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The rat pineal gland with its circadian noradrenaline- adrenergic signal transduction suggests that they are sub-

regulated melatonin rhythm is an excellent model for
studying adrenergic signal transduction with respect to
cAMP and cGMP formation. The stimulatory Gs proteins
play a well-established role in this process. In contrast,
the potential roles of the inhibitory Gi proteins, the func-
tionally unclear other Go proteins, and a number of G
protein subtypes are not known. The present study ex-
amines the effects on b1- and b1-plus-a1-stimulated
cAMP and cGMP formation of a number of G protein
modulators in rat pinealocyte suspension cultures. The
effects of the nitric oxide donor sodium nitroprusside on
cGMP were also examined. The results showed that
drugs that activate G proteins of the Gi/Go family, i.e.,
pertussis toxin, mastoparan, and compound 48/80, had
no effect on unstimulated, isoproterenol (b1)-stimulated,
or combined isoproterenol/phenylephrine (b1-plus-a1)-
stimulated cAMP and cGMP accumulation. However, in
this experimental paradigm, the inhibitors of sulfhydryl
G proteins (N-ethylmaleimide) and those of phospho-
lipase A2-related G proteins (isotetrandrine) exerted a
clear inhibitory effect. Sodium-nitroprusside-stimulated
cGMP accumulation was also inhibited. These results
confirm a previous report that members of the Gi/Go fam-
ly, which are present in the rat pineal gland, do not play
major role in adrenergic signal transduction. The new
nding that sulfhydryl G proteins and phospholipase A2-
ssociated G proteins exert a clear stimulatory effect on
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INTRODUCTION

GTP-binding proteins (G proteins) play an impor-
tant role in hormonal signal transduction, acting as
regulatory links between cell-membrane-bound recep-
tors and second messengers such as cAMP, cGMP,
and certain phospholipid derivatives (see Helmreich
and Hofmann, 1996). According to their function, G
proteins are classified as stimulatory (Gs), inhibitory
(Gi), or other (Go) (see Offermann and Schultz, 1994).
Moreover, a distinction can be made as to whether the
G proteins contain sulfhydryl groups (Gudermann et
al., 1997) or which enzymes are affected (see Offer-
mann and Schultz, 1994), e.g., phospholipase A2
(PLA2) (Burch and Axelrod, 1987).

The rat pineal gland is an excellent in vitro model for
studying adrenergic signal transduction involving Gs

proteins. In vivo, the gland exhibits a pronounced day–
night rhythm of melatonin synthesis, depending on
the circadian release of noradrenaline from intrapineal
postganglionic sympathetic fibers regulated by the hy-
pothalamic suprachiasmatic nucleus (see Korf et al.,
1998). In vitro studies have shown that adrenergic
stimulation involves b1-adrenoceptors, a1-adrenore-
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cGMP accumulation by activating membrane-bound
adenylyl cyclase and soluble guanylyl cyclase (sGC),
respectively (Sugden and Klein, 1987; Babila and
Klein, 1992, 1994; White and Klein, 1995; Korf et al.,
1998). b1-Adrenergic stimulation alone, e.g., by isopro-
terenol (ISO), leads to a moderate increase of cAMP
and cGMP levels (Vanecek et al., 1985). a1-Adrenergic
agonists, e.g., phenylephrine (PHE), given alone have
no effects (Vanecek et al., 1985). However, conjoint
administration of b1- and a1-adrenoceptor agonists
greatly increase cAMP and cGMP levels, pointing to a
potentiation effect of a1-adrenergic mechanisms
Vanecek et al., 1985). This effect is the result of in-
reased intracellular Ca21 levels (Sugden et al., 1986,

1987). With respect to cGMP formation, but not to
cAMP synthesis, it is relevant that the a1-mediated
Ca21 influx activates NO synthase type I (NOS I) (Lin
et al., 1994), which in turn increases sGC activity and
cGMP accumulation (Spessert et al., 1993). Whereas
the enhanced cAMP levels stimulate the penultimate
and rate-limiting enzyme of melatonin synthesis, aryl-
alkylamine N-acetylransferase (AA-NAT), and hence

elatonin synthesis (see Korf et al., 1998), the function
of cGMP in the pineal gland is largely unknown.

In contrast to the Gs proteins, Gi, Go and subtypes of
G proteins have been little studied in the rat pineal
gland. There is clear evidence that Gi and Go are
present (Sugden, 1990; Babila et al., 1992), without
showing significant day/night differences in their lev-
els (Babila et al., 1992). The Gi levels are constant
hroughout life, but the Go protein exhibits a develop-

mental pattern similar to that of the 42-kDa form of Gs,
increasing fivefold between day 7 and day 40 (Babila
et al., 1992). With respect to the functions of the Gi and
Go proteins in the rat pineal gland, only one study
exists. Following exposure of pineal tissue to the Gi

/Go protein antagonist pertussis toxin (PTX) for 18 h,
there was no demonstrable effect on a-adrenergic po-
entiation of b-adrenergic stimulation of cAMP and

cGMP formation (Sugden, 1990), leaving open the
question of whether short-term treatment with PTX or
other antagonists such as mastoparan and compound
48/80 is also without effect.

Moreover, it is of interest to study whether there are
hints for the presence of PLA2-associated G proteins
in the rat pineal gland. This search seems warranted as
mepacrine, an inhibitor of the arachidonic-acid-gener-
sponse to a combined treatment with ISO and PHE
(Vanecek et al., 1986) and PLA2 activity is stimulated
by a1-adrenergic mechanisms (Ho and Klein, 1987).
Also, cyclic nucleotide formation is enhanced by ara-
chidonic acid metabolites and decreases following the
inhibition of lipoxygenase activity (Chik et al., 1991).

These observations taken together prompted the fol-
lowing four questions concerning G protein-mediated
adrenergic signal transduction affecting cAMP and
cGMP levels in the rat pineal gland. Is the evidence
firm that Gi/Go proteins play no role? Are there hints
that PLA2-associated G proteins are involved? Do
sulfhydryl G proteins play a role? Finally, how is
NO-stimulated cGMP accumulation affected by G
protein inhibitors? To answer these questions, suspen-
sion cultures of rat pinealocytes and organ-cultured
rat pineal glands were stimulated adrenergically or
with NO in the presence and absence of the G protein
modulators PTX, mastoparan, and compound 48/80,
which preferentially affect the Gi/Go family (Weingar-
ten et al., 1990; Mukai et al., 1992; Higashijima et al.,
1990, 1988), N-ethylmaleimide (NEM), which inhibits
sulfhydryl G proteins (Jin and Akaike, 1998; Joshi et
al., 1996), and isotetrandrine (IT), which is an inhibitor
of PLA2-associated G proteins (Hashizume et al., 1991;

kiba et al., 1992). The endpoints studied were cAMP
evels, cGMP levels, and AA-NAT activity.

MATERIALS AND METHODS

Chemicals

BME basal medium (Eagle), fetal calf serum (FCS),
and BGJb medium Fitton–Jackson modified were ob-
tained from Gibco, Scotland. Collagenase, ISO, PHE,
sodium nitroprusside (SNP), isobutylmethylxanthine
(IBMX), PTX, and NEM were obtained from Sigma,
Germany. Mastoparan, compound 48/80, and IT were
purchased from Calbiochem, Germany. Radioimmu-
noassay (RIA) kits for measuring cAMP and cGMP
were obtained from Amersham Buchler, Germany.

Animals

Male Sprague–Dawley rats (body weight: 120–150
g) were purchased from a commercial supplier and
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were maintained under standard laboratory condi-
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tions (light: 12 h, dark: 12 h; lights on at 5:00 a.m.; light
intensity: 200 Lux at cage level; room temperature:
22 6 2°; water and food ad libitum) for 2 weeks prior to
experimental study.

Suspension Culture of Pinealocytes

Rats were killed between 9:00 and 10:00 a.m. under
open ether anaesthesia. Pineals were removed quickly
under sterile conditions and pooled. Pinealocytes
were prepared following the method described earlier
(Buda and Klein, 1978) with slight modification (Spes-
sert and Vollrath, 1993). In brief, pinealocytes were
obtained by incubation of the pineals in 0.1% collage-
nase in BME medium at 37° under an atmosphere of
95% oxygen and 5% carbon dioxide in a gas incubator
(Cytoperm, Heraeus, Germany) for 1 h. The pinealo-
cytes were then washed, aliquoted, and further incu-
bated in BME containing 10% FCS under similar con-
ditions of atmosphere and temperature for 6 h.
Aliquots of pinealocytes (106 cells/ml) were treated
with the relevant drugs for 15 min in the presence of
1 mM theophylline and 0.1 mM IBMX (Spessert et al.,
1995). After treatment with drugs, aliquots were cen-
trifuged at 10,000g for 1 min. The supernatant was
discarded and cells were stored in liquid nitrogen.
Cells were sonicated in 0.15 ml of a mixture of 0.05 M
Tris–HCl buffer (pH 8), 0.1 mM IBMX, 1 mM theoph-
ylline, and sodium acetate buffer (pH 4), heated at 95°
for 3 min, and centrifuged; the supernatants were
used for RIA of cGMP and cAMP. In each experimen-
tal series, suspension cultures without the drugs to be
tested served as controls.

Organ Culture

Rats were killed between 10:00 and 11:00 a.m. Pineal
glands were quickly removed under sterile conditions
and placed on plastic meshes in culture dishes con-
taining 1.5 ml of BGJb medium Fitton–Jackson modi-
fied with 1 mg/ml bovine serum albumin fraction V, 2
mM glutamine, 0.125 mg/ml CaCO3, 0.1 mg/ml
ascorbic acid, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin. The pineal glands were preincubated
for 24 h at 37° under an atmosphere of 95% O2 and 5%
CO2, to allow the intrapineal noradrenaline-contain-
ng nerve fibers to degenerate, reducing the noradren-
Copyright © 2001 by Academic Press
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The pineals were subsequently treated with the drugs
indicated for 6 h. To determine AA-NAT activity,
pineals were stored in liquid N2 at the end of incuba-
tion. In each experimental series, pineals cultured
without the drugs to be tested served as controls.

RIA of cGMP and cAMP

cGMP and cAMP were assayed following acetyla-
tion. In brief, 0.025 ml acetylation reagent (two vol-
umes of triethylamine and one volume of acetic anhy-
dride) was added to a mixture of 0.1 ml of the
supernatant and 0.4 ml of 0.05 M sodium acetate
buffer (pH 5.8). Aliquots (in duplicate) of 0.1 ml of the
acetylated mixtures were incubated with 0.1 ml of the
primary antibodies against cGMP and cAMP at room
temperature for 1 h. After addition of 0.1 ml of
[125I]cGMP and [125I]cAMP, the aliquots were further
incubated at 4–8° for 15 to 18 h. The aliquots were
then incubated with 0.5 ml of the respective second
antibodies at room temperature for 10 min. The bound
fraction was isolated by a magnetic separation
method. The radioactivity present in the bound frac-
tion was measured in terms of counts per minute
(CPM) by a Gamma Scintillation Counter (Packard,
Crystal II: Multidetector System). The concentrations
of cGMP and cAMP were calculated by interpolation
of %B/Bo from a standard curve and expressed as
fmol/mg protein.

Measurement of AA-NAT Activity

The cultured pineals were sonicated in 0.075 ml
ice-cold 0.05 M phosphate buffer (pH 6.5), and AA-
NAT activity was determined following the method
described by Deguchi and Axelrod (1972). The detec-
tion limit of the assay was 3.4 nmol/h 3 mg protein.

Protein Estimation

Protein concentrations of all the samples were de-
termined following the method described by Lowry et
l. (1951) with bovine serum albumin as a standard.

Statistical Analysis

Nucleotide accumulation and AA-NAT activities
were expressed as mean 6 SE. The data were statisti-
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ccumulation) or Mann–Whitney’s U test (AA-NAT
ctivity); P , 0.05 was considered significant.

RESULTS

Figure 1A shows that none of the G protein modu-
lators altered the basal levels of the cyclic nucleotides
significantly compared with those of the untreated
controls.

To assess the nature of G proteins involved in the
adrenergic stimulation of cAMP and cGMP accumu-
lation, the effects of G protein inhibitors on b1- (Fig.
1B) and b1-plus-a1-adrenergically (Fig. 1C) stimulated
pinealocytes were investigated. As expected, b1-ad-
renergic stimulation by ISO moderately increased
both the cyclic nucleotides, whereas b1-plus-a1-adren-
ergic stimulation by ISO plus PHE strongly enhanced
the accumulation of the nucleotides (not shown). Al-
though NEM and IT significantly inhibited ISO-in-
duced accumulation of both cAMP and cGMP, mas-
toparan, compound 48/80, and PTX had no significant
effects on the accumulation of the cyclic nucleotides
(Fig. 1B). Similarly, NEM and IT, but not mastoparan,
PTX, and compound 48/80 attenuated ISO-plus-PHE-
induced accumulation of both cyclic nucleotides (Fig.
1C).

FIG. 1. Effects of G protein modulators on unstimulated (A), iso-
proterenol (ISO, 1024 M)-stimulated (B), and ISO (1024 M) plus
phenylephrine (PHE, 1024 M)-stimulated (C) cAMP and cGMP ac-
umulation in rat pinealocyte suspension culture, as outlined under

aterials and Methods. Note that the G protein inhibitors N-ethyl-
aleimide (NEM) and isotetrandrine (IT) significantly decreased

SO-induced and ISO-plus-PHE-induced accumulation of both
AMP and cGMP. For comparison of cAMP and cGMP formation,
ccumulation of nucleotides was expressed as percentage of the
alue without G protein modulators. The absolute values for 100%
GMP and cAMP accumulation were as follows: (A) 180 fmol/mg
rotein (cAMP), 68 fmol/mg protein (cGMP); (B) 1887 fmol/mg
rotein (cAMP), 312 fmol/mg protein (cGMP); (C) 7341 fmol/mg
rotein (cAMP), 814 fmol/mg protein (cGMP). Data are means 6 SE

bars) for three or more samples. * P , 0.05 compared with pine-
locytes stimulated by ISO or ISO-plus-PHE; ** P , 0.01 compared
ith pinealocytes stimulated by ISO (B) or ISO-plus-PHE (C), in the

bsence of G protein modulators.
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cGMP responses to b1-adrenergic stimulation to sim-
lar extents, the effects of NEM on b1-adrenergic

cAMP and cGMP responses as a function of concen-
tration were compared (Fig. 2A). NEM inhibited
cAMP and cGMP formation in a dose-dependent man-
ner and was equally effective in blocking both the
nucleotides.

In the rat pineal, cAMP reportedly induces the rate-
limiting enzyme in melatonin synthesis, AA-NAT.
The possibility that NEM-sensitive G proteins play a
role in AA-NAT induction was studied in organ cul-
ture. As illustrated in Fig. 2B, NEM depressed AA-
NAT activity under vmax conditions in a dose-depen-
dent manner.

The adrenergic cGMP response requires NO-depen-
dent activation of sGC. To investigate whether G pro-
tein modulators affect adrenergic cGMP transduction,
the effect of G protein modulators on NO-stimulated
cGMP formation was tested. The NO donor SNP
strongly stimulated cGMP accumulation (Fig. 3). The
presence of NEM and IT significantly inhibited SNP-
induced accumulation of cGMP in the pinealocytes.
Compared with IT, NEM was more effective in block-
ing the SNP-induced cGMP accumulation. Mastopa-
ran, compound 48/80, and PTX had no detectable
effects on SNP-induced cGMP accumulation (Fig. 3).

DISCUSSION

It is well established that Gs proteins are abundantly
present in the rat pineal gland (Babila et al., 1992) and
play important roles in adrenergic dual-signal trans-
duction, resulting in increased levels of cAMP and
cGMP (Sugden and Klein, 1987; Babila and Klein,
1992, 1994; White and Klein, 1995). The Gs protein
comes in two forms, i.e., the 42- and the 45-kDa spe-
cies (Babila et al., 1992). The 45-kDa form is present in
he fetal and adult rat pineal at nearly identical levels,

ith a significant increase at postnatal day 3, whereas
he amount of the 42-kDa form is relatively low at
irth, increasing sevenfold between day 7 and day 40
Babila et al., 1992). The late appearance of the small
orm of Gs coincides with the developmental occur-
Copyright © 2001 by Academic Press
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nd the occurrence of the melatonin-forming enzyme
ydroxyindole-O-methyltransferase.
There is also evidence that the Gi and the Go pro-

teins are present in the rat pineal gland (Babila et al.,
1992). Whereas the Gi levels are constant throughout
life, the Go protein exhibits a developmental pattern
similar to that of the 42-kDa form of Gs, increasing
fivefold between day 7 and day 40 (Babila et al., 1992).
In view of the prominent cAMP-dependent day–night
variation of pineal melatonin synthesis (see Foulkes et
al., 1997), it is interesting to note that there are no
significant day/night differences in the levels of Gs,
Gi, and Go (Babila et al., 1992). Phylogenetically, the
mammalian pinealocytes are photoreceptor-related
cells. It is therefore relevant to note that the retinal G
protein transducin Gta is not demonstrable in the rat
pineal gland (Babila et al., 1992).

The results of the present study show that, although
Gi/Go proteins are demonstrable in the rat pineal
gland (Babila et al., 1992), neither the basal nor the
drenergically stimulated cAMP and cGMP accumu-
ation are affected by a number of Gi/Go protein acti-

vators, applied in sufficient concentrations (Akiba et
al., 1992; Igarashi et al., 1993; Klinker et al., 1996). This

bservation confirms that the Gi/Go proteins do not
play an important role in the adrenergic dual-signal-
ing pathway in the rat pineal gland. This conclusion
agrees with that of Sugden (1990), who has found that
18-h PTX treatment of rat pinealocytes is without ef-
fect on a1-adrenergic potentiation of b-adrenergic
stimulation of cAMP and cGMP accumulation.

In the present study, significant effects were ob-
tained with the sulfhydryl G protein blocker NEM and
the PLA2-related antagonist IT, both of which inhib-
ited adrenergically induced cAMP and cGMP accu-
mulation. This is apparently the first report showing
that sulfhydryl G proteins participate in adrenergic
signal transduction in the mammalian pineal gland.
The role of sulfhydryl G proteins in adrenergic signal
transduction has, however, been established in organs
other than the pineal, e.g., NEM inhibits the contractile
response to noradrenaline in rat aorta and mesenteric
artery (Abebe et al., 1995). In the aorta, an NEM-
sensitive pathway has also been shown to play a role
in NO-mediated vasorelaxation produced by acetyl-
choline (Andriambeloson et al., 1999). This latter ob-



servation is of interest as NO plays an important me-

M
c
c
t
b
1
a
t
p
1

s
l
c
c
G
t
l
t
p
l

m
a
a
r
p
n
c
T
p
h

p
u

G Proteins in the Rat Pineal Gland 325
diatory role in cGMP accumulation in the rat pineal
gland (see below).

The presence of a G-protein-coupled PLA2 in the rat
pineal gland has been anticipated by observations that
the activation of a1-adrenoceptors increases pineal
PLA2 activity (Ho and Klein, 1987) and that a1-adren-
ergic mechanisms are generally mediated by G pro-
teins (see Gudermann et al., 1997; Summers and Mc-

artin, 1993). Similarly, IT (an inhibitor of G protein-
oupled PLA2) diminishes adrenergically induced
AMP and cGMP accumulation (this study). G pro-
ein-mediated regulation of PLA2 activity has also
een found in tissues other than pineal (Tong et al.,
998; Qian et al., 1997; Gebicke-Haerter et al., 1991) but
ppears to be less common, or at least less well inves-
igated, than the G-protein-dependent regulation of
hospholipase C (PLC) (see Helmreich and Hofmann,
996).

FIG. 3. Effects of G protein modulators on sodium nitroprusside
(SNP; 1024 M)-stimulated cGMP accumulation in rat pinealocyte
uspension cultures. Note that the G protein inhibitors N-ethylma-
eimide and isotetrandrine significantly decreased SNP-induced ac-
umulation of cGMP. For comparison of individual experiments,
GMP accumulation is expressed as percentage of the value without

protein modulators and represented as means 6 SE (bars) for
hree or more samples. The absolute value for 100% cGMP accumu-
ation was 818 fmol/mg protein. Data are means 6 SE (bars) for
hree or more samples. * P , 0.05; ** P , 0.01 compared with
inealocytes stimulated by SNP in the absence of G protein modu-

ators.
FIG. 2. Effects of various concentrations of N-ethylmaleimide
(NEM) on isoproterenol (ISO, 1024 M)–stimulated nucleotide for-

ation in pinealocyte suspension cultures (A) and on AA-NAT
ctivity in pineal organ cultures (B). For details see Materials
nd Methods. Note the dose-dependent decrease of all the pa-
ameters. For ease of comparison, the data are expressed as
ercentage of the value without G protein modulators. Determi-
ation was performed in duplicate on at least three (cyclic nu-
leotide accumulation) or six (AA-NAT activity) samples.
he absolute values for 100% are as follows: 1976 fmol/mg
rotein (cAMP), 361 fmol/mg protein (cGMP), and 30,8 nmol/
3 mg protein (AA-NAT). Data are means 6 SE (bars) for

three or more samples. * P , 0.05; ** P , 0.01 compared with
inealocytes stimulated by ISO in the absence of G protein mod-
lators.
Copyright © 2001 by Academic Press
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study raise the question as to whether NEM- and
IT-sensitive G proteins represent distinct groups of G
proteins or whether they belong to the Gs and/or the
Gi/Go families. Both NEM and IT exerted clear inhib-
tory effects on adrenergically stimulated cAMP and
GMP accumulation. As in the rat pineal, the adren-
rgically induced cAMP and cGMP stimulation are Gs

dependent (Sugden and Klein, 1987; Babila and Klein,
1992, 1994; White and Klein, 1995) and, since there
were no demonstrable effects of Gi/Go modulators
(see also Sugden, 1990), it may be assumed that the
NEM- and IT-sensitive G proteins belong to the Gs

family. However, data from the literature indicate that
NEM- and IT-sensitive G proteins belong more to the
Gi/Go group than to the Gs family (Morishita et al.,
1997; Yan and Surmeier, 1996; Choi and Lovinger,
1996; Tsunoda and Owyang, 1995). Interestingly, in
astrocytes, the IT-sensitive PLA2-associated G protein
seems to be a Gs (Gebicke-Haerter et al., 1991). It thus
eems that, in the rat pineal gland, which is character-
zed by the simultaneous presence of pinealocytes and
strocytes (Vollrath, 1981), Gs involvement predomi-
ates over Gi/Go-mediated processes.
A frequently discussed problem is whether dual

adrenergic signaling, i.e., the concomitant regulation
of two separate second messengers by noradrenaline,
is regulated by a common pool of G proteins or by
different types of G proteins. The present results favor
the conclusion that, in the rat pineal gland, a common
pool is involved. This conclusion is based on the
present findings that both cAMP and cGMP respond
uniformly when G protein modulators are applied.
Thus, NEM and IT, but not mastoparan, COM, and
PTX, inhibit adrenergically stimulated cAMP and
cGMP formation in a dose-dependent manner (see
also Sugden, 1990).

An interesting new finding in the present study is
that NEM and IT inhibit SNP-stimulated cGMP for-
mation. It is generally accepted that SNP is an NO
donor and that NO activates sGC followed by an
increase of cyclic GMP accumulation. This concept
is also valid for the rat pineal gland (Spessert et al.,
1993, 1995). The observations that SNP-stimulated
cGMP formation is affected by the Gs activator chol-
era toxin (White and Klein, 1995) and by NEM and
IT suggest that NO-stimulated sGC activity is mod-
ulated by NEM- and IT-sensitive Gs proteins. The
Copyright © 2001 by Academic Press
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siveness of sGC activity is unclear. The possibility of
a direct interaction between G protein and sGC is
unlikely, because G proteins are cell membrane
bound, whereas in the rat pineal, NO-sensitive sGC
is located in the cytosolic fraction (Spessert et al.,
1992). Because of the effectiveness of IT in the inhi-
bition of NO-stimulated cGMP synthesis (this
study), a possible mechanism that does not require
such a direct interaction involves G-protein-associ-
ated PLA2 and the sensitization of sGC by arachi-
donic acid metabolites. This suggestion is in line
with the findings that (1) PLA2 inhibition depresses
the pineal cGMP response (Vanecek et al., 1986), (2)
arachidonic acid metabolites enhance the pineal
cGMP response (Chik et al., 1991), and (3) arachi-
donic acid metabolites have been demonstrated to
stimulate sGC in tissues other than the pineal (Glass
et al., 1977; Snider et al., 1984). However, NO may
also have direct effects on G proteins (Christopoulos
and El-Fakahany, 1999). Lander et al. (1993) have
ound that NO increases GTPase activity of isolated

a subunits of Gs and Gi in human blood mononu-
clear cells. Moreover, Miyamoto et al. (1997) have
reported that NO can directly inhibit Gi and Go

proteins coupled to the bradykinin BK2 receptor in
bovine aortic endothelial cells. In view of these find-
ings, it remains possible that, in the rat pineal, NO
also stimulates cGMP formation via G proteins.

It is of interest to consider the implications of the
present findings for melatonin synthesis in the rat
pineal gland. There is ample evidence that the rate-
limiting enzyme of melatonin, AA-NAT, is adrenergi-
cally induced via Gs and the second messenger cAMP
(Roseboom et al., 1996). In the present study, NEM has
been shown not only to depress adrenergically stim-
ulated cAMP levels, but also to inhibit adrenergically
stimulated AA-NAT activity. Recently, NEM has been
reported to have a direct inhibitory effect on recombi-
nant AA-NAT activity (Zhan-Poe and Craft, 1999).
Although a direct effect on AA-NAT by NEM in the
present study is possible, it seems much more likely
that, for the reasons given above, NEM acts via Gs

proteins. If this is the case, it is concluded that the Gs

proteins involved in adenylyl cyclase and melatonin
formation in the rat pineal gland contain a function-
ally important sulfhydryl component.
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