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  Signal transducer and activator of transcription 4 (STAT4), a STAT family member, mediates 
interleukin 12 (IL12) signal transduction. IL12 is known to be related to calorie-restricted status. In 
the central nervous system, IL12 also enhances the production of nitric oxide (NO), which regulates 
food intake. In this study, the expression of neuronal NO synthase (Nos1), which is also related to 
food intake, was investigated in the hypothalamic areas of Stat4 knockout (KO) mice using 
nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) histochemistry, a marker for 
neurons expressing Nos1 enzyme. Western blots were also performed to evaluate Nos1 and Fos 
expression. Wild-type Balb/c (WT group, n=10 male) and Stat4 KO mice (Stat4 KO group, n=8 male) 
were used. The body weight and daily food intake in the WT group were 22.4±0.3 and 4.4 g per day, 
while those in the Stat4 KO group were 18.7±0.4 and 1.8 g per day, respectively. Stat4 mice had lower 
body weight and food intake than Balb/c mice. Optical intensities of NADPH-d-positive neurons in 
the paraventricular nucleus (PVN) and lateral hypothalamic area (LHA) of the Stat4 KO group were 
significantly higher than those of the WT group. Western blotting analysis revealed that the 
hypothalamic Nos1 and Fos expression of the Stat4 KO group was up-regulated, compared to that 
in the WT group. These results suggest that Stat4 may be related to the regulation of food intake 
and expression of Nos1 in the hypothalamus.
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INTRODUCTION

  The signal transducer and activator of transcription 
(STAT) family was first identified through biochemical 
purification of factors involved in interferon-regulated gene 
expression (Darnell et al., 1994, Darnell, 1997). The STAT 
family consists of seven members, STAT1, STAT2, STAT3, 
STAT4, STAT5A, STAT5B, and STAT6, which are genet-
ically localized into three chromosomal regions (Copeland 
et al., 1995). The physiological role of each STAT protein 
can be examined through the study of “knockout (KO)” 
mice. Interleukin 12 (Il12)-mediated functions are impaired 
in Stat4 KO mice (Kaplan et al., 1996; Thierfelder et al., 
1996). Il12 concentration in blood significantly increases in 
30% calorie-restricted animal relative to control (Fenton et 
al., 2009). It is also known that Il12 activates macrophages 
and up-regulates nitric oxide (NO) production in response 
to infection (Reiss et al., 1996).
  NO is made in many cells including neurons, endothelial 

cells, and certain immune system cells. NO is synthesized 
by three NO synthase (NOS) isoforms, named neuronal 
NOS (nNOS, NOS1), inducible NOS (iNOS, NOS2), and en-
dothelial NOS (eNOS, NOS3) (Yang, 2001; Min, 2007). 
These enzymes generate NO from L-arginine and nicotina-
mide adenine dinucleotide phosphate (NADPH)-dependent 
reaction (Bredt, 1999). There is evidence that NO functions 
as a neurotransmitter and intracellular messenger in both 
the central and peripheral nervous systems (Dawson et al., 
1992; Moncada, 1992). NO also plays an important role in 
mechanisms regulating feeding behaviors in animals under 
a number of conditions (Moncada et al., 1991). It has been 
shown that NO is positively correlated to increased food 
intake and body weight (Morley and Flood, 1991; Morley 
and Flood, 1992; Morley and Flood, 1994; Squadrito et al., 
1994). However, the effects of Stat4 KO on food intake and 
Nos1 activity in mice have not been reported yet.
  The objective of this study was to investigate the change 
of food intake and Nos1 expression in the hypothalamic re-
gions of Stat4 KO mice. The expression of Nos1 was meas-
ured using NADPH-diaphorase (NADPH-d) histochemistry 
and Western blotting.
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Fig. 1. Body weight in wild-type Balb/c and Stat4 knockout (KO) 
mice. Values are mean±SEM. *p＜0.05 vs. Balb/c mice.

Fig. 2. Daily food intake in wild-type Balb/c and Stat4 knockout 
(KO) mice. Values are mean±SEM. *p＜0.05 vs. Balb/c mice.

METHODS

Animals

  Stat4 KO and Balb/c mice were purchased from Jackson 
Laboratory (Bar Harbor, ME, USA). Experimental proce-
dures were performed in accordance with the animal care 
guidelines of the National Institute for Health (NIH) and 
the Korean Academy of Medical Sciences. All animals were 
housed in cages at room temperature (20∼24oC) with a 
12：12 h light-dark cycle. Water and food were made avail-
able ad libitum. Balb/c (WT group, n=10 male) and Stat4 
KO (Stat4 KO group, n=8 male) mice were used after a 
7-day adaptation period. Body weight and daily food intake 
of each mouse were measured.

NADPH-d histochemistry

  Experimental animals were anesthetized and perfused 
with 0.05 M phosphate buffered saline (PBS, pH 7.4), fol-
lowed by chilled 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4. The brains were removed, postfixed in the 
same fixative for 2∼3 h at 4oC, and incubated overnight 
in PBS containing 20% sucrose at 4oC. Coronal sections 
(40-μm in thickness) were prepared on a freezing micro-
tome (Leica, Nuβloch, Germany). Sections were stained for 
NADPH-d activity as previously described (Scherer-Singler 
et al., 1983; Kim et al., 2000). In brief, free-floating sections 
were incubated at 37oC for 60 min in 0.05 M PBS containing 
0.3% Triton X-100, 0.1 mg/ml nitroblue tetrazolium (Sigma, 
MO, USA), and 0.1 mg/ml β-NADPH (Sigma). Sections 
were washed three times with 0.05 M PBS and mounted 
on gelatin-coated slides. The slides were air-dried overnight 
at room temperature, rinsed twice with distilled water, and 
dried again. Coverslips were mounted using permount 
solution. Brain sections were analyzed using the atlas by 
Paxinos and Watson. The staining intensities of sections 
stained specifically for NADPH-d were assessed quantita-
tively according to a microdensitometrical method based on 
optical density using an image analyzer (Multiscan, Fullerton, 
CA, USA) (Kim et al., 2000).

Western blotting

  Western blotting was performed to confirm the up-regu-
lation of Nos1 and Fos expression. Briefly, protein extracts 
were separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to a PVDF membrane. The 
membrane was incubated with the appropriate primary 
antibodies (Nos1 and Fos, 1：500, Santa Cruz, CA, USA) 
overnight at 4oC. Protein bands were then detected by in-
cubation with horseradish peroxidase-conjugated antibodies, 
and immunoblotting signals were visualized by treatment 
with ECL reagent.

Statistical analysis

  All data were presented as mean±SEM. Data from body 
weight, food intake, and NADPH-d histochemistry were 
analyzed by non-paired t-test using the statistical software 
SPSS (version 17.0; SPSS Inc., IL, USA). Differences were 
considered statistically significant at p＜0.05.

RESULTS

Change of body weight and food intake

  The average body weights of wild-type Balb/c (WT) and 
Stat4 KO mice were 22.4±0.3 and 18.7±0.4 g, respectively. 
Body weights in the Stat4 KO group were significantly lower 
than those of the WT group (Fig. 1). In Fig. 2, the daily 
food intake per animal in the WT and Stat4 KO groups 
was 4.4 and 1.8 g/day, respectively. The data showed that 
Stat4 KO mice consumed about 59% less food than WT 
mice.

Change of NADPH-d-positive neurons

  Staining intensities of NADPH-d-positive neurons in the 
paraventricular nucleus (PVN) and lateral hypothalamic 
area (LHA) of WT mice were noticeably lower than those 
of Stat4 KO mice (Fig. 3). In the PVN of WT mice, several 
stained neurons and fibers were found in the magnocellular 
part, and more such neurons and fibers were seen in the 
ventral part, while neurons of the medial area exhibited 
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Fig. 4. Optical density of NADPH-diaphorase-positive neurons in 
the hypothalamic regions. Values are mean±SEM. NADPH-d, nico-
tinamide adenine dinucleotide phosphate-diaphorase; PVN, paraven-
tricular nucleus; LHA, lateral hypothalamic area; Stat4 KO, Stat4 
knockout mice. *p＜0.05 vs. Balb/c mice.

Fig. 3. Distribution of NADPH-diaphorase-positive neurons in the 
hypothalamic regions. (A) The paraventricular nucleus of Balb/c 
mice (WT group). (B) The paraventricular nucleus of Stat4 
knockout mice (Stat4 KO group). (C) The lateral hypothalamic area 
of the WT group. (D) The lateral hypothalamic area of the Stat4 
KO group. Scale bar represents 80 μm.

Fig. 5. Western blotting analysis of Nos1 and Fos immunoreactivity.
(A) Immunoreactive bands on western blots. (B) Expression of Nos1 
and Fos proteins was calculated by densitometer and normalized 
to that of Actb (internal control). Values are mean±SEM. Nos1, 
nitric oxide synthase 1, neuronal; Fos, FBJ osteosarcoma oncogene; 
Actb, actin, beta; Stat4 KO, Stat4 knockout mice. *p＜0.05 vs. 
Balb/c mice. 

weaker reactions (Fig. 3A). The number of NADPH-d-positive 
cells in the PVN of Stat4 KO mice was significantly higher 
than in WT mice (Fig. 3B). In the LHA of WT mice, 
NADPH-d-positive cells and fibers were strongly stained, 
while medium-sized stained neurons and fibers were scat-
tered over the general area of the LHA (Fig. 3C). The num-
ber of NADPH-d-positive cells in the LHA of the Stat4 KO 
group was also significantly higher than that in the WT 
group (Fig. 3D).
  As shown in Fig. 4, the optical densities of NADPH-d-posi-
tive neurons in the PVN and LHA of Stat4 KO mice were 
significantly increased, compared to those of WT mice (p＜ 
0.05). In the PVN, the optical densities of NADPH-d-positive 
neurons of WT and Stat4 KO mice were 45.2±1.2 and 
150.5±4.1, respectively. In the LHA, the optical densities 

of NADPH-d-positive neurons of WT and Stat4 KO mice 
were 96.6±2.2 and 159.6±5.2, respectively. These results in-
dicate that WT and Stat4 KO mice have different patterns 
of NADPH-d-positive neurons in the hypothalamic areas.

Expression of Fos and Nos1 proteins

  The Fos protein has been used as a marker of neuronal 
activation in the central nervous system (CNS). The ex-
pression levels of Fos protein in WT and Stat4 KO mice 
were 100±1.4 and 217.9±1.0% and those of Nos1 protein in 
WT and Stat4 KO mice were 100±3.8 and 130.9±4.7%, re-
spectively (Fig. 5). The levels of Fos and Nos1 expression 
in the hypothalamic areas of the Stat4 KO group were sig-
nificantly higher than those of the WT group.

DISCUSSION

  Seven members of the STAT protein family have been 
identified in mammalian cells (Copeland et al., 1995). They 
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play important roles in cytokine signaling in immunocom-
petent cells (Kaplan et al., 1996). Stat4 is involved in Il12 
signaling and is expressed in T cells, B cells, natural killer 
cells, dendritic cells, and macrophages (Frucht et al., 2000). 
Stat4 activates some genes related to Th1 immune re-
sponses (Hoey et al., 2003). Raman et al. (2003) reported 
that the STAT4 signaling pathway regulates inflammation 
and airway physiology in allergic airway inflammation. 
Kataoka et al. (2005) demonstrated that Stat4 plays im-
portant roles in Th1 immune responses in the connective 
tissue-type mast cells in mice. Th1 immune responses are 
also related to food intake. Furthermore, Fenton et al. 
(2009) reported that Il12 concentration is closely associated 
with nutritional status in C57BL/6N mice. Reiss et al. 
(1996) also showed that Il12 up-regulates the production 
of NO in the CNS.
  NO is also known to regulate molecules that affect food 
intake such as leptin, and there may be possible associa-
tions with the action of STAT4. However, changes of body 
weight and food intake have not been reported in Stat4 KO 
mice. Our results showed that the daily food intake of Stat4 
KO mice was reduced to 59% of the WT mice. NO is synthe-
sized by NOS in the brain and other mammalian tissues 
(Dawson et al., 1992; Moncada, 1992). NO is known to be an 
important regulator of food intake (Morley and Mattammal, 
1996; Kataoka et al., 2005). Squadrito et al. (1993) demon-
strated that obese Zucker rats exhibited a decrease in food 
intake and body weight when treated with a Nos inhibitor 
for 24 days. These results showed that NO plays a major 
role in the hyperphagia of obesity and that NO might be 
a physiological mediator in the mechanism controlling feed-
ing behavior in obese Zucker rats. In the present study, 
the optical densities of NADPH-d-positive cells in the hypo-
thalamic PVN and LHA of Stat4 KO mice were significantly 
increased, compared to WT mice. Since Stat4 mice showed 
lower body weight and food intake than WT mice, we ex-
pected the Nos1 expression to be decreased in the hypothal-
amus of Stat4 KO mice, but the result was opposite. 
Furthermore, the expressions of Nos1 and Fos protein were 
increased in the hypothalamus of Stat4 KO mice, compared 
to those in WT mice. It is possible that weight reduction 
in Stat4 KO mice and reduction of food intakes may origi-
nate from other factors related to satiety signals. Therefore, 
further studies on not only the immune function, but also 
the food intake regulation, in Stat4 KO mice are strongly 
needed. However, this marks the first report on Nos1 ex-
pression in Stat4 KO mice using NADPH-d histochemistry.
  In conclusion, our results suggest that Stat4 may be related 
to the changes of body weight and food intake, and the 
hypothalamic Nos1 expression.
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