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Abstract

Nitric oxide (NO) is one of the most important interneural signaling molecules mediating hippocam-
pal functions for learning and memory. The diurnal expression of neuronal NO synthase (nNOS) has
been well studied. However, the temporal profile and underlying mechanisms of inducible NOS (iNOS)
expression in a normal photoperiod or in altered light-dark cycles remain unclear. We examined the
temporal profile of iNOS expression in adult male Sprague-Dawley rats maintained in a 12h-light/
12h-dark photoperiod (12L/12D), which were pre-synchronized for 7 days before the experiment. The
protein and mRNA levels of iNOS in the cortex and hippocampus were measured to examine the photic
influences on iNOS expression. The results showed rhythmically changes of the levels of iNOS mRNA
and protein in the hippocampus, but not in the cerebral cortex. The iNOS mRNA levels peaked at
Zeitgeber time (ZT) 6 and ZT22, and the protein levels peaked at ZT8 and ZT18. Notably, the peaks
in iNOS mRNA and protein levels in the 12L/12D group were 10 to 12 h apart, and the rhythmic pattern
was absent in the 24-h period of the darkness group. In addition, the level of the phosphorylated
cAMP response element binding protein (phospho-CREB) was the highest at ZT18, prior to a peak in
iNOS mRNA expression at ZT22. A phospho-CREB-iNOS signaling pathway was further confirmed
by the interaction of phospho-CREB and the iNOS DNA in histone complexes isolated by chromatin
immunoprecipitation at ZT18. In conclusion, the photoperiod affects the diurnal expression of iNOS
and activation of CREB in the hippocampus, which provide clues for the possible impact of circadian
changes in hippocampal functions.
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Introduction transduction pathway for generating the circadian
rhythm is located in the suprachiasmatic nucleus

The light/dark cycling in the photoperiod acts as
an environmental stimulus that entrains the circadian
rhythm on a 24-h time course (29). The primary signal

(SCN) of the anterior hypothalamus (24, 34). Previous
studies have shown a relationship between the photo-
period and cognitive flexibility and emotionality (17).
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Constant light conditions decrease hippocampal neuro-
genesis and induce cognitive dysfunction, suggesting
that the photoperiod is critical in maintaining hip-
pocampal functions (10). In humans, chronic jet lag
results in a disturbance of the photoperiod, and is
characterized by marked circadian disarrangement
and cognitive deficits, especially in working memo-
ries (5).

Nitric oxide (NO) in the hippocampus is involved
in various physiological regulations and subsequent
behavioral presentation, such as memory consolida-
tion, which is an important component of cognitive
functions (11). The enzymes that catalyze the produc-
tion of NO belong to the nitric oxide synthase (NOS)
family that includes the neuronal NOS (nNOS), the
endothelial NOS (eNOS), and the inducible NOS (iNOS)
(19). Light stimulation changes the brain physiology
in which NO plays an important role. Under light
stimulation, glutamate release is triggered and bound
to N-methyl, D-aspartate (NMDA) and non-NMDA re-
ceptors on SCN neurons, triggering NO-cyclic GMP
(cGMP)-dependent pathways (6). In addition, both
light stimulation and NO activate guanylate cyclase
(GC)-cGMP-cGMP-dependent kinase pathways (9).
The light signal is associated with phosphorylation
of transcription factors, including the cAMP response
element binding (CREB) protein that is involved in
circadian rhythm-related gene expression in the SCN
(18, 33). The promoter regions of the nNOS, eNOS and
iNOS genes contain the cAMP response element (CRE),
suggesting that NOS expression may be transcription-
ally regulated by CREB (12).

Studies have shown that nNOS activities in the
SCN exhibit a diurnal cycle (1, 7, 9). Prolonged waking
during the light phase is associated with an increase
in iNOS expression (13). In adult rats, iNOS expres-
sion is associated with neurogenesis of the dentate
gyrus, which is under the regulation of a circadian
marker, corticosterone (27). However, details of tem-
poral expression of iNOS over the entire photoperiod
are not well understood, and the underlying molecular
mechanism of iNOS expression that is affected by
light-dark cycling also remains unclear. The aims of
our study were, to evaluate the expression profile of
iNOS throughout the photoperiod, and to examine the
mechanisms that are implicated in the photic regu-
lation of iNOS expression.

Materials and Methods
Subjects
Adult, male Sprague-Dawley rats (Biolasco Ex-
perimental Animal Institute, Taipei, Taiwan) were

housed in groups of 3 to 4 animals. Food and water
were made available. All animal protocols were ap-

proved by the Experimental Animal Review Committee
at Taipei Medical University, and experiments were
conducted according to the ethical and methodologi-
cal guidelines for rhythm research on animals (28).

Time Course Setting

Rats were maintained in a 12-h-light/12-h-dark
photoperiod (12L/12D) with lights on at 0800 and light
off at 2000 for 7 days before the experiments were
initiated. Rats were anesthetized by intraperitoneal
injection of 50 mg/kg pentobarbital and euthanized
every 2 h during a 24-h period. For the constant dark-
ness condition (24D), rats were kept without light for
7 days, and were euthanized every 2 h under red light.
The Zeitgeber time (ZT) system was used to indicate
the time course. The transition from dark to light was
set at 0800 with regard to ZT0. For the 24D condition,
ZT was replaced by projected circadian time (pCT)
to highlight the differences between the 12L/12D con-
dition.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

iNOS expression was evaluated using semi-quan-
titative reverse transcription (RT) PCR. Total RNA
was extracted from 20 to 30 mg of cerebral cortex
and hippocampus tissues using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The complemen-
tary DNA (cDNA) was synthesized using 1 pg total
RNA as the template by ImProm® II Reverse-transcrip-
tion Kit (Promega, Madison, WI, USA). PCR was con-
ducted by use of the Platinum Taq DNA Polymerase
Kit I (Invitrogen). The PCR conditions of iNOS cDNA
were denaturation at 94°C for 30 s, annealing at 55°C
for 40 s, and extension at 70°C for 30 s. The cDNA
of the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene was PCR-amplified in parallel as an
internal control. Primers used for iNOS gene ampli-
fication were 5’-CCTTGTTCAGCTACGCCTTC-3’
(forward) and 5’-CATGGTGAACACGTTCTTGG-3’
(reverse), and those used for the GAPDH were 5°-
ATGGTCAACCCCACCGTGT-3’ (forward) and 5’-
CGTGTGAAGTCACCACCCT-3’ (reverse). The PCR
products were separated in a 2% agarose gel by electro-
phoresis, and were stained with ethidium bromide. The
gels were digitally photographed using the Image
System (Fotodyne, Hartland, WI, USA), and the bands
were quantified using NIH Image J1.37 software (Na-
tional Institutes of Health, Bethesda, MD, USA).

Western Blot Analysis

Hippocampus samples, about 20 to 30 mg, were
frozen in liquid nitrogen, and were homogenized twice
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in Golden lysis buffer containing a protease inhibitor
cocktail (BioMan, Taipei, Taiwan, ROC) and a Ser/Thr
phosphatase inhibitor cocktail (BioMan, Taipei, Tai-
wan). For demonstrating the efficiency of the iNOS
antibody, we used a protein lysate prepared from RAW
264.7 cells (ATCC, Manassas, VA, USA) after treatment
of lipopolysaccharide (LPS) as the positive control in
the 24D experiment. The RAW 264.7 cells were cul-
tured in DMEM medium with 10% fetal bovine serum,
penicillin (50 unit/ml) and streptomycin sulfate (50
ug/ml), and were incubated in a humidified atmo-
sphere with 5% CO, at 37°C. The cells grew to a
density of 4 x 10° cells/well in 6-well dishes. The
cells were then treated with 100 pg/ml LPS (Sigma-
Aldrich, St. Louis, MO, USA) for 24 h, and protein
lysate was extracted for Western blot analysis. A
total of 60 pg protein from each sample was sepa-
rated electrophoretically in a 9% acrylamide gel by
SDS-PAGE at 100 V for 2.5 h and was subsequently
transferred onto a PVDF membrane (BioTrace, Pall,
FL, USA). To detect iNOS, CREB and Ser-133-phos-
phorylated CREB (phospho-CREB), the membranes
were incubated in a blocking buffer, followed by in-
cubation with a mouse anti-iNOS monoclonal antibody
(1:300; BD Transduction Laboratories, San Jose, CA,
USA), a rabbit polyclonal anti-CREB antibody (1:1000;
Millipore, Billerica, MC, USA), or a rabbit polyclonal
anti-phospho-CREB antibody (1:1000; Millipore) over-
night at 4°C. After washing, the membranes were
treated with HRP-conjugated secondary antibodies, in-
cluding goat anti-mouse-IgG (1:8000) or anti-rabbit-
IgG (1:5000) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The B-actin protein served as an internal
control using a mouse monoclonal anti-B-actin anti-
body (1:10000; Abcam, San Francisco, CA, USA).
The protein bands were visualized using the Western
Lightning Enhanced Chemiluminescence Substrate
kit (Perkin Elmer, MA, USA). Blot images were digi-
tized by the BioSpectrum AC Imaging System (UVP,
Upland, CA, USA), and bands were quantified by the
UVP Vision Works software.

Chromatin Immunoprecipitation Assay

A chromatin immunoprecipitation (ChIP) assay
was used to survey the binding status between phospho-
CREB and the iNOS gene promoter at ZT0, ZT2, ZT4,
ZT6, 218, ZT12, ZT14, ZT16, ZT18, ZT20 and ZT22
(14). Approximately 50 mg of hippocampaus tissues
was homogenized and cross-linked in 1% formaldehyde
with 0.5 mM PMSF (Sigma). The cross-linking reac-
tion was stopped by 0.125 M glycine, and samples
were centrifuged at 1,000 rpm, 4°C for 5 min. After
decanting, the pellets were resuspended in 1 ml cold
swelling buffer (5 mM PIPES, 0.5% IPGEAL, 10X pro-
tease inhibitor and 0.5 mM PMSF), then were centri-

fuged. The pellets obtained were resuspended in 1 ml
sonication buffer (10 mM, EDTA, 50 mM Tris-HCI,
0.5 mM PMSF and 1X Bioman protease inhibitor),
and then sonicated on ice to shear the DNA using an
ultrasound sonicator (Microson, New Town, CT, USA).
To demonstrate the presence of phospho-CREB in
histone complexes, 2 pg rabbit polyclonal anti-
phospho-CREB (Ser-133) antibody (Millipore) was
added, and the samples were incubated overnight at
4°C on a rotating wheel. Samples with no added anti-
body, or with the use of normal rabbit IgG served
as negative controls. Precipitation was initiated by
adding 30 pl of a salmon-sperm DNA and protein A
agarose slurry (Millipore). Antibody/histone com-
plexes were collected, and sequentially washed and
centrifuged using low salt buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM
NaCl), high salt buffer (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 500 mM NacCl),
LiCl buffer (0.25 M LiCl, 1% IGEPEL-CA300, 1%
deoxycholic acid, ] mM EDTA, 1 mM Tris, pH 8.1),
and TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0).
The pelleted protein A agarose/antibody/chromatin
complexes were resuspended in 200 ul freshly pre-
pared elution buffer (1% SDS and 100mM NaHCO3),
and complexes were dissociated by adding 8 ul 5
M NacCl and heating at 65°C for 4 h. Proteins were
digested by adding 0.8 pul 10 mg/ml proteinase K
(Invitrogen), 4 ul 0.5 M EDTA, and 8 pul of 1 M Tris-
HCI, pH 6.5, and heating at 45°C for 1 h. DNA was
isolated from digested products using the QIAquick
DNA spin column (Qiagen, Chatsworth, CA, USA).
The iNOS promoter DNA was amplified using 0.5 to
1 uL DNA template, the primers were 5’-ACCTGCTG-
AACTATCTCACCAAC-3’ (forward), and 5’-ACA-
CCAAGTAAGAGTCACCCAAA-3’ (reverse). PCR
consisted of 35 cycles with denaturing at 94°C for
30 s, annealing at 55°C for 40 s, and extension at
70°C for 30 s. The PCR products were analyzed by
agarose gel electrophoresis. The gel images were
collected using the Image System (Fotodyne), and
quantified by the NIH Image J1.37 software.

Statistical Analysis

One way analysis of variance (ANOVA) followed
by post-hoc tests was performed for statistic analysis.
P-value less than 0.05 indicated statistic significance.
All experiments were performed using three animals
(n = 3). The data in the figures are expressed as mean
and standard error of the mean.

Results

Analysis of iINOS mRNA expression in the ce-
rebral cortex and the hippocampus is shown in Fig.
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Fig. 1. Expression of inducible NOS (iNOS) mRNA and protein
in the brain of adult male Sprague-Dawley rats during
the 12L/12D cycle. Open bars and black bars indicate
the mean =+ standard error at the time points in the light
phase and dark phase, respectively (n = 3; *P < 0.05).
(A and B) RT-PCR analysis of iNOS mRNA expressed
in (A) the cerebral cortex and (B) the hippocampus. (C)
Western blot analysis of iNOS protein expression in the
hippocampus.

1A. To evaluate iNOS expression throughout the
photoperiod, iNOS mRNA expression in the cerebral
cortex and hippocampus was examined. RT-PCR
analysis showed that the INOS mRNA expression in
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Fig. 2. Western blot analysis of total CREB and phospho-CREB
protein levels in the hippocampus of adult male Sprague-
Dawley rats during the 12L/12D cycle. Open bars and
black bars indicate the mean + standard error at the time
points in the light phase and dark phase, respectively
(n = 3; *P < 0.05). The data represent fold increases
of phospho-CREB abundance relative to the total level
of CREB proteins at each respective time point.

the hippocampus was significantly higher at ZT16,
compared with that at ZT4 (P < 0.05; Fig. 1A). In
contrast, no significant differences in the level of
iNOS mRNA expression were noted among the ce-
rebral cortex samples.

Temporal profile of iINOS mRNA and protein
levels in the hippocampus are shown in Figs. 1B and
1C. To survey the temporal profile of diurnal iNOS
expression, hippocampal tissues were dissected from
rat brains every 2 h from the onset of light (ZT0). After
the end of the light period (Z12), rats were euthanized,
and tissue samples were collected by dissecting under
red light to avoid light stimuli. Expression of iNOS
mRNA was determined by comparing the RT-PCR data
of all the time points with that of ZT12. The peaks of
mRNA expression during the light phase at ZT6 and
the dark phase at ZT22 (P < 0.05) are shown in Fig.
1B. Western blotting analysis of the temporal expres-
sion profile showed peaks of protein expression at ZT8§
and ZT18, as compared with it at ZT12 (Fig. 1C; P <
0.05).

Results of CREB phosphorylation and CREB
binding to iNOS promoter during the photoperiod are
shown in Figs. 2 and 3. We further explored the poten-
tial involvement of CREB in the regulation of iNOS
expression. Western blot analysis revealed a maxi-
mum level of phospho-CREB during the dark phase
at ZT18 (P < 0.05; Fig. 2), and a second peak was ob-
served during the dark phase at ZT22 (P < 0.05). The
level of total CREB varied during the photoperiod,
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Fig. 3. Phospho-CREB binds to the cAMP response element on the iNOS promoter (CRE ;y0g) in the genomic DNA of the hippocam-
pus of adult male Sprague-Dawley rats at ZT18 during the 12L/12D cycle. (A) Schematic diagram of the rat iNOS promoter:
the blank box represents the putative CRE ;yog and the dotted arrows indicate the nucleotide positions of the 5°- and 3’-end of
the promoter that serve as priming sites for the chromatin-immunoprecipitation analysis. (B and C) PCR analysis of histone
complexes at (B) ZTO0 to ZT8 and (C) ZT16 to ZT22. Black bars represent the mean + standard error relative to that of the
normal rabbit IgG control at each respective time point (n = 3; *P < 0.05).

with higher levels observed during the light phase.
A temporal relationship was observed between iNOS
expression and CREB phosphorylation, which repre-
sents CREB activation, and which should occur be-
fore the peak in mRNA expression at ZT22. Western
blot analysis data showed elevated levels of phospho-
CREB at ZT16, ZT18, and ZT20 (Fig. 2). The ChIP
assay results further showed a maximum level of
phospho-CREB binding to the iNOS gene promoter
at ZT18 (P < 0.05; Fig. 3).

Complete darkness failed to induce diurnal varia-
tion of iNOS and phospho-CREB, as shown in Fig. 4.
Because of the potential relationship between iNOS
expression and CREB phosphorylation, especially in
the dark phase, we examined whether their diurnal varia-
tions observed in the light-dark cycle also existed when
the animals were subjected to complete 24 h darkness
(24D). Analysis of hippocampus samples from the
24D treatment group showed low levels of both
iNOS mRNA and protein levels throughout the 24-h
period (Fig. 4, A and B). CREB phosphorylation in
the hippocampus also failed to show any significant ex-
pression changes or patterns under the 24D condition
(Fig. 4, B and C, respectively).

Discussion

Previous studies have documented the associ-
ation between circadian rhythm, which is entrained
by the light-dark cycling of the photoperiod, and cog-
nitive function (10, 30). Changes in gene expression in
the hippocampus are responsible for memory forma-
tion and consolidation (4, 21, 25). The aims of our
study were to determine the effects of photoperiod on

hippocampal iNOS mRNA expression, and to examine
the role of phospho-CREB in the regulation of iNOS
mRNA expression. We found two iNOS mRNA/protein
expression peaks, one peak occurring during light
phase, and another in the dark phase. The peaks of
mRNA and protein expression were both approxi-
mately 10 to 12 h apart, implicating that increases
of iNOS protein were the result of increased levels
of iNOS mRNA. This phenomenon disappeared in
constant darkness, as evidenced by disappearance of
iNOS mRNA and protein expression oscillation in the
24D group. These findings might suggest that the
light-dark cycling during the photoperiod affects iNOS
mRNA expression in the hippocampus. Moreover, the
results provide a line of evidence for the impact of
the photoperiod on gene expression in the brain.
Light stimuli have been shown to enhance the
interaction of CREB and CRE in the SCN. Oscillated
CREB phosphorylation in the hippocampus, and the
maximum levels of phospho-CREB have been ob-
served in the day time even during the free-running
condition (8, 16). However, activation of CREB in
the pineal gland during the dark phase has also been
reported in the signaling pathway involved in pro-
duction of melatonin in the early evening (15). The de-
tailed mechanisms of CREB activation under regular
light-dark cycle and free-running condition might need
further exploration. Anyhow, activation of CREB is
possibly an upstream event of iNOS mRNA expres-
sion in the light-dark cycle. To understand the role
of CREB in the regulation of iNOS mRNA and pro-
tein expression, the temporal pattern of phospho-
CREB and total CREB in the light-dark cycle was
surveyed. The results showed that phospho-CREB
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Fig. 4. Expression of iNOS mRNA in the hippocampus of adult
male Sprague-Dawley rats kept in constant darkness
(24D; n=3; *P <0.05). RT-PCR analysis was performed
using total RNA from hippocampal tissue samples that
were harvested at projected circadian time (pCT) 4, pCTo6,
pCT8 and pCT10. Black bars indicate mean + standard
error of iNOS mRNA expression. (B) Western blot
analysis of iNOS protein expression in the hippocam-
pus during the 24D condition. Data for the B-actin
protein expression control are also shown. Protein har-
vested from RAW 264.7 cells treated with 100 pg/mL
lipopolysaccharide (P) was used as a positive control
for iNOS protein expression. (C) Western blot analysis
of total CREB and phospho-CREB protein levels in the
hippocampus of rats during the 24D condition. Black
bars indicate mean + standard error of fold increases of
phospho-CREB/CREB ratios at each respective time
point.

increased at ZT18, relative to total CREB. The in-
teraction between phospho-CREB and the CRE on the
iNOS promoter was also confirmed at ZT18 by ChIP
assays. These findings suggest that phospho-CREB

up-regulates iINOS mRNA expression in the dark phase,
but that CREB played no role in iNOS mRNA and pro-
tein expression in the light phase. In the 24D experi-
ments, oscillation of both iNOS mRNA expression
and CREB activation disappeared, implicating that
iNOS mRNA expression in the hippocampus is in-
fluenced by the light-dark cycle, and that phospho-
CREB is involved. Although other diurnal physio-
logical rhythms may have been disrupted during the
extended dark period, we observed that the diurnal
expression of iNOS protein was indeed abolished
within a 24-h darkness period. Therefore, further
studies of the photoperiod-mediated activation of
CREB in the hippocampus are warranted. On the
other hand, we showed that CREB played no role in
iNOS mRNA and protein expression in the light phase.
The mechanism of iNOS expression regulation re-
mains to be further investigated. previous researches
have documented that iNOS enzyme activities in
hippocampus increased during the light phase and
melatonin is considered to be involved (22). Mela-
tonin is a circadian hormone which is suppressed by
light under the regulation of SCN (20). Melatonin has
been found to inhibit NOS synthesis. Therefore, it is
speculated that increased iNOS mRNA expression
after the impulse of light during the constant darkness
condition could be melatonin-related (2, 23).

There are limitations to the findings of our study.
Firstly, the total CREB expression was low during the
dark phase and the temporal profile of total CREB
showed greater fluctuations than the phospho-CREB
profile. This phenomenon may have caused higher
phospho-CREB/CREB ratios and challenges the inter-
pretation of increased phospho-CREB (Fig. 2). How-
ever, the absolute phospho-CREB level did increase
at ZT18 in our experiments and the phospho-CREB/
CREB ratios reflect the activation of CREB more sig-
nificantly. Further studies by inhibition of phospho-
CREB might be warranted. Secondly, the physiological
consequences of photoperiod-mediated hippocampal
iNOS expression are unclear. An increase of iNOS
expression has been used as a marker for reactions to
sustained stress (26), and the hippocampus is a brain
region responsible for stress reaction, emotional control
and cognitive functions (3, 31, 32, 35). Additional
studies to further clarify the role of iNOS expression
in these physiological contexts are needed. Further-
more, we did not examine the activation of CREB
or iNOS expression in the hippocampus of rats dur-
ing the initial period of darkness. It is possible that
slight differences among the free running periods of
the rats might have been amplified by the 7-day period
in constant darkness, which might have masked some
diurnal rhythms due to increased variance from pCT
sampling time points, compared with actual diurnal
activity levels. Recording the circadian activities of
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rats in constant darkness should be considered in
further investigations.
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