNA hybridization de-
tects only m4 mRNAs (Fernando et al.,, 1991). Nicotine also
induces a dose-dependent increase (mean of 8.5-fold) in
PNMT mRNA levels. The importance of voltage-gated Ca?+
channels in the nicotine effect is demonstrated by the stim-
ulatory effects of calcium ionophores on PNMT mRNA levels
(two- to fivefold increase) and the ability of the L- and N-type
channel blockers nifedipine and w-conotoxin to decrease the
nicotine response (by 60% and 40%, respectively). Nuclear
“run-on’ assays further reveal that nicotine enhances tran-
scription of the PNMT gene (approximately fourfold). Thus,
this study provides the first demonstration that both nicotinic
and muscarinic stimulation modify genomic responses of
bovine adrenergic chromaffin cells and identifies possible
mechanisms.
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Stimulation of chromathn cells of the adrenal medulla by pre-
ganglionic cholinergic neurons not only releases norepinephrine
and epinephrine from the gland but, when prolonged, increases
the activities, amounts. and mRNAs for several enzymes sub-
serving catecholamine biosynthesis (Stachowiak et al., 1990a;
Fossom et al., 1991). The epinephrine (adrenaline)-synthesizing
enzyme phenylethanolamine N-methyltransferase (PNMT) is
induced by cholinergic stimulation of the adrena! medulla (Wak-
ade et al., 1988). While both of thesc actions of preganglionic
nerve activity are mediated presynaptically by ACh, the class
of cholinergic receptor responsible for each action is less certain.
In some species—for example, cat, guinea pig, and rati—both
nicotinic and muscarinic receptors can stimulate catecholamine
secretion from adrenal medullary cells, while only nicotinic ag-
onists are active in cow (reviewed in Carmichael, 1986). How-
ever, muscarinic receptor stimulation potentiates nicotinic ef-
feets on catecholamine release (Barron and Hexum, 1986).

Conflicting evidence exists regarding the ability of both re-
ceptors to induce production of the mRNA coding for PNMT
(Evinger et al., 1988; Stachowiak et al., 1990a; Wan et al., 199 1).
It therefore is of considerable interest to resolve whether stim-
ulated muscarinic and nicotinic receptors are each capable of
activating the gene for PNMT. Since intracellular signal trans-
duction pathways for adrenal muscarinic and nicotinic receptors
differ substantially. this would suggest that two divergent intra-
cellular pathways responding to the same transmitter must con-
verge within the cell to activate a common gene.

In the present study we investigate whether selective stimu-
lation of cholinergic muscarinic and nicotinic receptors on bo-
vine adrenal chromaffin cells in culture can initiate transcription
of the PNMT gene to promote accumulation of PNMT mRNA.
We demonstrate that both receptors are capable of this action.

Materials and Methods

Chromaffin cell cultures. Chromaffin cells were established in primary
culture by a modification of the method of Wilson (1987), as described
i Ross et al. (1990). Briefly, freshly isolated medullae from bovine
adrenal glands (Max Insel Cohen, Inc.) were dispersed in a solution of
DNase I (Sigma; 50 ug/ml) and collagenase (type I; Worthington Bio-
chemicals; 2 mg/ml) and then fractionated by density centrifugation on
Renografin gradients. Cells were cultured at a density of 2.7 x 107 per
10 em plate in Dulbceco’s modified Eagle’s medium:F12 medium sup-
plemented with 10% fetal bovine serum, 10 mm HEPES, pH 7.4, and
penicillin, streptomycin, and neomycin antibiotic (GIBCO/Bethesda
Research Labs).

Northern analvses of chromaffin cell RNA. Total RNA was isolated
from each of triplicate chromaffin cell cultures by incubation in 0.5%



NP-40 detergent and phenol extraction (Ausubel et al., 1991) with 10
wg/ml glycogen added to improve recovery. Northern analysis of 10-
15 ug of total RNA following denaturing formaldehyde agarose gel
electrophoresis was performed to detect the presence of specific mRNAs.
Random-primed PNMT cDNA (Baetge et al., 1986) was used for de-
tection of the 1100 nucleotide PNMT mRNA, while an 18 S rRNA
(gift of R. Guntaka, Univ. Missouri) or a-tubulin cDNA (Carroll et al.,
1991) was used for subsequent probing of biots to normalize for any
variation in loading between samples. Hybridization was performed in
50% formamide, 2 x SSC (standard saline citrate: 0.15 m NaCl, 0.015
M sodium citrate), 10 mm PIPES, pH 6.5, 1 x Denhardt’s solution, 100
ug/ml calf thymus DNA, and 50 ug/ml Escherichia coli tRNA at 42°C
for 16-24 hr. Washing was performed at 55°C to 0.1 x SSC. Following
autoradiography with an intensifying screen, the resulting films were
scanned with an LKB densitometer. Multiple exposures were performed
to ensure that the autoradiographic signals were within the linear re-
sponse range of the Kodak XAR film.

Transcription elongation assays. In vitro nuclear transcription run-on
assays to measure the rate of PNMT gene transcription were performed
as described by Evinger et al. (1992b). Nuclei were prepared from bovine
chromaffin cell cultures treated for 1 hr prior to harvest by scraping and
washing in phosphate-buffered saline. Cell lysis was accomplished by
incubation in buffer A (10 mm Tris, pH 8.0, 3 mm CaCl,, 2 mm MgCl,,
0.5 mm dithiothreitol, 0.3 M sucrose) for 5 min on ice, centrifugation,
and resuspension in buffer A plus 0.5% NP-40 detergent for 5 min (0
°C). Nuclei were washed twice by centrifugation in buffer A and then
resuspended in buffer B [SO0 mm HEPES, pH 7.0, 5 mm MgCl,, 0.5 mm
dithiothreitol, and 25% (v/v) glycerol] at 5 x 107 nuclei/ml.

Elongation assays and hybridizations were performed as previously
described (Evinger and Joh, 1989; Evinger et al., 1992b). Transcription
was initiated by the addition of nuclei (2-5 x 10¢), allowed to proceed
for 20 min at 22°C, and then terminated by digestion with DNase (2
ug/ml) for 30 min, followed by Proteinase K (100 ug/ml) and 0.1% SDS.
Heterogeneous nuclear RNAs (hnRNAs) were extracted and precipi-
tated prior to two successive rounds of DNase and Proteinase K diges-
tion. Total cpm incorporated into hnRNAs was determined by trichlo-
roacetic acid precipitation.

hnRNAs were hybridized (as described above) with each reaction
containing duplicate filters of PNMT ¢DNA (or antisense cRNA) and,
as an index of nonspecific binding, equal amounts of pGEM-3 DNA
(or E. coli rRNA). Hybridization proceeded at 42°C for 48 hr. Filters
were then washed twice in 0.3 M NaCl, 1 mm EDTA, 0.1% SDS, and
then incubated with RNases A (20 ug/ml) and T, (10 U/ml) to digest
unhybridized transcripts. Washing continued using progressively strin-
gent conditions until no more counts were detectable in the eluate. All
filters were washed at least 3 hr in 0.1 x SSC at 65°C.

Catecholamine quantitation. Catecholamines were measured in chro-
maffin cells and in culture medium following 10 min of treatment (Re-
gunathan et al., 1991b). Following alumina extraction, a u-Bondpak
C18 reverse-phase column (Millipore-Waters) fractionated catechol-
amines via isocratic elution using 0.1 M citrate/acetate buffer (pH 4.5)
containing I mm sodium octyl sulfate and 2 mm EDTA. Flow rate was
maintained at 0.8 ml/min at a column temperature of 35°C. Electrode
potential was +0.65 V versus Ag/AgCl reference electrode; sensitivity
was 1 nA full scale. Baseline separation was achieved for norepinephrine,
epinephrine, and dopamine with retention times of 6, 8, and 14 min,
respectively.

PNMT enzymatic activity was measured using *H-S-adenosyl me-
thionine (*H-SAM) as substrate with protein determined by the Lowry
method (Evinger et al., 1992b).

Measurement of second messengers. Production of cAMP and cGMP
was measured by radioimmunoassay as described in Regunathan et al.
(1991a). Assays for cAMP and ¢cGMP were carried out using the non-
acetylated protocols with the Amersham radioimmunoassay kits.

Inositol phosphate hydrolysis was assayed by estimating the accu-
mulation of inositol-1-phosphate in the presence of lithium according
to the method of Berridge as described by Regunathan et al. (1991a).
Cells (10¢) were prelabeled with 2 uCi of 3H-inositol for 16 hr in cell
culture medium. Following labeling and then washing in Krebs-Ringer
bicarbonate buffer (KRB) containing 10 mm unlabeled inositol, cells
were incubated in the presence of drugs for 30 min in KRB containing
10 mm lithium chloride. After extraction and then fractionation on an
AG 1-X8 (Bio-Rad) column, inositol-1-phosphate was eluted using 0.2
M ammonium formate in 0.1 M formic acid. Radioactivity was measured
by liquid scintillation counting. Results represent dpm of inositol-1-
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Table 1. Effect of cholinergic agonists on the release of
catecholamines from bovine adrenal chromaffin cells

Norepi-
Epinephrine nephrine
(% of cell (% of cell
content) content)
Control 0.95 £ 0.15 1.05 = 0.21
Carbachol (100 um) 21.3 = 2.4* 29.3 + 2,6*
Nicotine (10 um) 19.5 + 1.8* 27.3 + 2.2%
Carbachol + hexamethonium
(100 um) 2.5 + 0.5%* 2.4 + 0.6%*F
Nicotine + hexamethonium
(100 um) 1.5 + 0.7** 2.1+ 0.8%*

The release of catecholamines from chromaffin cells in 10 min was measured in
the presence of cholinergic agents. The content of catecholamines in the cells was
21.5 + 2.6 and 17.8 + 1.9 nmol/10¢ cells for epinephrine and norepinephrine,
respectively. Values are mean + SE from four or five experiments.

*p < 0.001 compared to control.
** p < 0.001 compared to carbachol or nicotine group.

phosphate expressed as percentage of total dpm (inositol-1-phosphate
+ lipid dpm).

‘H-QNB binding assay for muscarinic ACh receptor sites. Radioligand
binding assays with *H-QNB (*H-quinuclidinyl benzilate) for deter-
mination of specific binding to muscarinic receptor subtypes were per-
formed as previously described (Haxhiu-Poskurica et al., 1993). Mem-
brane pellets were slowly thawed and resuspended at a concentration
of 100-120 ug protein/ml in Tris-HCI buffer. Assays were conducted
in a total volume of 250 ul in polypropylene 96-well plates (Beckman
Macrowell), and each well contained 125 ul of membrane suspension,
25 ul of radioligand, and 100 ul of drug or vehicle (water). Incubations
were initiated by the addition of membrane suspension and were carried
out for 60 min at 25°C. Nonspecific binding of *H-QNB was defined in
the presence of 1.0 um atropine. Incubations were terminated by vacuum
filtration over prewetted Whatman GF/B glass fiber filters using a cell
harvester (Brandel). The filters were washed four times with 5 ml of
ice-cold Tris-HCI, transferred to minivials, covered with 4 ml of scin-
tillation cocktail (Bio-Safe 1I, Research Products International), and
counted at 50% efficiency for up to 5 min. Protein content of membrane
suspension was determined by the Peterson (1977) method.

Data were obtained as dpm and transferred to the EBDA (Equilibrium
Binding Data analysis) program (McPherson, 1985) for initial processing,
and then 4-10 experiments were analyzed simultaneously using the
LIGAND program for nonlinear curve fitting (Munson and Rodbard,
1980). Protein assay data also were analyzed by nonlinear curve fitting
(McPherson, 1985).

Reagents. Nicotine tartrate (£) (Sigma) was freshly prepared as a 5
mM stock. Muscarine and w-conotoxin were purchased from Research
Biochemicals, Inc. The calcium ionophore A23187 (Pharmacia) was
prepared as a 100 uMm stock in dimethyl sulfoxide. *H-QNB (40-60 Ci/
mmol) was obtained from New England Nuclear (Boston, MA), stored
at —20°C in ethanol, and diluted in water prior to assay. Stock solutions
of most drugs were made in 0.01 M acetic acid and diluted in water
immediately prior to assay. Pirenzepine (M, antagonist), methoctramine
(M, antagonist), and 4-diphenylacetoxy-4-methylpiperidine (4-DAMP)
(M;/M, antagonist) were obtained from Research Biochemicals Inter-
national (Natick, MA). AF-DX 116 was a gift from Bochringer-Ingel-
heim (Ridgefield, CT). Atropine, scopolamine, and other compounds
were obtained from Sigma Chemical (St. Louis, MO). All other reagents
were obtained from routine laboratory suppliers.

Results

Effects of carbachol on PNMT mRNA

In order to resolve whether a single transmitter, ACh, could act
simultaneously through separate muscarinic and nicotinic re-
ceptor populations, the dual cholinergic agonist carbachol was
first employed to ascertain whether PNMT mRNA levels re-
spond to cholinergic stimulation. Exposure of primary cultures
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Figure 1. Cholinergic regulation of PNMT mRNA, To determine
whether PNMT mRNA levels are regulated by cholinergic stimuli, chro-
maffin cell cultures were incubated with (1) media alone, (2) 200 um
carbachol, (3) carbachol + 10 uM hexamethonium (nicotinic antagonist),
(4) carbachol + 1 uM atropine (muscarinic antagonist), or (5) carbachol
+ hexamethonium and atropine. 4, Northern blots were probed first
with PNMT cDNA and then with cDNA for 18 S rRNA. B, Changes
in mRNA are expressed as the ratio of PNMT:18 S rRNA autoradio-
graphic intensities.
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Figure 2. Nicotinic modulation of PNMT mRNA. 4, Autoradiograms
depicting the dose response of PNMT mRNA (top) and 18 S rRNA
(bottom) in bovine adrenal chromaffin cell cultures after 18 hr of in-
cubation in the presence of carbachol. The nicotinic component of this
response is evidenced by the decreasing steady state levels of carbachol-
stimulated PNMT mRNA in the presence of increasing concentrations
of hexamethonium. B, Densitometric quantitation of the autoradio-
graphic data for carbachol induction.

of bovine adrenal chromaffin cells to carbachol (100 um) elicited
a 22-fold and 28-fold increase of release into the medium of
epinephrine and norepinephrine, respectively (Table 1). This
same concentration of carbachol also increased the accumula-
tion of PNMT mRNA 12-19-fold (mean of 13.4-fold for n =
6 experiments) after 16 hr of treatment as determined by North-
ern blot analysis (Fig. 1). The increase in PNMT mRNA elicited
by carbachol was dose dependent, with a maximum effect ob-
tained at 200 um (Fig. 2). At higher doses, the response declined,
an effect comparable to the reported reduction of catecholamine
secretion, and presumably a result of receptor desensitization
(Marley, 1988).

To establish that the responses were receptor mediated, cul-
tures were treated with carbachol (200 um) alone or with car-
bachol following incubation (20 min) with the nicotinic receptor
antagonist hexamethonium bromide (10 gM) or the muscarinic
receptor antagonist atropine (10 um). Hexamethonium inhibited
by 75% the carbachol-stimulated increase (18-fold) in PNMT
mRNA (Fig. 1B), consistent with evidence that the major cho-
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Figure 3. Muscarinic stimulation of PNMT mRNA. 4, Northern blot
analysis of the time course for muscarinic induction of PNMT mRNA
in chromaffin cell cultures incubated with 100 um muscarine. B, Den-
sitometric quantitation of PNMT mRNA relative to 18 S rRNA reveals
maximal accumulation is observed at 13 hr with response again ap-
proaching control levels after 38 hr.

linergic response in bovine chromaffin cells is mediated by nic-
otinic receptors (reviewed in Carmichael, 1986). Atropine re-
duced the response by 50%. Combined, hexamethonium and
atropine reduced the response by > 90%. There was no change
from control levels when cultures were treated with hexame-
thonium or atropine in the absence of carbachol. Thus, cholin-
ergic stimulation of bovine chromaffin cells increases PNMT
mRNA through actions on both nicotinic and muscarinic cho-
linergic receptors.
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Figure 4. Inhibition of the muscarinic response by antagonists. Mus-
carine-stimulated levels of PNMT were compared to media-treated con-
trols (lane 1) after a total of 20 hr in culture with muscarine present for
2 hr (lane 2) or 20 hr (/lane 3). The PNMT mRNA response does not
appear to desensitize but rather increases with extended exposure to
muscarine. As seen previously (Fig. 1), 15 min of incubation with at-
ropine prior to addition of muscarine (100 um) blocks muscarinic-stim-
ulated effects after 20 hr in culture (lane 4). The m3-m4-selective an-
tagonist 4-DAMP (10 um) added 15 min prior to muscarine appears to
have a similar inhibitory influence on PNMT message levels after 20
hr in culture (lane 5).

Stimulation of muscarinic cholinergic receptors increases levels
of PNMT mRNA

Muscarine chloride, a selective agonist at muscarinic cholinergic
receptors, dose dependently increased PNMT mRNA, with
maximal effects obtained at 100 um and 50% maximal response
at 25-30 umM (not shown). The increase is detectable at 1 hr, is
maximally elevated at 12-16 hr, and requires >38 hr of treat-
ment to return to unstimulated levels (Fig. 3). The increase in
PNMT mRNA elicited by muscarine was directly related to the
duration of exposure to the drug. For example, when chromaffin
cells were exposed for 2 hr to 100 um muscarine, followed by
replacement with conditioned medium (from untreated cul-
tures), the increase in PNMT mRNA was fourfold at 20 hr (Fig.
4, lane 2). In contrast, continuous exposure to muscarine for 20
hr resulted in a 12-fold increase in PNMT mRNA (Fig. 4, lane
3).

Muscarine elicited a mean maximal increase in PNMT mRNA
of 6.3-fold (range, 3.9-12-fold; n = 7). There was greater ex-
perimental variability in response to muscarine than was pro-
duced by exposure to nicotine or by depolarization with potas-
sium (see below). Magnitude of response also varied between
commercial batches of muscarine. Choline chloride (100 um)
had no effect on PNMT mRNA levels (not shown), indicating
that the effects of muscarine chloride were not attributable to
the chloride counterion.

The catalytic activity of PNMT also increased following treat-
ment with muscarine. Exposure to 100 uM muscarine increased
PNMT enzymatic activity from 19.5 to 35.4 and from 5.85 to
10.61 pmol *H-SAM/mg protein in two separate experiments.
However, since PNMT mRNA clcvation precedes accumula-
tion of enzyme protein, this mean 1.8-fold increase in enzymatic
activity at 16 hr would be expected to be less than the maximum
response occurring at 24-36 hr.
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Figure 5. Specific "H-QNB binding to muscarinic receptors in mem-
branes from chromaffin cell maintained for different lengths of time in
culture. Chromaffin cell membranes were obtained immediately prior
to culture, and after 48, 72, and 168 hr in culture. Chromaffin cell
membranes were incubated with 0.2 nm *H-QNB for 60 min at 25°C.
Nonspecific binding was defined in parallel incubations containing 1
uM atropine and was not affected by time in culture. Values (mean +
SEM) represent the average of two experiments, each conducted in
duplicate.

Muscarinic receptor subtype

Induction of PNMT message by muscarine is blocked by the
nonselective muscarinic receptor antagonist atropine (1 um) (Fig.
4, lane 4). Since hybridization analyses of muscarinic receptor
mRNAs have established that bovine adrenal chromafhin cells
express only the m4 muscarinic receptor subtype mRNA (Fer-
nando et al., 1991), we investigated whether this subtype is the
receptor mediating the induction of PNMT mRNA by mus-
carine.

Chromaffin cells were exposed for 15 min to the m3-m4-
selective antagonist 4-DAMP, the m1-selective antagonist pi-
renzepine, or the m2 (cardiac)-selective antagonist AF-DX 116,
before incubation with muscarine (100 um). Pretreatment with
4-DAMP (Fig. 4, lane 5), but not with pirenzepine or AF-DX
116 {(not shown), blocked by 80% the muscarine-stimulated in-
crease in PNMT mRNA. A less than 10% change occurred when
antagonists alone were tested. This result is consistent with the
effect being mediated by muscarinic receptors of the m4 sub-
class.

Further confirmation of the presence of m4 receptors on chro-
maffin cells in culture is provided by receptor binding and sec-
ond messenger analyses. Scatchard analyses of radioligand as-

[PH]ONB Binding to Muscarinic
in Bovine Adrenomedullary Chromaffin Cells

100F w

® Atropine
Lo Scopolamine
m 4-DAMP

0 Methoctramine
A& Pirenzepine

A AF-DX 116
O_J_{[Ll; L FOTPRTRN
0-11 -10 -9 -8 -7 -6 -5

log [Competitor]

Percent Total Specific
[PH]QNB Binding
wl
(e}

Figure6. Dose-dependent inhibition by muscarinic antagonists of spe-
cific SH-QNB binding in membranes prepared from bovine adrenal
medullary chromaffin cells. Data represent the mean + SE from four
or five experiments conducted in triplicate and are expressed as a per-
centage of total specific binding defined as the difference between total
binding and that remaining in the presence of 1.0 um atropine. Curves
were generated by nonlinear curve fitting to a single-component logistic
function (INPLOT, GRAPHPAD software). Each curve accounts for a min-
imum of 96% of the total variance in the data (r* values range from
0.961 to 0.996).

says for binding of *H-QNB to chromaffin cell membranes
revealed that the receptors are both high affinity (K, = 300 +
73 pMm) and saturable (B,., = 58 += 9 fmol/mg protein), with
approximately 7600 + 1200 sites per chromaffin cell. Com-
parable *H-QNB binding parameters were obtained from freshly
isolated chromafhin cells (K, = 480 = 90 pm; B, = 97 = 14
fmol/mg protein), indicating that enzymatic dissociation does
not cause loss of binding sites. Values represent the mean of
two experiments using chromaffin cells and three experiments
using adrenal medulla, with each conducted in triplicate. More-
over, this level of *H-QNB binding is maintained throughout
one week in culture (Fig. 5). Importantly, muscarinic receptor
expression appears to remain constant during the 3—4 d intervals
needed to examine PNMT mRNA production.

Muscarinic receptors on bovine chromaffin cells displayed
pharmacological characteristics of the m4 subtype identified by
hybridization analyses (Fernando et al., 1991). Competition of
specific antagonists for muscarinic sites with both *H-QNB (Fig.
6) and *H-N-methyl scopolamine (NMS) produced rank order
of potencies with profiles that fit either the cloned m3 or m4
subtypes. The order of potency of muscarinic antagonists was
established by measuring the affinity constants (K;) and calcu-
lating the Hill slopes (»,;) for the following compounds (Fig. 6):
scopolamine (0.37 = 0.15 nMm; s, = 0.79 + 0.13) = atropine
(0.39 + 0.02 nm; 0.92 + 0.01) > 4-DAMP (2.97 + 0.31 nMm;
1.03 £ 0.09) > methoctramine (60 + 6.8 nm; 0.98 = 0.19) =
pirenzepine (79 + 7.2 nm; 1.13 = 0.22) > AF-DX 116 (890 =
98 nM; 1.05 + 0.10). These data are consistent with the m4
subtype. Further evidence for the m4 subtype is the strong cor-
relation between antagonist binding affinities observed in bo-
vine chromaffin cells with those reported for cloned m4 recep-
tors in CHO cells (Hulme et al., 1990} or expressed in rabbit
lung. When the negative log of K, values calculated from an-
tagonist binding for scopolamine, atropine, 4-DAMP, meth-



Table 2. Muscarine inhibits cAMP production in bovine chromaffin
cells

pmol cAMP

per 10¢ cells
Control 11.0 £ 0.4
Forskolin 253 £ 1.7*
Muscarine 8.3 + 0.63*
4-DAMP 10.8 + 0.75*
Muscarine + forskolin 10.8 + 1.6*
Muscarine + forskolin + 4-DAMP 26.8 + 1.3*

cAMP production was measured in chromaffin cells in culture. Values are from
four experiments. Cells were incubated with the following effectors for 10 min:
forskolin (25 um), muscarine (100 pm), 4-DAMP (10 um). For multiple treatments,
cells were incubated for (1) 15 min with muscarine prior to addition of forskolin
for the final incubation of 10 min or (2) 15 min with 4-DAMP and then 15 min
with muscarine prior to 10 min incubation with forskolin.

* p < 0.001 compared to control.

octramine, pirenzepine, and AF-DX 116 were plotted against
affinity values for rat m4 clones transfected into CHO cells and
tested in *H-NMS binding assays (Hulme et al., 1990) or for
scopolamine and 4-DAMP in rabbit lung m4 receptor binding
assays (Lazareno et al., 1990) (no data for cloned m4 receptors),
the best fit by linear regression yielded a correlation coefficient
of 0.991 (P < 0.01), a highly significant value. Hill transfor-
mation of the inhibition curves for each antagonist yields Hill
coefficients (n,) approximating 1, a fact also consistent with
binding to a single receptor subtype.

The m4 muscarinic receptor is proposed to be coupled intra-
cellularly to a mechanism that inhibits adenylate cyclase (Hulme
etal., 1990). Thisis assayed as the ability of muscarine treatment
to diminish forskolin-stimulated adenylate cyclase activity. The
presence of this mechanism in bovine chromaffin cells was con-
firmed by measuring cAMP accumulation in homogenates of
cells treated with forskolin (25 um), either in the presence or in
the absence of muscarine (100 uM). Forskolin treatment caused
a doubling of cAMP content (from 11.0 to 25.3 pmol in 10¢
cells) within 10 min, while muscarine alone had no effect (8.3
pmol of cAMP) (Table 2). However, the presence of muscarine
prior to addition of forskolin blocked the anticipated increase
in cAMP (10.8 pmol of cAMP). Conversely, the m3-m4-selec-
tive antagonist 4-DAMP attenuated the inhibitory effect of mus-
carine, thereby yielding cAMP levels similar to those seen with
forskolin treatment alone (26.8 pmol cAMP). These data further
establish the presence of the m4 subtype muscarinic receptors
on bovine chromaffin cells.

Effects of stimulation of nicotinic cholinergic receptors on
PNMT mRNA

Exposure of chromaffin cells to nicotine (10 um for 10 min)
partially depletes the catecholamine content of adrenal chro-
maffin cells. Consistent with reports by others, epinephrine con-
tent was reduced on average 48% (from 271 to 115 nmol/mg
protein in 10¢ cells), norepinephrine by 59% (from 297 to 121
nmol/mg protein), and dopamine by 32% (from 1970 to 1340
pmol/mg protein). Long-term (15 hr) exposure to nicotine also
dose dependently increased PNMT mRNA with maximum ef-
fects, up to 10-fold obtained between 30 and 50 um and with a
decrease in response at higher doses (Fig. 7). The maximal in-
crease occurred between 12 and 15 hr, followed by PNMT mRNA
levels declining to approximately 20% of their maximal state
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Figure 7. Nicotine-stimulated increases in PNMT mRNA involve Ca*+
channels. Increasing concentrations of nicotine were incubated with
chromaffin cells for 24 hr. The calcium L-channel antagonists verapamil
and nifedipine were tested for their ability to block the stimulatory effect
of nicotine on PNMT mRNA. Total RNAs (12.5 pg) were prepared
from chromaffin cell cultures treated for 24 hr with (lefi to right): nicotine
at (1) 0, (2) 1, (3) 10, (4) 100 um, (5) 10 pM + nifedipine (10 pm), and
(6) 10 um + verapamil (10 um). When normalized to 18 S rRNA in
each lane, the 10.5-fold increase in PNMT mRNA elicited by 10 um
nicotine is reduced by 70% with nifedipine and ~80% with the vera-
pamil.

by 24 hr, and fully recovering by 30 hr (not shown). Also,
consistent with the response seen for carbachol (Figs. 1 and 2),
the nicotinic receptor antagonist hexamethonium (10 pm) in-
hibited over 90% of the PNMT response obtained with 50 um
nicotine.

Calcium effects on PNMT mRNA expression

Stimulation of nicotinic receptors activates voltage-gated cal-
cium channels in adrenal chromaffin cells (Kley et al., 1987;
Holz, 1988; Marley, 1988), resulting thereby in an influx of
extracellular calcium sufficient to induce vesicular exocytosis
and catecholamine release. Physiological and pharmacological
data have suggested a mixture of multiple distinct calcium chan-
nels, specifically L-, N-, and (more recently) P-type channels
(Jan et al., 1990; Duarte et al., 1993). We investigated whether
comparable mechanisms are associated with the nicotine-stim-
ulated increase in PNMT mRNA.

To assess whether increased calcium influx influences PNMT
mRNA, cultures were incubated with the calcium ionophore
A23187 or with the L-type calcium channel agonist BAY K
8644. The doses selected were those reported to increase en-
kephalin gene expression in the adrenal medulla (Kley et al.,
1987). A23187 (10 nm) and BAY K 8644 (250 nm) (Fig. 8)
increased PNMT mRNA three- and fivefold, respectively, rel-
ative to control cultures (all data normalized to 18 S rRNA) as
shown by Northern analysis. Mean increases (# = 3 experiments)
of 2.7- and 3.8-fold were obtained for A23187 and BAY K
8644. Also, previously (not shown), addition of 2 mm calcium
to chromaffin cells maintained in calcium-depleted (<2 um)
medium elicited marked increases in PNMT (12.2-fold), tyro-
sine hydroxylase (9.8-fold), and enkephalin (4.9-fold) mRNAs
but no changes in a-tubulin mRNA (Evinger et al., 1987). This
study thus established that extracellular calcium can directly
influence PNMT mRNA production.

The increase in PNMT mRNA elicited by nicotine was re-
duced 60-90% (n = 3 experiments) (Fig. 7) by nifedipine, an
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Figure 8. Effects of calcium influx on PNMT mRNA. The influx of
extracellular calcium mediated by incubation of chromaffin cells with
the calcium ionophore A23187 (10 nm) or the agonist BAY K 8644
(250 nm) resulted in increased levels of PNMT mRNA relative to saline-
treated control cultures.

antagonist of the L-type calcium channel, and by 80% following
treatment with verapamil, an antagonist of N- and L-type chan-
nels. w-Conotoxin, an antagonist of N-type calcium channels,
reduced the response by only 40% (data not shown). Tested
individually, each of these antagonists was without effect on
PNMT mRNA levels. However, while calcium channel antag-
onists to varying degrees blocked the major portion of the nic-
otine-induced increase in PNMT mRNA, in no instance was
the entire effect abolished by blocking voltage-gated calcium
influx, thereby suggesting the presence of an additional non-
calcium component of the response.

Consistent with reports that other second messenger systems
may also contribute to the cholinergic response, we confirmed
in our chromaffin cell system that carbachol stimulates cAMP
production in 10 min by twofold (from 5.36 + 0.24 to 9.66 +
0.36 pmol cAMP/mg protein, n = 4) and inositol phosphate
turnover by approximately fourfold (from 3.6 = 0.5% to 16.1
+ 3.7% inositol phosphate formed in 30 min, n = 5-6). In a
separate experiment, ACh (50 um, plus 50 um 1-methyl-3-iso-
butylxanthine) induced a fourfold increase in cGMP in 5 min
(from 23.5 + 4.7 to 106 + 5.0 pmol cGMP/mg protein, n =
2-3). As we previously established that dibutyryl cCAMP and the
phorbol ester 12-O-tetradecanyl-phorbol-13-acetate each in-
duce PNMT mRNA (Carroll et al., 1991), we must yet resolve
which of the multiple second messenger systems in bovine chro-
maffin cells influence PNMT mRNA expression as a result of
nicotinic or muscarinic stimulation.

Effects of nicotine and muscarine on the rate of PNMT gene
transcription

To determine whether muscarine or nicotine stimulate tran-
scription of the PNMT gene, nuclear elongation “run-on” assays
were performed to contrast the relative proportion of the tran-
scriptional profile occupied by PNMT hnRNAs in chromaffin
cells treated with nicotine (50 um), muscarine (100 um), or by
depolarization with 50 mm KCIl. The amount of *P-labeled
hnRNA synthesized in nuclear preparations from chromaffin
cells was hybridized to single-stranded PNMT cDNA or antis-
ense cCRNA fixed to nitrocellulose filters. Because incorporation
of label into hnRINA and efficiency of hybridization vary from
experiment to experiment, data from four separate determi-
nations were compared as the n-fold induction in stimulated
chromaffin cells relative to saline-treated control cultures. In

each determination, nonspecific hybridization to an equivalent
amount of pGEM or pUC 18 plasmid DNA (or E. coli IRNA
for cRNA hybridizations) was subtracted. The results of rep-
resentative run-on assays are depicted in Table 3. Experiment
I includes both cDNA and cRNA probes for detection of PNMT
transcripts. Each determination was run in duplicate. In exper-
iment 2, a-tubulin hnRNA production was measured as an
internal standard, as steady state levels of a-tubulin mRNA had
previously been shown to remain constant with these treatments
(Evinger et al., 1987).

Nicotine, muscarine, and K*-mediated depolarization in-
creased the rate of PNMT mRNA transcription. On average,
nicotine stimulated the transcription rate 3.9-fold (n = 3), and
muscarine 5.4-fold (n = 4), while depolarization was the most
potent stimulus, increasing transcription rates 6.3-fold for the
PNMT gene. The more pronounced effect of potassium paral-
leled the 8—12-fold increase in steady state PNMT mRNA fol-
lowing potassium treatment (Evinger et al., 1987). In experiment
2, expression of the a-tubulin gene remained relatively constant
while that of the PNMT gene showed characteristic induction
with these neural stimuli.

Discussion

Cholinergic innervation of the adrenal medulla mediates sym-
pathetic responses to stressful stimuli with enhanced splanchnic
nerve activity correlating to elevated release of catecholamines
and opioid peptides. Moreover, repeated or chronic cholinergic
stimulation results in elevated activity of the catecholamine-
synthesizing enzymes tyrosine hydroxylase, dopamine §-hy-
droxylase, and PNMT, and in compensatory changes in the
expression of these genes (e.g., Stachowiak et al., 1990a; Fossom
etal., 1991; Kilbourne et al., 1992). Although Wan et al. (1991)
reported that nicotine stimulates proenkephalin mRNA accu-
mulation, they did not see an effect on PNMT mRNA levels
with either nicotine treatment or potassium-mediated depolar-
ization. Stachowiak et al. (1990a) did see a slight effect with
nicotine but no response with muscarinic agents. In contrast,
our data definitively established that cholinergic stimulation of
bovine adrenal chromaffin cells markedly elevates PNMT mRNA
accumulation, and, importantly, that both nicotinic and mus-
carinic stimulation independently influence production of this
mRNA.

Our initial study defined the relative proportions of the cho-
linergic response to carbachol (a stable analog of ACh) as pre-
dominantly nicotinic but with a distinct muscarinic component.
We have demonstrated that stimulation by carbachol of PNMT
mRNA in cultured bovine adrenal chromaffin cell is dose de-
pendent and receptor mediated, and that it achieves maximal
levels 12-19 times control values by 12-16 hr after treatment.
Selective inhibition of nicotinic receptors with hexamethonium
blocked ~75% of the carbachol-stimulated induction, while
preincubation with the general muscarinic antagonist atropine
inhibited the response by ~50%. When combined the response
was virtually abolished. Because carbachol is relatively nonse-
lective with respect to receptor subclasses, we examined more
specifically the relationship between cholinergic nicotinic and
muscarinic receptors and the induction of PNMT mRNA by
stimulation of each receptor with selective agonists.

Muscarinic receptors

The differing capacities of muscarinic and nicotinic receptors
to stimulate catecholamine secretion among species are exem-
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Table 3. Effect of neural stimuli on the rate of PNMT transcription

Control Nicotine Muscarine K+
Experiment 1

Total treatment counts hybridized

PNMT cDNA 7991 8262 12,071 11,541

pGEM DNA 7143 4969 7176 5409
Specific counts hybridized

PNMT 848 3693 4875 6132
Relative to control

PNMT 1.0 4.4 5.8 7.2
Total treatment counts hybridized

PNMT cRNA 4417 5290 5842 7743

E. coli 3963 3750 3670 5271
Specific counts hybridized

PNMT 454 1540 2172 2472
Relative to control

PNMT 1.0 3.4 4.8 5.44

Experiment 2
- Total treatment counts hybridized

PNMT ¢cDNA 2867 4592 3818 3684

a-Tubulin cDNA 3024 3441 3729 2684

pUC DNA 2700 2880 3275 2401
Specific counts hybridized

PNMT 167 1712 643 1283

«-Tubulin 324 561 454 283
Relative to control

PNMT 1 10.2 4.0 7.7

a-Tubulin 1 1.7 1.4 0.87

Chromaffin cell cultures were incubated for 1 hr at 37°C with PBS (Control), nicotine (50 um), muscarine (100 um), or
KCI (50 mm), and then harvested for preparation of nuclei as described in Materials and Methods. I# vitro nuclear run-
on assays were performed, hnRNAs isolated, and hybridizations conducted. In experiment 1, hnRNAs were hybridized
to denatured ¢cDNAs (1 ug) fixed to nitrocellulose, with pGEM DNA (1 pg) serving as an index of nonspecific binding.
Alternatively, antisense PNMT cRNA transcribed in vitro (1.1 ug) was bound to nitroceltulose; counts bound to E. coli
rRNA (1.1 ug) were subtracted as nonspecifically bound cpm. Equal cpms (1.02 x 10#) were added to each hybridization.
In experiment 2, hnRNAs were hybridized to 1 pg of denatured cDNAs for PNMT and for a-tubulin and to pUC 18
DNA as the index of nonspecific binding. In this experiment, 1.5 x 10% cpms were added to each hybridization.

plified by the reports that muscarine is unable to mediate cat-
echolamine release from bovine adrenal chromafhfin cells (re-
viewed in Carmichael and Stoddard, 1989). However, distinct
from its lack of effects on secretion, muscarine does stimulate
production of PNMT mRNA., These effects are dose dependent,
with maximal effects observed between 50 and 100 uM, and
occur with a characteristic transient time course. Maximal levels
of PNMT mRNA accumulate by 12 hr, are maintained for 6—
8 hr, and then decline slowly for approximately 16-24 hr. In-
duction by muscarine depends upon time in contact with the
cells; removal of the drug by media change arrests further in-
crements in PNMT mRNA levels.

The effects of muscarine are receptor mediated since induc-
tion was blocked by treatment with the general muscarinic an-
tagonist atropine (1 uM). Moreover, only antagonism of specific
receptor subtypes was effective: the m3-m4-selective antagonist
4-DAMP blocked >60% of this effect at 10 um (a concentration
capable of blocking > 90% of the specific *H-NMS binding from
adrenal medullary microsomal membranes), while antagonists
selective for m1 or m2 subtypes were without effect.

Muscarine also stimulated the rate of PNMT gene transcrip-
tion severalfold in nuclear run-on assays. While levels of in-
duction vary more for muscarine treatment than for nicotine or
potassium in the same study, the causes are likely to be technical

in nature, attributable to differing potencies of commercial lots
of muscarine from the same supplier or, alternatively, to trace
protease contamination of collagenase that may selectively dam-
age muscarinic receptors during cell isolation.

Bovine chromaffin cells express a population of muscarinic
receptors that have been characterized pharmacologically and
molecularly as consistent with the m4 subtype. Radioligand
binding assays for muscarinic receptors in bovine chromaffin
cells reveal that these receptors are high affinity and saturable
with evidence for a single class of binding sites based upon
analyses with *H-NMS (Fernando et al., 1991) and with 3H-
QNB (this study). The total density of muscarinic receptor bind-
ing sites is lower than that observed in many brain regions
(Ernsberger et al., 1988) or in airway smooth muscle (Haxhiu-
Poskurica et al., 1993), but in agreement with a previous report
of *H-QNB binding in bovine adrenal medulla (Yamanaka et
al., 1986).

The order of potency of ligand binding to chromaffin cell
membranes with muscarinic antagonists is scopolamine = at-
ropine > 4-DAMP > methoctramine = pirenzepine > AF-DX
116, which is consistent with the m4 subtype (Hulme et al.,
1990; Lazareno et al., 1990). Affinity constants for binding to
bovine chromaffin cell membranes show high correlation with
rabbit lung m4 (Lazareno et al., 1990; r = 0.996, N = 5), with
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rat pheochromocytoma PC12 cells (Michel et al., 1989; r =
0.954, N = 5), and with NG108-15 neuroblastoma-glioma cells
{Michel et al., 1989; r = 0.950, N = 5). We further suggest that
a previous report of m1 receptors in bovine adrenal medulla,
based on the relatively high affinity of pirenzepine (IC,, = 150
nM; Yamanaka et al., 1986), can be reinterpreted based on the
relative similarity of binding properties of m1 and m4 subtypes
(Hulme et al., 1990). In another report (Aguilar et al., 1992),
the entire adrenal medulla, rather than the purified chromaffin
cells used in our study, was utilized to demonstrate an m2-like
receptor predominating in a mixture of two or three subtypes,
thereby raising the possibility that other muscarinic subtypes
may be expressed by nonchromaffin cells in this tissue.

Importantly, in agreement with our data, hybridization with
specific cDNAs for each of the subtypes revealed a signal in
bovine adrenal medullary A* RNA only with the m4 probe
(Fernando et al., 1991). Also, consistent with the hypothesis
that bovine adrenal medulla contains m4 muscarinic receptors,
the affinity constants for cloned rat m4 receptors transfected
into CHO cells (Hulme et al., 1990) have been compared with
affinity constants obtained by iterative curve fitting with the
LIGAND program for bovine chromafhin cells. The negative log
values of the K, for each of the six antagonists highly correlate
between bovine chromaftin cells and the rat m4 clone (r =0.991,
P < 0.01), with a slope of the linear regression very close to 1
(1.03 £ 0.07). Moreover, ecach compound fell close to the line
of identity, showing a high degree of agreement for affinity con-
stants. These results strongly suggest that bovine adrenal chro-
mafhn cells express a single subtype of muscarinic receptor bind-
ing sites and that this subtype is of the m4 class.

Nicotinic receptors

Nicotine, a well-characterized stimulus of catecholamine and
enkephalin secretion in bovine chromaffin cells (Holz, 1988),
induces membrane depolarization. Consequently, depolariza-
tion opens voltage-dependent Na* and Ca?* channels. The en-
suing large influx of extracellular Ca2+ elicits a cascade of events,
including catecholamine secretion.

Nicotine elicits a rapid, dose-dependent, and significant ele-
vation of PNMT mRNA with maximal accumulation following
treatment of bovine chromafhn cells with 10-50 um of the agent,
a concentration that achieves maximal catecholamine release,
enzyme activation (reviewed in Carmichael, 1986), and gene
stimulation [including the immediate early gene c-fos in the PC-
12 adrenal pheochromocytoma line (Greenberg et al., 1986) and
proenkephalin mRNA in bovine chromaffin cells (Wan et al.,
1991)]. The time course for induction of PNMT mRNA fol-
fowing nicotine treatment closely parallels that seen for other
forms of neural stimulation: increases in PNMT mRNA are
detectable after 1 hr of treatment, are sustained for approxi-
mately 15~-16 hr, and then slowly decline over the course of an
additional 24-36 hr. This is similar to the time course associated
with accumulation of PNMT mRNA following reserpine treat-
ment in vivo {Schalling et al. 1988; Evinger et al., 1990) or by
potassium depolarization of bovine chromaffin cells in vitro
(Evinger et al., 1987). The relatively tight time frame in which
expression occurs may contribute to the disparity between our
results and those of others with regard to the inducibility of
PNMT mRNA by nicotine. By sampling mRNA at 8 and 24
hr after addition of nicotine, Wan et al. (1991) may have over-
looked the peak production interval of PNMT mRNA, hence

feading to their conclusion that nicotine does not stimulate
PNMT mRNA accumulation.

To establish that the induction of PNMT mRNA by nicotine
was receptor specific, we examined the effects of selective nic-
otinic antagonists on the response. Chromaffin cell nicotinic
receptors (~15,000 per cell; Higgins and Berg, 1987) bind
a-bungarotoxin with high affinity, cross-react with neutralizing
antibodies to ganglionic nicotinic receptors, and show saturation
kinetics comparable to those described in neural tissue (Higgins
and Berg, 1987). Hexamethonium bromide, an inhibitor of pe-
ripheral nicotinic receptors, blocked both carbachol- and nic-
otine-stimulated increases in PNMT mRNA in a dose-depen-
dent manner. Maximal inhibition of carbachol (200 um) effects
required 50 umM hexamethonium (Fig. 2), while 10-15 uM hex-
amethonium achieved blockade of the nicotine (50 um) re-
sponse.

We likewise investigated whether nicotinic receptor stimu-
lation induces PNMT mRNA by increasing the influx of extra-
cellular Ca?*. That calcium could induce PNMT mRNA was
demonstrated by treatment with both the calcium ionophore A
23187 (10 nm), which permits calcium entry through a non-
channel-related mechanism, and BAY K 8644 (250 nM), an
agonist acting at adrenal medullary voltage-gated calcium chan-
nels (Kley et al., 1987). We observed that both agents increased
PNMT mRNA approximately threefold at the single concen-
tration tested. Moreover, that calcium was relevant to the nic-
otine effect was established by the demonstration that chelation
of extracellular calcium with EGTA at a concentration (1.8 mm)
that sequesters free calcium in the media completely blocked
the nicotine-stimulated increase in PNMT mRNA. However,
this treatment has multiple, non-channel-related effects (includ-
ing loss of cell attachment to the culture plates), thus leading us
to pursue more channel-selective procedures.

We therefore examined the effects of treatment with specific
calcium channel antagonists upon nicotinic induction of PNMT
mRNA. Voltage-gated calcium channels on bovine chromaffin
cells share attributes of L-, N-, and P-type channels based upon
inhibition with the antagonists verapamil, nifedipine, w-cono-
toxin, and agatoxin (Jan et al., 1990; Duarte et al., 1993), al-
though controversy remains regarding the ability of w-conotoxin
to block calcium uptake (Regunathan et al., 1992; Duarte et al.,
1993). Three of these agents were tested and shown to be effec-
tive in reducing the nicotine-stimulated induction of PNMT
mRNA, The N+L-selective antagonist verapamil was the most
potent, reducing induction by 80%. Nifedipine, an L-type-se-
lective antagonist, was less effective, while w-conotoxin was least
effective, decreasing PNMT mRNA induction by 40%. These
results argue for, but do not establish, that a mixed population
of L- and N-type channels participates in mediating the effect,
with L-type channels being either more potent or abundant. The
ability of the more recently characterized P-type channels to
influence PNMT message expression remains to be assessed.
The fact that none of the selective calcium channel antagonists
completely blocked the rise in PNMT mRNA stimulated by
nicotine raises the possibility that up to 20% of the response
may result from an increase in influx of Na+ or from stimulation
of second messenger systems.

Nicotine’s effects on PNMT message expression are predom-
inantly transcriptional in nature. Transcription run-on studies
to compare PNMT expression after 1 hr of treatment with nic-
otine revealed approximately fourfold increases relative to sa-
line-treated controls. Additional studies (Evinger et al., 1992a,



and unpublished observations) also show nicotine-stimulated
expression of PNMT promoter reporter gene fusion constructs
transfected into and transiently expressed in bovine chromaffin
cells.

Implications

Understanding the mechanism through which nicotine and
muscarine influence PNMT expression will necessarily involve
investigation into the signal transducing mechanisms associated
with each receptor type. Investigations by other workers
have provided important information that narrows the candi-
dates for consideration in many cases. Specifically, nicotinic
stimulation opens voltage-gated calcium channels while the m4
receptor gene transfected and expressed in cell lines produces a
receptor that inhibits adenylate cyclase via a pertussis toxin—
sensitive G-protein (reviewed in Hulme et al., 1990). Addition-
ally, increases of phosphoinositide turnover in bovine chro-
mafhn cells treated with muscarine (Eberhard and Holz, 1987)
further raise the possibility that the m4 subtype may also be
coupled to phosphoinositide hydrolysis or that there is cross-
talk between second messenger systems initiated by m4 receptor
stimulation.

Our studies confirm reports from other laboratories that chro-
mafhn cells possess functional second messenger systems that
appear to regulate gene expression in other model systems. Spe-
cifically, cAAMP (Pocotte et al., 1986; Anderson et al., 1992) and
¢GMP (Yanagiharaetal., 1979; Derome et al., 1981) production
and phosphoinositide turnover (Eberhard and Holz, 1987; Plev-
in and Boarder, 1988; Regunathan et al., 1991b) can be en-
hanced by ACh or carbachol treatment. In particular, we have
demonstrated that muscarine blocks forskolin-stimulated cAMP
in the manner and to the extent seen in other systems. The fact
that 4-DAMP abrogates these effects is supportive of the fact
that this system is coupled to the m4 muscarinic receptor sub-
type. Notably, the relative stimulation for some of these second
messenger effects is less than in other systems. However, the
important point is that these systems are present and show the
ability to respond to these stimuli.

Moreover, we have shown in previous studies that specific
second messenger intermediates can influence PNMT mRNA
levels, either directly or possibly secondarily. PNMT mRNA
levels respond to treatment with 8-bromo-cAMP and forskolin
(10 um), although this gene does not possess any motifs resem-
bling the published cAMP-responsive elements (CREs) ob-
served in tyrosine hydroxylase (Lewis et al., 1987) and several
other genes (reviewed in Montminy et al., 1990). 8-Bromo-
¢GMP evokes a modest (approximately two- to fivefold) in-
crease in PNMT mRNA. Moreover, angiotensin, a stimulus of
phosphoinositide metabolism in chromaffin cells, increases lev-
els of PNMT mRNA (Stachowiak et al., 1990b). In other studies,
potassium-stimulated PNMT mRNA accumulation can be
blocked by treatment of the cells with the calmodulin inhibitor
calmidazolium, thereby implying that the Ca2*/calmodulin ki-
nase system can also be coupled to PNMT gene expression
(Evinger et al., 1992b). Future studies are directed toward re-
solving the exact mechanisms responsible for these effects.

In summary, these studies establish for the first time the abil-
ity of cholinergic stimuli to regulate PNMT gene expression
through two separate mechanisms. It is significant that a single
transmitter’s ability to regulate this gene invokes two indepen-
dent pathways and distinct mechanisms. Does this constitute a
functional redundancy, possibly as a backup mechanism to
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maintain epinephrine reserves for metabolic, cardiovascular,
and hormonal responses? The ability to stimulate epinephrine
production by enhanced gene expression would present an ad-
vantage in situations of chronic stress or pathological states, for
example, hypertension.

Alternatively, activation of nicotinic and muscarinic recep-
tors may independently regulate unrelated intracellular events.
Conceivably, one receptor may respond preferentially to certain
forms of stimulation. The significance of the present study is
the demonstration that these nicotinic and muscarinic pathways
do exist and each is coupled to PNMT gene expression. Whether
this information is specifically encoded within the PNMT gene
or whether it converges at a point along intracellular pathways
would represent an advance in our fundamental knowledge of
how neural cells, and specifically neural genes, process multiple
mputs.
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