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The analgesic effects of tramadol are considered to be mediated by both the opioid system
and the serotonergic system. This study investigated the involvement of a subtype of
serotonin receptors, 5-hydroxytryptamine (5-HT)2A receptor, in the analgesic effect of
tramadol. The intraperitoneal (i.p.) injection of tramadol reduced the paw withdrawal
latency (PWL) to radiant heat testing in mono-arthritic rats. The antagonistic effect of i.p.
ketanserin (a 5-HT2A receptor antagonist) on tramadol analgesia was observed. The
expression of the 5-HT2A receptor mRNA in the nucleus of raphe magnus (NRM),
ventrolateral periaqueductal gray (vlPAG) and spinal dorsal horn of mono-arthritic rats
after a ten-day treatment with tramadol was measured with in situ hybridization. Either
single injections or 10 days of tramadol treatment dose-dependently elevated PWL of
arthritic rats while ketanserin could partially antagonize the tramadol analgesic effect.
Expression of the 5-HT2A receptor mRNA in NRM, ipsilateral vlPAG, and the ipsilateral spinal
dorsal horn of arthritic rats was significantly increased after tramadol treatment. These
results suggest that 5-HT2A receptors are involved in the analgesic effect of tramadol. This
study provides evidence for involvement of 5-HT2A receptors in the tramadol analgesia of
inflammatory pain. The increase in this receptor mRNA in the chronic studymay contribute
to the sustaining effect of tramadol long-term treatments in clinical practice.
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1. Introduction

Tramadol is widely used in the clinical treatment of chronic
pain. It has few cardiovascular and respiratory side-effects
and a low incidence of abuse with long-term treatment (Grond
and Sablotzki, 2004; McClellan and Scott, 2003; Shipton, 2000).
Tramadol activates µ opioid receptors, and it also inhibits the
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reuptake of serotonin (5-hydroxytryptamine (5-HT)) (Grond
and Sablotzki, 2004; Lee et al., 1993). The analgesic effect of
tramadol is believed to be mediated by the μ opioid receptor.
However, the analgesic action of tramadol is partially de-
creased, but not completely blocked, by naloxone, an opioid
receptor antagonist, which suggests that the opioid receptors
only mediate part of tramadol analgesia (Raber et al., 1999). In
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addition, tramadol, unlike other opioids, has a low incidence of
tolerance during long-term (months) treatments, indicating
that some non-opioidmechanisms probably contribute to tra-
madol analgesia, especially in the long-term treatments (Col-
paert, 2006; Mattia and Coluzzi, 2005).

Serotonin in the central nervous system (CNS) regulates
pain transmission through a complex family of receptors (Eide
and Hole, 1993; Furst, 1999; Mason, 1999; Millan, 2002; Stam-
ford, 1995). Subtypes of receptors in 5-HT1, 2 and 3 families are
involved in the pain transmission (Colpaert, 2006; Faerber
et al., 2007; Millan, 2002). Some studies have reported that the
5-HT2A receptors, a subtype of serotonin receptors, are in-
volved in serotonergic pain regulation. The 5-HT2A receptors
exist in the brainstem descending pain modulation pathways,
including nucleus raphe magnus (NRM), ventrolateral peria-
queductal gray (vlPAG) and the spinal dorsal horn (Cornea-
Hebert et al., 1999; Fonseca et al., 2001; Lopez-Gimenez et al.,
2001). The expression of the 5-HT2A receptor mRNA in vlPAG,
NRM and spinal dorsal horn is increased in rat inflammatory
pain models, suggesting that these 5-HT2A receptors are in-
volved in the inflammatory pain process (Xie et al., 2002;
Zhang et al., 2001). Other studies reported that activation of
5-HT2A receptors with 5-HT or 5-HT2A receptor agonists sup-
pressed inflammatory pain or neuropathic pain (Bardin et al.,
2000; Radhakrishnan et al., 2003; Sasaki et al., 2003). These
studies suggested that the 5-HT2A receptors may mediate the
antinoceceptive effects of serotonin.

Since tramadol increases serotonin by inhibiting reuptake,
the serotonergic system has been suggested to be involved in
tramadol analgesia (Grond and Sablotzki, 2004; Rojas-Corrales
et al., 2005). It is possible that 5-HT2A receptors may also be
involved in the antinoceceptive effect of tramadol. The first
experiment of the present study is designed to test this pos-
sibility by evaluating the effect of a 5-HT2A receptor antagonist,
ketanserin, on tramadol analgesia. The second experiment
explores the mechanisms that contribute to the low incidence
of tolerance during the long-term treatments of tramadol. It is
possible thatmore 5-HT receptorsmediate tramadol analgesia
in the long-term treatments,which compensates the tolerance
developed by opioid receptors mediated mechanisms. We ob-
serve the changes in the expression of 5-HT2A receptor mRNA
in thebrainstemandspinal cordafter a ten-day treatmentwith
tramadol.
Fig. 1 – Effects of a single injection of tramadol or saline on
paw withdraw latency (PWL) of CFA-induced arthritic rats in
a 4 hour (4 h) observation. The arrows indicate the time of the
injection of CFA and the i.p. injection of tramadol or saline. A
CFA injection significantly decreased PWL from baseline at
day 3 in all groups. Saline did not alter the PWLs. Tra5-4hr
group had similar results as NS-4hr group. In contrast,
Tra10-4hr group and Tra20-4hr group had significantly
longer PWLs than NS-4hr group at 30 and 60 min after
tramadol injection. Furthermore, PWLs of Tra20-4hr group
were also longer than that of NS-4hr group at 120 and
240 min. The error bars indicate the S.E.M. (*: p<0.05, **:
p<0.01, and ***: p<0.005 compared to NS-4hr group; n=29).
2. Results

2.1. Analgesic effects of different doses of tramadol after
single injection

Mono-arthritis was induced in the rat by an injection of 0.05ml
of complete Fruends' adjuvant (CFA) into the left hind tibio-
tarsal joint. The paw withdrawal latency (PWL) from radiant
heat was used to assess nociceptive responses to thermal
stimuli.

The first part of the test evaluated the effects of different
doses of tramadol on thermal hyperalgesia in arthritic rats.
The arthritic rats were randomly assigned to 4 groups of 8 rats
per group. One group received intraperitoneal (i.p.) 0.2 ml nor-
mal saline (NS-4hr group). Rats in the other three groups re-
ceived either 5 mg/kg tramadol (Tra5-4hr group), or 10 mg/kg
tramadol (Tra10-4hr group) or 20 mg/kg tramadol (Tra20-4hr
group). PWLs were determined before and at 30, 60, 120, and
240 min after drug injection. PWLs were determined just once
for each time point.

The PWLs of rats in all groups significantly decreased from
baseline at 3 days after an injection of CFA into the joint. The
time-dose curve was obtained for three different doses of
tramadolwith NS as a control group (Fig. 1). The effects of each
dose of tramadol or NS on PWLs were significantly different
over the test period (F=2.77, p<0.01). NS did not increase the
PWL at any time point. Tra5-4hr group had similar results to
the NS-4hr group (pN0.05). Compared to NS-4hr group, Tra10-
4hr group had increased PWL at 30 and 60 min (both p<0.05),
and Tra20-4hr group had increased PWL at 30, 60, 120 and
240min (all p<0.05). This study suggests that a single injection
of tramadol at 10 or 20 mg/kg dose-dependently elevated the
PWL of arthritic rats, but not at the 5 mg/kg dose.

2.2. Antagonistic effect of ketanserin on tramadol analgesia

After selecting the optimal dose of tramadol, the effect of i.p.
ketanserin on tramadol analgesiawas tested. 32 other arthritic
rats were randomly assigned to 4 groups of 8 rats per group.
TheNS-single group received i.p. 0.2ml normal saline, the Ket-
single group received i.p. 1 mg/kg ketanserin, the Tra-single
group received i.p. 10mg/kg tramadol, or lastly the T+K-single
group received i.p. 1 mg/kg ketanserin and 10mg/kg tramadol.



Fig. 3 – Effects of tramadol or saline on PWL of CFA-induced
arthritic rats in 10-day treatments. Saline did not alter the
PWL during 10 days in NS-10day group. Tra5-10day group
had similar results as NS-10day group. In contrast, Tra10-
10day group had a longer PWL at day 10, and Tra20-10day
group had significantly longer PWLs than NS-10day group at
days 8 and 10. (Conventions are same as Fig. 1; n=29).
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In the T+K-single group, ketanserin was injected 15 min prior
to tramadol. PWLs were determined before drug administra-
tion and at 30, 60, 120 and 240 min after i.p. injection.

The effects of NS, tramadol, ketanserin, and tramadol+
ketanserin on the PWLs of arthritic rats were significantly dif-
ferent over the test period (F=7.26, p<0.01, Fig. 2). An injection
of NS did not alter the PWLs, but the injection of 10 mg/kg
tramadol in Tra10-single group increased PWL at 30 and 60min
compared to that of the NS-single group (both p<0.05). The
effect of tramadol was reducedwhen given after an injection of
ketanserin in the T+K-single group. The reduction was signi-
ficant at 60 min (p<0.05) when using Student–Newman–Keuls
test to analyze the data at each time point. In addition, the
PWLs of the T+K-single group were not significantly different
from those of theNS-single group at all time points (all pN0.05).
An injection of ketanserin alone had no effect on PWL in the
Ket-single group at any time point (all pN0.05). This study
suggested that ketanserin partially antagonized tramadol
analgesia.

2.3. Analgesic effects of different doses of tramadol during
10-day treatment

32 other arthritic rats were randomly assigned to 4 groups of 8
rats per group, which received i.p. 0.2ml per day normal saline
(NS-10day group), 5 mg/kg per day tramadol (Tra5-10day
group), 10 mg/kg per day tramadol (Tra10-10day group) or
lastly 20 mg/kg per day tramadol (Tra20-10day group). Drugs
were administered for 10 days. PWLs were determined imme-
diately before the injection of tramadol on day 2, 4, 6, 8 and 10.
Fig. 2 – The effect of ketanserin on tramadol analgesia. The
PWLs decreased in all groups in 3 days after the CFA
injection. An injection of NS and 1 mg/kg ketanserin did not
alter the PWLs of arthritic rats in NS-single group and
Ket-single group, but 10 mg/kg tramadol significantly
elevated the PWLs at 30 and 60 min after a single i.p.
injection. This effect was not seen if tramadol was given after
a ketanserin injection (*p<0.05, **: p<0.01, and ***: p<0.005
compared to NS-4 h group; #: p<0.05 comparing Tra10-single
group and T+K-single group; other conventions are same as
Fig. 1; n=28).
PWLs were determined three times each day with an interval
of 5 min. The mean of the three readings was taken as the
PWL.

The time-response relationship was obtained for different
doses of tramadol and NS during 10 days of treatment (Fig. 3).
The effects of each dose of tramadol or NS were significantly
different over the treatment period (F=10.26, p<0.01). NS did
not increase the PWL on any day. The Tra5-10day group had
similar results as the NS-10day group (pN0.05). Compared to
NS-10 day group, Tra10-10day group had increased PWL at
day10 (p<0.05), and Tra20-10day group had increased PWL
from day 8 to 10 (all p<0.05). These results showed that 10 or
20 mg/kg chronic tramadol treatment dose-dependently re-
lieved nociceptive responses to thermal stimuli in arthritic
rats. The NS or 5 mg/kg tramadol did not increase the PWL
over 10 days. In addition, the 10 mg/kg tramadol produced a
detectable increase in PWL within a 10-day dosing period.

2.4. Effect of 10-day tramadol treatment on the expression
of 5-HT2A receptor mRNA in some of the brain nuclei of arthritic
rats

After determining the dose-response relationship of tramadol,
24 other rats were divided into three groups to examine the
expression of 5-HT2A receptormRNAwith in situ hybridization.
Eight normal rats were treatedwith i.p. 0.2ml normal saline per
day (normal-chronic group). Mono-arthritis was induced in
remaining 16 rats. 8 arthritic rats were treated with i.p. 0.2 ml
normal saline per day (NS-chronic group) and the other 8
arthritic rats were treated with i.p. 10 mg/kg tramadol per day
(Tra-chronic group). All rats were treated for 10 days and then
they were sacrificed on the next day for in situ hybridization.

The 5-HT2A receptormRNA-positive cells were stainedwith
the hybridized reactive products in the cell cytoplasm. No
hybridized stain was observed in nuclei and axons. Sections
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were incubated in hybridization solution with or without
sense probe showed no or very faint signals. When unlabeled
probe was added in excess (30×) to hybridization solution or
the sections were pre-incubated in RNase (200 μg/ml), the
signal was not observed (not shown).

Expression of 5-HT2A receptor mRNA of normal rats in the
normal-chronic group was low in NRM and vlPAG (Fig. 4A, B).
In the NS-chronic group and in the Tra-chronic group, dis-
tributions of 5-HT2A receptor mRNA-positive cells in NRM and
ipsilateral vlPAG of arthritic rats were similar to normal rats.
However, the number of positive cells in NRM and ipsilateral
vlPAG of arthritic rats in the NS-chronic group was signifi-
cantly more than that of rats in the normal-chronic group
(both p<0.05; Figs. 4C, D and 5). After 10 mg/kg tramadol
treatment for 10 days, the number of 5-HT2A receptor mRNA-
positive cells in NRM and ipsilateral vlPAGweremore than the
positive cells in the same nuclei of normal-chronic group (both
Fig. 4 – Examples of expression of 5-HT2A receptor mRNA in NRM
with tramadol or saline for 10 days (chronic). NRM (A) and ipsila
ipsilateral side vlPAG (D) of NS-chronic group; and NRM (E) and i
200 µm.
p<0.05) and of NS-chronic group (both p<0.05; Figs. 4E, F and
5). In summary, the arthritic rats had more 5-HT2A receptor
mRNA-positive cells in NRM and ipsilateral vlPAG than the
normal rats, and a ten-day treatment of tramadol enhanced
this increase in the number of positive cells (NRM: F=33.25,
p<0.001; vlPAG: F=28.27, p<0.001).

2.5. Effect of 10-day tramadol treatment on the expression
of 5-HT2A receptor mRNA in the lumbar spinal dorsal horn of
arthritic rats

In normal rats, the expression of 5-HT2A receptor mRNA was
low to moderate in laminae I–VI of lumbar spinal dorsal horn
with an increasing gradient from the superficial laminae to
the deeper ones (Fig. 6A).

The 5-HT2A receptor mRNA-positive cells in all layers of
lumbar spinal dorsal horn ipsilateral to the arthritic joint in
and in vlPAG of normal rats, and of the arthritic rats treated
teral side vlPAG (B) of normal-chronic group; NRM (C) and
psilateral side vlPAG (F) of Tra-chronic group. Calibration:



Fig. 5 – The effect of tramadol on the number of 5-HT2A

receptor mRNA-positive cells in rat NRM and vlPAG after a
chronic treatment (10 days). The bars indicate the average of
cell counts crossing the sections from different animals
(n=24) and the error bars indicate the SEM. The CFA-induced
arthritic rats in the NS-chronic group and Tra-chronic group
had significantly more 5-HT2A receptor mRNA-positive cells
in NRM and ipsilateral vlPAG than the normal rats in the
normal-chronic group (*: p<0.05). Tra-chronic group had
more positive cells that NS-chronic group (#: p<0.05).
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the NS-chronic group was significantly more than that of rats
in normal-chronic group (laminae I–VI: all p<0.05; Figs. 6B
and 7). After treatment of 10 mg/kg tramadol for 10 days, the
positive cells in the injury side of lumber spinal dorsal horn
were markedly increased compared to the positive cells in the
same layers of normal-chronic group and of NS-chronic group
(all p<0.05; Figs. 6C and 7). Over all, a ten-day treatment of
tramadol further increased the number of 5-HT2A receptor
mRNA-positive cells in all superficial, middle and deep layers
of ipsilateral spinal dorsal horn of arthritic rats (SPI–II: F=31.08,
p<0.001; SPIII–IV: F=33.15, p<0.001; SPV–VI: F=21.37, p<0.001).
Fig. 6 – Examples of expression of 5-HT2A receptor mRNA in
the lumbar spinal dorsal horn of normal rats, and of
ipsilateral side of the arthritic rats treated with tramadol or
saline for 10 days (chronic). A: Normal-chronic group;
B: NS-chronic group; and C: Tra-chronic group. Calibration:
200 µm.
3. Discussion

The present study suggests that the analgesic effect of trama-
dol in mono-arthritic rats was partially blocked by ketanserin,
a 5-HT2A receptor antagonist. This result is consistent with the
idea that the analgesic effect of tramadol is, in part, mediated
by 5-HT2A receptors. The second experiment showed that tra-
madol produced significant analgesia in the mono-arthritic
rats during a ten-day treatment and 5-HT2A receptor mRNA in
NRM, vlPAG and lumbar spinal dorsal horn further increases
after this ten-day treatment. These findings imply that more
5-HT2A receptors are available to contribute to tramadol anal-
gesia after the long-term treatments.

The involvement of serotonin in the descending control of
pain pathway is widely recognized. Abundant 5-HT neurons in
NRM integrate input from the PAG and forebrain regions and
then project diffusely to the spinal dorsal horn to modulate
pain transmission (Mason, 1999). The effect of 5-HT is partly
mediated by 5-HT2A receptors which are widely distributed in
this system (Millan, 2002). The 5-HT2A receptors are expressed
in vlPAG, NRM and spinal dorsal horn. In spinal dorsal horn,
the 5-HT2A receptors are distributed throughout deep (V–VI),
and superficial laminae (I–II), both of which receive noxious
information fromCandAδ afferent fibers (Cornea-Hebert et al.,
1999; Zhang et al., 2001). Behavioral studies further suggest the
involvement of the 5-HT2A receptors in pain modulation (Bar-
din et al., 2000; Sasaki et al., 2003). Microinjection of 5-HT into



Fig. 7 – The effect of tramadol on the number of 5-HT2A

receptormRNA-positive cells in rat lumbar spinal dorsal horn
after a chronic treatment (10 days). The CFA-induced arthritic
rats in the NS-chronic group and Tra-chronic group had
significantly more 5-HT2A receptor mRNA-positive cells in
the lumbar spinal dorsal horn ipsilateral to the arthritic joint
than the normal rats in the normal-chronic group.
Furthermore, Tra-chronic group had more positive cells than
NS-chronic group. (Conventions are same as Fig. 5; n=24).
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NRMandPAG raises the thresholdof pain sensation,which can
be abolished or attenuated by an injection of ketanserin into
PAG (Lin et al., 1987). Moreover, the 5-HT2A receptors in NRM
may mediate morphine analgesia because microinjection of
5-HT2A receptor antagonists into NRM significantly reduces
morphine analgesia (Paul and Phillips, 1986; Paul et al., 1988).
These results suggest that supraspinal 5-HT2A receptors may
contribute to the descending serotonergic down-regulation of
pain.

Although the role of spinal 5-HT2A receptors in pain regu-
lation is still uncertain (Hori et al., 1996), several studies sug-
gest that activation of spinal 5-HT2A receptors may also down-
regulate pain since intrathecal injections of 5-HT or 5-HT2A

receptor agonists produce analgesia that can be reduced by
5-HT2A receptor antagonists (Bardin et al., 2000; Danzebrink
and Gebhart, 1991; Sasaki et al., 2003). The down-regulation
of pain of 5-HT2A receptors may be attributed to the fact that
5-HT2A receptors are mainly located on inhibitory interneur-
ons. These 5-HT2A receptors trigger glycenergic/GABAergic in-
hibition to suppress nociceptive inputs (Barnes and Sharp,
1999). The 5-HT2A receptors appear to be involved in pain
regulation, therefore, activating this type of receptors may
down-regulate pain.

Tramadol likely affects the 5-HT2A receptors because tra-
madol can inhibit the neuronal 5-HT reuptake and increase
serotonin efflux (Bamigbade et al., 1997; Giusti et al., 1997).
Behavioral studies show that the analgesic effect of tramadol
in formalin tests is mediated by 5-HT2A receptors (Oliva et al.,
2002). In the present study, tramadol reduced thermal hyper-
algesia in mono-arthritic rats. This effect of tramadol was
partially blocked by a 5-HT2A receptor antagonist. These find-
ings suggest that the analgesic effect of tramadol on the ther-
mal pain model is partially mediated by 5-HT2A receptors.

In our study, 10 days of tramadol treatment enhanced the
increase in 5-HT2A receptor mRNA in NRM, vlPAG and spinal
dorsal horn. We have looked at mRNA as an indicator of pro-
tein expression and acknowledging the caveats that protein
expression does not always coincide with the changes in the
level of mRNA. Under normal physiological conditions, the
5-HT2A receptors are expressed with low to moderate levels
in vlPAG, NRM and spinal dorsal horn (Cornea-Hebert et al.,
1999; Zhang et al., 2001). The expression of 5-HT2A receptor
mRNA in vlPAG, NRM and spinal dorsal horn was significantly
increased during CFA-inducedmono-arthritis (Xie et al., 2002).
The increase in 5-HT2A receptor mRNA may produce more
receptors. More 5-HT2A receptors could enhance the descend-
ing analgesic system because of the analgesic effect of 5-HT2A

receptors in these nuclei according to the behavioral studies.
The further increase in 5-HT2A receptor mRNA after tramadol
treatments in the present study may augment the down-
regulation of pain. Based on this finding,wepropose that the 5-
HT2A receptor may play an increasing role in the long-term
analgesic effect of tramadol. In order to prove our proposal, the
examination of 5-HT2A receptor protein level is necessary to
rule out the possibility that the protein synthesis may not
change even though the expression of mRNA increases.

The mechanisms underlying the 5-HT2A receptor mRNA
increase by chronic tramadol treatment remain to be inves-
tigated, but again it could be related to the findings that tra-
madol can inhibit the neuronal 5-HT reuptake and increase
serotonin efflux. Available studies suggest that increases in
5-HT levels induce the expression of 5-HT2A receptor mRNA
through multiple pathways, including (1) activation of tran-
scriptional promoter in the primary cell culture of cerebellar
cells (Akiyoshi et al., 1993) or myometrial smooth muscle cells
(Rydelek-Fitzgerald et al., 1993); and (2) a post-transcriptional,
protein kinase C-dependent mechanism in P11 cell culture
(Ferry and Molinoff, 1996).

Clinical studies have reported that tramadol, particularly
when used with other analgesics, has sustaining efficacy in
long-term (several months or longer) pain treatment (Petzke
et al., 2001; Ruoff et al., 2003; Schug, 2006). There is a low risk of
developing tolerance to tramadol, unlike many other opioids
(Mattia and Coluzzi, 2005). It has been speculated that this
effect is due to serotonergic analgesia (Colpaert, 2006). The
present finding of increased 5-HT2A receptor mRNA after a 10-
day tramadol treatment, suggests an increase in serotonergic
analgesia. If a similar increase in 5-HT2A receptor mRNA hap-
pens after several months of treatments of tramadol, the in-
crease in serotonergic analgesia may account for a significant
part of the sustaining effect of tramadol long-term treatment.

In conclusion, the present study suggests that tramadol
treatment alters the 5-HT2A receptor mRNA in the brainstem
nuclei and spinal dorsal horn, which may partially mediate
the analgesic effect of tramadol. Future studies to explore the
effect of acute or chronic tramadol treatments on the various
subtypes of 5-HT receptors are important to understand the
mechanisms of tramadol analgesia.
4. Experimental procedures

4.1. Experimental animals

Adultmale Sprague–Dawley rats (Experimental Animal Center,
Shanghai Medical College, Fudan University, China), weighing
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200–220 g, were used. After arrival at the laboratory, the rats
were allowed to acclimate for 1 week in groups of six rats per
cage and maintained under a regular 12 h light/dark schedule
with free access to food and water. The experiment was ap-
provedby theAnimal Care andUseCommittee of Shanghai and
conformed to NIH guidelines.

Mono-arthritis was induced by the injection of 0.05 ml of
complete Fruends' adjuvant (CFA) into the left hind tibiotarsal
joint of the rat under anesthesia (Butler et al., 1992). After CFA
injection, the rats were housed in cages with the floor of the
cage coveredwith sawdust tominimize the possibility of pain-
ful mechanical stimulation. Rats were able to eat and drink
unaided.

4.2. Nociceptive testing

All nociceptive experiments were performed between 9:00AM
and 2:00PM. The paw withdrawal from radiant heat was used
to assess nociceptive responses to thermal stimuli. Prior to
testing, the rats were placed in a clear plexiglass box on an
elevated plexiglass platform for at least 30 min for acclima-
tization. A model 33 Tail Flick Analgesia Meter (IITC INC. Life
Science Instrument, U.S.A.), with a constant intensity radiant
heat source and a built-in timer, was directed toward the hind
tibiotarsal joints. When the rats withdrew the paw from the
heat stimulus, the heat source and timer were stopped. The
time, in seconds, from initial heat source activation until paw
withdrawal was defined as the pawwithdrawal latency (PWL).
A cut-off time was set at 20 s to avoid excessive animal
nociception. The intensity of the heat source was adjusted to
obtain a baseline of PWL between 8 and 15 s. The entire
baseline PWL to heat was determined bilaterally beforemono-
arthritis was induced. The rats were observed 3 days after CFA
injection before the nociceptive testing was performed.

4.3. In situ hybridization

Twenty-four hours after the last treatment, they were per-
fused with normal saline followed by 4% paraformaldehyde
under i.p. 75 mg/kg of sodium pentobarbital anesthesia. After
being post-fixed in the fixative solution and immersed in 30%
sucrose, frozen sections (30 μm) were cut and placed in cryo-
protectant solution and then stored at −20 °C until further
study.

The method of in situ hybridization was previously de-
scribed (Xie et al., 2002). A 48 mer oligonucleotide probe for rat
5-HT2A receptor mRNA containing the sequence 5′-AGTGTTA-
AGCATCTCTGGAGTTGAAGTCATTATGGTAGAGCCTC-
CTCGGGC-3′ (nucleotides 3–51) was synthesized and purified
by Beijing Bioneer Corporation (Nebigil et al., 1995). The probe
was 3′ end-labeled with DIG-11-UTP by using the oligonucleo-
tide-tailing kit (Boehringer Mannheim Biochemical, Germany).
The specificity of the DIG-labeled antisense oligonucleotide
probewas examinedby hybridizingwith a labeled sense probe,
a saturation of unlabeled probe or omitting the probe in the
hybridization solution as well as RNase pretreatment.

Tissue sections were rewarmed for 10 min in 4% parafor-
maldehyde at room temperature. Every other sectionwas used
for in situhybridization and the adjacent sectionswere stained
with cresyl violet to aid in anatomic localization. Sectionswere
rinsed in 0.1 M PBS (pH 7.4, 4×15 min), proteinase K (1 μg/ml in
0.1 M Tris–HCl with 1 mM EDTA; pH 8.0; 20 min at 37 °C), 0.1 M
PBS (2×15 min), 0.1 M triethanolamine in 0.25% acetic an-
hydride (pH 8.0; 10 min) and 50% formamide in 4×SSC (saline
sodium citrate; pH 7.2; 20 min). Sections were then incubated
in the hybridization solution (50% formamide, 5×SSC, 0.02%
SDS, 2% blocking reagent and 1 mg/L of the DIG-labeled oli-
gonucleotide probe) for 20 h at 37 °C. After hybridization,
sections were subsequently rinsed in 2×SSC (2×15 min at
37 °C), 0.1×SSC (2×15min at 42 °C) and buffer II (0.1 M Tris–HCl
with 0.15MNaCl, 0.3%TritonX-100 and 2%normal goat serum,
30 min). Sections were treated with alkaline phosphatase-
labeled anti-DIG antibody (diluted 1:2500) for 2 h and rinsed in
buffer I (0.1 M Tris–HCl with 0.15 M NaCl, 2×15 min) and buffer
III (0.1 M Tris–HCl with 0.15 M NaCl and 0.05 M MgCl2, 3 min).
Finally, sectionswere visualizedwith NBT/BCIP in buffer III for
over 6 h in the dark, and were mounted on gelatin-coated
slides. The 5-HT2A receptor mRNA-positive cells were counted
using a computerized image analysis system (Leica Q500IW,
Germany). The number of positive cells was evaluated in eight
sections of NRM (10.3–11.3 mm caudal to bregma), ipsilateral
vlPAG (7.5–8.0 mm caudal to bregma) and ipsilateral lumbar
spinal dorsal horn in each animal, respectively. The investi-
gator counting the labeled cells was blind to the treatment of
the animals.

4.4. Drugs

Tramadol hydrochloride (Grünenthal GmbH, Germany) and
ketanserin (Sigma, U.S.A) were diluted into various concentra-
tions and used in experiments with normal saline. Complete
Freund's adjuvant and alkaline phosphatase-labeled anti-DIG
antibody were purchased from Sigma (U.S.A).

4.5. Statistical analysis

Data are presented as mean±SEM. Statistical analysis for the
analgesic effects of tramadol was performed by using a two-
way ANOVA and Bonferroni post tests. Statistical analysis for
the expression of 5-HT2A receptor mRNA was performed by
one-way ANOVA followed by Newman–Keuls Multiple Com-
parison Test. p<0.05 was considered statistically significant.
Acknowledgments

This project was supported by the Shanghai Municipal Health
Bureau, China, TCMKey 2000(3) grant.We thankRebeccaWynn
for editing the manuscript.
R E F E R E N C E S

Akiyoshi, J., Hough, C., Chuang, D.M., 1993. Paradoxical increase of
5-hydroxytryptamine2 receptors and 5-hydroxytryptamine2
receptor mRNA in cerebellar granule cells after persistent
5-hydroxytryptamine2 receptor stimulation. Mol. Pharmacol.
43, 349–355.

Bamigbade, T.A., Davidson, C., Langford, R.M., Stamford, J.A., 1997.
Actions of tramadol, its enantiomers and principal metabolite,



83B R A I N R E S E A R C H 1 2 1 0 ( 2 0 0 8 ) 7 6 – 8 3
O-desmethyltramadol, on serotonin (5-HT) efflux and
uptake in the rat dorsal raphe nucleus. Br. J. Anaesth. 79,
352–356.

Bardin, L., Lavarenne, J., Eschalier, A., 2000. Serotonin receptor
subtypes involved in the spinal antinociceptive effect of 5-HT
in rats. Pain 86, 11–18.

Barnes, N.M., Sharp, T., 1999. A review of central 5-HT receptors
and their function. Neuropharmacology 38, 1083–1152.

Butler, S., Godfroy, F., Besson, J., Weil-Fugazza, J., 1992. A limited
arthritic model for chronic pain studies in the rat. Pain 48,
73–81.

Colpaert, F.C., 2006. 5-HT(1A) receptor activation: new molecular
and neuroadaptive mechanisms of pain relief. Curr. Opin.
Investig. Drugs 7, 40–47.

Cornea-Hebert, V., Riad, M., Wu, C., Singh, S.K., Descarries, L., 1999.
Cellular and subcellular distribution of the serotonin 5-HT2A
receptor in the central nervous system of adult rat. J. Comp.
Neurol. 409, 187–209.

Danzebrink, R.M., Gebhart, G.F., 1991. Evidence that spinal 5-HT1,
5-HT2 and 5-HT3 receptor subtypes modulate
responses to noxious colorectal distension in the rat. Brain
Res. 538, 64–75.

Eide, P.K., Hole, K., 1993. The role of 5-hydroxytryptamine
(5-HT) receptor subtypes and plasticity in the 5-HT
systems in the regulation of nociceptive sensitivity.
Cephalalgia 13, 75–85.

Faerber, L., Drechsler, S., Ladenburger, S., Gschaidmeier, H.,
Fischer, W., 2007. The neuronal 5-HT3 receptor network after
20 years of research — evolving concepts in management of
pain and inflammation. Eur. J. Pharmacol. 560, 1–8.

Ferry, R.C., Molinoff, P.B., 1996. Regulation of 5-HT2A receptor
mRNA in P11 cells. Behav. Brain Res. 73, 187–191.

Fonseca, M.I., Ni, Y.G., Dunning, D.D., Miledi, R., 2001. Distribution
of serotonin 2A, 2C and 3 receptor mRNA in spinal cord and
medulla oblongata. Brain Res. Mol. Brain Res. 89, 11–19.

Furst, S., 1999. Transmitters involved in antinociception in the
spinal cord. Brain Res. Bull. 48, 129–141.

Giusti, P., Buriani, A., Cima, L., Lipartiti, M., 1997. Effect of acute
and chronic tramadol on [3H]-5-HT uptake in rat cortical
synaptosomes. Br. J. Pharmacol. 122, 302–306.

Grond, S., Sablotzki, A., 2004. Clinical pharmacology of tramadol.
Clin. Pharmacokinet. 43, 879–923.

Hori, Y., Endo, K., Takahashi, T., 1996. Long-lasting synaptic
facilitation induced by serotonin in superficial dorsal horn
neurones of the rat spinal cord. J. Physiol. (Lond) 492, 867–876.

Lee, C.R., McTavish, D., Sorkin, E.M., 1993. Tramadol. A preliminary
review of its pharmacodynamic and pharmacokinetic
properties, and therapeutic potential in acute and chronic pain
states. Drugs 46, 313–340.

Lin, M.T., Lee, J.M., Cheng, J.T., 1987. Changes in central
serotoninergic transmission affect clonidine analgesia in
monkeys. Naunyn. Schmiedebergs Arch. Pharmacol. 335,
491–495.

Lopez-Gimenez, J.F., Vilaro, M.T., Palacios, J.M., Mengod, G., 2001.
Mapping of 5-HT2A receptors and their mRNA in monkey
brain: [3H]MDL100,907 autoradiography and in situ
hybridization studies. J. Comp. Neurol. 429, 571–589.

Mason, P., 1999. Central mechanisms of pain modulation. Curr.
Opin. Neurobiol. 9, 436–441.

Mattia, C., Coluzzi, F., 2005. Tramadol. Focus on musculoskeletal
and neuropathic pain. Minerva Anestesiol. 71, 565–584.
McClellan, K., Scott, L.J., 2003. Tramadol/paracetamol. Drugs. 63,
1079–1086.

Millan, M.J., 2002. Descending control of pain. Prog. Neurobiol. 66,
355–474.

Nebigil, C.G., Garnovskaya, M.N., Spurney, R.F., Raymond, J.R.,
1995. Identification of a rat glomerular mesangial cell
mitogenic 5-HT2A receptor. Am. J. Physiol. 268, F122–F127.

Oliva, P., Aurilio, C., Massimo, F., Grella, A., Maione, S., Grella, E.,
Scafuro, M., Rossi, F., Berrino, L., 2002. The antinociceptive
effect of tramadol in the formalin test is mediated by the
serotonergic component. Eur. J. Pharmacol. 445, 179–185.

Paul, D., Phillips, A.G., 1986. Selective effects of pirenperone on
analgesia produced by morphine or electrical stimulation at
sites in the nucleus raphe magnus and periaqueductal gray.
Psychopharmacology (Berl) 88, 172–176.

Paul, D., Mana, M.J., Pfaus, J.G., Pinel, J.P., 1988. Attenuation of
morphine analgesia by the S2 antagonists, pirenperone and
ketanserin. Pharmacol. Biochem. Behav. 31, 641–647.

Petzke, F., Radbruch, L., Sabatowski, R., Karthaus, M., Mertens, A.,
2001. Slow-release tramadol for treatment of chronic
malignant pain — an open multicenter trial. Support. Care
Cancer 9, 48–54.

Raber, M., Hofmann, S., Junge, K., Momberger, H., Kuhn, D., 1999.
Analgesic efficacy and tolerability of tramadol 100 mg
sustained-release capsules in patients withmoderate to severe
chronic low back pain. Clin. Drug Invest. 17, 415–423.

Radhakrishnan, R., King, E.W., Dickman, J.K., Herold, C.A.,
Johnston, N.F., Spurgin, M.L., Sluka, K.A., 2003. Spinal
5-HT(2) and 5-HT(3) receptors mediate low, but not high,
frequency TENS-induced antihyperalgesia in rats. Pain 105,
205–213.

Rojas-Corrales, M.O.B., Esther, Mico, Juan, A., 2005. Role of 5-HT1A
and 5-HT1B receptors in the antinociceptive effect of tramadol.
Eur. J. Pharmacol. 511, 21–26.

Ruoff, G.E., Rosenthal, N., Jordan, D., Karim, R., Kamin, M., 2003.
Tramadol/acetaminophen combination tablets for the
treatment of chronic lower back pain: a multicenter,
randomized, double-blind, placebo-controlled outpatient
study. Clin. Ther. 25, 1123–1141.

Rydelek-Fitzgerald, L.W.B.D., Teitler, M., Jeffrey, J.J., 1993.
Serotonin-mediated 5-HT2 receptor gene regulation in rat
myometrial smooth muscle cells. Mol. Cell. Endocrinol. 92,
253–259.

Sasaki, M., Obata, H., Saito, S., Goto, F., 2003. Antinociception with
intrathecal alpha-methyl-5-hydroxytryptamine, a
5-hydroxytryptamine 2A/2C receptor agonist, in two rat
models of sustained pain. Anesth. Analg. 96, 1072–1078.

Schug, S.A., 2006. Combination analgesia in 2005 — a rational
approach: focus on paracetamol — tramadol. Clin. Rheumatol.
25, 16–21.

Shipton, E.A., 2000. Tramadol — present and future. Anaesth.
Intensive Care 28, 363–374.

Stamford, J.A., 1995. Descending control of pain. Br. J. Anaesth. 75,
217–227.

Xie, H., Ma, F., Zhang, Y.-Q., Gao, X., Wu, G.-C., 2002. Expression of
5-HT(2A) receptor mRNA in some nuclei of brain stem
enhanced in monoarthritic rats. Brain Res. 954, 94–99.

Zhang, Y.Q., Gao, X., Ji, G.C., Wu, G.C., 2001. Expression of 5-HT2A
receptor mRNA in rat spinal dorsal horn and some nuclei of
brainstem after peripheral inflammation. Brain Res. 900,
146–151.


	Involvement of serotonin 2A receptors in the analgesic effect of tramadol in mono-arthritic rat.....
	Introduction
	Results
	Analgesic effects of different doses of tramadol after single injection
	Antagonistic effect of ketanserin on tramadol analgesia
	Analgesic effects of different doses of tramadol during 10-day treatment
	Effect of 10-day tramadol treatment on the expression of 5-HT2A receptor mRNA in some of the br.....
	Effect of 10-day tramadol treatment on the expression of 5-HT2A receptor mRNA in the lumbar spi.....

	Discussion
	Experimental procedures
	Experimental animals
	Nociceptive testing
	In situ hybridization
	Drugs
	Statistical analysis

	Acknowledgments
	References




