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In this study we investigated diurnal changes in the activa-
tion state of the 90-kDa ribosomal S6 kinase (p90RSK) in the
rat pineal gland. In animals housed under a lighting regimen
with 12 h of light, we found an increase in phosphorylated
p90RSK during the dark phase, and this increase was abol-
ished by treatment with propranolol or continuous exposure
to light. To determine the intracellular mechanism involved,
rat pinealocytes were treated with norepinephrine. Norepi-
nephrine caused a parallel increase in phosphorylated p42/44
MAPK (p42/44MAPK) and p90RSK that was reduced by prazosin
or propranolol, indicating involvement of both �1- and �-
adrenergic receptors. Treatment with dibutyryl cGMP, 4�-

phorbol 12-myristate 13-acetate, or ionomycin mimicked nor-
epinephrine-stimulated p90RSK phosphorylation, whereas
dibutyryl cAMP caused a decrease in p90RSK phosphoryla-
tion. Inhibition of p42/44MAPK activation by UO126 was effec-
tive in reducing norepinephrine-stimulated p90RSK phos-
phorylation. Moreover, UO126 had an inhibitory effect on
norepinephrine-stimulated arylalkyl-N-acetyltransferase ac-
tivity. These results indicate that the adrenergically regu-
lated nocturnal increase in p90RSK phosphorylation is
mainly mediated through a cGMP3p42/44MAPK-dependent
mechanism. (Endocrinology 144: 3344–3350, 2003)

THE RAT PINEAL gland is stimulated by the nightly
release of norepinephrine (NE) from the sympathetic

nerve terminals. NE, by stimulating both �1- and �-adren-
ergic receptors, causes a 100-fold increase in cAMP and
cGMP accumulation (1). These large increases in cyclic nu-
cleotide responses are the results of the potentiation of �-
adrenergically stimulated cyclic nucleotide synthesis by the
�1-adrenergic receptor-mediated activation of protein kinase
C (PKC) and elevation of intracellular Ca2� (2–5). The pri-
mary function of cAMP in the rat pineal gland is to initiate
a series of cellular events that leads to the synthesis of ary-
lalkyl-N-acetyltransferase (AA-NAT), the rate-limiting en-
zyme in the synthesis of the pineal hormone, melatonin (6).
The physiological importance of NE-stimulated cGMP ac-
cumulation in the pineal gland is unclear. However, we have
shown that cGMP is involved in regulation of the L-type
Ca2� channel (7) as well as NE activation of p42/44 mitogen-
activated protein kinase (p42/44MAPK) in rat pinealocytes (8).

MAPKs, a large family of serine/threonine protein ki-
nases, function as mediators of signal transduction and are
activated by diverse stimuli, such as cytokines, growth fac-
tors, neurotransmitters, hormones, and cellular stresses (9,
10). Three main groups of MAPKs have been identified:
p42/44MAPK (11, 12), p38MAPK (13, 14), and c-Jun N-terminal
kinase (15, 16). The best studied member of MAPKs is p42/
44MAPK. Upon activation, p42/44MAPK can regulate gene ex-
pression either directly by phosphorylating transcription fac-
tors (9, 17–19) or indirectly through phosphorylation of
protein kinases such as the 90-kDa ribosomal S6 kinase
(p90RSK) (20). One of the cellular functions of p90RSK that

has been identified is regulation of gene expression by phos-
phorylating transcription factors, including cAMP response
element-binding protein (CREB) (21–23). Considering the
importance of CREB phosphorylation in the circadian acti-
vation of AA-NAT (24), NE activation of p90RSK may rep-
resent an important signaling mechanism that modulates the
induction of AA-NAT at night. Therefore, the objectives of
the present study are 3-fold. First, we will determine whether
there is a day/night variation in the activation state of
p90RSK in the rat pineal gland. Second, if there is a diurnal
difference in the activation of p90RSK, we will investigate
whether this is mediated by NE and will characterize the
receptor and signaling pathways involved in the regulation
of p90RSK. Third, we will determine the effect of inhibition
of p42/44MAPK/p90RSK on NE-stimulated AA-NAT activity.

Materials and Methods
Materials

Acetyl-coenzyme A, dibutyryl cAMP, dibutyryl cGMP, isoproterenol,
NE, phenylephrine, 4�-phorbol 12-myristate 13-acetate (PMA), prazo-
sin, propranolol, and tryptamine were obtained from Sigma-Aldrich
Corp. (St. Louis, MO). Calphostin C, H89, ionomycin, KT5823, KN93,
SB202474, SB203580, UO124, and UO126 were obtained from Calbio-
chem (San Diego, CA). Antibodies against p90RSK, p42/44MAPK, and
phosphorylated p42/44MAPK were purchased from Sigma-Aldrich. An
antibody against phosphorylated p90RSK was obtained from Cell Sig-
naling Technology (Beverly, MA). [3H]Acetyl-coenzyme A was pur-
chased from NEN Life Science Products (Boston, MA). All other chem-
icals were of the purest grade available commercially.

Animals

All procedures were reviewed and approved by the health sciences
animal and welfare committee of the University of Alberta (Edmonton,
Alberta). Sprague Dawley rats (male; weighing 150 g) were obtained
from the University of Alberta animal unit. Animals were housed under
a lighting regimen that provides 12 h of light every 24 h with lights on
at 0600 h [zeitgeber time zero (ZT 0)]. For the preparation of pinealocyte
cell culture, animals were killed 3 h after the onset of light by decapi-

Abbreviations: AA-NAT, Arylalkylamine N-acetyltransferase; CREB,
cAMP response element-binding protein; MEK, MAPK kinase; NE, nor-
epinephrine; p-, phosphorylated; PKA, protein kinase A; PKC, protein
kinase C; PKG, protein kinase G; PMA, 4�-phorbol 12-myristate 13-
acetate; p90RSK, 90-kDa ribosomal S6 kinase; ZT, zeitgeber time.
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tation, and the pineal glands were rapidly removed and stored in ice-
cold PBS until trypsinization. For the circadian study, groups of animals
were killed at various time points as indicated. The pineal glands were
collected, washed in ice-cold PBS, and frozen in dry ice immediately
until preparation for Western blot analysis or AA-NAT determination.
When the animals were killed during the dark period, only a dim red
light was used, except in the experiment when the animals were delib-
erately exposed to light during darkness.

Preparation of cultured pinealocytes and drug treatment

Pinealocytes were prepared from freshly dissected rat pineal glands
by trypsinization as described previously (25). The cells were suspended
in DMEM containing 10% fetal calf serum and were maintained at 37 C
for 24 h in a gas mixture of 95% air and 5% CO2 before the experiments.
For the determination of the activation states of p42/44MAPK and
p90RSK, aliquots of pinealocytes (5 � 105 cells/0.5 ml) were treated with
drugs that were added to the medium at 200� concentrated solutions
in water or dimethylsulfoxide for the duration indicated. Treated cells
were collected by centrifugation (2 min, 12,000 � g). Samples for Western
blot analysis were solubilized in 1� sample buffer by boiling for 5 min
and stored until analysis. For the determination of AA-NAT activity,
treated cells were collected by centrifugation (2 min, 12,000 � g), and cell
pellets were immediately frozen in dry ice and stored at �75 C.

Preparation of pineal glands for Western blot analysis

Frozen pineal glands were homogenized in a buffer (20 mm Tris-HCl;
2 mm EDTA; 0.5 mm EGTA; 2 mm phenylmethylsulfonylfluoride; 1
�g/ml each of aprotinin, leupeptin, and pepstatin; 1 mm sodium van-
adate; and 1 mm sodium fluoride, pH 7.5) by sonication. Sodium van-
adate and sodium fluoride were included to inhibit phosphatase activ-
ity. An aliquot of the homogenate was used for protein determination
(26). The sample buffer that contained an identical amount of protease
inhibitors, EGTA and EDTA, was used as a blank. The sample, after
adjusting for protein content, was mixed with 2� sample buffer, boiled
for 5 min, and stored until electrophoresis.

Western blot

SDS-PAGE was performed according to the procedure described by
Laemmli (27), using 10% acrylamide in the presence of 1 mg/ml sodium
dodecyl sulfate (Mini-Protein II gel system, Bio-Rad Laboratories, Inc.,
Hercules, CA). After electrophoresis, gels were equilibrated for 20 min
in transfer buffer (25 mm Tris, 190 mm glycine, and 20% methanol).
Proteins were transferred onto polyvinylidene difluoride membranes
(1 h, 100 V), which were then incubated with a blocking solution [5%
dried skim milk in 100 mm Tris (pH 7.5) with 140 mm NaCl and 0.01%
Tween 20] for a minimum of 1 h. The blots were incubated overnight at
4 C with diluted specific antisera as indicated. After washing twice with
the blocking solution, the blots were incubated with diluted horseradish
peroxidase-conjugated second antibodies (Bio-Rad Laboratories, Inc.)
for 1 h at room temperature. The blots were washed extensively and
developed using enhanced chemiluminescence (Amersham Pharmacia
Biotech, Arlington Heights, IL).

AA-NAT assay

AA-NAT activity was determined as described previously (28).
Briefly, the collected pineal glands or cell pellets were homogenized in
a reaction mixture of 0.1 m phosphate buffer (pH 6.8) containing 30 nmol
[3H]acetyl coenzyme A (specific activity, 1 mCi/mmol) and 1 �mol
tryptamine hydrochloride in a final volume of 60 �l. The reaction mix-
ture was incubated at 37 C for 1 h. At the end of the incubation period,
the reaction was stopped by the addition of 1 ml methylene chloride.
After vortexing, the aqueous phase was removed, and the organic phase
was washed three times with 0.1 m phosphate buffer (pH 6.8). The
organic phase was transferred to a scintillation vial and evaporated to
dryness. The radioactive acetylated product was determined, and NAT
activity was expressed as picomoles per microgram of protein per hour
or nanomoles per hour per 105 cells.

Result presentation and statistical analysis

For the Western blots, a typical blot from at least three similar ex-
periments is shown. Selected results were quantified using densitomet-
ric measurements, analyzed by Sigmagel (Jandel Scientific, San Rafael,
CA), normalized to the control level, and presented as the mean � sem
from at least three separate experiments. AA-NAT activity was pre-
sented as the mean � sem of three independent observations performed
in duplicate. Statistical comparisons were analyzed by either unpaired
t test or one-way ANOVA, followed by Tukey’s post hoc test. Statistical
significance was set at P � 0.05.

Results
Diurnal variation in p90RSK activation in the rat
pineal gland

To investigate whether there is a diurnal difference in
p90RSK activation in the rat pineal gland, the level of phos-
phorylated p90RSK in pineal glands collected at different
time points from rats housed under a 12-h light, 12-dark cycle
was determined using Western blot analysis. As shown in
Fig. 1, pineal glands collected during the subjective night (ZT
14, 18, and 22; lights on at ZT 0; lights off at ZT 12) were found
to have 3-fold higher levels of phosphorylated p90RSK than
tissues collected during the subjective day (ZT 3 or 9; Fig. 1B).
However, there was no significant difference in the level of
total p90RSK (both phosphorylated and unphosphorylated)
protein between any time point regardless of the light-dark
cycle.

Effect of continuous light exposure or propranolol treatment
on the nighttime level of phosphorylated p90RSK in the rat
pineal gland

To establish that the nocturnal increase in phosphorylated
p90RSK is regulated by adrenergic input to the rat pineal
gland, animals were either injected with propranolol (1 mg/
kg, ip) 1 h before the onset of darkness or subjected to con-
tinuous exposure to light after the onset of darkness. Both
treatments were effective in significantly reducing the level
of phosphorylated p90RSK when measured at ZT 18 (6 h after
the onset of darkness; Fig. 2). Exposure to light for 30 or 60
min at ZT 17 during the dark period caused a significant
decline in the level of phosphorylated p90RSK (Fig. 3A). In
comparison, acute light exposure abolished the increase in
AA-NAT activity that occurred at night (Fig. 3B), as reported
previously (29).

NE activates p90RSK in rat pinealocytes

To determine the intracellular mechanism involved in the
regulation of p90RSK activation, cultured pinealocytes were
used, and the level of phosphorylated p42/44MAPK was mon-
itored in the same sample for comparison. To confirm that
p90RSK activation is under adrenergic control in cultured
pinealocytes, cells were treated with NE. Treatment with NE
(10 �m) caused a time-dependent increase in the level of
phosphorylated p90RSK that started within 5 min, and the
increase was sustained for at least 10 min. After 15 min, there
was a decline in the level of phosphorylated p90RSK that
returned toward the basal level by 60 min (Fig. 4A). The time
profile of NE-stimulated p42/44MAPK activation followed
closely the time profile of NE activation of p90RSK (Fig. 4A).
At 15 min, the effects of NE on phosphorylated p90RSK and
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p42/44MAPK levels were dependent on concentration
(Fig. 4B).

Both �1- and �-adrenergic receptors are involved in NE-
stimulated p90RSK activation in rat pinealocytes

To determine the subtype of adrenergic receptors involved
in the activation of p90RSK, selective adrenergic agonists and
antagonists were used. Selective activation of �-adrenergic
receptors by isoproterenol (1 �m) in the presence of prazosin
(1 �m) had no effect on p90RSK activation at 15 min (Fig. 5).
Activation of �1-adrenerigc receptors by phenylephrine (1
�m) in the presence of propranolol (1 �m) caused a small
increase in phosphorylated p90RSK (Fig. 5). Combined treat-
ment with isoproterenol (1 �m) and phenylephrine (1 �m)
caused a 3-fold increase in the phosphorylated 90RSK level,
an effect similar to that of NE (10 �m; Fig. 5). Furthermore,
the presence of either prazosin (1 �m) or propranolol (1 �m)
caused a reduction in NE-mediated p90RSK activation (Fig.
5). These results suggest that both �1- and �-adrenergic re-

ceptors are involved in the NE activation of p90RSK. The
requirement for both �1- and �-adrenoceptors was similar to
that seen in the regulation of p42/44MAPK by NE as reported
previously (30) and shown in Fig. 5 for comparison.

Signaling pathways involved in the activation of p90RSK
by NE in rat pinealocytes

NE, through activation of both �1- and �-adrenergic re-
ceptors, causes activation of protein kinase A (PKA), protein
kinase G (PKG), and PKC as well as elevation of intracellular
Ca2� (2–5). To investigate the relative contributions of NE-
activated signaling pathways in NE activation of p90RSK,
pharmacological agents were used. Phosphorylated levels of
p42/44MAPK were measured for comparison. As shown in
Fig. 6, activation of PKG by dibutyryl cGMP (1 mm) and of
PKC by PMA (0.1 �m) as well as elevation of intracellular
Ca2� by ionomycin (1 �m) were effective in increasing the
phosphorylated levels of p90RSK. In comparison, treatment
with dibutyryl cAMP (1 mm) caused a reduction in the phos-

FIG. 1. Day/night variation in p90RSK activation in the rat pineal
gland. Pineal glands were collected at the time points indicated from
rats housed under a 12-h light, 12-h dark cycle. The glands were
homogenized, mixed with 2� sample buffer, and analyzed by Western
blotting using a polyclonal antibody against phosphorylated p90RSK
(p-p90RSK) and a monoclonal antibody against p90RSK. Each lane
contains 25 �g protein. See Materials and Methods for details. A, A
representative blot from four separate experiments; B, densitometric
measurements of p-p90RSK from the four experiments, presented as
the fold increase over the value at ZT 9. *, P � 0.05, significantly
different from ZT 9.

FIG. 2. Effect of continuous light exposure or propranolol treatment
on the nighttime phosphorylated p90RSK level in the rat pineal
gland. Rats were housed under a 12-h light, 12-h dark cycle, with
lights off at ZT 12. Pineal glands were collected at ZT 9 (3 h before
dark), at ZT 18 (6 h after dark), at ZT 18 with light remaining on (�
Light), or at ZT 18 with lights off but mice were injected with pro-
pranolol (1 mg/kg, ip; 1 h before dark; �Prop). The glands were
homogenized, mixed with 2� sample buffer, and analyzed by Western
blotting using a polyclonal antibody against p-p90RSK and a mono-
clonal antibody against p90RSK. Each lane contains 25 �g protein.
See Materials and Methods for details. A, Representative blot from
five separate experiments; B, densitometric measurements of
p-p90RSK from five experiments, presented as the fold increase over
the value at ZT 9. *, P � 0.05, significantly different from ZT 18.
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phorylated p90RSK level. Thus, it appears that whereas phar-
macological activation of PKG and PKC as well as elevation
of intracellular Ca2� enhance the phosphorylation of
p90RSK, activation of PKA has the opposite effect. The phar-
macological profiles of these agents in activating p90RSK
were similar to their profiles in activating p42/44MAPK

(Fig. 6A).
To confirm the role the individual signaling pathways play

in NE activation of p90RSK, the effects of different protein
kinase inhibitors on the NE-stimulated p90RSK response
were determined (Fig. 6B). Whereas H89 (1 �m), a selective
PKA-selective inhibitor with a Ki less than 0.05 �m, was
effective in enhancing the NE activation of p90RSK, the effect
of KT5823 (1 �m), a selective PKG inhibitor with a Ki less than
0.3 �m, was inhibitory (Fig. 6B). Calphostin C (1 �m), a
selective PKC inhibitor with a Ki less than 0.05 �m, and KN93
(1 �m), a selective Ca2�/calmodulin-dependent protein ki-
nase inhibitor, had little effect (Fig. 6B). The effects of these
kinase inhibitors on NE-stimulated p90RSK activation were
similar to their effects on NE-stimulated p42/44MAPK acti-
vation (Fig. 6B).

p42/44MAPK mediates the effect of NE on p90RSK on
rat pinealocytes

To confirm that p42/44MAPK mediates the effect of NE on
p90RSK, inhibitors against MAPK kinase (MEK1/2) and

p38MAPK were used. Pretreatment of pinealocytes with a
MEK1/2 inhibitor, UO126 (1 �m), caused a significant re-
duction in NE activation of p90RSK and p42/44MAPK (Fig. 7
and Table 1). In comparison, UO124 (1 �m), the inactive
analog, had no effect. Inhibition of p38MAPK by SB203580 (10
�m), a treatment that we have previously shown to enhance
NE-stimulated p42/44MAPK activation (31), caused a further
increase in NE-stimulated p90RSK activation. The inactive
analog, SB202474 (10 �m), had no effect on the NE-mediated
increase in phosphorylated p90RSK (Fig. 7). Together these
results suggest that NE increases phosphorylated p90RSK
through activation of the p42/44MAPK pathway.

Effect of an MEK1/2 inhibitor on NE stimulation AA-NAT
activity in rat pinealocytes

To determine whether activation of the p42/p44MAPK/
p90RSK pathway has an effect on pineal function, we inves-

FIG. 3. Effect of acute light exposure on the nighttime phosphor-
ylated p90RSK level and AA-NAT activity in the rat pineal gland.
Rats were housed under a 12-h light, 12-h dark cycle, with lights
off at ZT 12. Pineal glands were collected at the time points indi-
cated. F, Animals remaining in the dark; E, animals subjected to
light from ZT 17. The glands were homogenized, mixed with 2�
sample buffer, and analyzed by Western blotting using a polyclonal
antibody against p-p90RSK or were assayed for AA-NAT activity.
See Materials and Methods for details. A, Densitometric measure-
ments of p-p90RSK from four experiments presented as the fold
increase over the value at ZT 12; B, AA-NAT activity from three
independent experiments. AA-NAT activity from glands obtained
at ZT 12 was not detectable. C, A representative blot of p-p90RSK
from four separate experiments. *, P � 0.05, significantly different
from ZT 17.

FIG. 4. Effect of NE on p90RSK activation in rat pinealocytes.
Pinealocytes (5 � 105 cells/0.5 ml) were cultured for 24 h and
treated with NE (10 �M) for different time periods as indicated (A)
and NE (0.1–10 �M) for 15 min (B). The cells were collected by
centrifugation, dissolved in 1� sample buffer, and analyzed by
Western blotting using a polyclonal antibody against p-p90RSK
and monoclonal antibodies against p90RSK and phosphory-
lated p42/44MAPK (p-p42/44MAPK) as described in Materials and
Methods. The blot presented is representative of three separate
experiments.
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tigated the effects of UO126 on NE-stimulated AA-NAT ac-
tivity in cultured pinealocytes. Treatment with NE (1 �m) for
6 h caused a significant increase in AA-NAT activity (Table
1). The presence of UO126 (1 �m) caused a 40% reduction in
NE-stimulated AA-NAT activity (Table 1). In contrast,
UO124 (1 �m) had no effect on NE-stimulated AA-NAT
activity (Table 1).

Discussion

We have shown that in rat pinealocytes, NE treatment
increases the activation state of p42/44MAPK (8, 30), a path-
way known to stimulate CREB phosphorylation (18, 19).
Moreover, p90RSK, the downstream component of p42/
44MAPK, has also been shown to enhance CREB phosphory-
lation (21, 22), suggesting that the p42/44MAPK pathway may
be involved in adrenergically stimulated AA-NAT induction
at the transcriptional level. In the present study we focused
on the regulation of p90RSK and the intracellular mechanism
involved. Our results showed that the activation state of
p90RSK not only is increased by NE in cultured pinealocytes,
but is also regulated by the light/dark cycle, with increased
phosphorylation during the dark phase in the rat pineal
gland. Because the increase in phosphorylated p90RSK dur-
ing the dark phase occurs without any increase in the protein
level of p90RSK, the nocturnal increase in the activation state
of p90RSK is related to enhanced phosphorylation of existing
protein.

In support of nocturnal activation of p90RSK, subjecting
the animals to continuous light from the onset of darkness is
effective in blocking the nocturnal increase in p90RSK phos-
phorylation. Moreover, treatment with propranolol reduces
the nocturnal increase in p90RSK phosphorylation, an ob-
servation indicating that activation of p90RSK is under ad-
renergic regulation. Considering that the pineal gland is
stimulated by the release of NE from the sympathetic nerve

at night (1, 32), these results suggest that adrenergically stim-
ulated p90RSK phosphorylation in the pineal gland may be
driven by the endogenous circadian clock in the suprachi-
asmatic nucleus (33, 34), similar to other cellular processes
that have a circadian rhythm.

Our result also showed that the nocturnal increase in
p90RSK phosphorylation is inhibited by acute light expo-
sure. Within 30 min of light exposure, there is a decline in the
increase in phosphorylated p90RSK during the dark phase.
Although the decline in phosphorylated p90RSK is fairly
rapid after light exposure, this appears slower than the de-
cline in AA-NAT activity after similar light exposure. These
results indicate that similar to the regulation of AA-NAT, a
sustained stimulation is required for the nighttime activation
of p90RSK. However, the mechanism involved in the inac-
tivation of p90RSK may not be identical to that of AA-NAT.

In cultured pinealocytes we also found that both �1- and
�-adrenergic receptors are involved in NE-stimulated
p90RSK activation. Furthermore, potentiation at the postre-
ceptor level also constitutes part of the intracellular mech-
anism through which NE regulates p90RSK activation. This

FIG. 5. Receptor characterization of NE-mediated p90RSK activa-
tion. Pinealocytes (5 � 105 cells/0.5 ml) were cultured for 24 h and
treated for 15 min with NE (10 �M) with prazosin (Praz; 1 �M) or
propranolol (Prop; 1 �M), NE (10 �M) alone, isoproterenol (ISO; 1 �M)
with Praz (1 �M), phenylephrine (PE; 1 �M) with Prop (1 �M), or ISO
(1 �M). Cont, Control. The cells were collected by centrifugation,
dissolved in 1� sample buffer, and analyzed by Western blotting
using a polyclonal antibody against p-p90RSK and monoclonal anti-
bodies against p90RSK and p-p42/44MAPK as described in Materials
and Methods. The blot presented is representative of three separate
experiments.

FIG. 6. Effects of protein kinase activators on p90RSK activation.
Pinealocytes (5 � 105 cells/0.5 ml) were cultured for 24 h and treated
for 15 min with A) dibutyryl cAMP (Db-cAMP; 1 mM), dibutyryl cGMP
(Db-cGMP; 1 mM), PMA (0.1 �M), or ionomycin (ION; 1 �M); and B)
NE (10 �M) in the absence or presence of H89 (1 �M), KT5823 (1 �M),
calphostin C (Cal C; 1 �M), or KN93 (1 �M). Cont, Control. The cells
were collected by centrifugation, dissolved in 1� sample buffer, and
analyzed by Western blotting using a polyclonal antibody against
p-p90RSK and monoclonal antibodies against p90RSK and
p-p42/44MAPK as described in Materials and Methods. The blot pre-
sented is representative of three separate experiments.
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is based on observations that NE-mediated p90RSK phos-
phorylation can be reduced by treatment with either an �1-
or a �-adrenergic receptor antagonist. Moreover, treatment
with an �1-adrenergic receptor agonist causes a small in-
crease in phosphorylated p90RSK, whereas treatment with a
�-adrenergic receptor has no effect. However, combined
treatment with both an �1- and a �-adrenergic receptor ag-
onist results in a large increase in the level of phosphorylated
p90RSK.

Downstream from the adrenergic receptors, it has previ-
ously been shown that NE causes elevation of cAMP and
cGMP, elevation of intracellular Ca2�, as well as activation
of PKC (2). When these signaling pathways are activated
pharmacologically, treatment that either activates PKG or
PKC or causes elevation of intracellular Ca2� is effective in

activating p90RSK. In comparison, activation of PKA reduces
the level of phosphorylated p90RSK. Our results also indicate
that, similar to p42/44MAPK (8, 30), PKG appears to be the
main pathway involved in NE activation of p90RSK phos-
phorylation. This is based on observations that whereas se-
lective inhibition of PKG by KT5823 is effective in blocking
the NE activation of p90RSK, inhibition of either PKC or the
Ca2�/calmodulin pathway has only a minimal effect on NE-
stimulated p90RSK phosphorylation. Although treatment
with either PMA or ionomycin causes a large increase in
p90RSK phosphorylation, activation of �1-adrenergic recep-
tors alone only has a modest effect on p90RSK phosphory-
lation. This difference can be explained by the smaller
NE-mediated increases in membrane-associated PKC and
elevation of [Ca2�]i compared with those of PMA or iono-
mycin (35, 36).

The opposite effect of PKA and PKG on the activation state
of p90RSK also provides an explanation for the requirement
for activation of �1- and �-adrenergic receptors for enhance-
ment of p90RSK phosphorylation in rat pinealocytes. When
�-adrenergic receptors are activated alone, the increase in
cyclic nucleotide contents, in particular the cGMP response,
is relatively small (2). Under these conditions, the inhibitory
effect of PKA on p90RSK phosphorylation is adequate to
counteract the stimulatory effect of PKG, hence resulting in
little or no effect on p90RSK phosphorylation. In contrast,
when both �1- and �-adrenergic receptors are activated,
p90RSK phosphorylation stimulated by the large increase in
cGMP is sufficient to overcome the inhibitory effect of PKA.
In agreement with this is the observation that the isoproter-
enol- or NE-mediated p90RSK activation is enhanced by a
PKA inhibitor, but is reduced by a PKG inhibitor.

The similarities between the adrenergic receptors involved
in the activation of p90RSK and p42/44MAPK (30) as well as
the predominant involvement of the PKG pathway (8, 30)
suggest that NE-mediated activation of p90RSK may occur as
a consequence of p42/44MAPK activation. Other supportive
evidence includes the observation that reducing the NE-
mediated p42/44MAPK phosphorylation by inhibition of
MEK1/2 reduces the NE-mediated activation of p90RSK.
Moreover, increasing NE-mediated p42/44MAPK phosphor-
ylation by an inhibitor of p38MAPK (31) increases NE-medi-
ated activation of p90RSK.

Previously, p42/44MAPK has been shown to play an im-
portant role in pineal clock oscillation in chicks (37). In this
study we found that UO126, an inhibitor of MEK1/2, has an
inhibitory effect on NE-stimulated AA-NAT, hence support-
ing a modulating role of p42/44MAPK/p90RSK in the adren-
ergic regulation of melatonin synthesis. The specific mech-
anism through which p42/44MAPK modulates AA-NAT
activity remains unclear. However, previous studies have
shown the presence of cAMP response element in the pro-
moter of the AA-NAT gene (38) and regulation of this gene
by the binding activity of activating protein-1 (39). Therefore,
p42/44MAPK/p90RSK could modulate AA-NAT activity
through phosphorylation of CREB and activation of activat-
ing protein-1 as shown in other cell types (22, 40). Moreover,
p90RSK may be the downstream element through which
PKG regulates cellular targets such as the L-type Ca2� chan-
nel (7) and synaptic ribbons in the rat pineal gland (41).

FIG. 7. Effects of SB203580, SB202474, UO126, and UO124 on NE-
mediated p90RSK activation. Pinealocytes (5 � 105 cells/0.5 ml) were
cultured for 24 h and treated for 15 min with NE (10 �M) in the
absence or presence of SB203580 (10 �M), SB202474 (10 �M), UO126
(1 �M), or UO124 (1 �M). Con, Control. The cells were collected by
centrifugation, dissolved in 1� sample buffer, and analyzed by West-
ern blotting using a polyclonal antibody against p-p90RSK and mono-
clonal antibodies against p90RSK and p-p42/44MAPK as described in
Materials and Methods. The blot presented is representative of four
separate experiments.

TABLE 1. Effect of UO126 on NE-stimulated AA-NAT activity
and phosphorylated p90RSK in rat pinealocytes

Treatment AA-NAT activity
(nmol/h�100,000 cells)

Phosphorylated p90RSK
(fold increase)

Control 0.07 � 0.02 1
UO126 0.09 � 0.03 0.98 � 0.03
UO124 0.08 � 0.02 1.01 � 0.04
NE (1 �M) 1.52 � 0.11a 2.95 � 0.15a

� UO 126 (1 �M) 0.93 � 0.20b 1.25 � 0.13b

� UO 124 (1 �M) 1.35 � 0.24 2.67 � 0.33

Pinealocytes (5 � 104 cells/0.5 ml) in DMEM with 10% fetal bovine
serum were stimulated by different drugs as indicated for 6 h. Cells
were then collected by centrifugation, and AA-NAT activity was de-
termined as described in Materials and Methods. Each value repre-
sents the mean � SEM of determinations done in duplicate from four
independent experiments.

a Significantly different from control.
b Significantly different from NE-treated cells. Densitometric mea-

surements of p-p90RSK from the four experiments from Fig. 7 (pre-
sented as fold increase against control) were included for comparison.
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