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Abstract. The hypothalamo-pituitary-adrenal (HPA) axis activity of Lewis rats has been reported to be 
hyporesponsive to immune challenge, and nitric oxide (NO) has been demonstrated to be involved in the regulation 
of the HPA axis during the response to immune challenge. The present study investigates the effect of systemic 
injection of lipopolysaccharide (LPS) on NO production within the paraventricular nucleus (PVN) of immature fe-
male Fisher-344 (F344) and Lew/N rats (Lew/N), to clarify the pathophysiological role of NO in the dysregulation 
of the HPA axis in Lewis/N. Intraperitoneal injection of 25 mg/kg LPS significantly increased neuronal NO syn-
thase (nNOS) mRNA expression in the PVN of F344 rats, but did not change nNOS mRNA levels in the PVN of 
Lew/N rats. CRF mRNA levels in the PVN significantly increased in response to LPS injection only in F344 rats. 
In contrast, inducible NOS (iNOS) mRNA increased similarly in both strains. These results demonstrated a defect 
of up-regulation of nNOS gene expression in the PVN of Lew/N rats following immune challenge. The defect ap-

pears to be associated with the dysfunction of the HPA axis in this strain. An increase in iNOS mRNA may partially 
restore NO production in the PVN.
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THE inflammatory-disease-susceptible Lewis 

(Lew/N) rat strain is prone to autoimmune diseases 
and its hypothalamo-pituitary-adrenal (HPA) axis is 
hyporesponsive [1-4]. Decreased biosynthesis of 
corticotropin-releasing factor (CRF), a main regula-
tor of the HPA axis [5-7], has been regarded as one 
of the causes of the hyporesponsiveness of the HPA 
axis in Lew/N rat. CRF mRNA in the paraven-
tricular nucleus (PVN) of Lew/N rats does not in-
crease in response to streptococcal cell wall (SCW)

Received: October 6, 1999 

Accepted: March 3, 2000 

Correspondence to: Toshihiro IMAKI, M.D., Department of 

Bioregulation, Institute of Gerontology, Nippon Medical 

School, 1-396 Kosugi-cho, Nakahara-ku, Kawasaki 211-8533, 

Japan

injection as robustly as in immature female Fisher 
rats [2, 3]. 
 Nitric oxide (NO) is a labile free gas that conveys 
biological information [8], and NO is now recognized 
as a potential neurotransmitter within the brain [9-
12]. NO formation is under the control of the en-
zyme NO synthase (NOS), which occurs in several 
distinct isoforms [8]. The classic constitutive NOS 

(endothelial [eNOS] and neuronal NOS [nNOS]) 
pathways are localized in the brain [13]. The most 
prominent sites of localization of nNOS, apart from 
the cerebellum, are the hypothalamus, most notably 
the PVN [14, 15], suggesting a role for NO in bio-
logical function integrated within these areas. Sys-
temic lipopolysaccharide (LPS) injection has been 
reported to increase nNOS gene expression in the 
PVN [16], suggesting that NO plays an important
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function in mediation of the HPA axis response to 
immune challenge. 
  Expression of iNOS has been demonstrated in the 
brain, besides the constitutive isoforms of nNOS. 
iNOS is preferentially expressed in macrophages, and 
up-regulated in response to a variety of inflammatory 
stimuli [17, 18] . However, Wong et al. demonstrat-
ed that profound induction of iNOS mRNA occurs in 
vascular glial and neuronal structures of the rat 

brain, including the PVN [19]. Recently, we report-
ed that approximately half of the iNOS-producing 
PVN neurons of LPS-treated rats co-express CRF 
mRNA, based on the results of double in situ 
hybridization [20]. Thus, it is likely that NO derived 
from iNOS, as well as from nNOS, plays an im-

portant role in the neuroendocrine response to sepsis, 
especially in HPA axis activation. 
 Although Lew/N rats may provide a useful model 

for studying the relationship between the neuroendo-
crine and inflammatory response, NO production 
in the PVN following endotoxin administration has 
never been investigated. Therefore, the purpose of 
the present study was to investigate the activation of 
NO production in the PVN of the Lew/N rat in 
comparison to the F344 rat. Since most of the stu-
dies describing deficient hypothalamic CRF response 
to multiple inflammatory stimuli was performed in 
immature female rats, 5-week old female Lew/N and 
F344 rats were used in this study. We particularly 
focused on nNOS and iNOS gene expression in the 
PVN following intraperitoneal (ip) injection of LPS 
at a dose that induces clear manifestations of sys-
temic inflammation.

Materials and Methods

 Five-week-old female F344/N and Lew/N rats 

were used in the experiments. The animals were 
housed five per cage in a room with controlled tem-

perature and a fixed lighting schedule (lights on from 
8 : 00 am to 8 : 00 pm). Food and water were given 

ad libitum. Five rats were examined in each group. 

 Since we did not detect any significant increase in 

nNOS mRNA or iNOS mRNA levels in the PVN at 

0.5, 2.5, or 5 mg/kg of LPS (L-2880, from E-coli, 

serotype 0111: B4, Sigma) in our previous study [20], 

we chose a dose of 25 mg/kg. After a one-week 

period of adaptation, the rats were intraperitoneally

injected with 25 mg/Kg of LPS or sterilized normal 
saline and 5 hours later they were intraperitoneally 
injected with sodium pentobarbital (50 mg/kg) and 

perfused immediately after deep anesthesia (within 
2 min) with ice-cold 4% paraformaldehyde in pH 9.5 
0.1 M borate buffer [21]. This protocol was ap-

proved by the Animal Committee of Tokyo Women's 
Medical University. The excised brains were placed 
in 4°C fixative containing 20% sucrose for 2 days. 
Frozen sections (20 ,ccm) were cut on a sliding micro-
tome, and the sections were mounted onto silane-
coated slides (Matsunami, Tokyo) and air-dried. 
  The hybridization protocol was basically the same 
as described previously [21] . Prior to hybridization, 
the sections were dried overnight under vacuum, 
digested with proteinase K (10 pg/ml, 37°C, 15-20 
min), acetylated, and dehydrated. After vacuum-
drying, 100 pl of the hybridization mixture (106 
cpm/ml, with 10 mM dithiothreitol [DTT]) was 
spotted onto each slide, sealed under a coverslip, and 
incubated at 65°C overnight for the CRF and nNOS 

probes, and for 2 days for the iNOS probe. The 
coverslips were then removed, and the slides were 
rinsed in 4 x SSC (1 SSC; 15 mM trisodium citrate 

buffer, pH 7.0/0.15 M NaCI) at room temperature. 
Sections were digested with RNAase A (20 ig/ml, 
37°C, 30 min) and washed in 0.1 x SSC for 30 min at 
65°C. These sections were then exposed at 4°C to 
X-ray film for 5 to 21 days, dipped in NTB2 nuclear 
emulsion (1:1 with water, Kodak), exposed for 14 to 
50 days, and developed. The slides were counter-
stained with thionin. An adjoining series of sections 
was stained with thionin to provide better cytoar-
chitectonic definition for analysis. All samples from 
a single experiment were assayed simultaneously. 
 The levels of CRF, nNOS mRNA, and iNOS 

mRNA in the PVN were semiquantitated by densito-
metric analysis of the autoradiograms produced on 
X-ray film by using an MCID image analysis system 

(Imaging Research, Inc., St. Catherines, Ontario, 
Canada) [22]. This system digitizes the continuous 
range of image gray shades into 256 discrete levels of 

gray, with the lower values being assigned to the 
darker groups. The levels obtained were converted 
to relative optical densities (ROD) by using the for-
mula: ROD=1og10 (256/levels). The PVN was en-
closed by a square (450 1em x 520 1cm) as a fixed win-
dow that covered virtually the entire nucleus, and the 
ROD within the window was measured bilaterally.
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The background was assessed by measuring the ROD 

within the window placed over another area of brain 

sections in which no RNA for CRF, nNOS, or iNOS 

was expressed. Data from the five rats in each group 

were analyzed. The sections analyzed were those 

that contained the dorsal aspect of the medial parvo-

cellular subdivisions of the PVN, corresponding to 

plate 25 of the rat brain atlas of Paxinos and Watson 

[23J. 
 The Pst I fragment of rat nNOS cDNA and a 

217 by fragment of the 5"-end of rat iNOS cDNA (a 

gift from Drs. S. Hirose and H. Hagiwara) were 
subcloned into p-Bluescript (Stratagene, La Jolla, 

CA, USA) and linearized with Bam HI and EcoRI, 

respectively. A pGEM-4 plasmid containing the rat 

CRF cDNA (1.2 kb, a gift from Dr. K. Mayo) was 

linearized with Hind III. Radioactive cRNA anti-

sense copies were synthesized by incubation of 

36 mM Tris, pH 7.5, 0. l pg linearized plasmid in 

6 mM MgCl2, 2 mM spermidine, 8 mM DTT, 25 mM 

ATP/GTP/CTP, 5 mM unlabeled UTP, (a-35S)UTP, 

1 U RNAsin (Promega, Madison, WI, USA), and 

10 U T7 polymerase for nNOS and iNOS probes, and 

SP-6 polymerase for CRF probe for 60 min at 37°C. 
A radiolabeled probe, with specific activity of 1.0 x 

108 cpm/tg, was then purified on resin columns 

(Nensorb 20, NEN, Wilmington, DE, USA). 
 Results are presented as means ± SEM. Statistical 

significance of the data was initially established by 

two-way analysis of variance (ANOVA) (StatView 

4.11). Strain and treatments were used as the main 

factors. When appropriate, post-hoc comparisons 

were carried out by using the Scheffe test. A level of 

p < 0.05 was regarded as statistically significant.

Fig. 1. Darkfield photomicrographs demonstrating the distribution of CRF mRNA expression in the PVN: (a) control F344 rat, 

   (b) control Lew/N rat, (c) LPS-treated F344 rat, (d) LPS-treated Lew/N rat. mp: medial parvocellular PVN, pm: 
   posterior magnocellular PVN, 3V: third ventricle. Bar =100 gym
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Results

  CRF mRNA was mainly expressed in the parvo-
cellular PVN in saline-injected rats (Fig, la, b). 
CRF mRNA levels of a F344 and Lew/N rats were 
almost similar in saline-injected group (Fig. la, b). 
CRF mRNA in the parvocellular PVN was increased 
following LPS injection in F344 rats (Fig. lc). The 
CRF mRNA level appeared to be unchanged in 
Lew/N rats (Fig. id). nNOS mRNA was expressed 
mainly in the magnocellular division of the PVN, 
although a scattered signal was also detected in the 

parvocellular PVN (Fig. 2a, b). The nNOS mRNA 
level was not different between F344 (Fig. 2a) and 
Lew/N rats (Fig. 2b). The nNOS mRNA level in the 
PVN substantially increased in response to LPS in-

jection in F344 rats (Fig. 2c), but only slight changes 
were observed in Lew/N rats (Fig. 2d). Hybridiza-
tion for iNOS was indistinguishable from the sur-

rounding areas within the PVN in the saline-injected 
control (Fig. 3a, b). iNOS mRNA was expressed 
in the PVN in the LPS-treated group of both F344 

(Fig. 3c) and Lew/N rats (Fig. 3d). iNOS mRNA 
was clearly distributed in the parvocellular as well 
as the magnocellular division of PVN (Fig. 3c, d). 
 The results of the densitometric analysis are sum-

marized in Fig. 4. The nNOS mRNA and CRF 
mRNA levels were normalized with respect to the 
saline-treated F344 rats. Since iNOS mRNA was 
undetectable in the control, the data are shown as 
ROD values. There was no difference in saline-
induced CRF and nNOS mRNA levels in the PVN 

between F344 and Lew/N rats (Fig. 4b; ROD for 
CRF mRNA of F344: 0.423 ± 0.067, Lew/N: 
0.388±0.018, N.D.; ROD for nNOS mRNA of F344: 
0.264±0.035, Lew/N: 0.253±0.008, N.D.). The 
CRF mRNA and nNOS mRNA levels in the PVN 
increased significantly in response to LPS injection in

Fig. 2. Darkfield photomicrographs demonstrating the distribution of nNOS mRNA expression in the PVN: (a) control F344 rat, 

   (b) control Lew/N rat, (c) LPS-treated F344 rat, (d) LPS-treated Lew/N rat. mp: medial parvocellular PVN, pm: 
   posterior magnocellular PVN, 3V: third ventricle. Bar= 100 im
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the F344 rats, compared to the saline-treated control. 
In contrast, no significant changes in CRF mRNA or 
nNOS mRNA levels were observed in the Lew/N rats 

(Fig. 4a, b), and both CRF mRNA and nNOS mRNA 
levels in the PVN of the LPS-treated rats were sig-
nificantly lower in the Lew/N rats than the F344 rats 

(Fig. 4a, b). There was a statistically significant 
correlation between CRF and nNOS mRNA levels in 
LPS-treated rats (r=0.645, P=0.011). The iNOS 
mRNA levels in the PVN were significantly increased 
in F344 as well as Lew/N rats (Fig. 4c). The iNOS 
mRNA levels in the PVN after LPS injection were 
almost the same in both strains (Fig. 4c). 

 In the supraoptic nucleus (SON), neither CRF nor 
iNOS mRNA was detected. There was no significant 
difference in nNOS mRNA in the SON among 4 

groups of the rats (not shown).

Discussion

 The present study demonstrated that both CRF 
and nNOS gene expressions in the PVN in response 
to LPS injection was significantly attenuated in 
Lew/N rats, as compared with F344 rats. In con-
trast, iNOS mRNA was similarly up-regulated in the 
PVN of both Lew/N and F344 rats. Thus, CRF 

gene expression induced by immune challenge in the 
PVN of Lew/N rats was decreased together with the 
reduction in nNOS gene expression. 
 The defect in up-regulation of CRF mRNA in the 

PVN induced by LPS injection is highly consistent 
with the findings in previous studies [2, 3]. Lew/N 
rats are reported to have a deficient hypothalamic 
CRF response to multiple inflammatory and non-
inflammatory stimuli, whereas histocompatible F344 
rats display a robust increase in hypothalamic CRF 

[1-4]. This study showed for the first time that a

Fig. 3. Darkfield photomicrographs demonstrating the distribution of iNOS mRNA expression in the PVN: (a) control F344 rat, 

   (b) control Lew/N rat, (c) LPS-treated F344 rat, (d) LPS-treated Lew/N rat. mp: medial parvocellular PVN, pm: 
   posterior magnocellular PVN, 3V: third ventricle. Bar= 100 im
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defect of nNOS gene induction coincides with a 
reduction of up-regulation of the CRF gene in the 
PVN of Lew/N rats. This parallel regulation of 
CRF and NOS mRNAs has been previously described 
in response to different stimuli. Systemic injection 
of endotoxin reportedly increased the expressions of 
both the CRF and nNOS genes in the PVN [16]. 
Similarly, immobilization stress activates nNOS 
mRNA and protein in the PVN [24, 25]. Our finding 
of a defect of nNOS gene induction in Lew/N rats 
suggests another causative association between NO 
and CRF, and this could be regarded as one of the 
causes of the hyporesponsiveness of hypothalamic 
CRF following an immune challenge. 
 The results of in vitro experiments on the isolated 

hypothalamus indicate that LPS stimulates CRF 
release indirectly through various neuronal or hu-
moral pathways [26, 27]. Among them, NO may be 
one of the factors involved in the effect of LPS on the 
hypothalamus, because NOS is localized in hypotha-
lamic CRF neurons [28]. We have shown that both

nNOS and iNOS are colocalized in CRF-producing 
neurons in the PVN following high-dose LPS injec-
tion by double in situ hybridization histochemistry 

[20]. The results show that iNOS was more robustly 
distributed and more frequently colocalized with 
CRF throughout the PVN after LPS injection. As a 
freely diffusible gas, NO may cause changes in a 

sphere approximately 100 tm in diameter, and thus 
NO produced within the parvocellular CRF-produc-
ing neurons may directly modulate the activity of 
these cells [29]. Activation of the PVN neurons may 

produce autofeedback inhibition or stimulation of its 
own activity as well as the surrounding neurons. The 
closer localization of iNOS to CRF neurons suggests 
the possibility that NO derived from iNOS may more 
readily reach CRF neurons and thus mediate HPA 
axis regulation directly, compared to that from 
nNOS. 
 Controversial findings, however, exist as to the 

direction of the changes in NO-induced CRF. Some 

groups have suggested a stimulatory influence of NO

Fig. 4. Densitometric analysis showing CRF (a), nNOS (b), and iNOS mRNA (c) levels in the PVN of F344 rats (left columns) 
   and Lew/N rats (right columns) in the saline-treated group and LPS-treated group, respectively. *P < 0.05 between the 

   two groups.



NOS GENE EXPRESSION IN LEWIS RAT 227

on CRF release based on the results of in vitro studies 

[30, 31]. NO is also thought to exert a stimulatory 
effect on the activity of hypothalamic neurons, in-
cluding CRF, in vivo [32]. In contrast, others have 
demonstrated an inhibitory influence of NO on CRF 
neurons in both in vitro [33, 34] and in vivo studies 

[35]. This discrepancy may be explained by the fact 
that NO can activate both guanylate cyclase and cy-
clo-oxygenase [36, 37]. These two enzymes have 
opposing effects, and thus the relation between their 
degree of activation would determine the net secre-
tion of CRF. Alternatively, endogenous NO exerts a 
stimulatory influence on the activity of hypothalamic 
neurons, but an inhibitory influence at the level of 
neurosecretory nerve terminals [32]. There is 
another possibility, i.e., that NO may act both 
directly on CRF and indirectly through another in-
termediary having opposing effects [38]. Besides its 
role as a neuromodulator, NO in the PVN may 
modulate hypothalamic portal blood flow as a vaso-
dilator molecule [39, 40]. 
 nNOS activity is highly dependent on prevailing Ca 

concentrations [8]. Glutamate binding to N-methyl-
D-aspartate (NMDA) receptors increases the level of 
intracellular Ca++, which in turn activates nNOS 
through calmodulin for mediation of rapid events, 
such as neurotransmission [9]. iNOS, on the other 
hand, is relatively independent of the calcium milieu 

[8], and iNOS promoter elements confer LPS-in-
ducibility [41]. Such a distinct manner of gene acti-
vation may contribute to the differential expression 
of the nNOS gene and iNOS gene in the PVN induced 
by immune challenge of Lew/N rats. 
 There are several possible pathways involved in the 

difference of response to LPS between Lew/N and 
F344 rats. First, production and release of inflam-
matory cytokines might be deficient in Lew/N rats. 
It is generally believed that peripheral injection of 
LPS stimulates macrophages to release interleukin 

(IL)-1 which in turn induces hypothalamic CRF

release [42]. IL-2, which is also reported to activate 
NO synthase, leads to increased NO release that ac-
tivates CRF release [43]. Second, neuronal pathway 
activated by LPS might be different among the two 
strains. Elmquist and Saper demonstrated, using 
immunohistochemistry for Fos coupled with retro-

grade transport technique, several cell groups acti-
vated by peripheral administration of LPS that 
directly project to the PVN [44]. These are the 
visceromotor cortex, median preoptic nucleus, ven-
tromedial preoptic area, bed nucleus of the stria ter-
minalis, parabrachial nucleus, ventrolateral medulla, 
and nucleus of solitary tract. Disturbance of neu-
ronal pathway from any of these brain nuclei to PVN 
may be present in Lewis/N rats. Third, a defect of 
signaling through vagus nerve could explain the 
difference of responsiveness to intraperitoneal injec-
tion of LPS [45]. 

 In summary, the present results point to possible 
involvement of nNOS in a defect of the HPA axis 
response in Lew/N rats. Reduction of the increase 
in nNOS gene expression in Lew/N rats may lead to 
a defect of up-regulation of the CRF gene induced by 
immune challenge in this species. Since iNOS in-
duction was intact in the Lew/N rats, the NO derived 
from iNOS may represent a compensatory mecha-
nism to maintain sufficient local release of NO in 
PVN neurons.
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