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We examined the expression of brain nitric oxide synthase (bNOS) in two devel-
oping rat brain structures, the striatum and the cerebral cortex. For this pur-
pose, we quantified the relative protein concentration level using the Western
blotting method and densitometric scanning. 32 Wistar rats, divided according
to survival period (P0-P120-postnatal days) were used in this study. Our results
demonstrate that bNOS expression rises in these structures during the first week
of postnatal life, reaching a maximum in the striatum on the 10th day and in the
cerebral cortex on the 7th day of postnatal life. After the period of increase the
expression declines and after the 14th day a stabilisation of bone protein con-
centration is observed, both in the striatum and the cerebral cortex.
These changes in bone protein expression might be related to the important
role of nitric oxide in the developing rat brain, especially in synaptogenesis,
apoptosis and neurotransmission.
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INTRODUCTION
Nitric oxide (NO) is a diffusible free-radical gas

that plays an important role in the regulation of
vascular tone, macrophage-mediated cytotoxity,
and neurotransmission in the nervous system [7].
Nitric oxide takes part in the development of the
rat central nervous system and in the processing of
neuronal cell differentiation and is crucial to syn-
aptogenesis as well as synaptic plasticity and apo-
ptosis [1, 2].

Nitric oxide synthase (NOS, 155 kDa M. W.), the
enzyme that synthesises NO, is, given its role in neu-
ral development, expressed in the developing rat
brain [2]. NO, as well as NOS inhibition, induces be-
havioural changes such as that of food and water
intake [4], alteration in the electrical activity of the
cortex and stimulation of renal sympathetic nerve

activity [3]. NOS-immunoreactive cell bodies and
bNOS proteins have been detected during embry-
onic development in rats [9].

Nitric oxide is synthesised in a metabolic path-
way from L-arginine by nitric oxide synthase in the
presence of molecular oxygen and NADPH [5]. Three
basic isoforms of NOS have been identified: the cal-
cium/calmodulin-dependent constitutive forms,
which are present predominantly in neurons (bNOS)
and in endothelial cells (eNOS) and the inducible
calcium-independent enzyme (iNOS), which is found
in macrophages and in activated microglial and as-
troglial cells [5].

The aim of this study was to investigate bNOS
expression in two developing rat brain areas, the stri-
atum and the cerebral cortex, at the protein con-
centration level using a Western blotting method.
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MATERIAL AND METHODS
The material consisted of 32 Wistar rats divided

according to survival period (P0, P2, P7, P10, P14,
P28, P60 and P120-postnatal days). Care and treat-
ment of the animals were in accordance with the
guidelines for laboratory animals established by the
National Institute of Health as well as by the local
ethical committee. All animals were deeply anaes-
thetised with lethal doses of Nembutal and decapi-
tated. The brains were removed and the samples of
the striatum and the cerebral cortex were rapidly
microdissected under surgical microscope control.

The tissues were homogenised with buffer, in-
cluding protease inhibitors, and an assessment of
protein concentration was carried out using colori-
metric Lowry assay. Samples containing equivalent
amounts of proteins were electrophoretically sepa-
rated and subsequently transferred onto a nitrocel-
lulose membrane by semi-dry blotting. The reliabili-
ty of sample loading and protein transfer was evalu-
ated by staining the nitrocellulose membrane with
Ponceau S solution before immunoblotting. Non-
specific binding sites on the membrane were blocked
in non-fat dry milk. The membrane was incubated
overnight with primary polyclonal antibody — rab-
bit anti-brain nitric oxide synthase (bNOS, Sigma,
USA) diluted 1:10000. After primary incubation the
blots were incubated with biotinylated goat anti-rab-
bit IgG (BioRad, UK) diluted 1:3000. Following incu-
bation with alkaline phosphates — streptavidin com-
plex, colour development reagents (BioRad, UK) were
used for visualisation. The results were documented
and the relative amount of the proteins in each sam-
ple was quantified by densitometric scanning (Laser
Pix, Biorad, UK).

In this investigation b-actin was used as a refer-
ence protein. The antibodies used for identification
and visualisation of b-actin were: mouse monoclonal
anti-b-actin (Sigma, USA) diluted 1:5000 as primary
IgG and biotinylated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, USA) diluted 1:10000
as the secondary antibody. The remaining stage of
the examination procedure was carried out with the
same protocol and under the same conditions.

RESULTS
When studying the expression of bNOS in the rat

striatum during the postnatal period (P0-P120) we
observed an increase in band colour intensity be-
tween the P0 and P10 groups. The maximum level
of relative protein concentration in the striatum was
recorded in the P10 group. The intensity of protein
staining in older groups of animals (from P14 to
P120) stabilised at a similar level but this was lower
than in younger groups (Fig. 1).

An analysis of band colour intensity carried out
on the cerebral cortex revealed an increase between
the P0 and P7 groups, reaching a maximum in the
P7 group. After the 7th day of postnatal life a lower
concentration of protein was observed in the P10
group. The relative amount of bNOS protein calcu-
lated in older groups of animals (P14–P120) stabi-
lised at a lower level (Fig. 2).

To summarise, the results of this investigation
show differences in the expression of bNOS between
these two parts of the brain, especially during the
first 10 postnatal days. In the cerebral cortex the
maximum concentration of bNOS is observed on the
7th day and in the striatum on the 10th day of post-
natal life.

Figure 1. Age-related comparative analysis of bNOS expression in the striatum. Upper panel: Western blots of b-actin carried
out in 8 groups (P0–P120 days of postnatal life). Bottom panels: Western blots of bNOS at different ages. Equal amounts of
proteins were used in both b-actin and bNOS detection.
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DISCUSSION
The expression of bNOS protein has been detect-

ed at the embryonic stage of developing brain. Tera-
da et al. [9] affirmed that both in the striatum and
cerebral cortex, bNOS-positive cells were immuno-
histochemically detected at E19. An increase in bNOS
expression was also observed during the first week
of postnatal life. Western blotting analysis carried
out in our studies revealed an increase in bNOS band
colour intensity during the first days of postnatal life,
both in the cerebral cortex and in the striatum. This
might be connected to the role of nitric oxide in neu-
ronal cell differentiation and synaptogenesis.

The results of the present study demonstrate a de-
cline in bNOS expression after the 7th day, as observed
in the cerebral cortex, or the 10th day of postnatal
life, as in the striatum. It is suspected that this might
be linked to a rapid decrease in apoptosis expres-
sion at this time. The role of NO in programmed cell
death, which is a normal feature of neurogenesis,
has been also postulated [1, 2]. Maciejewska et al.
[6] found the greatest number of apoptotic cells in
the striatum during the first postnatal week with a rapid
drop in number from the 7th day of postnatal life.
A similar conclusion concerning neuronal cell devel-
opment in the cerebral cortex was presented by
Spreafico et al. [8] in their study. The authors ob-
served a maximal expression of apoptosis between
the 5th and 8th day of postnatal life and a subsequent
decrease in apoptotic cell concentration.

In adult animals nitric oxide still plays an impor-
tant role as a gas neurotransmitter in the central
nervous system, so the stabilisation of bNOS expres-
sion observed in the present study, both in the cere-
bral cortex and in the striatum, might be connected
with this role.

Differences between bNOS expression in the ce-
rebral cortex and that in the striatum may also sug-
gest that the development dynamic is different in
each structure. In the cerebral cortex the expression
of bNOS decreases after the first week, whereas in
the striatum it decreases after the 10th day of post-
natal life. In view of the role of NO in the develop-
ment of the central nervous system, our results sug-
gest that in some aspects the cerebral cortex might
mature earlier than the striatum.

In conclusion, changes in brain nitric oxide syn-
thase expression in the cerebral cortex and striatum
are connected with the function of NO in brain de-
velopment, synaptogenesis, apoptosis and neu-
rotransmission. This investigation proved that the
expression of bNOS proceeds differently in these two
parts of the brain during the early postnatal period.

REFERENCES
1. Bon L, Garthwaite J (2001) Nitric oxide-induced po-

tentiation of CA1 hippocampal synaptic transmission
during baseline stimulation is strictly frequency-depen-
dent. Neuropharmacology, 40: 501–507.

2. Bredt DS, Snyder SH (1994) Transient nitric oxide synthase
neurons in embryonic cerebral cortical plate, sensory gan-
glia, and olfactory epithelium. Neuron, 13: 301–313.

3. De Luca B, Monda M, Sullo A (1995) Changes in eating
behavior and thermogenic activity following inhibition
of nitric oxide formation. Am J Physiol, 268: R1533–1538.

4. Groll-Knap E, Haider M, Kienzl K, Handler A, Trimmel M
(1988) Changes in discrimination learning and brain
activity (ERPs) due to combined exposure to NO I CO
in rats. Toxicology, 49: 441– 447.

5. Keilhoff G, Seidel B, Noack H, Tischmeyer W, Stanek D,
Wolf G (1996) Patterns of Nitric Oxide Synthase at the
messenger RNA and protein levels during early rat brain
development. Neuroscience, 75: 1193–1201.

6. Maciejewska B, Lipowska M, Kowiański P, Domar-
adzka-Pytel B, Moryś J (1998) Postnatal develop-

Figure 2. Age-related comparative analysis of bNOS expression in the cerebral cortex. Upper panel: Western blots of b-actin
carried out in 8 groups (P0–P120 days of postnatal life). Bottom panels: Western blots of bNOS at different ages. Equal
amounts of proteins were used in both b-actin and bNOS detection.



174

Folia Morphol., 2003, Vol. 62, No. 3

ment of the rat striatum — a study using in situ
DNA end labeling technique. Acta Neurobiol Exp,
58: 23–28.

7. Siles E, Martinez-Lara E, Canuelo A, Sanchez M, Her-
nandez R, Lopez-Ramos JC, Del Moral ML, Esteban FJ,
Blanco S, Pedrosa JA, Rodrigo J, Peinado MA (2002)
Age-related changes of the nitric oxide system in the
rat brain. Brain Res, 956: 385–392.

8. Spreafico R, Frassoni C, Arcelli P, Selvaggio M, De Bi-
asi S (1995) In situ labeling of apoptotic cell death in
the cerebral cortex and thalamus of rats during de-
velopment. J Comp Neurol, 363: 281–295.

9. Terada H, Nagai T, Okada S, Kimura H, Kitahama K
(2001) Ontogenesis of neurons immunoreactive for
nitric oxide synthase in rat forebrain and midbrain. Dev
Brain Res, 128: 121–137.


