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SUMMARY

Acetylcholine stimulation of bovine chromaffin cells results in
increased norepinephrine and epinephrine secretion accompa-
nied by a corresponding increase in synthesis. The addition of
neuropeptide Y (NPY) to the culture medium prevents the in-
crease in catecholamine synthesis but not secretion. Treatment
of chromaffin cells with nicotine produces a concentration-
dependent increase in tyrosine hydroxylase activity (IC5, = 1.2
um) that is reduced if NPY is present during stimulation. Ty-
rosine hydroxylase activity decreases in a concentration-de-
pendent fashion if increasing amounts of NPY are included in
the culture medium, 1C5, = 0.2 nm. Treatment with pertussis
toxin completely prevents the effect of NPY. The rank order of

potency for inhibition of tyrosine hydroxylase activity is NPY =
[Leu®',Pro®¥|NPY = peptide YY > NPY2-36>NPY13-36 >
NPY18-36 = NPY26-36 >> NPY1-30, suggesting a NPY-Y1
receptor subtype. Examination of the effect of NPY on nicotine
stimulation of chromaffin cell protein phosphorylation
showed that NPY produces a concentration-dependent de-
crease in a 60-kDa protein, IC5, = 6.4 nm. The effect of NPY
is pertussis toxin-sensitive. The rank order of potency is
[Leu®',Pro®*INPY = NPY >> NPY18-36. Immunoprecipitation
confirmed the identity of the 60-kDa protein as tyrosine hydrox-
ylase.

NPY is a potent and pervasive peptide with actions in both
the central and peripheral nervous systems. NPY can in-
crease blood pressure and food intake and decrease anxiety
symptoms (1). The physiological effects of NPY are mediated
by several receptor subtypes (1), four of which have been
cloned (2-7). NPY receptors are members of the family of G
protein-coupled receptors and affect either inhibition of
cAMP accumulation, changes in Ca®* influx, or possibly,
changes in inositol 1,4,5-trisphosphate turnover (1, 8).

NPY has been the subject of intensive investigation to
learn more about its role in various physiological functions
(1). Because NPY is co-stored and co-released from the adre-
nal medulla with the catecholamines (9—-11), chromaffin cells
make a useful model for the study of NPY action. The follow-
ing observations suggest that NPY plays a physiologically
significant role in the function of the adrenal medulla: (a)
NPY can be secreted from chromaffin cells (12, 13); (b) adre-
nal medulla membranes contain high affinity binding sites
for '?°I-NPY (IC,, = 0.27 nm) (14); and (c) NPY inhibits
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forskolin-stimulated cAMP accumulation (IC5, = 0.9 nMm) in
chromaffin cells through a PTX-sensitive process (14).

One of the functions ascribed to the action of NPY on
chromaffin cells is the inhibition of catecholamine secretion
(15). A more detailed examination of the effect of NPY on
secretion revealed that NPY modifies nicotinic receptor-stim-
ulated [PH]NE secretion by blocking the chromaffin cell nic-
otinic receptor ligand-gated ion channel (16). It seems un-
likely that this effect of NPY is receptor-mediated because
NPY fragments: (a) are more effective than NPY, (b) exhibit
low affinity (IC;, = 1.4 uM), and (c) are effective after treat-
ment with PTX. The effect is probably more of pharmacolog-
ical than physiological interest because micromolar concen-
trations of NPY are required and NPY concentrations in
conditioned chromaffin cell media exist in nanomolar
amounts (13). Thus a physiological role for NPY action on
chromaffin cells remains to be determined.

Because NPY is co-stored and co-released with cat-
echolamines and can influence second messenger levels re-
quired for a variety of chromaffin cell functions (e.g., cAMP
and Ca®"), it seems plausible that the peptide may act as an
important regulator of chromaffin cell activity using these

ABBREVIATIONS: NPY, neuropeptide Y; PYY, peptide YY; KRP, Krebs-Ringer phosphate; DMEM, Dulbecco’s modified Eagle medium; SDS,
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; ACh, acetylcholine; NE, norepinephrine; EPI, epinephrine; PTX, pertussis toxin;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ANOVA, analysis of variance; EGTA, ethylene glycol bis(B-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid.
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second messengers. Because catecholamine biosynthesis in
chromaffin cells is one function regulated by changes in the
levels of cAMP and Ca®* (17), we propose that NPY has the
capability to regulate catecholamine biosynthesis. Evidence
supporting this hypothesis has been provided by previous
studies demonstrating that NPY inhibits dihydroxypheny-
lalanine biosynthesis in rat adrenal glands (18) and pheo-
chromocytoma cells (19).

Catecholamine biosynthesis increases primarily through
alterations in tyrosine hydroxylase activity (20) in response
to various second messenger changes and the activation of
protein kinases (17). In bovine chromaffin cells, activation of
nicotinic receptors results in increased tyrosine hydroxylase
phosphorylation (21). Phosphorylation results in a decrease
in the K, for cofactor tetrahydrobiopterin and a resultant
increase in the conversion of tyrosine to dihydroxyphenylala-
nine (17). Tyrosine hydroxylase activity could also be regu-
lated through events that decrease tyrosine hydroxylase
phosphorylation. For example, agents that decrease intracel-
lular Ca®* or cAMP accumulation could decrease the activity
of protein kinases responsible for tyrosine hydroxylase activ-
ity. We present evidence that NPY can inhibit catecholamine
biosynthesis by inhibiting cholinergic receptor-induced ty-
rosine hydroxylase phosphorylation and subsequent activity.

Experimental Procedures

Cell culture. Isolation and culturing of bovine adrenal chromaf-
fin cells was performed with modifications as described previously
(14). Cells were plated on 60-mm plastic dishes at a density of 3 X
10° cells/dish in an atmosphere of 5% CO, at 37°. Cells were used
between 3 and 8 days after plating.

Catecholamine secretion and determination of cell con-
tent. Culture medium was removed from chromaffin cells by two
washes with KRP buffer, pH 7.4, containing 154 mM NaCl, 2.2 mMm
CaCl, 5.6 mm KCl, 1.1 mm MgSO,, 0.85 mm NaH,PO,, 2.15 mMm
Na,HPO,, and 10 mM glucose. Chromaffin cells were then incubated
in KRP at 37° for 15 min and stimulated with ACh (3 um) for 12 min
at 37°. Cell medium was removed and stabilized with 1.6 mm
NaHSO, and 34 mm HCIO, and stored at —20°. The remaining cells
were lysed in KRP buffer containing 0.1 mM EDTA and 0.1% Triton
X-100 by freeze-thawing. Extracts were stabilized as described for
the medium. Medium or cell content of EPI and NE was measured by
electrochemical detection after liquid chromatography (22).

Tyrosine hydroxylase assay. Cells were washed three times
and preincubated with KRP buffer at 37° for 1 hr and stimulated
with various agonists dissolved in prewarmed KRP buffer for 4 min.
The reaction was stopped by adding 0.45 ml of buffer containing 30
mM potassium phosphate, pH 6.8, 50 mMm NaF, 0.1 mm EDTA, and
0.1% Triton X-100 and freezing in dry ice/ethanol. Samples were
thawed, and tyrosine hydroxylase was separated from particulate
material by centrifugation at 13,000 X g for 5 min. Supernatants
were desalted with Sephadex G-25 that was equilibrated with 50 mm
NaF, 30 mm KH,PO,, pH 6.8, 0.1 mm EDTA, 0.1% Triton X-100, and
0.001% leupeptin. Tyrosine hydroxylase activity, in the void volume,
was measured by incubation for 7 min, 37°, in a total volume of 250
wl containing 150 mM Tris-maleate, pH 6.8, 500 uM 6-methyltetra-
hydropterin, 10 pmol of L-[3,5-*H]tyrosine (0.5 uCi per sample), 3000
units of catalase, 5 mM ascorbate, and 30 ug of cell extract (23). The
reaction was stopped by addition of 1 ml of a 7.5% charcoal slurry
containing 1 N HCL. The specific activity of tyrosine hydroxylase was
expressed in picomoles of [*’H]H,O formed/min/mg of protein. Protein
was determined by the bicinchoninic acid method (Pierce, Rockford,
IL), using bovine serum albumin as the standard. Tritiated tyrosine
was purified by cation exchange before use.

Phosphorylation of tyrosine hydroxylase. Cells were washed
three times and preincubated in phosphate-free DMEM for 1 hr to
deplete the endogenous phosphate. Then cells were washed three
times and prelabeled in HEPES-buffered saline containing 150 mm
NaCl, 10 mm HEPES, 5.5 mM D-glucose, 5 mM KC1, 1 mm MgSO,, and
1 mum CaCl,, pH 7.4, plus 32PO, (0.5 mCi/2 ml per 60 mm dish; 1 Ci =
37 GBq) for 90 min at 37° to allow labeling of intracellular ATP (23).
Prewarmed HEPES-buffered saline was added with or without the
stimulating agent (4 min at 37°). The reaction was stopped by adding
1% SDS/1 mm EDTA, pH 8. Aliquots were added to concentrated
SDS-PAGE buffer containing 2% SDS (w/v), 62.5 mM Tris'HCI, pH
6.8, 10% (v/v) glycerol, and 5% (w/v) 2-mercaptoethanol and heated
in boiling water for 5 min. Proteins were then subjected to PAGE
(24). The gels were stained with Coomassie Blue, destained, and
dried, and 3?P was determined by PhosphorImager analysis.

Western blot analysis. Membrane proteins were separated by
PAGE and stained with Zn?* imidazole. The gels were destained
with 2% citric acid and electroblotted onto polyvinylidene difluoride
membranes. After blocking, membranes typically were incubated for
2 hr with a 1:500 dilution of anti-tyrosine hydroxylase (rabbit poly-
clonal) followed by 1 hr of incubation with secondary antibody using
a 1:1000 dilution of goat anti-rabbit IgG coupled to alkaline phos-
phatase. Antibody complexes were visualized with nitro blue tetra-
zolium and 5-bromo-4-chloro-3-indolyl phosphate staining. Gel and
immunoblot images for all figures were digitized using a Molecular
Dynamics personal densitometer (Sunnyvale, CA).

Immunoprecipitation. Cells were stimulated as described for
phosphorylation and the reaction stopped by adding stop solution
containing 50 mM NaF, 1 mm EDTA, 0.1% Triton X-100, and 1 mM
ATP (to prevent postlysis labeling) and freezing the samples in a dry
ice/ethanol bath. After centrifugation at 13,000 X g for 5 min, super-
natants were adjusted to 150 mm NaCl, 50 mMm NaF, 10 mm HEPES,
pH 7.4, 2 mM EDTA, 2 mm EGTA, and 2.5% Nonidet P-40 and then
precleared with BRL immunoprecipitin. After incubation with BRL
immunoprecipitin linked to antibody (2 hr, 25°) and washing three
times with 150 mM NaCl, 50 mm NaF, 10 mm HEPES, pH 7.4, 2 mMm
EDTA, 0.5% Nonidet P-40, 1 mM ATP, and 0.05% NaNj, the precip-
itated antigen-antibody complexes were suspended in PAGE buffer,
heated in boiling water for 5 min, and subjected to PAGE. 3?P was
digitized using a Molecular Dynamics PhosphorImager analysis.

Data analysis. Data in Table 1 and Fig. 1 were analyzed by
one-way ANOVA followed by the Tukey-Kramer multiple compari-
sons test using GraphPad Instat (GraphPAD Software, San Diego,
CA). Curves were fit by nonlinear regression using GraphPad
PRISM.

Results

NPY inhibits EPI and NE biosynthesis but not secre-
tion. Secretion of NE and EPI (9.9 and 13.0%, respectively, of
the cell content remaining after stimulated secretion) into
bovine chromaffin cell culture medium occurs after the ad-
ministration of ACh (3 uM) without a concomitant decrease in
the cell content of either catecholamine (Table 1). Thus, the
total amounts (medium plus cellular content) of NE and EPI
were greater after ACh stimulation than before stimulation
(control). The stimulation of secretion could be antagonized
by the prior addition of the nicotinic receptor antagonist,
hexamethonium. The addition of low concentrations of NPY
completely prevented the accompanying increase in catechol-
amine biosynthesis (the effect of 0.1 nMm NPY on NE biosyn-
thesis did not quite reach significance) but had no effect on
secretion of either catecholamine (p < 0.02 and 0.001 for NE
and EPI biosynthesis, respectively, by one-way ANOVA).
Neither hexamethonium nor NPY alone had any effect on
synthesis or secretion (not shown).
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TABLE 1

NPY Inhibition of Tyrosine Hydroxylase =~ 1029

Effect of NPY on nicotinic receptor-stimulated catecholamine secretion and synthesis

Chromaffin cells were stimulated with ACh (3 um) for 12 min at 37° and secretion or cellular content of NE and EPI was measured by electrochemical detection after
liquid chromatography. Hexamethonium (Cg) (300 um), NPY (0.1 nm)' or (10 nm)? were added with ACh. Neither hexamethonium nor NPY had any effect on secretion
occurring in the absence of ACh. Data are presented as the mean = standard error of triplicate determinations and are representative of three individual experiments
with similar results. Significance was determined by the Tukey-Kramer multiple comparisons test.

NE EPI Total
Condition
Medium Cell Medium Cell NE EPI
nmol/10° cells
Control 0.6 = .03 14.3 = 0.2 0.9 = 0.08 19.8 = 0.3 149 + 0.2 20.7 = 0.4
ACh 2.2 +0.27 16.1 = 0.6 3.7 0.3 21.6 = 0.2° 18.3 = 0.57 25.3 = 0.42
ACh + Cgq 0.8 = 0.03° 149 = 0.7 1.1 +£0.1¢ 20.7 = 0.2 15.7 = 0.5¢ 21.7 = 0.2°
ACh + NPY' 2.1+ 0.1 14.4 =+ 0.4 3.3 £ 0.2¢ 20.0 + 0.4° 16.6 = 0.4 23.3 = 0.4°
ACh + NPY? 2.0 +0.2¢8 13.4 = 0.1¢ 3.2 = 0.3 18.5 + 0.2° 15.4 = 0.1¢ 21.6 = 0.4°

2 Significantly different from control (p <0.001).

b Significantly different from control (p <0.01).

¢ Significantly different from ACh alone (p <0.001).
9 Significantly different from ACh alone (p <0.01).
€ Significantly different from ACh alone (p <0.05).
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Fig. 1. NPY inhibition of nicotine-stimulated tyrosine hydroxylase ac-
tivity. Chromaffin cells were incubated with increasing nicotine concen-
trations in the absence or presence of NPY for 4 min at 37°. p < 0.02
for each curve by one-way ANOVA. Tyrosine hydroxylase (TH) activity
was determined by the [*H]H,O release method (see Experimental
Procedures). Points, mean * standard error of three separate experi-
ments, *, p < 0.01, #x, p < 0.001, relative to the same nicotine
concentration without NPY. No NPY (H); 0.3 nm NPY (CJ); 3 nm NPY (@).

NPY inhibits nicotine stimulation of tyrosine hy-
droxylase activity. Increasing concentrations of nicotine
(1-100 um) produced a concentration-dependent increase
(p < 0.0001 by one-way ANOVA) in chromaffin cell tyrosine
hydroxylase activity, EC5, = 1.2 um, (Fig. 1). Tyrosine hy-
droxylase activity decreased significantly when NPY (0.3 or 3
nM) was present at varying nicotine concentrations. The con-
centration-dependent effect of NPY was confirmed by exam-
ining the action of increasing NPY concentrations on cells
stimulated with nicotine (30 um), IC5, = 0.2 nm (Fig. 2).
Moreover, incubation of the cells with PTX completely pre-
vented the inhibitory effect of NPY. NPY and related pep-
tides inhibited nicotine stimulation of tyrosine hydroxylase
activity to varying extents with a rank order of potency of
NPY = [Leu®',Pro®*INPY = PYY > NPY2-36 > NPY13-
36 > NPY18-36 = NPY26-36 > NPY1-30 (Fig. 3).

NPY inhibits nicotine-stimulated protein phosphor-
ylation. Because tyrosine hydroxylase activity increases in
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Fig. 2. PTX sensitivity of NPY inhibition of nicotine-stimulated tyrosine
hydroxylase (TH) activity. Chromaffin cells were incubated with nicotine
(80 um) in the absence or presence of the indicated concentrations of
NPY for 5 min. Tyrosine hydroxylase activity was 1.8 = 0.3 nmol/
min/mg of protein in the absence of nicotine and 3.8 = 0.3 nmol/
min/mg of protein in the presence of nicotine. Maximal inhibition of
tyrosine hydroxylase activity occurred at 0.1 um NPY vyielding an IC5, of
0.19 nm. Another group of cells were treated with PTX and assayed for
tyrosine hydroxylase in the absence and presence of NPY. In PTX-
treated cells, tyrosine hydroxylase activity was 2.4 = 0.2 pmol/min/mg
of protein in the absence of nicotine and 3.4 + 0.1 in the presence of
nicotine. Points, mean = standard error of four separate experiments.
Cells incubated in DMEM for 18 hr (M); cells treated with PTX (100
ng/ml) in DMEM for 18 hr (CJ).

response to enzyme phosphorylation (17), we hypothesized
that NPY inhibits tyrosine hydroxylase activity by inhibiting
phosphorylation. We first examined whether *2P-labeling of
chromaffin cell proteins was increased in the presence of 100
UM nicotine as demonstrated previously by others (25). Nic-
otine (1-100 uM) produced a significant, concentration-de-
pendent, increase in 3?P incorporation into several proteins
including a 60-kDa protein compared with that seen in the
absence of nicotine (not shown). The addition of NPY to the
culture medium prevented the nicotine-stimulated increase
in 32P incorporation into the 60-kDa protein (Fig. 4). The
NPY effect was concentration-dependent, with half-maximal
inhibition occurring at 6.4 nM.
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Fig. 3. Inhibition of nicotine-stimulated tyrosine hydroxylase (TH) ac-
tivity by NPY and related peptides. Chromaffin cells were incubated
with nicotine (30 um) in the absence or presence of the indicated
concentrations of NPY or related peptide for 5 min. Tyrosine hydroxy-
lase activity was 1.72 = 0.13 nmol/min/mg of protein in the absence of
nicotine and 3.55 = 0.18 nmol/min/mg of protein in the presence of
nicotine. Maximal inhibition of tyrosine hydroxylase activity occurred at
0.1 uMm NPY yielding an IC;, of 0.2 nm. Points, mean *+ standard error
of three separate experiments. NPY (H), [Leu®',Pro34|NPY (A), PYY (¢),
NPY2-36 (»), NPY13-36 (¥), NPY18-36 (¢), NPY26-36 (@), NPY1-30
).
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Fig. 4. NPY inhibition of nicotine-stimulated 60 kDa protein phosphor-
ylation and PTX sensitivity. Chromaffin cells were pretreated with
DMEM (control) or PTX in DMEM for 18 hr and prelabeled with [*2P]PO,
(90 min, 37°). Cells were then incubated for 4 min at 37° with nicotine
(100 um) and increasing NPY concentrations. Proteins were separated
by PAGE (14) and 2P incorporation analyzed by Phosphorimager anal-
ysis. Phosphorlmager units are expressed as percent of nicotine alone
and plotted versus increasing NPY concentrations. Points, mean =
standard error of four separate experiments. Cells incubated in DMEM
for 18 hr (M); cells treated with PTX (100 ng/ml) in DMEM for 18 hr ((J).

NPY decreases 3P content of immunoprecipitated
tyrosine hydroxylase. Western blot analysis revealed that
tyrosine hydroxylase co-migrates with the phosphorylated
60-kDa protein, suggesting that the 60-kDa protein is ty-
rosine hydroxylase (not shown). We confirmed the identity of
the 60-kDa band as tyrosine hydroxylase by immunoprecipi-
tation. The concentration of the 60-kDa protein was not al-

tered by the addition of nicotine or nicotine and NPY (Fig.
5A), whereas the nicotine-induced increase in 3?P content
decreased with increasing NPY concentrations (Fig. 5B). The
concentration of NPY for half-maximal inhibition of phos-
phorylation determined by immunoprecipitation was 3.2 =
1.4 nM (not shown).

NPY and related peptides inhibit tyrosine hydroxy-
lase phosphorylation through a PTX-sensitive process.
Incubation of chromaffin cells with PTX completely pre-
vented the NPY inhibition of the 60-kDa protein phosphory-
lation (Fig. 4). A decrease in P32 content of the 60-kDa pro-
tein attributable to NPY-induced changes in protein content
of the gels was ruled out by Western blot analysis (Fig. 6).
Examination of the inhibitory effect of NPY and related pep-
tides on nicotine stimulation of 60-kDa protein phosphoryla-
tion provided a rank order of potency of [Leu®!,Pro**|NPY =
NPY > NPY18-36 (Fig. 7).

A Con Nic  Nic + NPY (nM)
0.3 .3 30 300
-— 200 KDa
— 116 KDa
_— 97 kDa
- 66 KDa
—— e —— TH
— — — — — . EQG
®%  45KDa
B Con Nic Nic + NPY (nM)
03 30 30 300
60 kDa
- S - e - TH

Fig. 5. NPY inhibition of phosphorylation of immunoprecipitated ty-
rosine hydroxylase (TH). Chromaffin cells were prelabeled with [*2P]PO,
(90 min, 37°) and incubated in the absence or presence of nicotine (100
uM) with the indicated NPY concentrations (0.3-300 nwm) for 4 min. The
medium was aspirated, and the cells were solubilized in 1% SDS/1 mm
EDTA, pH 8. Immunoprecipitation of tyrosine hydroxylase was per-
formed using affinity-purified rabbit polyclonal anti-tyrosine hydroxy-
lase coupled to immunoprecipitin (38). A, Immunoprecipitated protein
was separated by PAGE. Proteins were stained with Coomassie Blue,
and band density was determined with a scanning densitometer. The
immunoprecipitated material contains two major bands corresponding
to tyrosine hydroxylase and the heavy chain of IgG. Recovery of ty-
rosine hydroxylase for all lanes averaged 49.4 *= 0.7% (mean * stan-
dard error). B, After autoradiography of stained and dried gels, 32P
incorporation was quantified on immunoprecipitated tyrosine hydroxy-
lase after nicotine stimulation in the presence of NPY with a Molecular
Dynamics Phosphorimager. The data are representative of three ex-
periments with similar results.
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Fig. 6. Western blot analysis of chromaffin cell proteins. Chromaffin
cells were incubated in the absence or presence of nicotine (100 um)
with increasing NPY concentrations (0.3-300 nwm), for 4 min. The me-
dium was aspirated and the cells solubilized in 1% SDS/1 mm EDTA, pH
8. Proteins were separated by PAGE. The 60-kDa protein was identified
as tyrosine hydroxylase (TH) using Western blot analysis (denatured
anti-TH, Pel-Freez lot #26016). The tyrosine hydroxylase antibody com-
plex was revealed by nitro blue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate staining. The data are representative of three exper-
iments with similar results.
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Fig. 7. Inhibition of nicotine-stimulated tyrosine hydroxylase (TH)
phosphorylation by NPY and related peptides. Chromaffin cells were
prelabeled with [*2P]PO,, (90 min, 37°). Cells were then incubated for 4
min at 37° with nicotine (100 um) and increasing NPY concentrations.
Proteins were separated by PAGE (14), and *2P incorporation was
analyzed by Phosphorlmager analysis. Phosphorlmager units are ex-
pressed as percent of nicotine alone and plotted versus increasing NPY
concentrations. Points, mean =+ standard error of four separate exper-
iments. NPY (M), [Leu®',Pro®|NPY (A), NPY18-36 (#).

Discussion

These results provide evidence that NPY can inhibit cho-
linergic receptor-stimulated catecholamine biosynthesis by
inhibiting tyrosine hydroxylase activity. We arrived at this
conclusion by first demonstrating that ACh stimulation of
bovine chromaffin cell nicotinic receptors results in increased
catecholamine secretion accompanied by increased catechol-
amine biosynthesis. The total amount (secreted plus cellular
content) of either NE or EPI is greater in ACh-stimulated
cells than in control cells. This replicates the well established
phenomenon that NE secreted by sympathetic nerve activity
is replaced, in a compensatory manner, through increased
synthesis. As expected, the nicotinic receptor antagonist,
hexamethonium, blocks the increase in both secretion and
biosynthesis.

The addition of low concentrations of NPY to the chromaf-
fin cell culture medium does not inhibit nicotinic receptor-
stimulated secretion but prevents the corresponding increase
in catecholamine biosynthesis in a concentration-dependent

NPY Inhibition of Tyrosine Hydroxylase =~ 1031

fashion. The amount of catecholamine secreted plus synthe-
sized after nicotinic receptor stimulation, in the presence of
NPY (10 nwm), is not significantly different from the total in
the absence of cholinergic receptor stimulation. Correspond-
ingly, the cellular content of either catecholamine is signifi-
cantly less after nicotine plus NPY compared with nicotine
alone. Thus the presence of low concentrations of NPY in the
culture media selectively antagonizes the increase in cate-
cholamine biosynthesis but not the increase in secretion.

The lack of an NPY effect on catecholamine secretion is in
conflict with data presented by others (15, 26). We investi-
gated this issue in detail and demonstrated that high NPY
concentrations can inhibit chromaffin cell [PHINE secretion
(13, 16). However, they act by blocking the nicotinic receptor-
gated ion channel rather than via one of the known NPY
receptor subtypes (27). The effects of NPY on secretion most
likely represent a pharmacological rather than a physiologi-
cal phenomenon. Our studies are supported by the recent
findings that NPY does not inhibit bovine chromaffin cell I,
as measured by the patch-clamp technique (28).

Nicotinic receptor stimulation increases neuronal catechol-
amine biosynthesis through an effect on the rate-limiting
enzyme, tyrosine hydroxylase (17). Increasing concentrations
of nicotine, that are maximal at 1 X 10°° M, produce a
corresponding increase in chromaffin cell tyrosine hydroxy-
lase activity. The inclusion of NPY with increasing nicotine
concentrations inhibits tyrosine hydroxylase activity via a
PTX-sensitive process, IC;, = 0.2 nM. NPY decreases the
efficacy of nicotine stimulation, suggesting a non- or uncom-
petitive action. The potency of NPY as a tyrosine hydroxylase
inhibitor is in good agreement with the ability of NPY to
displace '?*I-NPY from chromaffin cell membranes, IC5, =
0.9 nM, (GTP-sensitive) as well as to inhibit forskolin-stimu-
lated cAMP accumulation, IC;, = 0.27 nMm (PTX-sensitive)
(14).

NPY fragments and related peptides produce a rank order
of potency that is characteristic of the Y1 receptor subtype,
i.e., NPY = [Leu®!,Pro®*]NPY = PYY > NPY2-36 > NPY13—
36 > NPY18-36 = NPY26-36 > NPY1-30. These data
agree with our previous characterization of the chromaffin
cell NPY receptor as a Y1 subtype (14). Another report has
referred to the chromaffin cell NPY receptor as a Y3 subtype
(29). Our data show that peptide YY is nearly as effective an
inhibitor of tyrosine hydroxylase activity and '2°I-labeled
NPY binding as NPY (14), observations that distinguish it
clearly from a Y3 receptor subtype (8).

Because tyrosine hydroxylase activity can be increased by
phosphorylation through various mechanisms (17), we next
elected to determine whether the decrease in tyrosine hy-
droxylase activity could be attributed to decreased enzyme
phosphorylation. Increasing NPY concentrations produce a
concentration-dependent decrease in 3P incorporation into a
60-kDa protein that co-migrates with tyrosine hydroxylase,
IC;, = 6.4 nM, suggesting that the 60-kDa protein is tyrosine
hydroxylase. Immunoprecipitation with anti-tyrosine hy-
droxylase coupled to BRL immunoprecipitin, confirmed the
identification of the 60-kDa protein as tyrosine hydroxylase.
The effect of NPY on enzyme phosphorylation is PTX-sensi-
tive. NPY fragments and related peptides produce a rank
order of potency that is also characteristic of the Y1 receptor
subtype, i.e., [Leu®! Pro**]NPY = NPY >> NPY18-36. The
right shift in the dose-response curve for inhibition of phos-
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phorylation, compared with inhibition of tyrosine hydroxy-
lase activity may be related to enzyme phosphorylation by
protein kinases not inhibited by NPY.

These data demonstrate that NPY inhibits cholinergic re-
ceptor stimulation of tyrosine hydroxylase activity by de-
creasing enzyme phosphorylation. However, the mechanism
by which NPY inhibits tyrosine hydroxylase phosphorylation
has not been described and is subject to speculation. Because
NPY can inhibit Ca®?" currents in sensory (30) and myenteric
neurons (31) inhibition of phosphorylation at Ser'® by Ca2"/
calmodulin-dependent protein kinase II (32—-34) could be the
mechanism through which NPY can act in chromaffin cells.
However, if NPY can inhibit this enzyme it would not occur
through an effect on Ca®* influx through voltage-operated
calcium channels because the peptide does not block *°Ca®*
into chromaffin cells through these channels (16). Moreover,
the nicotinic receptor-gated ion channel is probably not the
site of NPY action because much higher concentrations
(1000-fold) of NPY are required to inhibit *°Ca®* influx
through the ion channel than to inhibit tyrosine hydroxylase
activity (16).

An alternative site for NPY action could be the CaZ®*-
activated adenylate cyclase, which has been shown to be
active in chromaffin cells (35). In this model, nicotinic recep-
tor stimulation results in increased intracellular Ca2", en-
zyme activation, and stimulation of protein kinase A activity.
By activating G;, NPY would inhibit activity of this enzyme
through an effect on adenylate cyclase similar to the effect of
NPY on forskolin-stimulated cAMP accumulation (14). This
possibility seems unlikely, as well, because attempts to dem-
onstrate NPY inhibition of nicotinic as well as noncholinergic
receptor-stimulated cAMP accumulation have been unsuc-
cessful.?

Other possible mechanisms include the activation of an
inward rectifier K* channel or a protein phosphatase. NPY,
acting through Y1 receptors, can activate a cloned G protein-
coupled inward rectifier K™ channel expressed in Xenopus
laevis oocytes (36). Activation of this K™ current would sta-
bilize the membrane and reduce Ca®* influx. Guinea pig
chromaffin cells contain such a channel (37). Alternatively,
NPY could activate protein phosphatase 2A, which has been
implicated in the dephosphorylation of tyrosine hydroxylase
(38). No data are available to rule out either of these two
possibilities. Thus, further studies are required to determine
the mechanism by which NPY inhibits tyrosine hydroxylase
phosphorylation.

These data raise at least two questions relative to the
physiological significance of these observations. First, what
is the temporal relationship between nicotinic receptor stim-
ulation, the activation of tyrosine hydroxylase, and the se-
cretion of NPY? The answer to this question can be inferred
from what is known about neuropeptide storage and secre-
tion. Chromaffin cell neuropeptides are stored in large dense-
cored vesicles as opposed to small dense-cored vesicles (39).
Classical neurotransmitters such as the biogenic amines are
rapid but short acting agents that are co-stored and co-
released with neuropeptides from chromaffin cells. Neu-
ropeptides may exert a slower but more sustained action
than the low molecular weight classical neurotransmitters
(40). Thus NPY would act in a prolonged manner, exerting its

1J. Zheng and T. D. Hexum, unpublished observations.

effect on chromaffin cell tyrosine hydroxylase sometime after
the initial ACh action. NPY would facilitate the return of
tyrosine hydroxylase activity to basal values.

Second, is chromaffin cell NPY secreted in amounts suffi-
cient to inhibit nicotinic receptor-stimulated cAMP accumu-
lation and tyrosine hydroxylase activation? The answer to
this question can be inferred from the observation that pro-
longed nicotine stimulation of chromaffin cells increases the
concentration of NPY in conditioned medium to 0.6 nMm (13),
which is near the ICj,, for inhibition of **I-NPY binding (14),
cAMP accumulation (14) and tyrosine hydroxylase activity.
Studies are in progress using a specific NPY antibody, as well
as specific NPY receptor antagonists, to demonstrate that
NPY present in chromaffin cell-conditioned media after nic-
otinic receptor stimulation inhibits tyrosine hydroxylase ac-
tivation.

NPY is a potent and abundant neuropeptide that satisfies
the criteria for classification as a neurotransmitter (1). Its
distribution throughout the nervous system suggests a fun-
damental role in neurotransmission. Indeed, activity as a
vasoconstrictor, anxiolytic agent, and inducer of food intake
supports this contention. Although NPY has been shown to
alter second messenger production, no information has been
provided as to the consequences of these alterations. The
data presented here demonstrate that NPY can inhibit cate-
cholamine biosynthesis through a receptor-mediated process,
which results in the inhibition of tyrosine hydroxylase phos-
phorylation and a corresponding decrease in enzyme activity.
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