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Abstract. The effect of age on pain response to paw pressure and intraplantar formalin injection
in rats is elucidated. Pain responses evoked by mechanical pressure on hind paw and intraplantar
injection of formaldehyde (5%) into the hind paw were evaluated in groups of adult, young and aged
male Sprague Dawley rats, after intraperitoneal (i.p.) or intracerebroventricular (i.c.v.) injection of
L-arginine or NG-nitro-L-arginine methyl ester (L-NAME). Nicotinamide adenine dinucleotide
phosphate (NADPH)-diaphorase staining was done in the two groups. The results show that pain
response was reduced in the aged rats and enhanced pain response to paw pressure in aged rats
only. L-arginine (i.c.v.) had no effect on pain response to paw pressure in the two groups but en-
hanced biphasic pain response to formalin. L-NAME (i.p. and i.c.v.) suppressed pain response to
paw pressure in the two groups. L-NAME (i.c.v.) suppressed pain response to formalin during the
acute phase and enhanced it during the late phase. NADPH-diaphorase activity was significantly
greater in young rats. In conclusion, pain response is blunted in the aged rats. NO might be involved
in mechanical nociception in aged rats and in formalin-induced nociception in both groups. NO
blockade has an antinociceptive effect on pain response. Central NO has dual role in pain response
evoked by formalin.
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Introduction

Pain is defined as an unpleasant sensory and emotional
experience associated with actual or potential tissue
damage (Freire et al. 2009). Nociceptive sensitization (hy-
peralgesia) that results from a persistent nerve or tissue
damage is perceived as a decreased threshold to noxious
stimuli with the value of protecting the injured site and
avoiding further damage (Wall and Woolf 1984). The ef-
fect of aging on pain sensitivity and threshold is not well
defined (Harkins et al. 1994). Some animals studies have
indicated that reactivity to pain decreased in 25 month-old
rats compared to 3 month-old animals either in response
to thermal and mechanical stimuli (Akunne and Soliman
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1994) or to thermal and electrical stimuli (Crosby et al.
2006). On the other hand, Islam et al. (1993) reported an
enhanced nociception in 12, 18 and 24 month-old rats
compared to 6 month-old rats; while Crisp et al. (1994)
have shown that pain reactivity is enhanced in 25 month-
old rats when compared to 15 month-old rats but not to 6
month-old rats. Meanwhile, Goicoechea et al. (1997), us-
ing the tail-shock test, found no difference in nociception
between 25 and 10 month-old rats.

The mechanism of nociceptive sensitization is widely
studied and has been attributed to peripheral and central
pathways. Peripheral sensitization is shown to be medi-
ated by inflammatory mediators such as prostaglandin E2
(Taiwo and Levine 1989; England et al. 1996), bradykinin,
nerve growth factor, and nitric oxide (NO) in the injured
site (Milligan and Watkins 2009). These mediators increase
the sensitivity and excitability of primary afferent nocicep-
tors. On the other hand, there is still much debate about
the mediators involved in central sensitization but there is
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accumulating evidence of the important role of NO (Hop-
per and Garthwaite 2006; Haghikia et al. 2007). NO is
synthesized from L-arginine by nitric oxide synthase (NOS)
enzymes (Moncada 1994). Of the three identified NOS
isoenzymes, the neuronal NOS (nNOS) has been associ-
ated with nitrergic signalling in the brain. However, many
evidences have shown that endothelial NOS (eNOS) also
contributes to the physiological actions of NO in the brain
(Garthwaite 2008). As indicated above, there is accumulat-
ing evidence that NO has a role in nociception. However,
there is still controversy whether NO has a pronociceptive
or antinociceptive role. Thus, some studies have shown that
treatment with inhibitors of NOS prevents the development
of hyperalgesia in rat in response to either thermal or me-
chanical noxious stimuli, suggesting an important role of
NO in nociception (Moore et al. 1991; Handy and Moore
1998). Further, intracutaneous or intravenous injection of
NO solution has been found to evoke pain in humans, in-
dicating a role of NO in peripheral nociception (Holthusen
and Arndt 1994, 1995). By contrast, several studies have
demonstrated that stimulation of the arginine-NO-cGMP
pathway exerts antinociceptive effect (Duarte and Ferreira
1992, 2000; Brito et al. 2006). Further, some studies have
demonstrated that the antinociceptive properties of some
drugs are mediated through NO. Pretreatment with NOS
inhibitors has been shown to interfere with the effects of
these drugs, including clonidine (Przesmycki et al. 1999),
morphine (Pataki and Telegdy 1998; Abacioglu et al. 2001),
D-Pen2,5-enkephalin (Chen and Pan 2003), sildenafil (Patil
et al. 2004), and muscarinic agonists in the rostral ventral
medulla of rats (Iwamoto and Marion 1994).

Thus, the main aim of the present study was to further elu-
cidate the effect of age on pain sensitivity in rats in response
to thermal and mechanical stimuli, and also to investigate
the importance of NO in peripheral and central nociceptive
responses related to the age.

Materials and Methods

Experimental animals

Sprague-Dawley male rats were kept in the animal care
facility at Physiology Department, Mansoura Faculty of
Medicine under a 12-h light/dark cycle and had free access
to food and water. All experimental protocols were approved
by Mansoura Faculty of Medicine Animal Care and Use
Committee.

Experimental design

Rats were divided into 2 main groups: young adult rats
(2 month-old, n = 12, body weight = 180-200 g) and aged

rats (24 month-old, n = 12, body weight = 350-380 g). Two

groups were subjected to pain sensitivity test in response

to chemical and mechanical stimuli to compare the effect
of age on nociception. Then, to further evaluate the role of

NO in nociception in the aged rats, NG-nitro-L-arginine

methyl ester (L-NAME, NOS inhibitor) and L-arginine

(NO precursor) were injected intraperitoneal (i.p.) and

intracerebroventricular (i.c.v.). According to the method of

administration of the agent, rats were further divided into

2 subgroups:

1. L-NAME pretreated group (n = 6), which was further
subdivided into 2 subgroups: a) received i.p. L-NAME at
a dose of 50 mg/kg, 30 min before testing (Gholipour et
al. 2008); b) received i.c.v. L-NAME at a dose of 1.0 pg,
15 min before testing (Hashemi et al. 2010).

2. L-arginine pretreated group (n = 6), which was further
subdivided into 2 subgroups: a) received i.p. L-ar-
ginine at a dose of 200 mg/kg, 45 min before testing
(Gholipour et al. 2008); b) received i.c.v. L-arginine at
a dose of 1.0 ug, 15 min before testing (Hashemi et al.
2010).

Drugs

The drugs used in this study were L-arginine and L-NAME
(Sigma fine chemical Co., USA). The drugs were prepared
freshly on the day of the experiment by dissolving in sterile
0.9% NaCl solution.

Surgical and stereotaxic procedures

A mixture of diazepam (5 mg/kg) and ketamine HCI
(75 mg/kg) was used to anesthetize the experimental
animals. Then, the rat was fixed into stereotaxis table
(Stoelting stereotaxic unit, model 51600, USA) and
a short incision was made along the midline of the scalp
using a scalpel. The skin was pulled back to expose the
calvarium. A small hole was made on the calvarium, at
stereotaxic coordinates: 0.95 mm posterior to bregma,
1.4 mm lateral to the midline. Then, a stainless steel needle
of outer diameter 0.5 mm was fixed at this point, by dental
cement to a depth 3.2 mm below the dorsal surface of the
brain (Kutlu et al. 2003). Rats were allowed to recover
their activities for 10 days in separate cages before pain
threshold testing procedure.

Central microinjection procedure

Injection (i.c.v.) was made using the microinjection tech-
nique of Haley and McCormick (1957), using a 10-pl mi-
crosyringe (Hamilton, Reno, NV, USA). A volume of 5 ul
(containing 1 pg) of drug solution was delivered directly
into the lateral cerebral ventricle over 30 s.
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Pain threshold testing

Mechanical stimulus: paw withdrawal threshold (PWT). The
paw pressure test consisted of gently holding the body of the
rat while the hind paw was exposed to controlled increas-
ing mechanical pressure. The analgesy-meter (Ugo-Basile,
Varese, Italy, cat. # 7200) is designed to exert a force on the
paw that increases at a constant rate, similar to the Randall
and Sellito (1957) test of mechanical nociception. Force
was applied to the right hind paw that was placed under
a small plinth under a cone-shaped plunger with a rounded
tip. The operator depressed a pedal-switch to start the
mechanism that exerted force. The force in grams at which
the rat withdrew its paw was defined as the paw pressure
threshold. The baseline paw pressure was measured before
injecting vehicle or drug. Five determinations per animal
(with interval between sequential measurements of about
10-15 min) were collected in each test session, averaged and
expressed in grams.

Formalin test: chemical threshold. The formalin test was
performed as previously described (Jourdan et al. 2000). In
brief, the rat was acclimated to the observation chamber
(transparent glass box permitting an unobstructed view of
rat’s paws to the observer) for ~20 min. Then, the rat was
restrained and 10 pl of formaldehyde (5%) was injected
subcutaneously into the right hind paw using a Hamilton
microsyringe with a 30 G needle and replaced again in the
observation chamber. Then, the duration (in seconds), the
animal spent licking, lifting and/or favoring the injected paw
was recorded between 0-5 min (early phase) and 15-60 min
(late phase) after the formalin injection.

NADPH-diaphorase technique

In order to identify the effect of aging on the neuronal NOS
distribution in the rat brain and spinal cord, nicotinamide
adenine dinucleotide phosphate (NADPH)-diaphorase
technique was used.

Specimens’ collection and sectioning. Animals were
anaesthetized with ether and perfused intracardially with
200-300 ml of 10% neutral buffered formalin after a brief
rinse of the vasculature with 0.9% saline. An incision was
made through abdomen along the length of the diaphragm.
A first cut through the connective tissue at the bottom of
diaphragm was made to allow access to rib cage. A second
cut was made through ribs and the heart was exposed.
A needle was inserted into the left ventricle and secured in
its entry site. The valve of the perfusion pump was released
and fluid was allowed to flow in a slow; steady way of around
20 ml/min. A cut was made in the right atrium with sharp
scissors to allow the solution to flow freely. After completion
of the process of fixation the brains and the lumbosacral
region of the spinal cords were carefully dissected out. The

brains were sliced into small pieces by removing the ante-
rior part of the forebrain by a coronal section at the rostral
end of corpus callosum. The hind brain was separated by
a transverse section at the lower end of the midbrain. The
tissue was then stored in the same fixative for 4-5 days in
order to provide an adequate NADPH-diaphorase staining.
After being fixed, the tissues were stored in 15% sucrose
in 0.1 M phosphate buffer, pH 7.4, overnight at 4°C to
minimize the formation of ice crystals. The tissues were
sectioned with a cryostat at 8 and 40 pm thick and collected
on coated slides and stained with gallocyanin chrom alum
stain for Nissle substance and with nitro-blue tetrazolium
for NADPH-diaphorase.

Histochemistry. The brain and spinal cord sections were
rinsed in phosphate buffer then floated in a diluent con-
taining 0.3% Triton-X 100 in phosphate buffer while being
shaken for 1-2 min. The staining was then performed by
incubating the tissue in a solution containing equal parts
of nitro-blue tetrazolium chloride (0.4 mg/ml in phosphate
buffer) and NADPH (1 mg/ml in buffer) for about 20-24 h at
37°C. The sections were rinsed twice in phosphate buffer
solution and mounted using glycerol gel (Weinberg et al.
1996).

Gallocyanin chrom alum stain. Brain and spinal cord
sections were stained with a mixture of gallocyanin and
chromium potassium sulphate (chrom alum) overnight. The
sections then were rinsed in running tap water, dehydrated
using ascending grades of alcohol and cleared in xylene and
mounted using DPX (Einarson 1932).

Image analysis. Six brain and spinal cord sections from
each animal, cut at 100 um apart, were processed for
NADPH-diaphorase histochemistry and analyzed mor-
phometrically using computerized image analysis. The im-
age analyzer consisted of a colored video camera, colored
monitor, hard disc of IBM personal computer connected to
the microscope, and controlled by Leica Qwin 500 software
(England). The image analyzer was first calibrated automati-
cally to convert the measurement units (pixels) produced by
the image analyzer program into actual micrometer units.
The area and area percentage of NADPH-diaphorase stained
sections of the rat brain and spinal cord were measured using
an objective lens of magnification 10. Using the color detect,
NADPH-diaphorase histochemical reaction was masked by
a blue binary color. The area and area percentage was calcu-
lated in relation to a standard measuring frame.

Statistical analysis

All values are expressed as means + SD (standard devia-
tion). Comparison between the two age groups was done
using unpaired Student ¢-test. Comparison within the same
group was done using paired-t-test; p < 0.05 was considered
significant.
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Figure 1. Basal pain threshold in young (2 month-old, n = 12)
and aged (24 month-old, n = 12) rats in response to paw pressure
test (A) and formalin injection test (B). Values are expressed as
mean + SD. * p < 0.01 vs. young rats (Student’s unpaired ¢-test).

Figure 2. Effect of systemic adminstration of L-arginine (200 mg/kg)
and L-NAME (50 mg/kg) on paw pressure threshold in young
(2 month-old) and aged (24 month-old) rats. Values are expressed
as mean + SD. * p < 0.01 vs. young rats (unpaired ¢-test). # p < 0.01
vs. basal value (paired ¢-test).

tion. On the other hand, systemic administration of L-NAME
caused significant increase in pain threshold in both young
and aged rats (p < 0.01), but, the effect was more pronounced
in young (106.48%) that in aged rats (21.80%).

Effect of i.c.v. injection of L-arginine and L-NAME on paw
pressure threshold

Figure 3 shows i.c.v. administration of L-arginine caused
non significant decrease of paw pressure threshold in young
rats by 26.07% and in aged rats by 9.29% when compared
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Figure 3. Effect of i.c.v. adminstration of L-arginine (1 pg) and
L-NAME (1 pg) on paw pressure threshold in young and aged
rats. Values are expressed as mean + SD. * p < 0.01vs. young rats
(unpaired t-test). # p < 0.01 vs. basal value (paired ¢-test).
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with basal value (p < 0.01).

Effect of systemic administration of L-arginine and L-NAME
on formalin-induced pain threshold

Figure 4A shows non-significant increase in formalin-induced
pain threshold during early phase in both young (by 8.23%)
and aged (by 18.16%) rats after systemic administration of L-
arginine when compared with basal value. On the other hand,
systemic administration of L-NAME caused significant decrease
of pain threshold during early phase in both young (by 41.9%)
and aged (by 57%) rats (p < 0.01). Inlate phase, L-NAME caused
significant decrease of pain threshold in young (by 32.53%) and
aged (by 36.42%) rats (p < 0.01), while, L-arginine caused no
significant change in both young and aged rats (Fig. 4B).

Effect of i.c.v. administration of L-arginine and L-NAME on
formalin-induced pain threshold

Figure 5A shows significant increase in formalin-induced pain
threshold during early phase in both young (by 28.53%) and
aged (by 79.48%) rats after i.c.v. administration of L-arginine
when compared with basal value (p < 0.001). However, i.c.v.
administration of L-NAME caused significant decrease of pain
threshold during early phase in both young (by 47.25%) and
aged (by 37.91%) rats (p < 0.01). Inlate phase, i.c.v. administra-
tion of L-arginine caused significant increase in pain threshold
in young (by 192.81%) and aged rats (by 66.45%) (p < 0.001;
Fig. 5A). Unexpectly, i.c.v. administration of L-NAME caused
significant increase in formalin-induced pain threshold dur-
ing late phase in both young (30.76%) and aged (49.84%) rats
when compared with basal value (p < 0.001; Fig. 5B).

NADPH-diaphorase activity

Quantitative evaluation of NADPH-diaphorase activity by
image analysis revealed significant increase in the mean
area and area % of the NADPH-diaphorase histochemical
reaction in brain and spinal cord sections of young rats in
comparison to that of aged rats (Table 1).
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Figure 4. Effect of systemic L-arginine (200 mg/kg) and L-NAME
(50 mg/kg) adminstration on time of paw licking and lifting (s)
induced by formalin injection in young (2 month-old) and aged
(24 month-old) rats during early phase (A) and late phase (B). Val-
ues are expressed as mean + SD. * p < 0.01 vs. young rats (unpaired
t-test). # p < 0.01 vs. basal value (paired ¢-test).

Examination of the CA1l region of the hippocampus
showed increase in the activity of NOS of the young rats
(Fig. 6b) in comparison to the aged rats (Fig. 6e). Moreover,

Table 1. Descriptive statistics of the mean area and area % of the NADPH-diaphorase histochemical reaction of the brain and spinal

cord sections

Young rats

Aged rats

Mean area (pmz)

Mean area %

Mean area (pmz) Mean area %

CA1 region 103612.26 + 1892.41* 2.61 £0.05* 16179.19 + 331.27 0.41 +0.01
Choroid plexus 72506.44 + 5348.76* 1.83 £0.13* 38915.33 + 1817.58 0.98 +0.05
Lumbosacral region 624811.57 +63586.72* 15.75 + 1.6* 41068.47 + 3140.54 1.04 + 0.08

* p < 0.05 is statistically significant vs. old rats (unpaired Student ¢-test). Data are expressed as mean + SD.
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Figure 5. Effect of i.c.v. adminstration of L-arginine (1 pug) and L-NAME (1 pg) on time of paw licking and lifting induced by formalin
injection in young (2 month-old) and aged (24 month-old) rats during early phase (A) and late phase (B). Values are expressed as
mean * SD. * p < 0.01 vs. young rats (unpaired t-test). # p < 0.01 vs. basal value (paired ¢-test).

Figure 6. Photomicrographs of the rat brain. Section of the hippocampus of adult rat (a) showing its different regions: the CA1, CA2
and CAA4 fields of cornu ammonis and the buried (Db) blade of the dentate gyrus (Gallocyanin chrom alum stain, magnification x40).
Section of the hippocampus at CA1 area of young rat (b) showing positive NADPH-diaphorase cells (arrows). The inset shows a higher
magnification of one of these cells. Note the unstained nucleus (arrowhead) (NADPH-diaphorase histochemistry, x100; inset, x400).
Section of the brain of the ventricle of young rat (c) and aged rat (d), showing positively stained NADPH-diaphorase endothelial cells
lining the choroid plexus (NADPH-diaphorase histochemistry, x40). Section of the hippocampus at CA1 area of young rat (e) show-
ing few positive NADPH-diaphorase cells (arrows). The inset shows a higher magnification of one of these cells (rectangle). Note the
unstained nucleus (arrowhead) (NADPH-diaphorase histochemistry, x100; inset, x400).
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NADPH-diaphorase reaction product was also localized
to the vascular endothelial lining and choroidal epithelial
cells of both young and aged rats but the reaction was more
intense in the young rats (Fig. 6¢ and d).

The NOS activity was examined in the coronal sections
of the lumbar segments of the spinal cord of the rats and it
was found that the number of NADPH-diaphorase cells was
greater in the dorsal horn (lamina I-IV) in the young rats in
comparison to that of the aged rats (Fig. 7a and b). On the
other hand, few positive cells were found around the central
canal (lamina X) in the aged rats (Fig. 7c and d).

Discussion

The effect of age on pain sensitivity is still unclear, and its under-
lying mechanisms are poorly understood. Moreover, the precise
role of NO in pain is also uncertain as studies have indicated
both pronociceptive and antinociceptive roles for NO. Thus,
our study aimed to examine the role of NO in pain sensitivity
in aged rats, using 2 tests of nociception — formalin and paw
pressure tests. In paw pressure test an increasing force (16 g/s)

was applied to the right hind paw and the pressure that forced
the rat to withdraw the paw is taken as an index of nociceptive
mechanical withdrawal threshold. The pressure applied to the
hind limb activates certain slowly adapting mechanorecep-
tors that send signals via C fibers to spinal cord (Lewin and
Moshourab 2004). On the other hand, the nociceptive response
to formalin consists of 2 phases; an early phase (0-5 min) which
is considered to be produced by a direct activation of periph-
eral afferent C fibers by formalin. The second late phase of the
response (15-60 min) is mediated by ongoing stimulation of
nociceptors by inflammatory mediators from injured tissues
and/or central sensitization as a response to first early phase
(Tang et al. 2007). The use of 2 different nociceptive stimuli
and the fact that formalin test with its 2 phases of nociception
is reflecting different pathophysiological processes was helpful
to augment the outcome of the experiments.

The results of the present study show that the nocicep-
tive threshold of aged rats (24 month-old) is significantly
higher than that of young animals (2 month-old) to both
mechanical and chemical stimuli, indicating a decrease of
the reactivity to pain in aged rats. This finding of the de-
creased pain sensitivity to mechanical nociceptive stimuli is

Figure 7. Photomicrographs of the rat spinal cord. Section of the spinal cord of young rat (a) and of aged rat (c), showing the dorsal
horn (Dh) and the central canal (C). Note the increase in the intensity of the staining in lamina (I-IV) of the dorsal horn of young rat in
comparison to aged rat (NADPH-diaphorase histochemistry, x40). b. Higher magnification of (a) showing positive NADPH-diaphorase
cells (arrows) in the dorsal horn (NADPH-diaphorase histochemistry, x100). d. Higher magnification of (c) showing positive NADPH-
diaphorase cells (arrows) in the grey matter surrounding the central canal (NADPH-diaphorase histochemistry, x100).
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in accordance with the study of Akunne and Soliman (1994)
who found less sensitivity of 24 month-old Fischer-344 rats
to paw pressure test when compared with 3 month-old rats.
By contrast, Jourdan et al. (2000) have shown a decreased
mechanical withdrawal threshold in response to paw pres-
sure test in 24 month-old Lou/c rats than in middle aged and
mature rats. On the other hand, the present finding of the
increase in pain threshold induced by formalin in aged rats
is different from the study by Gagliese and Melzacka (1999)
who showed that there was no difference between 3 and 24
month-old Long-Evans rats. A recent study by Hagiwara et
al. (2010) has found hypersensitivity to formalin injection in
middle aged (11 month-old) female Sprague Dawley rats.
One important aim of the present study was to further
elucidate the role of NO in nociception. In response to pres-
sure nociceptive stimulus, the present results shows that with
either i.p. or i.c.v. administration of L-NAME, the sensitivity
to pain decreased in both the young and aged rats suggesting
a pronociceptive role of NO that is mediated both peripherally
and centrally. Further, this antinociceptive effect of L-NAME
was more pronounced in the young rats than in the aged rats
suggesting that the pronociceptive role of NO in response to
paw pressure is decreasing with age. Moreover, the decrease
of pain sensitivity in the young rats was more marked with
i.c.v. administration than with i.p. L-NAME administration
(160%) that may reflect a greater central role of NO in pain
perception in the young rats than in the aged ones. Indeed,
the results of the histochemistry study revealed a greater
activity of NADPH-diaphorase cells in hippocampus sec-
tions from young rats relative to aged rats indicating greater
activity of neuronal NO; a finding that is consistent with the
above assumption that the central pronociceptive role of
NO is decreasing with age. There is evidence from previous
studies about a possible role of hippocampus CA1 region in
nociception (Khanna 1997; Soleimannejad et al. 2007) and
that is most probably through a mechanism related to NOS
activation (Hashemi et al. 2010). Thus, the study extends this
to its involvement in blunted pain sensitivity in aged rats.
On the other hand, using the NO precursor L-arginine, the
sensitivity to pressure-induced pain increased after systemic
administration in the aged rats only, while there was no change
in the pain reactivity after i.c.v. L-arginine in both groups (see
Fig. 2 and 3). This finding suggests that with augmenting the
synthesis of NO with L-arginine, the pronociceptive effect
of NO is mediated peripherally in the aged rats only while
it has no central role in nociception in both groups. The fact
that the aged rats showed less reactivity to paw pressure when
compared with the young rats (Fig. 1) and that their reactivity
to pain was enhanced by systemic L-arginine supports again
the above suggestion that the pronociceptive role of NO in
response to paw pressure decreases with age. What is interest-
ing here is that i.c.v. L-arginine had no effect on pain reactiv-
ity in both groups. This might be related to the dose used in

the present experiments as in the study by Sousa and Prado
(2001); higher dose of the NO donor (3-morpholinosydnon-
imine (SIN-1)) had no effect or increased the pain produced
by chronic ligature of sciatic nerve, but had antinociceptive
effect in rat tail-flick test. The present findings regarding the
role of NO in nociception induced by mechanical stimuli are
in agreement with previous studies that used also the non
selective NOS inhibitor L-NAME although they have used
different mechanical stimuli as tail flick test (Iwamoto and
Marion 1994) or von Frey hair test (Hao and Xu 1996; Sousa
and Prado 2001). However, studies using other NO inhibitors
have not produced consistent results as intraplantar or i.c.v.
L-NOARG (Aley et al. 1998; Xu et al. 1995) and intrathecal
7-nitroindazole (7-NI) (Machelska et al. 1997).

Regarding the response to formalin injection, i.p. L-ar-
ginine did not affect the pain threshold in both age groups
either during the acute or the tonic phase (Fig. 4a and b). By
contrast, i.c.v. administration of L-arginine enhanced pain
sensitivity in both groups during acute and tonic phases of
the nociceptive response, but with greater influence in the
young rats during the late phase. This suggests a central
pronociceptive role of L-arginine-NO pathway in response
to formalin that is more evident for the late chronic phase in
the young rats, indicating that L-arginine-NO pronociceptive
pathway is decreasing with age. What is unexplained here
why i.c.v. L-arginine did not change the nociceptive response
to paw pressure while enhanced it in response to formalin;
whether this is related to the dose or it is related to the mo-
dality of pain tested warrants further investigation.

On the other hand, i.p. L-NAME inhibited the acute and
tonic nociceptive response to formalin injection in both
groups of rats as indicated by the shorter time spent licking
or lifting the paw, with the young rats still more sensitive to
pain than the aged animals. This suggests a pronociceptive
role of NO that is mediated peripherally. However, with i.c.v.
L-NAME, the decrease of pain reactivity was noticed only
during early phase while the sensitivity to pain increased
during late phase indicating a dual role of NO with central
inhibition of its synthesis; exerting a pronociceptive effect in
response to acute pain and an antinociceptive effect during
the tonic or chronic phase of pain. Indeed, previous studies
on formalin-induced nociceptive response after NOS in-
hibitors have shown a complex role of NO. Thus, Malmberg
and Yaksh (1993) and Sakurada et al. (1996) reported that
i.p., intrathecal or i.c.v. L-NAME inhibited the nociceptive
response during the late phase with little or no effect on
the acute phase. However, other studies have reported that
intrathecal injection of L-NAME greatly reduced the acute
phase (Sakurada et al. 2001) and the tonic phase of nocic-
eptive response to formalin (Meller et al. 1994). Recently,
Kolesnikov et al. (2004) demonstrated that local application
of the NOS inhibitor, NOArg, did not affect either phase of
the formalin test, while supraspinal blockade of nNOS with
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NOArg reduced both phases, suggesting the presence of
opposing nNOS systems in pain modulation.

In conclusion, the present experiments show that the pain
response evoked by either paw pressure or formalin injec-
tion is decreased (blunted) in aged Sprague-Dawley rats as
compared to young animals. It seems that augmenting the
synthesis of peripheral NO with L-arginine has a pronocic-
eptive effect on response to paw pressure in aged rats only,
while central L-arginine enhances pain response induced by
formalin in both groups. Further, either peripheral or central
inhibition of NO synthase with L-NAME has antinociceptive
effect on pain response induced by paw pressure and during
the acute phase induced by formalin injection in both groups.
This antinociceptive effect of L-NAME seems to be more
manifest in the young rats than in the aged rats. On the other
hand, L-NAME (i.c.v.) enhanced pain response evoked dur-
ing the late phase of formalin test in both groups, suggesting
that centrally synthesized NO has an antinociceptive effect
during the chronic stage of pain evoked by formalin.
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