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ABSTRACT. Recent studies have analyzed the role of nitric oxide (NO) in pain modulation in
several models of sciatic nerve injury. In the present study we have investigated NO production in
lumbar dorsal root ganglia (DRG) and spinal cord (SC) over time after sciatic nerve cut. Neuronal
nitric oxide synthase (nNOS)-like immunoreactivity (LI) was also determined, since the expres-
sion and activity of the enzyme do not always correlate. Nerve section induced a progressive in-
crease in NO production in the ipsilateral L4-5 DRGs and the corresponding levels in the SC in a
pattern that correlated with nNOS-LI; this increase was gradual after 7 days of survival time, more
pronounced after 14 days, with the highest values detected 28 days after axotomy. This peak was
followed by a progressive decrease, reaching control values 42 days after the lesion. The present
study shows that nNOS upregulation is related to an increased NO production and release. The
temporal pattern of NO production parallels the one observed for the expression of the enzyme,
suggesting that the induction of nNOS synthesis yields a protein that is functional and highly ac-
tive. [Article copies available for a fee from The Haworth Document Delivery Service: 1-800-HAWORTH.
E-mail address: <docdelivery@haworthpress.com> Website: <http://www.HaworthPress.com>  2005 by
The Haworth Press, Inc. All rights reserved.]
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INTRODUCTION

Nitric oxide (NO) is a potent biological me-
diator that acts as an intercellular messenger in
thenervous system(Dawson et al. 1992;Dawson
et al. 1995) and plays a role in pain modulation
(Meller et al. 1990; Meller et al. 1992). NO is
synthesized from L-arginine by a family of en-
zymes called nitric oxide synthases (NOS) giv-
ing citrulline as a byproduct (Bredt et al. 1990b).
There are three major classes of NOS: neuronal
(nNOS), endothelial (eNOS) (both constitu-
tive) and inducible (iNOS) (Alderton et al.
2001). These three isoforms are present, among
other sites, in the central and peripheral ner-
vous system (Bredt et al. 1990a; Egberongbe et
al. 1994). Being a small reactive molecule, NO
has a short half-life (in the order of millisec-
onds to seconds) and is rapidly oxidized to the
inactive and stable end products nitrite (NO2

�)
and nitrate (NO3

�) (Ignarro et al. 1993). Ex
vivo concentrations of these nitrogen oxides
(NOx) correlatewithNOS activityand areused
as a quantitative index of NO production (Salter
et al. 1996).

Because NO is membrane permeable, it can-
not be stored in synaptic vesicles and is pro-
duced on demand (Gally et al. 1990). NO may
act in the neuron where it is produced, or dif-
fuse from its site of production to act on adja-
cent glia and/or other neurons, as a “classical
neurotransmitter” (Gally et al. 1990; Morris et
al. 1992). In addition, it has been suggested to
behave as a retrograde transmitter mediating
synaptic plasticity and long-term potentiation
(Baringa 1991).

Recent studies have analyzed the participa-
tion of NO in pain modulation in various mod-
els of sciatic nerve injury. Lesion induced NO
production has been attributed to have a protec-
tive effect on damaged neurons (Thippeswamy
et al. 1997a; Thippeswamy et al. 2001b) and
mightbeassociatedwithneuronal regeneration
(Cristino et al. 2000) and anti-apoptotic path-
ways (Chung et al. 2001). However, it is also
possibly involved in nNOS positive cell death
(Zochodne et al. 1997) and pro-apoptotic mech-
anisms (Heneka et al. 1998). Supporting the
role of NO in neuronal survival and nerve re-
generation, it has been shown to be involved in
path-finding and establishment of appropriate

synaptic connections after nerve transection
(Van Wangenen et al. 2001).

Previous histochemical studies have dem-
onstrated that lumbardorsal rootganglia(DRGs)
contain only a few NADPH diaphorase/nNOS
positive cell bodies, mainly of small and me-
dium size (Aimi et al. 1991; Zhang et al. 1993).
In the lumbar spinal cord (SC), major popula-
tions of NADPH diaphorase positive neurons
have been found in the superficial laminae of
the dorsal horn and around the central canal
(Valtschanoff et al. 1992a).

After peripheral nerve axotomy, there is a
dramatic increase in nNOS-LI (Fiallos Estrada
et al. 1993; Zhang et al. 1993; Shi et al. 1998)
and its mRNA levels (Verge et al. 1992) in
small and medium sized neurons of DRGs as
well as in lamina II of the ipsilateral dorsal horn
(Zhang et al. 1993). These findings suggest that
theexpressionof theenzymeis highlyplastic in
response to a nerve lesion. However, it still re-
mains tobe demonstratedwhetheror not theac-
tivity of the enzyme and the amount of NO pro-
duced bear the same plasticity. nNOS has been
shown to be subject to expressional regulation
yieldingdifferentmRNA transcripts (Brenman
et al. 1997) which in turn can be translated into
functional or non functional proteins. In addi-
tion, nNOS enzymatic activity has been shown
to be tightly regulated by multiple factors
(Alderton et al. 2001). As a consequence, the
expression and activityof the enzyme do not al-
ways correlate (Broholm et al. 2003).

Therefore, the purpose of the present study
was to investigate the changes over time in NO
production in lumbar DRGs and SC in a model
of peripheral axotomy and correlate these
changes with those of nNOS-LI.

MATERIALS AND METHODS

Surgical procedure: All experimental pro-
cedures were performed in accordance with the
animal care guidelines of the local Animal Ex-
perimentation and Ethics Committee. Young
adult male Sprague Dawley rats (200-250 g,
Fucal, Buenos Aires, Argentina) (n = 70) were
anaesthetized using chloral hydrate (0.7g/kg
i.p.) and the right sciaticnerve was exposed and
transected at a mid-thigh level. A 5 mm portion
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of the nerve was resected and the proximal
stump, ligated.

Tissue collection and preparation of homo-
genates: After different survival times (7, 14,
28, 35, and 42 days) the lesioned (n = 25) and
control (n = 10) animals were decapitated and
the ipsilateral and contralateral L4-5 DRGs, as
well as the corresponding levels of the SC were
rapidly dissected out and washed in saline.
Each segment of the SC was sectioned into
right and left using a S5 Zeiss dissection micro-
scope. The samples were homogenized in 20
mM Tris-ClH (pH 7.4) with 0.32 M sucrose, 2
mM EDTA, 2 mM DTT and 10% protease
inhibitors (Protease Inhibitor Cocktail, Sigma). The
homogenateswere thencentrifugedat10000�g
for 10 min at 4°C and the supernatants were
stored at �30°C until use.

Measurement of NOx: NO production was
evaluated by measuring its stable degradation
productsnitriteandnitrateusingtheNOAnalyser
280 (Sievers Instruments Inc.). NOx present in
the samples were reduced by vanadium chlo-
ride (VCl3) in hydrochloric acid (HCl) at 90°C
to form NO (Bramanet al. 1989). The NO prod-
uct reacted with ozone in a gas phase chem-
iluminescent reaction with the generation of
nitrogen dioxide, whose emissions in the red
and near infrared region of the spectrum were
detected by a photomultiplier tube. The analyser
was calibrated with solutions of sodium nitrate
(NaNO3) 1-100 µM.

Expression of data and statistical analysis:
Protein concentration was determined using
Lowry’s method (Lowry et al. 1951) and NOx
levelswere normalized to the proteincontentof
each sample and expressed as nmol/mg pro-
tein.Data were analyzedwith GraphPad Prism.
ANOVA test and Newman-Keuls Multiple
Comparison Test were used. Results are ex-
pressed as mean ± SEM. Statistically signifi-
cant results were differentiated using these
symbols: ns p > 0.05, * 0.05 > p > 0.01, ** 0.01
> p > 0.001, *** p < 0.001

Sample dissection for immunohistochemical
analysis: Following similar survival times,
lesioned (n = 25) and control (n = 10) animals
were deeply anaesthetized (chloral hydrate 1.5 g/
kg i.p.) and perfused through the heart with 60
ml of warm (37°C) Tyrode´s buffer (pH 7.4),
followed by 60 ml of fixative (4% paraform-

aldehide and 0.2% picric acid in 0.16M phos-
phate buffer, pH 7.0) (Zamboni et al. 1967) at
37°C and 300 ml of the same fixative at 4°C.
The ipsilateral and contralateral L4-5 DRGs
and the corresponding levels of the SC were re-
movedandpost fixed in thesamefixative for90
min a 4°C. The tissue was then rinsed in 20%
sucrose in phosphate buffer (pH 7.2) contain-
ing 0.1% sodium azide and stored at 4°C until
immunohistochemical processing.

nNOS immunohistochemistry: The tissue was
embebed in OCT compound (Tissue Tek, Miles
Laboratories, Elkhart, IN, USA) and cut at 14 µm
thickness in a cryostat (Microm, Heildeberg,
Germany). Sections were mounted onto chrome
alume-gelatin coated slides and processed for
standardavidin-biotinperoxidasecomplex(ABC)
immunohistochemistry (Hsu et al. 1981). After
rinsing them in PBS and dehydration, endoge-
nous peroxidase activity was inactivated with
hydrogen peroxide, followed by rehydration
and rinses in PBS. Sections were then incu-
bated in a humid chamber at 4°C for 24 hr with
rabbit nNOS polyclonal antibody (1:4000, Santa
Cruz Biotechnology), rinsed in PBS, incubated
at room temperature for 60 min with biotinyl-
ated rabbitantigoat secondaryantibodies (1:100,
Vector Laboratories, Burlingame, CA, USA),
rinsed in PBS and incubated in ABC (1:100,
VectastainEliteABC kit from Vector) for 1 h at
room temperature. Peroxidase activity was
demonstrated by reaction with hydrogen per-
oxide using a nickel-intensified diaminobenz-
idine protocol for enhancementof the immuno-
reaction product. After dehydration, the sections
were mounted in Permount (Fisher Scientific
Company, Fair Lawn, New Jersey, USA). All
sections were examined under bright field illu-
mination using a Nikon Eclipse E800 photo-
microscope and photographed using a Nikon
Digital Camera ND100. The number of neu-
rons exhibiting nNOS-LI in L4-5 DRGs was
determined by counting immunostained neuronal
profiles in randomly, systematically sampled
sections: every 10th section, six to ten sections
per ganglion. The total number of neurons was
also determined in these sections and the results
were expressed as the percentage of immuno-
stained neurons.
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RESULTS

nNOS-LI in DRGs: Nerve section induced a
dramatic increase in the number of nNOS-IR
cells and fibers in the ipsilateral DRGs. Control
L4-5 DRGs contained only a few (2%) detect-
able nNOS-IR cells (Figure 1A), as well as
contralateral ganglia at all survival times tested.
Some of these cells extended nNOS-IR pro-
cesses. Seven days after peripheral axotomy
23% of all neurons showed nNOS-LI (Figure
1B). A higher number of nNOS-IR neurons
was detected at 14 days (49%) (Figure 1C),
reaching a peak 28 days (57%) (Figure 1D) af-
ter the surgery, followed by a progressive de-
crease: 51% of labelled neurons at day 35 (Fig-
ure 1E) and 9% at day 42 (Figure 1F). In all
cases, labelled neurons corresponded to small
and medium sized cells.

nNOS-LI in SC: In the dorsal horn of control
animals, the highest density of nNOS-IR nerve
fibers and terminals was observed in the inner
lamina II, where many nNOS-IR small local

neurons could also be found (Figure 2B). Some
large neurons with long and thick processes and
several small neurons with a strong nNOS-LI
were located around the central canal (lamina
X). After peripheral nerve axotomy, there was
an increased nNOS-IR neuropil with nerve fi-
bers and terminals occupying the outer and in-
ner lamina II of the ipsilateral dorsal horn,
while the number of small nNOS-IR neurons
was reduced (Figure 2A).

NOx levels in DRGs and SC: In control and
contralateral ganglia and SC of any survival
time tested, low amounts of NOx could be de-
tected. Nerve section induced a progressive in-
crease in NOx levels in the ipsilateral DRGs
(Figure 3) and SC (Figure 4) in a pattern that
correlated with nNOS-LI. Seven days after pe-
ripheral nerve axotomy, no changes in NOx
levels could be detected in the ipsilateral dorsal
horn (iDH = 1.48; cDH = 1.52 nmol/mg prot).
In DRGs, a mild increase with, however, no
statistical significance when compared to con-
trol or contralateral ganglia, could be observed
in the ipsilateral side (iDRG = 2.25; cDRG =
1.70 nmol/mg prot). This increase reached sta-
tistical significance both in DRGs and SC after
14 (iDRG = 4.66; cDRG = 2.32 nmol/mg prot),
(iDH = 5.53; cDH = 1.86 nmol/mg prot); 28
(iDRG = 11.40; cDRG = 1.77 nmol/mg prot),
(iDH = 9.91; cDH = 2.09 nmol/mgprot); and 35
(iDRG = 5.60; cDRG = 1.95 nmol/mg prot),
(iDH = 5.83; cDH = 1.81 nmol/mgprot) days of
survival. In both cases, the highest concentra-
tion of NOx was observed 28 days after the
axotomy. Fourty-two days after the lesion,
NOx levels had almost returned to basal levels
(iDRG = 2.00; cDRG = 1.96 nmol/mg prot),
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FIGURE 1. Immunohistochemistry micrographs
showing nNOS-LI in L5 DRGs from control (A) and
axotomized (B-F) rats sacrificed after different survival
times: 7 (B), 14 (C), 28 (D), 35 (E) or 42 (F) days.
Arrows indicate small nNOS-IR cells. Arrowheads
point to medium sized nNOS-IR cells. Calibration
bar 125 µm.

FIGURE 2. Immunohistochemistry micrographs
showing nNOS-LI in the dorsal horn of the lumbar
SC of a rat subjected to a unilateral peripheral nerve
axotomy and sacrificed after 28 days of survival.
Arrows indicate the area of increased nNOS-LI.
Calibration bar 115 µm.



(iDH = 1.91; cDH = 1.96 nmol/mg prot). No
statistically significant difference was detected
between control animals (DRG = 1.89 nmol/
mg prot; DH = 1.57 nmol/mg prot) and the
contralateral ganglia and dorsal horn of the
axotomized animals, independently of the sur-
vival time tested.

DISCUSSION

The present results confirm that L4-5 DRGs
contain only a few nNOS-IR cell bodies, with a
progressive increase of labelled neurons after

peripheral axotomy. Additionally, in the dorsal
horn of the SC the number of nNOS-IR fibers is
increased after the lesion. Interestingly, the re-
sults also show an increase in the production of
NO both in ganglia and SC, thus suggesting a
parallel augmentation in the activity of the
enzyme after axotomy.

In DRGs, nNOS expression is restricted to
small and medium sized neurons, supporting
the idea of NO participation in nociception.
Immunohistochemical studies have revealed
that nNOS is normally transported both to the
peripheral (Fiallos Estrada et al. 1993) and cen-
tral projections (Meller et al. 1993) of these
neurons.

In normal circumstances, many nNOS posi-
tive fibers, terminals and cells are seen in the
dorsal horn. Since the levels of nNOS-LI (pres-
ent study) and nNOS mRNA (Verge et al. 1992)
arevery lowincontrolganglia,only lowamounts
of the enzyme can be transported through the
dorsal roots to the dorsal horn. Thus, it is highly
probable that most of the fibers and terminals
observed belong to local neurons, as it has been
previously suggested (Valtschanoff et al. 1992a).
Peripheral axotomy induced a decrease in the
number of nNOS-IR local cells of the dorsal
horn as well as a marked increase in nNOS-IR
nerve fibers in lamina II of the ipsilateral dorsal
horn. These findings strongly suggest that after
peripheral nerve lesion there is a decrease in the
local synthesis of the enzyme, while increased
amountsof it are transported fromlumbarDRGs
into the afferent nerve endings in the superfi-
cial dorsal horn.

Additionally, increased nNOS expression in
DRG neurons is also probably traduced into in-
creased transport of the enzyme to their periph-
eral projection. NO produced at the axonal
endbulbs may be involved in changes in the
microcirculation of the injured peripheral nerve
environment and thus influence the likelihood
of regeneration of the lesioned nerve (Zochodne
2000).

This increase in nNOS expression in DRGs
has been shown to be related to deprivation of
retrogradely transported nerve growth factor
(NGF)(Thippeswamyetal.1997a;Thippeswamy
et al. 1997b) and possibly others factors, as a
consequence of the axotomy. The decrease in
the expression of the enzyme observed after the
peak of day 28 may be due to local production
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FIGURE 3. NOx levels in L4-5 DRGs from rats sub-
jected to sciatic nerve transection and sacrificed
after different survival times. Black bars: ipsilateral
(i) DRGs, gray bars: contralateral (c) DRGs, white
bar: control (c) animals. ns p > 0.05, ** 0.01 > p >
0.001, *** p < 0.001
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FIGURE 4. NOx levels in the lumbar SC from rats
subjected to sciatic nerve transection and sacrificed
after different survival times. Black bars: ipsilateral
(i) DRGs, gray bars: contralateral (c) DRGs, white
bar: control (c) animals. ns p > 0.05, *** p < 0.001



of neurotrophic factors by satellite glia cells
(Hammarberg et al. 1996; Lee et al. 1998; Zhou
et al. 1999) which are activated by the NO pro-
duced in the surrounding neurons, resulting in a
complex regulatory system.

The present study shows that nNOS upreg-
ulation is related to an increased NO produc-
tion and release, as shown by the high levels of
nitricoxidesobservedafter the lesion.The tem-
poral pattern of NO production parallels the
one observed for the expression of the enzyme,
suggesting that the induction of nNOS synthe-
sis yields a protein that is functional and highly
active. The decrease in NOx levels observed at
35 and 42 days of survival time is accompanied
by a reduction in nNOS-LI and is therefore
probably due to a decrease in the expression of
the enzyme and not in its activity.

Thephysiological/pathologicalsignificance
of this increase in NO production after periph-
eral nerve damage has not yet been precisely
elucidated. This gaseous agent has been attrib-
uted both pronociceptive (Coderre et al. 1994)
and antinociceptive roles (Thippeswamy et al.
2001a). These discrepancies may be explained
by the fact that NO may be a messenger mole-
cule of different types of cells, including ex-
citatory neurons and inhibitory interneurons
(Valtschanoff et al. 1992b; Kawamata et al.
1999). Furthermore, NO has been shown to act
on a wide range of downstream targets includ-
ing ion channels, receptors, intracellular sig-
nalling molecules and genes, opening a wide
range of possible outcomes in response to this
messenger.

More studies should be carried out for fur-
ther elucidation of the role played by NO in re-
sponse to peripheral nerve injury and to define
whether or not this gaseous messenger is in-
volved in themechanismsofneuropathicpain.
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