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Intrathecal treatment with o, receptor antagonists reduces
formalin-induced phosphorylation of NMDA receptor subunit 1
and the second phase of formalin test in mice
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1 Although previous reports have suggested that the sigma 1 (¢,) receptor may be involved in pain
sensation, its specific site of action has not been elucidated. The aim of present study was to determine
the role of the spinal ¢, receptor in formalin-induced pain behavior, spinal cord Fos expression and
phosphorylation of N-methyl-D-aspartate receptor subunit 1 (pNR1).

2 Intrathecal (i.t.) pretreatment with the selective o, receptor antagonist, BD-1047 (N-[2-(3,4-
dichlorophenyl)ethyl]- N-methyl-2-(dimethylamino)ethylamine dihydrobromide) (10-100 nmol) dose
dependently reduced formalin-induced pain behaviors in second phase, but not first phase, of the
formalin test. I.t. injection of BD-1047 also reduced formalin-evoked Fos expression and pNRI1 at
the protein kinase C-dependent site, serine-896 (Ser896) and the protein kinase A-dependent site,
serine-897 (Ser897) in spinal dorsal horn.

3 it. BMY-14802 ((a-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-piperazinebutanol hydrochlor-
ide) (10-100nmol, ¢, receptor antagonist and 5-HT,, receptor agonist) dose dependently reduced
formalin-induced pain behaviors in both phases. However, the 5-HT; receptor might not be involved
in the antinociceptive effect of BMY-14802 on the second phase, since i.t. pretreatment with the
5-HT, 4 receptor antagonist propranolol ((S)-1-isopropylamino-3-(1-naphthyloxy)-2-propanol hydro-
chloride) (injected 10 min prior to i.t. BM'Y-14802) partially blocked the effect of BMY-14802 on the
first phase of the formalin test but did not affect the inhibitory effect of BMY-14802 on the second
phase. In addition, i.t. BMY-14802 significantly reduced formalin-evoked Fos expression and pNR1
(Ser896 and Ser897) expression in spinal dorsal horn.

4 The results of this study suggest that selective blockage of spinal o, receptors can reduce pain
behaviors, spinal cord Fos expression and pNR1 (Ser896 and Ser897) expression associated with the

second phase of the formalin test.
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Introduction

The sigma (o) receptor has been classified into two distinct
subtypes called sigma 1 (¢,) and o¢,, which differ in their
affinities for ¢ ligands (Guitart et al., 2004). Sigma binding
sites are distinct from opiate, phencyclidine and dopamine (D)
receptors (Su, 1982; Tam & Cook, 1984; Walker et al., 1990).
Recently, it has been shown in ¢ receptor knockout mice that
both phases of formalin-induced paw licking/biting behavior
are reduced by approximately 55% in comparison to wild-type
animals, suggesting that the o, receptor is involved in
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formalin-induced pain (Cendan et al, 2005b). Systemic
injection of haloperidol and its metabolites has been shown
to consistently produce antinociceptive effects in both phases
of the formalin test via the suppression of o, receptor activity
(Cendan et al., 2005a). These findings suggest that o, receptor
antagonists can produce antinociception in the formalin test.
However, neither the precise site of action nor the mechanism
of action of ¢ drugs has been clearly defined with respect to
nociception. Since g, receptors have the potential to modulate
biological systems related to learning and memory, psycho-
stimulant-induced sensitization, cocaine-induced conditioned
place preference and pain perception (Ueda er al., 2001;
Guitart et al., 2004), it seems likely that systemic injection of g,
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ligands may affect normal physiological functions. However,
little has been reported regarding the linkage of sigma
receptors to specific signaling pathways. Thus, it is very
important to determine both the site of action and mechanism
of action of g, receptor ligands as they relate to nociception.

Because g, receptors have such a wide distribution (Alonso
et al., 2000), it is very difficult to discriminate the actual sites
of action of systemically administered sigma drugs on pain
sensation or which location is important for sigma effects on
nociception in g, receptor knockout mice. For these reasons,
the present study was aimed at testing the hypothesis that
spinal cord g, receptors are involved with central nociceptive
processing and sensitization in a formalin-induced pain model.

In the present study, we determined the role of spinal
g, receptor antagonism on formalin-induced paw licking/
biting behavior and formalin-induced spinal Fos expression by
intrathecal (i.t.) pretreatment of mice with selective o, receptor
antagonists BD-1047  (N-[2-(3,4-dichlorophenyl)ethyl]-N-
methyl-2-(dimethylamino)ethylamine  dihydrobromide) or
BMY-14802 (a-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-
piperazinebutanol hydrochloride). The BD-1047 antagonist
shows a high affinity for o, receptor (K;=0.93 nM) and thus is
commonly used to evaluate the role of the o, receptor
(Matsumoto et al., 1995; McCracken et al., 1999; Wang
et al., 2005). BMY-14802 is also regarded as a potent o,
receptor antagonist (ICso=75nM), but in addition it acts as a
partial agonist at the 5-HT, 5 receptor (ICso =199 nM; Matos
et al., 1996). Since i.t. injection of a 5-HT,, receptor agonist
has previously been shown to significantly reduce formalin-
induced pain behavior and spinal cord Fos expression
(Buritova et al., 2005), we pretreated animals with the
5-HT4 receptor antagonist, propranolol ((S)-1-isopropylamino-
3-(1-naphthyloxy)-2-propanol hydrochloride), 10 min prior to
the i.t. injection of BMY-14802. This allowed us to remove any
5-HT,, receptor effects and to specifically examine the spinal
g receptor antagonism of BMY-14802 on formalin-induced
nociception (Ernberg et al., 2000). Behavioral experiments
were carried out by measuring formalin-induced nociceptive
paw licking time following i.t. pretreatment with the g,
receptor antagonists.

N-methyl-D-aspartate (NMDA) receptor activation plays an
important role in formalin-induced nociception (Coderre &
Melzack, 1992; Chaplan et al., 1997) and in particular NR1 is
known to be an essential component of functional NMDA
receptors (Masu et al., 1993; Mori & Mishina, 1995). The o,
receptors appear to be functionally coupled to NMDA
receptors (Bermack et al., 2002; Nuwayhid & Werling, 2003).
This is further supported by the work of Wang & Takigawa
(2002) showing that the selective ¢, ligands, MS-377 and
3-PPP, attenuate the PCP blockade of NMDA-induced
increases in intracellular calcium in cultured neocortical
neurons. Collectively, these results support the current
interpretation that sigma ligands may directly or indirectly
modulate NMDA receptor complex functions. The function
and localization of NMDA receptors is also modulated by
post-translational modifications including phosphorylation,
glycosylation and nytrosylation. NMDA receptors are phos-
phorylated on serines of both the NR1 and NR2 subunits and
on tyrosines of the NR2 subunits (Llansola ez al., 2005).
Recent work has shown that lumbar spinal cord NR1 subunits
are phosphorylated on serine residues within 2h of the
induction of hind paw inflammation with carrageenan (Caudle

et al., 2005). Because of the known interaction between the o,
and NMDA receptors, we chose to investigate whether the i.t.
administration of ¢, receptor antagonists reduced formalin-
induced phosphorylation of the NMDA receptor subunit 1
(pNR1) in the spinal cord dorsal horn.

Methods

Animals

Male ICR mice (24-30g B.W.) were purchased from the
Laboratory Animal Center of Seoul National University
(SNU). A total number of 109 mice were used for these
studies and were maintained under the following conditions:
12h light/dark cycle, room temperature (20-25°C) and
40-60% humidity. Food and water were available ad libitum.
The experimental protocols for animal usage were reviewed
and approved by the SNU Animal Care and Use Committee
and conform to NIH guidelines (NIH publication no. 86-23,
revised 1985). This study was carried out in accordance with
the ethical guidelines for investigations of experimental pain in
conscious animals (Zimmermann, 1983).

i.t. injection

Drugs were dissolved in 5ul of sterile saline and an i.t.
injection was performed according to the procedure of Hylden
& Wilcox (1980), using a 50 ul Hamilton syringe with a 30-
gauge needle. The flick of the tail was considered indicative of
a successful i.t. administration. The control group received an
i.t. injection of sterile saline solution.

The o, receptor antagonists, BD-1047 and BMY-14802,
were purchased from Tocris (Avonmouth, U.K.). These drugs
were dissolved in sterile saline solution and intrathecally
injected 10min before formalin injection, respectively. The
5-HT, A receptor antagonist, propranolol, was purchased from
the Sigma (St Louis, MO, U.S.A.) and was dissolved in sterile
saline. The i.t. injection of propranolol (in an injection volume
of 5ul) was performed 10min before the i.t. treatment of
BMY-14802.

Formalin test

The formalin test was carried out as previously described (Kim
et al., 2005). Formalin injected subcutaneously into the hind
paw produces a biphasic pain response: an acute phase of short
duration followed by a longer-lasting tonic phase. After a
30 min acclimation period in an observation chamber (with
a mirror placed under the floor at a 45° angle to allow an
unobstructed view of the paw), mice were injected with 20 ul of
1% formalin solution into the plantar surface of the right hind
paw using a 30-gauge needle. After the formalin injection,
animals were immediately placed on a temperature-regulated
acrylic observation chamber (height: 40 cm, diameter: 20 cm),
and their behavior was recorded for a 30 min period using a
video camera. Following the video-taping, paw licking time (in
seconds per each 5min increment) was calculated by two
experienced investigators, blinded to the experimental condi-
tions, during both the first phase (0-10min post-formalin
injection) and the second phase (10-30min post-formalin
injection) of the formalin test. Subsequently, the mean licking
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time was calculated from the data obtained by these two
experimenters. To determine the possible antinociceptive effect
of o, receptor antagonists on formalin-induced pain behavior,
data were expressed as the percent antinociception, which was
calculated using the formula: 100-((post-drug licking time/
mean licking time of control group) x 100). Mice in the control
group received an i.t. injection of saline without any further
treatment. A total of 56 mice were used for formalin test
experiments (n="7 in each group).

Immunohistochemistry for Fos and pNRI (Ser896
and Ser897)

All immunohistochemical procedures used in the present study
are based on the methods previously described by Kwon et al.
(2001). Animals were deeply anesthetized with 5% isoflurane
and perfused transcardially with calcium-free Tyrode’s solu-
tion followed by a fixative containing 4% paraformaldehyde
and 0.2% picric acid in 0.1 M phosphate buffer (pH 6.9).
Animals that were used for Fos immunohistochemistry were
killed 2 h after formalin injection, while those used for pNR1
immunohistochemistry were killed 30min after formalin
injection as previously described (Brenner ef al., 2004; Fukuda
et al., 2006). The spinal cord (L, ¢) was removed immediately
after perfusion, postfixed in the same fixative for 4 h and then
cryoprotected in 30% sucrose in PBS (pH 7.4).

A series of frozen sections (40 um thickness) were cut
through the L, 4 segments of the lumbar spinal cord using a
cryostat (Microm, Germany). After elimination of endogenous
peroxidase activity with 3% hydrogen peroxide in PBS and
preblocking with 1% normal goat serum and 0.3% Triton
X-100 in PBS, the sections were incubated in rabbit anti-Fos
antiserum (1: 10,000, cat# PC38, Calbiochem, CA, U.S.A.) or
in rabbit anti-pNR1 antisera (Ser896 cat# 06—-640 or Ser897
cat# 06-641, 1:1000, Upstate Biotechnology, NY, U.S.A.)
overnight. The sections were rinsed in PBS and processed with
the avidin—biotin—peroxidase technique as previously described
(Kwon et al., 2001). Finally, visualization was performed using
3,3'-diaminobenzidine (DAB, Sigma, St Louis, MO, U.S.A.).
The DAB reaction was intensified with 0.2% nickel chloride.
The sections were mounted on gelatin-subbed slides and the
slides were dried, dehydrated in ethanol (70-100% gradually),
cleared in xylene, and cover-slipped. A total of 25 mice were
used for Fos and pNR1 (Ser896 and Ser897) immunohisto-
chemistry (n =135 in each group).

Image analysis

Tissue sections were first examined using dark field micro-
scopy (Zeiss Axioscope, Germany) to determine the segmental
level according to Abbadie & Besson (1994) and to identify
specific gray matter landmarks in order to define individual
spinal cord laminae. For quantitative analysis, sections were
scanned and the five with the greatest number of labeled cells
at the L, ¢ level were selected from each animal. Individual
sections were digitized with 4096 gray levels using a cooled
CCD camera (Micromax Kodak 1317; Princeton Instruments,
AZ, U.S.A.) connected to a computer-assisted image analysis
system (Metamorph; Universal Imaging, PA, U.S.A.). In order
to maintain a constant threshold for each image and to
compensate for subtle variability of the immunostaining, we
only counted neurons that were at least 50% darker than the

average gray level of each image after background subtraction
and shading correction were performed in two areas of dorsal
horn, the superficial layer (laminae I-II) and the deep dorsal
horn (laminae II1I-VI). The microscope illumination and data
acquisition settings were fixed throughout the entire analysis
procedure. The average number of Fos and pNRI-immuno-
reactive neurons was calculated per section from each animal.
These values obtained from at least six animals in each group
were averaged and presented as group data. All analysis
procedures described above were performed blindly with
regard to the experimental condition.

Measurement of motor performance

In order to rule out possible drug effects on motor coordina-
tion, mice that received i.t. BD-1047 (100 nmol) or BMY-
14802 (100 nmol) were evaluated with a rotarod apparatus as
previously described (Lee et al., 2000). The apparatus consisted
of a horizontal bar (diameter =6cm), subdivided into four
compartments (model# DJ-4009, Dae-Jong Engineering &
Clean Technology, Korea). All mice were placed on the
horizontal bar rotating at a speed of 4r.p.m. 24h before the
actual rotarod test and those that were able to remain on
the rod for at least 120 s were included in the study. The mice
were divided into four groups (n=7 per group) and were
treated with the i.t. saline, i.t. BD-1047 (100nmol), i.t.
BMY-14802 (100 nmol) or the reference sodium pentobarbital
(40mgkg™', i.p.). Each animal was subsequently tested on the
rotarod and performance time on the bar (in sec) during a
2-min test period was recorded before, just after (0 h), and at
1 and 2h after drug administration.

Statistical analysis

All experimental results are shown as the mean+s.e.m. The
levels of statistical significance were determined by an
unpaired Student’s #-test for comparisons between two means,
and by analysis of variance (ANOVA) followed by Newman—
Keuls test for multiple comparisons. P-values of less than 0.05
were considered to be statistically significant.

Results

The antinociceptive effect of &, receptor antagonists
on the formalin-induced pain behavior

Mice that received i.t. saline and intraplantar formalin
injection exhibited typical biphasic pain behaviors during the
30min observation period (first phase: 0-10 after formalin
injection and second phase: 10-30min after formalin injec-
tion). Formalin-induced paw licking/biting time was
75.6+5.6s during the first phase and 140+18.2s during
second phase. Specific pain-related behaviors were not evoked
in control mice, receiving only i.t. saline.

Intrathecal pretreatment with the ¢, receptor antagonist
BD-1047 significantly inhibited formalin-induced pain beha-
vior during the second phase of the formalin test, except at the
lowest dose (10nmol) of BD-1047 tested (Figure 1). It is
noteworthy that BD-1047 had no effect on formalin-induced
pain behavior during the first phase of the formalin test.
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Figure 1 The antinociceptive effect of i.t. BD-1047 on formalin-
induced pain behavior. BD-1047 administration significantly re-
duced the paw licking/biting behavior in the second but not in the
first phase of the formalin test as compared with control mice
receiving i.t. vehicle injection, *P<0.05 and ***P<0.001. The
number of mice was seven in each group.

1.t. BMY-14802 dramatically reduced formalin-induced pain
behaviors in both phases of the formalin test. Similar to BD-
1047, the lowest dose of BMY-14802 (10 nmol) used in this
study had no antinociception effect (panel a in Figure 2). I.t.
pretreatment with the 5-HT, 5 receptor antagonist propranolol
significantly reduced the antinociceptive effect of BMY-14802
in the first, but not in the second, phase of the formalin test,
while i.t. propranolol itself did not affect formalin-induced
paw licking/biting behavior (81.7+7s in the first phase and
132+19.1s in the second phase).

The suppressive effect of o, receptor antagonists on
formalin-induced spinal Fos expression

As shown in Figure 3, 2h after the formalin injection, the
number of Fos-immunoreactive (IR) neurons in the spinal
cord dorsal horn was significantly increased in laminae I-II
(48.7+3.9) and laminae III-VI (33.7+3.6) as compared with
that of control mice (11.8 +3.2 in laminae I-II and 6.7+ 1.5 in
laminae II1I-VI). L.t. injection of BD-1047 (100 nmol) signifi-
cantly reduced this formalin-induced increase in Fos expres-
sion in the dorsal horn. The i.t. administration of BMY-14802
(100 nmol) also caused a significant reduction in formalin-
induced Fos expression in laminae I-II and in laminae IT1I-VI.
As illustrated in Figure 3B, i.t. injection of propranolol
partially reduced this suppressive effect of BMY-14802 on
formalin-induced Fos expression.

The inhibitory effect of i.t. BD-1047 and BMY-14802 on
formalin-induced pNR1 (Ser896) expression in the dorsal
horn

In control animals, only a small number of pNR1 (Ser896) IR
neurons was found in the dorsal horn and these were scattered
randomly throughout laminae I-VI (Figure 4). At 30 min after
the formalin injection, pNR1 Ser896-positive neurons were
mainly found in the deep dorsal horn (36.4+1.5 in laminae
II1-VI) with relatively low level of immunostained neurons in
the superficial layer (3.240.6 in laminae I-II). Photomicro-
graphs illustrating the typical distribution pattern of pNRI1
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Figure 2 The antinociceptive effect of i.t. BMY-14802 (BMY) on
formalin-induced pain behavior. BMY-14802 significantly sup-
pressed formalin-induced pain behavior in both the first and second
phases of the formalin test (a). This strong antinociceptive effect of
BMY-14802 (100 nmol) in the first phase, but not in the second
phase of the formalin test was significantly reversed by i.t.
pretreatment with propranolol (PRO, 100 nmol) (b). *P<0.05 and
***¥P<0.001 as compared to control mice receiving i.t. saline
injection and formalin. The number of mice was seven in each

group.

(Ser896) in the dorsal horn of each treatment group are shown
in panel A of Figure 4.

I.t. administration of BD-1047 significantly reduced for-
malin-induced pNR1 (Ser896) expression in laminae III-IV. In
contrast, formalin-injected mice that received an i.t. injection
of the o, receptor antagonist, BMY-14802, showed a
significant reduction in the number of pNR1 (Ser896)-positive
neurons in both laminae I-II (0.940.5) and in laminae IT1-VI
(21.3+2.9). This inhibitory effect of BMY-14802 on formalin-
induced pNR1 (Ser896) immunostaining was not significantly
changed by it. propranolol administration (# of pNRI
neurons =1.5+0.6 in laminae I-II and 25.1+2.3 in laminae
II1-VI), suggesting that the 5-HT 5 receptor was not involved
in the inhibitory effect of BMY-14802 on formalin-induced
pNR1 (Ser896) immunostaining.

The inhibitory effect of i.t. BD-1047 and BMY-14802 on

formalin-induced pNR1 (Ser897) expression in the dorsal

horn

At 30 min after the formalin injection, the number of pNRI1
(Ser897) IR neurons was significantly increased in the spinal
dorsal horn (54.34+9.3 in laminae I-II and 83.64+7.9 in
laminae III-VI) as compared with that of control mice
(5.5+1.72 in laminae I-II and 15.5+4.8 in laminae III-VI)
(see Figure 5). The typical distribution pattern of pNRI
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Figure 3 The suppressive effect of i.t. injection of the spinal o,
receptor antagonists, BD-1047 (BD) and BMY-14802 (BMY), on
formalin (F)-induced spinal Fos expression. Representative spinal
cord sections illustrating the typical pattern of Fos expression
observed in each of the five groups are shown in the upper panel (A).
At 2h after the formalin injection, the number of Fos immunor-
eactive (IR) neurons is remarkably increased both in the superficial
dorsal horn (laminae I-II) and the intermediate dorsal horn
(laminae III-VI) in i.t. saline (Sal)-pretreated mice (spinal cord
section ‘b’) as compared to control mice (spinal cord section ‘a’).
Both i.t. BD-1047 and BMY-14802 significantly suppressed the
formalin-induced Fos expression, while i.t. propranolol (PRO)
reversed but did not completely abolish the inhibitory effect of
BMY-14802 (B). In panel (A), a: control, b: i.t. Sal+F, c: i.t.
BD+F, d: i.t. BMY +F, e: i.t. PRO +i.t. BMY + F. Arrows: Fos-
IR neurons. Scale bar=200pum. *P<0.05 and ***P<0.001 as
compared with those of i.t. Sal + F group. The number of mice was
five in each group.

(Ser897) in each treatment group is illustrated in panel A of
Figure 5.

The i.t. administration of BD-1047 significantly reduced
formalin-induced pNR1 (Ser897) expression in laminae I-II
(27.6+7.2) and in laminae III-VI (46.4+8.9) of the spinal
cord dorsal horn. Similarly, i.t. injection of BMY-14802
significantly reduced formalin-induced pNR1 (Ser897) expres-
sion in the dorsal horn (32 +4.5 in laminae I-II and 34.6+7.8
in laminae III-VI). IL.t. injection of propranolol did not
significantly change the inhibitory effect of BMY-14802 on
pNR1 (Ser897) immunostaining in the superficial dorsal horn
(laminae I-II), However, propranolol partially reversed, but
did not completely abolish the inhibitory effect of i.t. BMY-
14802 on the formalin-induced pNR1 (Ser897) expression in
dorsal horn laminae III-VI, suggesting that the S5-HT;a
receptor might not play a major role in the inhibitory effect
of BMY-14802 on formalin-induced phosphorylation of the
NMDA NRI1 subunit.
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Figure 4 The suppressive effect of the i.t. injected o, receptor
antagonists, BD-1047 (BD) and BMY-14802 (BMY), on the
formalin (F)-induced spinal pNR1 (Ser896) expression. Typical
expression and distribution pattern of pNR1 (Ser§96) immunostain-
ing in representative spinal cord sections for each experimental and
control group is shown in the upper panel (A). The formalin-induced
increase in the number of pNR1-immunoreactive (IR) neurons was
mainly observed in the intermediate dorsal horn rather than in the
superficial layer (spinal cord section ‘b’ compared to control section
‘a’). The i.t. injection of BD-1047 and BMY-14802 significantly
suppressed formalin-induced pNR1 expression particularly in
laminae IIT and IV. However, i.t. BMY-14802, but not BD-1047,
suppressed the small increases in pNR1 (Ser896) expression in
laminae I-11 (B). Interestingly, the inhibitory effect of BMY-14802
on formalin-induced pNR1 (Ser896) expression was not changed by
i.t. propranolol (PRO) administration. In panel (A), a: control, b: i.t.
Sal+F, c:i.t. BD+F, d: i.t. BMY + F, e: i.t. PRO +i.t. BMY +F.
Arrows: pNR1 (Ser896)-IR neurons. Scale bar =200 um. *P <0.05
and ***P<0.001 as compared to the i.t. Sal+ F group. The number
of mice was 5 in each group.

The effect of BD-1047 and BM'Y-14802 on normal motor
Sfunction in the rotarod test

The mean rotarod performance time of animals given an
intrathecal injection of BD-1047 or BMY-14802 was not
statistically different from the vehicle-treated control group at
any of the time points (0, 30 and 60 min) tested (Table 1). Only
mice receiving sodium pentobarbital (40mgkg~', i.p.) as a
positive control showed a significant decrease in rotarod
performance.
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Figure 5 The suppressive effect of i.t. injected o, receptor
antagonists, BD-1047 (BD) and BMY-14802 (BMY), on formalin
(F)-induced spinal pNR1 (Ser897) expression. Typical expression
and distribution pattern of pNR1 (Ser897) immunostaining in
representative spinal cord sections for each experimental and control
group (panel A). Formalin injection remarkably increased the
number of pNR1 (Ser897)-immunoreactive (IR) neurons in both the
superficial layer and intermediate dorsal horn. The i.t. administra-
tion of BD-1047 and BMY-14802 significantly suppressed formalin-
induced pNR1 (Ser897) expression in the spinal cord dorsal horn
(laminae 1-VI) (B). 1.t. propranolol partially reversed but did not
abolish the inhibitory effect of BMY-14802 on formalin-induced
pNR1 (Ser897) expression in laminae III-VI. In panel (A), a:
control, b: i.t. Sal+F, c: i.t. BD+F, d: i.t. BMY +F, e: i.t.
PRO+i.t. BMY +F. Arrows: pNR1 (Ser897)-IR neurons. Scale
bar =200 um. *P<0.05, **P<0.01 and ***P<0.001 as compared
with those of i.t. Sal + F group. The number of mice was five in each
group.

Discussion

The results of this study demonstrate that i.t. pretreatment
with the g, receptor antagonist BD-1047 significantly reduces
formalin-induced paw licking/biting behavior in the second
phase of the formalin test. In addition, i.t. injection of BD-
1047 was shown to reduce formalin-induced spinal Fos
expression both in superficial layers (laminae I-II) and in
deeper layers (laminae III-VI) of the dorsal horn. In this
regard, it is important to point out that spinal cord Fos
expression induced by formalin injection represents neuronal
activity mainly associated with the second phase of the
formalin test (Miyata et «l., 2003). On the other hand,
administration of the o, receptor antagonist BMY-14802
strongly blocked formalin-induced pain behavior in both
phases of the formalin test. However, while BMY 14802 has
been shown to exhibit its most potent binding at the ¢, binding
site, it shows some degree of serotonin subtype 1A binding but
negligible dopamine receptor binding (Gewirtz et al., 1994).
In this regard, we have found that the antinociceptive effect
of BMY-14802 on formalin-induced pain behavior associated
with the first phase of the formalin test is due predominantly
to activation of 5-HT,4 receptors, since i.t. pretreatment with
propranolol (a 5-HT;, receptor antagonist) significantly
reversed the suppressive effect of BMY-14802 on the paw
licking/biting behavior associated with the first phase. In the
second phase of the formalin test, propranolol partially
reduced the antinociceptive effect of BMY-14802, however
there was no statistical significance between these groups. With
respect to the effect of BMY-14802 on Fos expression,
propranolol was found to partially inhibit the suppressive
effect of BMY-14802 on formalin-induced spinal Fos expres-
sion. Since formalin-induced Fos expression is associated with
both the first and second phases of the formalin test (Abbadie
et al., 1997), one possibility is that BMY-14802 acts via 5-HT
to reduce Fos expression associated with the first phase of the
formalin test. Alternatively, the reduction in Fos expression
might be partially due to the action of BMY-14802 on 5-HT ) 4
receptors associated with the second phase of the formalin test.
While our data do not support such an effect, it is possible that
higher doses of propranolol might have shown that effect of
BMY-14802 on 5-HT,, receptors during the second phase of
the formalin test may be involved. With this caveat in mind,
our results suggest that spinal o, receptors play a pivotal role
in formalin-induced nociception associated with the second,
but not the first, phase of the formalin test. These results are

Table 1 Thei.t. injection of BD-1047 or BMY-14802 did not affect motor coordination during the 60 min post-treatment

period in the mouse rotarod test

Group

Before treatment
Control 1184+1.8
BD-1047 (100 nmol, i.t.) 1184+2.6
BMY-14802 (100 nmol, i.t.) 114+3.7
Pentobarbital sodium (40mgkg™', i.p.) 120+0

Time of permanence (s)
After treatment (min)

0 30 60
116+2.4 114+4.7 12040
116£2.5 114+5.7 12040
112+8.1 118+2.2 120+0.3

47.3 4 13%** 0.9 £0.5%** 107+6.0

Control mice received i.t. saline only. ***P <0.001 as compared with that of the control group. The number of mice was seven in each

group. (i.t.: intrathecal, i.p.: intraperitoneal).
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interesting in light of the fact that both o, receptor knockout
mice and mice receiving systemic administration of
haloperidol to block g, receptors have been reported to exhibit
significant antinociception in both phases of the formalin test
(Cendan et al., 2005a,b). In contrast, we demonstrate in the
present study that inhibition of spinal o; receptors only
produces antinociception in the second phase. This
discrepancy may be due to the possibility that the antinocicep-
tion associated with the first phase of the formalin test
induced by o, receptor antagonism is mediated by the
inhibition of o, receptors located in supra-spinal brain
regions or in the periphery. Thus, spinal g, receptor activation
may be more important for the pain sensation associated
with the second phase of the formalin test rather than the
first phase.

NMDA receptors are composed of three related families of
subunits: NR1, NR2 and NR3 (Ozawa er al., 1998). All
functional NMDA receptors include at least one NR1 subunit
and NR1 is required for receptor activity (Hollmann &
Heinemann, 1994; Mori & Mishina, 1995). NMDA receptors
are phosphorylated and dephosphorylated by a variety of
kinases (Yamakura & Shimoji, 1999) that regulated NMDAR
function (Liao et al., 2001). The NR1 subunit undergoes a
protein kinase C (PKC)-mediated phosphorylation at Ser896,
as well as a cyclic AMP-dependent protein kinase (PKA)-
mediated phosphorylation at Ser897 (Leonard & Hell, 1997).
Both of these PKC- and PKA-mediated NMDA phosphoryla-
tion pathways are important for nociceptive processing in the
spinal cord (Fukuda et al., 2002; Yajima et al., 2003).
Recently, it has been shown that pNR1 contributes to central
sensitization after intradermal capsaicin injection (Zou et al.,
2002) and to spinal nerve ligation-induced neuropathic pain
(Gao et al., 2005). Furthermore, Caudle et al. (2005) have
demonstrated that lumbar spinal cord NR1 subunits are
phosphorylated on serine residues within 2h of the induction
of hind paw inflammation with carrageenan. Thus, a
variety of reports have begun to surface suggesting that
phosphorylation of the NMDA NRI subunit is associated
with both acute and persistent pain and perhaps it is not
surprising that this process is also associated with formalin-
induced pain behaviors.

Spinal cord NMDA receptors are intimately involved in the
development and maintenance of central sensitization and the
generation of pain hypersensitivity at the level of the spinal
cord. With respect to the formalin test used in the present
study, NMDA receptors are known to be very important for
maintaining the spinal sensitization associated with the second
phase of the formalin test (South et al., 2003). In this regard, it
has been reported that i.t. administration of an antisense
oligodeoxynucleotide against NR1 produces an antinocicep-
tion in the second phase of the formalin test, suggesting that
the NR1 subunit plays an important role in formalin-induced
nociception associated with the second phase rather than the
first phase of the formalin test (Rydh-Rinder er al., 2001).
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