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cAMP/PKA Agonist Restores the Fasting-Induced Down-Regulation
of nNOS Expression in the Paraventricular Nucleus
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Gene expression of neuronal nitric oxide synthase (nNOS) changes in the hypothalamic paraven-
tricular nucleus (PVN) depending on feeding conditions, which is decreased during food deprivation
and restored by refeeding, and phosphorylated cAMP response element binding protein (pCREB) was
suggested to play a role in its regulation. This study was conducted to examine if the fasting-induced
down-regulation of the PVN-nNOS expression is restored by activation of cAMP-dependent protein
kinase A (cCAMP/PKA) pathway. Freely moving rats received intracerebroventricular (icv) injection of
cAMP/PKA activator Sp-cAMP (40 nmol) or vehicle (sterilized saline) following 48 h of food deprivation.
One hour after drug injections, rats were transcardially perfused with 4% paraformaldehyde, and the
PVN tissues were processed for nNOS or pCREB immunohistochemistry. Sp-cAMP significantly
increased not only nNOS but also pPCREB immunoreactivities in the PVN of food deprived rats. Fasting-
induced down-regulation of the PVN-nNOS was restored by 1 h after the icv Sp-cAMP. Results suggest
that cAMP/PKA pathway may mediate the regulation of the PVN-nNOS expression depending on
different feeding conditions.
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INTRODUCTION

Food deprivation decreases mRNA level of neuronal nitric
oxide synthase (nNOS), the intracellular intensity of NADPH-
diaphorase (NADPH-d) staining, a marker for nNOS activity
in the brain, and the apparent number of nNOS immunor-
eactive cells in the hypothalamic paraventricular nucleus
(PVN) [1-5]. Plasma glucocorticoids, which are elevated
during food deprivation [3,5-7], appear to mediate the fast-
ing-induced down-regulation of nNOS in the hypothalamic
PVN. We have reported that depletion of endogenous gluco-
corticoids by adrenalectomy abolishes fasting-induced down-
regulation of nNOS in the rat PVN, and dexamethasone
decreases the PVN-nNOS in both adrenalectomized and in-
tact rats [4,8]. Furthermore, treatment with a glucocorti-
coids receptor antagonist RU486 during food deprivation
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blunted the fasting-induced decrease of nNOS in the PVN
[3]. These reports together suggested that plasma gluco-
corticoids may suppress nNOS expression in the PVN dur-
ing food deprivation, via its receptor-mediated pathway.

However, the upstream promoter of nNOS does not carry
glucocorticoid response element, but carries cAMP response
element [9-11]. In vitro studies have reported that nNOS
expression is regulated by a cAMP response element-bind-
ing protein (CREB) family transcription factor-dependent
mechanism [11], and that phosphorylation of Ser-133 resi-
due in CREB, a critical step in the activation of CREB, is
regulated by glucocorticoids [12,13]. We have reported that
CREB phosphorylation in the PVN is markedly decreased
by 48 h of food deprivation, and this reduction is inhibited
by treatment with a glucocorticoid receptor antagonist
RU486 [3]. Thus, it is suggested that the plasma glucocorti-
coids may suppress nNOS expression in the PVN during
food deprivation, via down-regulation of CREB phosphory-
lation.

Not only the fasting-induced decrease of the PVN-nNOS
but also of the PVN-pCREB is restored shortly after refeed-
ing [5], and the refeeding-induced increases of the hypo-
thalamic CREB phosphorylation and nNOS expression are
blocked by dexamethasone treatments [5,14]. Also, the fast-

ABBREVIATIONS: nNOS, neuronal nitric oxide synthase; PVN,
paraventricular nucleus; pCREB, phosphorylated cAMP response
element binding protein; cAMP/PKA, cAMP-dependent protein kinase
A, icv, intracerebroventricular; NADPH-d, NADPH-diaphorase; NO,
nitric oxide.
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ing-induced elevation of the plasma glucocorticoids is re-
stored shortly after refeeding [5,15]. These reports together
suggest that refeeding-induced nNOS expression and CREB
phosphorylation in the PVN may require glucocorticoid
dis-inhibition. However, our previous study demonstrated
that glucocorticoid dis-inhibition alone is not sufficient to
induce nNOS expression in the PVN [5]. It was reported
that food deprivation decreases the hypothalamic cAMP
levels and refeeding normalizes it [16]. In this study, we
demonstrate that the intracerebroventricular (icv) injection
of the membrane-permeable cAMP-dependent protein kinase
A (PKA) activator Sp-cAMP (adenosine-3’,5’-cyclic mono-
phosphorothioate Sp-isomer) without food supplement res-
cues the fasting-induced decrease of nNOS expression in
the PVN without affecting the plasma corticosterone levels.

METHODS
Animals

Sprague-Dawley rats were purchased (Samtako Bio,
Osan, Korea), and cared in a specific-pathogen-free (SPF)
barrier area with constant control of temperature (22+1°C),
humidity (55%), and a 12/12 hr light/dark cycle (lights-on
at 07:00 AM). Standard laboratory food (Purina Rodent
Chow, Purina Co., Seoul, Korea) and membrane filtered pu-
rified water were available ad libitum. Animals were cared
according to the Guideline for Animal Experiments, 2000,
edited by the Korean Academy of Medical Sciences, which
is consistent with the NIH Guidelines for the Care and Use
of Laboratory Animals, revised 1996. All animal experi-
ments were approved by the Committee for the Care and
Use of Laboratory Animals at Seoul National University.

Intracerebroventricular (icv) cannulation

Under chloral hydrate (153 mg/kg) and pentobarbital (35
mg/kg) anesthesia, rats (280~300 g) were stereotaxically
implanted with a 22-gauge, stainless steel guide cannula
(Plastics One, Roanoke, VA) aimed towards the lateral ven-
tricle (1.2 mm caudal to bregma, 1.5 mm lateral to the mid-
line, and 4 mm below the skull surface). Guide cannulae
were held in place with dental acrylic bonded to stainless
steel screws anchored to the skull. An obdurator was in-
serted into each guide cannula and remained in place ex-
cept during injections when it was removed and replaced
with an injector that extended 1.0 mm beyond the tip of
the guide cannula. After 1 week of post-operational recov-
ery, patency and placement of the cannula was verified by
injection of 100 ng human angiotensin II (Sigma Chemical
Co., St Louis, MO, USA) dissolved in 5 #1 of 0.15 M NaCl;
rats with cannulas projecting into the lateral ventricle re-
sponded to the angiotensin injection by vigorously licking
the water bottle within 2 min [17-19], while rats that failed
to drink were dropped from the study. Cannula placements
were also verified postmortem by sectioning through the
brain.

Drug treatments

Rats verified for the cannula placement were divided into
four different groups (n=6 in each group, total 24 rats); i.e,
FClvehicle (saline icv with ad libitum access to food), FD/
vehicle (saline icv following food deprivation), FD/Sp-cAMP

(Sp-cAMP 1icv following food deprivation) and FD/Rp-cAMP
(Rp-cAMP icv following food deprivation). Rats in FD/ve-
hicle, FD/Sp-cAMP or FD/Rp-cAMP groups underwent a 48
h of food deprivation beginning at 09:00 h, and then re-
ceived an icv injection of Sp-cAMP (Sp-8-bromo-cAMP,
Sigma Chemical Co., St Louis, MO, USA; 5 «] of 40 nmol
in sterilized saline), Rp-cAMP (Rp-8-bromo-cAMP, Sigma
Chemical Co., St Louis, MO, USA; 5 «1 of 40 nmol in steri-
lized saline) or sterilized saline (5 «1 of 0.15 M NaCl). Sp-
cAMP, Rp-cAMP or saline was delivered through the icv
guide cannulas over 30 s with a handheld 50 xl syringe
(Hamilton Co., Reno, NV, USA). The injector was left in
place for 30 s after solution delivery. Free-fed control group
(FClvehicle) received an icv injection of sterilized saline (5
1l of 0.15 M NaCl).

Immunohistochemistry

One hour after the drug injections, rats were anesthetized
with over doses of sodium pentobarbital (Hallym Pharma-
ceutical Co., Seoul, Korea), and transcardiac perfusions
were performed first with heparinized isotonic saline then
with ice-cold 4% paraformaldehyde (Sigma Co., MO, USA)
in 0.1 M sodium phosphate buffer. Brains were immediately
dissected out, blocked, post-fixed for 2 h, and transferred
into 30% sucrose (Sigma Co., MO, USA) for cryoprotection.
Forty-micron coronal sections were cut on a freezing, slid-
ing microtome (HM440E, Microm Co., Germany). Alternate
sections were collected throughout the rostrocaudal extent
of the hypothalamic PVN (between bregma - 1.3 mm and
- 2.1 mm) [20]. Immunohistochemistry was performed with
standard DAB reaction using commercial ABC kit (Vectas-
tain Elite Kit, Vector Laboratories, CA, USA) as previously
described [21]. Polyclonal rabbit anti-nNOS, which reacts
with the 160 kDa nNOS protein and does not exhibit any
cross-reactivity with the related eNOS or iNOS proteins
(1 : 2,000 dilution, Zymed Laboratories, CA, USA), and an-
ti-pCREB, which recognizes p43 phosphorylated CREB (1 :
1,000 dilution, Upstate biotechnology, NY, USA), antibodies
were used as primary antibodies, and biotinylated anti-rab-
bit IgG (1 : 200 dilution, Vector Laboratories, CA, USA) as
secondary. Immuno-stained sections were mounted in an
anatomical order onto gelatin-coated slides from 0.05 M
phosphate buffer, air-dried, dehydrated through a graded
ethanol to xylene, and cover-slipped.

Plasma corticosterone assay

Cardiac blood was rapidly collected in the heparinized
tube immediately after exposing the heart for perfusion,
and centrifuged at 2,000 rpm for 20 min. The plasma was
transferred into new tubes, frozen in liquid nitrogen, and
stored at —80°C until used for the assay. Plasma cortico-
sterone levels were determined by radioimmunoassay using
®I.labelled Coat-A-Count kit (DPC, CA, USA). All rats
were sacrificed between 10:00 h and 12:00 h to minimize
diurnal variation in the plasma levels of corticosterone [22].

Statistical analysis

The number of nNOS immunopositive cells was blind-
counted by hand, pCREB immunopositive nuclei auto-
counted, after digitizing 720xX540 micron images of three
sections from the PVN (closest sections to bregma - 1.88
mm) from each brain using an Olympus BX-50 microscope
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Fig. 1. nNOS immunoreactivity and number of nNOS-ir neurons
in the parvocellular and the magnocellular PVN. Rats were sacri-
ficed for nNOS immunohistochemistry at 1 h after an intracere-
broventricular (icv) injection of Sp-cAMP or saline vehicle. FC/veh,
free-fed control rats received icv administration of 5 1 sterilized
saline; FD/veh, 48 h food deprivation and received icv administra-
tion of 5 xl sterilized saline; FD/Sp-cAMP, 48 h food deprivation
and received icv administration of 5 1 of 40 nmol Sp-cAMP in
sterilized saline; FD/Rp-cAMP, 48 h food deprivation and received
icv administration of 5 #1 of 40 nmol Rp-cAMP in sterilized saline;
mP, medial parvocellular subdivision; pM, posterior magnocellular
subdivision; PVN, paraventricular nucleus; 3v, third ventricle; *p<
0.05, **p<0.01 vs. FC/veh; *p<0.05 vs. FD/veh, Values are presen-
ted as means+S.E.

(Olympus Co., Tokyo, Japan) and MCID image analysis sys-
tem (M2, Imaging Research Inc., Ontario, Canada). nNOS
manual count was done blind by S.B.Y. and confirmed by
a separate blind count by J.Y.L. Cell counts from the sec-
tions of each rat were averaged per section, and the indivi-
dual mean counts averaged across rats within experimental
groups. All data were analyzed by one-way analysis of var-
iance (ANOVA), and preplanned comparisons with the con-
trol performed by post-hoc Fisher’s PLSD and presented by
means+SE. For all comparisons, the level of significance
was set at p=<0.05.

RESULTS

Food deprivation significantly reduced the number of
nNOS immuno-positive (-ir) neurons in both the medial
parvocellular (mP) and the posterior magnocellular (pM)
PVN (Fig. 1). One hour after an icv Sp-cAMP, nNOS-ir was
significantly increased in the parvocellular PVN of food de-
prived rats (p<0.05, FD/veh vs. FD/Sp-cAMP); however,
this increase was not observed in the magnocellular PVN.
nNOS-ir in the PVN of food deprived rats that received an
icv Rp-cAMP, cAMP antagonist, did not differ from the food
deprived rats that received icv saline.

pCREB-ir in the parvocellular PVN of food deprived rats
that received icv Sp-cAMP was increased significantly (p<
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Fig. 2. pCREB immunoreactivity and number of pCREB-ir nuclei
in the parvocellular and the magnocellular PVN. Rats were food
deprived for 48 h and then received icv administration of 5 sl
sterilized saline (vehicle) or 40 nmol Sp-cAMP in sterilized saline,
and sacrificed 1 h after the icv injections for pPCREB immunohisto-
chemistry. mP, medial parvocellular subdivision; pM, posterior
magnocellular subdivision; PVN, paraventricular nucleus; 3v, third
ventricle; *p<0.05 vs. vehicle controls; Values are presented as
means+S.E.
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Fig. 3. Plasma corticosterone levels at 1 h after an icv admini-
stration of Sp-cAMP or saline vehicle. FC/veh, free-fed control rats
received icv administration of 5 «I sterilized saline; FD/veh, 48 h
food deprivation and received icv administration of 5 /1 sterilized
saline; FD/Sp-cAMP, 48 h food deprivation and received icv
administration of 5 xl of 40 nmol Sp-cAMP in sterilized saline;
*p<0.05 vs. FC/veh, Values are presented as means+S.E.

0.05) compared with vehicle injected controls (Fig. 2). Sp-
cAMP did not increase pCREB-ir in the magnocellular PVN
of food deprived rats.

Cardiac blood was collected at sacrifice and the plasma
levels of corticosterone were analyzed by radioimmuno-
assay (Fig. 3). Food deprivation significantly increased the
plasma levels of corticosterone (p<0.05, FC/veh vs. FD/veh),
and Sp-cAMP administration did not alter the plasma corti-
costerone levels of food deprived rats.
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DISCUSSION

We have previously demonstrated that nNOS gene ex-
pression in the hypothalamic PVN changes depending on
feeding conditions; i.e., it is decreased during food depriva-
tion and restored following refeeding, and that pCREB may
be involved in the PVN-nNOS expression [3,5]. The up-
stream promoter of nNOS gene contains cAMP response el-
ement (CRE) [9]. In vitro studies have reported that nNOS
expression is regulated by calcium influx through a CREB
family transcription factor-dependent mechanism [11], and
that cAMP markedly induces nNOS expression in human
A673 neuroepithelial cells expressing CREB, and the in-
duction is enhanced in A673 cells transfected with CREB
[28]. In vivo study showed that the hypothalamic cAMP lev-
els are decreased during food deprivation and restored by
food consumption [16]. In this study, icv administration of
cAMP-dependent PKA activator Sp-cAMP increased not on-
ly pCREB levels but also nNOS expression in the PVN of
food deprived rats, and cAMP antagonist/PKA inhibitor
Rp-cAMP [16] did not affect the fasting-induced down-regu-
lation of the PVN-nNOS. Together, it is suggested that the
regulation of the PVN-nNOS expression depending on feed-
ing conditions may be mediated by cAMP/PKA pathway.

Previous studies have suggested that the plasma gluco-
corticoids may suppress nNOS expression in the PVN dur-
ing food deprivation, via down-regulation of CREB phos-
phorylation [3,4,8], and that glucocorticoids dis-inhibition
is required, although it is not sufficient, to restore the fast-
ing-induced down-regulation of the PVN-nNOS and -pCREB
[5,14]. However, in this study, Sp-cAMP administration in-
creased both nNOS and pCREB in the PVN of food deprived
rats, despite the fasting-induced elevation of the plasma
corticosterone was still persisted. In vitro studies have re-
ported that glucocorticoids regulate phosphorylation of Ser-
133 residue in CREB, a critical step in activation of CREB
[12,13], and interfere with the cAMP-induced DNA binding
of CREB [24]. Underlying mechanism by which Sp-cAMP
increased pCREB and nNOS in the PVN of food deprived
rats despite of the glucocorticoids inhibition is currently not
clear. It should be noticed that cAMP agonist used in this
study Sp-cAMP is a more potent PKA activator with higher
affinity to the regulatory subunit of PKA and more resis-
tant to phosphodiesterase than endogenous cAMP [16,25],
which might have allowed Sp-cAMP to overcome the gluco-
corticoids inhibition.

Our previous study suggested that refeeding-induced
nNOS expression in the PVN is a nutrient directed event;
i.e., refeeding with non-caloric palatable food mash failed
to restore the fasting-induced decreases not only of the
PVN-nNOS but also of -pCREB [5]. Many studies have ex-
amined the effects of various nutrients on NOS expression,
however, those studies have been mostly focused on endo-
thelial or inducible NOS, but not nNOS [26]. In vitro stud-
ies have demonstrated that glucose, the major substrate for
cerebral energy metabolism, increases the intracellular
cAMP content [27], and activates cAMP/PKA pathway [28].
Also, an intragastric infusion of glucose induced c-Fos ex-
pression, conventional marker for neuronal activation, in
the PVN of food deprived rats [29]. Together with the cur-
rent results, it is suggested that postprandial glucose may
induce nNOS expression in the PVN at refeeding following
food deprivation, by activating the cAMP/PKA pathway.

In this study, food deprivation down-regulated nNOS ex-
pression both in the parvocelluar and the magnocellular di-

visions of PVN; however, Sp-cAMP restored nNOS expres-
sion only in the parvocelluar PVN, but not in the magnocel-
lular PVN. Furtheremore, Sp-cAMP following food depriva-
tion increased pCREB levels only in the parvocellular PVN,
but not in the magnocellular PVN. Our previous study showed
that CREB phosphorylation is associated with nNOS down-
regulation in the parvocellular PVN, but not in the magno-
cellular PVN, during food deprivation. That is, the fasting-
induced nNOS down-regulation was observed not only in
the parvocellular PVN but also in the magnocellular PVN;
however, food deprivation reduced pCREB only in the par-
vocellular PVN [3]. Thus, it is concluded that nNOS ex-
pression in the magnocellular PVN, not likely in the parvo-
cellular PVN, may not be mediated by cAMP/PKA pathway.

Nitric oxide (NO) is an important biological messenger
that acts in a vast array of physiological processes [30]. In
the nervous system, neuronal nitric oxide synthase (nNOS)
accounts for the majority of the physiologic actions of NO
[31,32]. Many investigations have shown that nNOS ex-
pression is dynamically regulated by both physiological and
pathophysiological stimuli [31,33-35]. Feeding-related chan-
ges of nNOS expression in the PVN may be a part of the
regulatory pathway for autonomic changes associated with
feeding status, such as heart rate and blood pressure [36].
The PVN nitric oxide has been suggested to be involved
in the regulation of autonomic functions [37,38], and re-
ported to modulate vasopressin release [39]. Vasopressin
is known to be involved in the control of blood pressure
and heart rate as well as in the regulation of fluid and elec-
trolyte balance [40]. Food deprivation decreases the hypo-
thalamic contents of vasopressin [41] and refeeding acti-
vates vasopressin neurons in the PVN [15]. Overall, it is
postulated that feeding-related changes in nNOS expres-
sion in the PVN may play a role in the regulatory control
for blood pressure and heart rate, at least partly by modu-
lating the activity of vasopressin neurons.
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