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SUMMARY

The mouse adrenocortical Y-1 cell line has been found to
express high affinity binding sites for neuropeptide Y (NPY).
Pharmacological studies have shown that these NPY binding
sites are of the Y, type. Reverse transcription-polymerase
chain reaction using primers specific for the rat Y, receptor
revealed that the NPY Y, receptor mRNA is present in Y-1 cells.
The K of the receptor for NPY was found to be 1.75 = 0.20 nm
and the B,,,, was 265 + 18 fmol/mg. The NPY Y, receptors in
this adrenocortical cell line were shown to be coupled to per-
tussis toxin-sensitive G proteins. Stimulation of Y, receptors
resulted in the inhibition of forskolin- and adrenocorticotropic
hormone (ACTH)-stimulated cAMP synthesis. NPY had no ef-

fect on basal steroid release from the Y-1 cells. At an ACTH
concentration of 0.1 um, NPY did not affect ACTH-stimulated
steroid release, although NPY did inhibit cAMP production
under the same hormonal conditions. cCAMP profoundly af-
fected the density of the NPY receptors in Y-1 cells. Treatment
of the cells with N®,2'-O-dibutyryl-cAMP or ACTH reduced the
Y, receptor density by >50%. On the other hand the steroid
dexamethasone increased the density of Y, receptors by 35%.
Although additional detailed studies are necessary, these re-
sults may have interesting implications for the functions of
ACTH, steroids, and NPY in the pituitary-adrenocortical axis.

NPY, a 36-amino acid peptide with a characteristic carboxyl-
terminal tyrosine amide, has a widespread distribution in both
the central and peripheral nervous systems. High affinity
NPY binding sites were found to be widely distributed in the
brain and adrenal gland (1-3). Pharmacological studies have
identified at least three distinct NPY receptor subtypes (4).
The NPY Y, receptor binds NPY and PYY with equal affinity
and is the only receptor subtype that binds the NPY analogue
[Leu®!,Pro®*INPY. The NPY Y, receptor also binds NPY and
PYY with similar affinities. However, in contrast to the Y,
receptor, the Y, receptor binds long carboxyl-terminal frag-
ments of either peptide with high affinity but does not bind
[Leu3!,Pro3*INPY. The main characteristic of the Y receptor
is that it binds NPY with at least 100-fold higher affinity
than it binds PYY.

The possible physiological roles of NPY have been under
extensive investigation. Upon intracerebroventricular ad-
ministration, in ovariectomized rats, NPY elicits consumma-
tory behavior (5) and the release of luteinizing hormone (6).
Immunocytochemical studies have localized NPY-containing
neuronal terminals in the vicinity of neurons that secrete
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corticotrophin-releasing factor in the paraventricular nu-
cleus. This site forms a morphological basis for an action of
NPY in the hypothalamic control of the pituitary-adrenocor-
tical axis. Microinjection of NPY into the area of the para-
ventricular nucleus stimulated the release of ACTH and cor-
ticosterone (7). NPY was also found to stimulate
corticotrophin-releasing factor release in the rat hypothala-
mus in vitro (8, 9). In bovine adrenal cortex, specific NPY
binding sites are concentrated in the zona glomerulosa (1).
NPY-like immunoreactivity was also observed in the nerve
fibers invading the zona glomerulosa of the rat adrenal cor-
tex, as well as the zona fasciculata and the zona reticularis
(2).

The function of NPY in the neuroendocrine regulation of
adrenal cortex, however, is not very clear. Inconsistencies are
found in experimental data. According to Neri et al. (10), 1 uM
NPY inhibited both basal and ACTH-stimulated aldosterone
and 18-hydroxycorticosterone secretion in isolated rat zona
glomerulosa cells. In contrast, Lesniewska et al. (11) ob-
served that 1 uM NPY enhanced basal steroid secretion in
cells cultured from the same area. NPY was also found to
increase aldosterone release in isolated rat zona glomerulosa
cells, and this stimulation was speculated to be via the NPY
Yg receptor (12).

The discrepancies observed regarding the effect of NPY

ABBREVIATIONS: NPY, neuropeptide Y; ACTH, adrenocorticotropic hormone; Bt,cAMP, N8,2'-O-dibutyryl-cAMP; PYY, peptide YY; RT, reverse
transcription; PCR, polymerase chain reaction; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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may be the result of the variations in tissue preparation. To
avoid these variations, we examined the possible NPY bind-
ing sites using the adrenal gland-derived Y-1 cell line. These
Y-1 cells, derived originally from a mouse adrenocortical
tumor, exhibit many properties of adrenocortical cells, in-
cluding expression of ACTH receptors and maintenance of
steroid secretion in response to ACTH. In this study, Y-1 cells
were found to express high levels of NPY binding sites. The
subtype of these binding sits was verified. The possible in-
fluence of NPY on intracellular cAMP concentrations and
some of the effects of NPY on steroid secretion were investi-
gated. The influences of ACTH, cAMP, and steroid on the
density of NPY receptors were also studied.

Materials and Methods

Adrenocortical Y-1 cell line. Y-1 cells were obtained from the
American Type Culture Collection and were cultured in Ham’s F-10
medium (Gibco) supplemented with 15% horse serum, 2.5% fetal
bovine serum, 100 units/ml penicillin, and 100 ug/ml streptomycin.
Cells were maintained at 37°, in 5% CO, with 96% humidity.

Binding assays. Y-1 cells cultured in 24-well plates were washed
once with Krebs-Ringer buffer (135 mM NaCl, 4.7 mM KC], 1.2 mM
MgSO,, 1.2 mM KH,PO,, 5 mM NaHCO,, 1.2 mM CaCl,, 20 mM
HEPES, pH 7.4) and incubated in the same buffer containing 0.5%
bovine serum albumin (Sigma), 0.1% bacitracin (Sigma), and the
radioactive ligand N-[propionyl-°HINPY (Amersham) or iodinated
PYY (NEN), with or without unlabeled displacer NPY or PYY at
appropriate concentrations. The mixtures were incubated at 37° for
1 hr, with slow shaking, and then washed three times with ice-cold
Tris buffer (50 mM Tris-HCI, pH 7.7). The cells were lysed with 0.1%
Triton X-100, and the radioactivity was counted with a scintillation
counter or a y counter. The protein concentrations were determined
with the Bio-Rad protein assay. NPY, [Leu®!,Pro®INPY, and ACTH
were from Bachem and Bt,cAMP was from Sigma. NPY,; ;¢ was a
kind gift from Dr. Alain Fournier (Dept. of Psychology, McGill
University, Montreal, Quebec, Canada).

RT-PCR. Y-1 cells were cultured in 75-cm? flasks, total RNA was
isolated from the culture according to the method of Dahle and
Macfarlane (13), and first-strand cDNAs were synthesized by using
reverse transcriptase (Gibco). The forward primer (TTCCAAAATG-
TATCACTTGCGGC) and reverse primer (GCAGCTTCAGATTTTT-
TCATTGTCATT) specific for the rat Y, receptor were used in the
PCR (13). Both primer sequences were different from the correspond-
ing mouse Y, receptor sequence at only one base (14). The following
PCR conditions were used: 5 min at 95° for one cycle and then 1 min
at 93°, 2 min at 55°, and 2 min at 72° for 35 cycles.

cAMP measurement. Y-1 cells were cultured in 24-well plates.
After treatment with forskolin or different concentrations of peptide,
¢AMP was extracted from cells with ice-cold ethanol containing 0.1 M
HC] and was chilled immediately (for details, see Ref. 15). The
samples were stored at —20° overnight, the cells were then scraped
from the plates, and cAMP in the ethanol extracts was quantitated
with immuno-radioactivity assay kits (PerSeptive Diagnostics).

Steroidogenesis. Cells were cultured in 24-well plates. After 24
hr, the culture medium was changed to low-serum medium (F-10
medium containing 1.5% fetal bovine serum and antibiotics), and
cells were incubated for another 24 hr. Peptides were added to each
well in 0.5 ml of low-serum medium. After specific time periods, the
medium was collected into tubes, 50 ul of 0.25 N NaOH were added
to each tube, and the steroids were extracted with 1 ml of methylene
chloride, according to the method of Reyland et al. (16). After vortex-
mixing and centrifugation, the medium in the upper layer was re-
moved by aspiration. One milliliter of 66% H,SO, in ethanol was
then added to the methylene chloride extract. After the mixture was
maintained at room temperature for 90 min, the samples were

centrifuged and the upper layer of methylene chloride was removed
by aspiration. Steroids in the H,SO,/ethanol solution were quanti-
tated by measuring fluorescence excited at 470 nm and emitted at
526 nm, using 4-pregenen-20a-ol-3-one as the standard.

Resuits

Y-1 cells express high affinity binding sites for NPY.
The saturation binding study revealed that the adrenocorti-
cal Y-1 cells displayed high affinity binding sites for
[PHINPY. The Scatchard analysis showed that the NPY bind-
ing had a K; of 1.75 * 0.20 nM and a B_,, of 263 *+ 18
fmol/mg (Fig. 1). These NPY binding sites showed equal
affinity for NPY, PYY, and the NPY Y, receptor-specific
agonist [Leu®!,Pro®*INPY. However, the carboxyl-terminal
fragment NPY, 5 ¢6, which is a NPY Y, receptor-specific ago-
nist, had very low potency in displacing bound [PHINPY (Fig. 2).

The binding of both [*'HINPY and 12°I-PYY to the endoge-
nous NPY binding sites of Y-1 cells could be displaced by
unlabeled NPY and PYY, to the same extent. The competition
binding studies carried out with [*HINPY and !2°I-PYY
showed the same level of nonspecific binding using a 1000-
fold excess of nonradiolabeled NPY (0.1 um), PYY (0.1 uM), or
[Leu®!,Pro®#INPY (0.1 um). These data suggest that this ad-
renocortical cell line expresses a single subtype of NPY re-
ceptors, which we have shown to be of the Y, type.

RT-PCR using rat NPY Y, receptor primers confirmed that
this Y-1 cell line expresses NPY Y, receptor mRNA. The two
primers used in PCR were specific for the rat Y, gene and
were different from the mouse Y, gene sequence at only one
base (13, 14). The PCR result revealed a product of 608 base
pairs, which is the same size as the control product from total
RNA isolated from 293 cells stably transfected with the rat
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Fig. 1. Specific PH]NPY binding to adrenocortical Y-1 cells. The dis-
sociation constant (K;) and the number of binding sites (B,.,) were
obtained by Scatchard transformation (inset) of the saturation data (K,
= 1.75 = 0.20 nMm, B, = 263 = 18 fmol/mg of protein).
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Fig. 2. Ligand competition for PHJNPY binding in Y-1 cells. Competi-
tion data are presented as the percentage of total binding in the
absence of competitor. Each data point is the mean of two triplicate
experiments. The concentration of PHJNPY was 0.1 nm.

Y, receptor cDNA (Fig. 3). Total RNA isolated from COS-1
cells was used as a negative control.

The Y, receptors of adrenocortical Y-1 cells are cou-
pled to a G protein that inhibits adenyl cyclase. In cells
that express the NPY Y, receptor, such as neuroblastoma
SK-N-MC cells, the receptor is coupled to a heterotrimeric G
protein that inhibits adenyl cyclase (17). In the adrenocorti-
cal Y-1 cells, NPY receptor activation also inhibited the pro-
duction of cAMP. Fig. 4A shows that the application of NPY
to the culture medium inhibited forskolin-stimulated cAMP
production, in a concentration-dependent manner. This inhi-
bition was abolished by pretreatment of the cells with per-
tussis toxin, which suggests that the NPY receptor in Y-1
cells is coupled to a pertussis toxin-sensitive G protein.

The mouse adrenocortical Y-1 cells are widely used as a
model to study steroid secretion. This cell line expresses
ACTH receptors, which, upon activation, stimulate steroid
release. This action of ACTH is mediated by activation of

2 3

M 1

517/506 —

Fig. 3. RT-PCR results obtained using first-strand cDNAs synthesized
from total RNA from the Y-1 cell line (fane 2), a 293 cell line transfected
with rat Y, receptor cDNA (lane 1), or COS-1 cells (lane 3), under the
same reaction conditions. Lane M, molecular mass standards.
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Fig. 4. Effects of NPY on cAMP formation. A, Concentration-response
curve for NPY effects on forskolin (forsk) (3 um)-stimulated cAMP
accumulation. Cells were incubated with different concentrations of
NPY for 1 min at 37° and then stimulated with 3 um forskolin for another
15 min. B, Concentration-response curve for NPY effects on ACTH (0.1
um)-stimulated cAMP accumulation. ACTH and different concentra-
tions of NPY were added simultaneously. The incubation was for 15
min. Results for cells treated overnight with 100 ng/ml pertussis toxin
(PTX) are aiso shown. The values indicated are means * standard
errors of six independent determinations. *, p < 0.01; *+, p < 0.001,
compared with control experiments.

adenyl cyclase, which increases cellular cAMP concentra-
tions. We examined the interactions of the NPY Y, receptor
and the ACTH receptor at the second messenger level. ACTH
stimulated cAMP production in Y-1 cells. The half-maximal
and saturating concentrations of ACTH for this stimulation
were 50 nM and 1 uM, respectively (data not shown). NPY
inhibited the ACTH-stimulated cAMP increase in a concen-
tration-dependent manner, similarly to the inhibition of the
forskolin stimulation of cAMP (Fig. 4B). However, the NPY
inhibition of ACTH stimulation was not as effective as its
inhibition of forskolin-mediated cAMP accumulation. NPY at
1 puM inhibited only 50% of the cAMP increased by ACTH, in
contrast to forskolin stimulation, in which case NPY reduced
the cAMP concentration almost to basal levels.
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The stimulatory ACTH and inhibitory NPY effects on
cAMP production were long lasting effects. These effects
could be observed even after 6 hr of incubation, as long as the
peptides were present in the medium.

Some effects of NPY on steroidogenesis were
investigated. Fig. 5 shows the concentration-response rela-
tionship for NPY effects on basal and ACTH-stimulated ste-
roid secretion. NPY did not affect the basal level of steroid
secretion. Although ACTH stimulation of steroid production
is mediated by elevation of intracellular cAMP concentra-
tions (18) and NPY inhibits ACTH-stimulated cAMP produc-
tion, up to 1 uM NPY did not inhibit steroid secretion signif-
icantly, with ACTH concentrations of 10 nM to 1 uM. The
result obtained with 0.1 um ACTH is shown in Fig. 5. These
phenomena were not time dependent, as shown by the time
course of steroid secretion (Fig. 6).

Increased intracellular levels of cAMP reduced NPY
receptor density. In many systems, second messengers
such as cAMP not only produce acute responses but also
regulate long term gene expression. We examined the effect
of cAMP on the NPY binding sites in Y-1 cells. Treatment of
the Y-1 cells with Bt,cAMP in the micromolar range reduced
the density of NPY binding sites by >70% (Fig. 7A).

In the adrenal cortex, ACTH controls a wide spectrum of
cell activities, such as regulation of steroidogenesis, gene
expression, and cell division, through a single signal trans-
duction pathway involving cAMP. The effect on NPY receptor
expression seen after treatment of cells with the cAMP ana-
logue was also observed after treatment of cells with ACTH.
The binding assays were performed on cells treated with
ACTH. The down-regulation of NPY receptors occurred after
24 hr of ACTH treatment. A >50% reduction of NPY recep-
tors was observed after 48 hr (Fig. 7B). As a control, treat-
ment of Y-1 cells with different concentrations of NPY for the
same period of time did not affect the number of NPY binding
sites.

steroid(ug/mg protein)

3

NPY(10nM)
NPY(0.1uM)
NPY(1pM)
ACTH(0.1uM)
ACTH(0.1uM)
+NPY(10nM)
ACTH(0.1uM)
+NPY(0.1uM)
ACTH(0.1uM)
+NPY(1uM)

Fig. 5. Effect of different concentrations of NPY on basal and ACTH-
stimulated steroid production in Y-1 cells in a 24-hr period. The values
indicated are means * standard errors of triplicate determinations.
There was no effect of NPY on basal or ACTH (0.1 um)-stimulated
steroid secretion. For all values with NPY treatment, p > 0.05, com-
pared with control measurements.
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Fig. 6. Time course of NPY effects on ACTH-stimulated steroid pro-
duction in mouse adrenocortical Y-1 cells. Cells were cultured in 24-
well plates. At the indicated times, medium from identical wells was
removed and total fluorogenic steroids in the medium were measured.
The steroid production is expressed as fluorescence intensity. The data
are the means * standard errors of triplicate experiments. This is a
typical result from six repeated experiments.

Steroid treatment increased NPY receptor density
in Y-1 cells. Steroids are important regulators of many phys-
iological processes. Steroid action is often mediated by bind-
ing to steroid receptors. The steroid-receptor complex may
bind to steroid response elements in a gene promoter region,
thus controlling gene transcription. In the mouse NPY Y,
gene, there are several steroid response elements (14). We
were interested in how steroids may affect NPY receptor
gene expression. Treatment of Y-1 cells with dexamethasone
for 48 hr increased receptor density. The increase in the
receptor density was dependent on the steroid concentration
(Fig. 8). Dexamethasone at 10 uM increased the receptor
density by about 35%. Although the increase was small, it
was statistically significant (p < 0.001).

Discussion

In previous studies, the subtype of NPY binding sites in
bovine and rat adrenal cortex was not fully determined (1,
19). In this study, we have found that the adrenocortical Y-1
cell line expresses a single class of NPY/PYY receptors, which
is of the Y, type. The K, value of the receptor is in the
nanomolar range, which is comparable to the affinity of the
Y, receptor measured in other cell lines. In the CHP-212
neuroblastoma cell line the K of the endogenous Y, receptor
was found to be 4.8 nM (20), in SK-N-MC cells the K, of the Y,
receptor was determined to be 0.27 nM, and in COS-1 cells
that transiently express the cloned Y, receptor the K, value
was 0.68 nM (4, 13). The level of receptor expression in Y-1
cells is similar to that in SK-N-MC cells (4).

The NPY receptor in the Y-1 cell line is linked to a pertus-
sis toxin-sensitive G protein that inhibits adenyl cyclase. In
our experiments, NPY inhibited forskolin-stimulated cAMP
accumulation and ACTH-stimulated cAMP accumulation.
However, the inhibitions were to different extents. NPY in-
hibition of ACTH stimulation is not as effective as its inhi-
bition of forskolin-stimulated cAMP accumulation. This phe-
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Fig. 7. Effects of increasing intracellular cAMP levels on NPY Y, re-
ceptor density in the Y-1 cell line. Cells were incubated for 48 hr with
low-serum medium containing different concentrations of Bt,cAMP (A)
or ACTH (B). Binding assays were carried out under the same condi-
tions for all samples. The results were normalized to protein content
and expressed as specific '25-PYY binding per microgram of protein.
Data are means * standard errors of nine independent measurements.
*, p < 0.01; ==, p < 0.001, compared with control measurements.

nomenon may be an indication of the fact that forskolin and
the stimulatory G protein G, stimulate adenyl cyclase
through different mechanisms. It has been proposed that
forskolin and G, stimulate adenyl cyclase by regulating the
interaction between its cytoplasmic loops. Forskolin might do
so by altering the fluidity of the microenvironment around a
portion of the transmembrane regions, whereas GTP-ligan-
ded G, interacts with adenyl cyclase in the cytosolic region
of the plasma membrane (21). Binding of NPY to its cell
surface receptor causes stimulation of the inhibitory G pro-
tein G,. The GTP-bound G; a subunit may compete with the
two stimulating processes induced by forskolin and G,, with
different rates, which may result in different levels of enzyme
activity. Moreover, in the presence of ACTH, G protein By
subunits released from activated G,, could compete with
adenyl cyclase for activated G,, binding, reducing the inhi-
bition of the enzyme.

Steroid hormone production in the adrenal gland is regu-

NPY Receptors in the Y-1 Cell Line 13
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Fig. 8. Effects of steroid treatment on NPY Y, receptor density in the
Y-1 cell line. Cells were incubated for 48 hr with low-serum medium
containing different concentrations of dexamethasone. Binding assays
were carried out under the same conditions as indicated for Fig. 7. Data
are means * standard errors of nine independent measurements. **, p
< 0.001, compared with control.

lated primarily by ACTH via the second messenger cAMP.
cAMP activation of cAMP-dependent protein kinase A results
in acute responses characterized by changes in cell shape and
mobilization, as well as transport of cholesterol from storage
sites to the inner mitochondrial membrane, where choles-
terol is utilized for steroid hormone biosynthesis (16). In an
ACTH concentration range of 10 nM to 1 uM, NPY did not
significantly influence steroid hormone secretion, although it
partially inhibited cAMP elevation induced by ACTH. This
illustrates the fact that the increase in cAMP levels is not the
rate-limiting step in the process of steroid secretion. Other
studies have shown that it is not cAMP formation but the
action of the cytochrome P450-cholesterol side chain cleavage
enzyme that constitutes the rate-limiting step in steroidogen-
esis (22). As a result, steroid production reaches its half-
maximal value at a much lower ACTH concentration, i.e.,
about 40 pM (23), whereas the half-maximal concentration for
cAMP stimulation is 50 nM. The saturating concentration of
ACTH for steroid secretion is about 0.5 nM. Below this hor-
mone concentration, we expect NPY to inhibit ACTH-stimu-
lated steroid secretion, although this still needs to be sub-
stantiated by corresponding experiments. The inhibition of
ACTH-stimulated cAMP production by NPY described in this
study may offer a possible biochemical basis for the finding
that NPY inhibited production of some steroids in vitro and
in vivo (10, 11). The stimulating effect of NPY on steroid
secretion observed by others (12, 24) may be mediated
through other receptor systems. Recently, Bernet et al. (19)
found that NPY- and vasoactive intestinal peptide-induced
aldosterone secretion by the rat capsule/zona glomerulosa
could be mediated by catecholamines via B,-adrenergic re-
ceptors.

In addition to its acute actions on steroidogenesis, ACTH
exerts chronic effects on the adrenal gland, including main-
tenance of steroid hydroxylase gene expression (25). In this
study, we found that long term increases in intracellular
cAMP concentrations, either produced directly by addition of
Bt,cAMP to the culture or stimulated by treatment of the
cells with ACTH, reduced NPY receptor density dramati-
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cally. However, we cannot determine from the binding stud-
ies alone whether this reduction of receptor density is due to
receptor internalization or due to suppression of gene expres-
sion, although the time scale of the process suggests that the
change may occur at the gene transcription level. The mouse
NPY Y, receptor gene has an upstream CGTCA sequence
that is essential for biological activity of the cAMP-regulating
element (14). It is possible that cAMP exerts its effect
through a protein that binds to this cAMP response element.

The putative promoter region of the mouse NPY Y, recep-
tor gene also contains several reverse complement consensus
sequences for steroid receptor binding (14). However, gene
structure analysis alone cannot offer information about how
steroids may affect gene expression. In this study, we dem-
onstrated that treatment of Y-1 cells with steroids increased
NPY receptor density.

We do not know from the current experiments whether
these findings would also be observed under physiological
conditions. If the same type of process exists in vivo, NPY
receptors may serve as a sensor of ACTH and steroid levels in
the adrenal cortex. The interactions between ACTH, steroids,
and NPY receptors may be important in balancing hormonal
actions and may have important implications in adrenocor-
tical function and the function of NPY in the pituitary-adre-
nocortical axis.
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