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ABSTRACT

Background: Tramadol is an analgesic drug, and its mechanism of
action is believed to be mediated by the w-opioid receptor. A further
action of tramadol has been identified as blocking the reuptake of
serotonin (5-HT). One of the most recently identified subtypes of
5-HT receptor is the 5-HT7 receptor. Thus, the authors aimed to
examine the potential role of serotonergic descending bulbospinal
pathways and spinal 5-HT7 receptors compared with that of the
5-HT2A and 5-HT3 receptors in the antinociceptive and antihyper-
algesic effects of tramadol and its major active metabolite O-des-
methyltramadol (M1) on phasic and postoperative pain models.
Methods: Nociception was assessed by the radiant heat tail-flick
and plantar incision test in male Balb-C mice (25-30 g). The seroto-
nergic pathways were lesioned with an intrathecal injection of 5,7-
dihydroxytryptamine. The selective 5-HT7, 5-HT2, and 5-HT3 antag-
onists; SB-269970 and SB-258719; ketanserin and ondansetron
were given intrathecally.

Results: Systemically administered tramadol and M1 produced an-
tinociceptive and antihyperalgesic effects. The antinociceptive effects of
both tramadol and M1 were significantly diminished in 5-HT-lesioned
mice. Intrathecal injection of SB-269970 (10 ug) and SB-258719 (20
@) blocked both tramadol- and M1-induced antinociceptive and an-
tihyperalgesic effects. Ketanserin (20 wg) and ondansetron (20 ug)
were unable to reverse the antinociceptive and antihyperalgesic ef-
fects of tramadol and M1.
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Conclusions: These findings suggest that the descending seroto-
nergic pathways and spinal 5-HT7 receptors play a crucial role in the
antinociceptive and antihyperalgesic effects of tramadol and M1.

What We Already Know about This Topic

0 Tramadol, a widely used analgesic, works in part by stimula-
tion of the opioid receptor and in part by increasing catechol-
amine signaling in the nervous system

What This Article Tells Us That Is New

[0 In mice, the antinociceptive and antihypersensitivity effects of
tramadol and one of its metabolites is blocked by the destruc-
tion of descending spinal serotonergic pathways and by intra-
thecal injection of a serotonin receptor type 7 antagonist

RAMADOL is a widely used central analgesic drug and
a synthetic 4-phenylpiperidine analog of codeine.'™
The clinical benefits of tramadol in the treatment of mild to
moderate pain in human surgical patients are well known.”
The analgesic effects of tramadol is thought to be mediated
by p-opioid receptors.” However, tramadol affinity for the
p-opioid receptor is weak and approximately 6,000-fold less
than that of morphine.*~® Tramadol is rapidly and exten-
sively metabolized by O-demethylation, and one of its major
active metabolite O-desmethyltramadol (M1) binds to
u-opioid receptors with high affinity.®~'® Thus, it has been
suggested that tramadol is a prodrug, and M1 is important
for the analgesic effects of tramadol.>*'" Interestingly, the
analgesic action of tramadol is not completely blocked by
naloxone, an opioid receptor antagonist. Therefore, it has
been suggested that a nonopioid mechanism contributes to
tramadol-induced analgesia.

One of the nonopioid mechanisms of tramadol consists in
the enhancement of the extraneuronal concentration of
5-HT by inhibiting the 5-HT transporter.”'>™'* Because
tramadol increases 5-HT in the central nervous system, the
serotonergic system has been suggested to be involved in
tramadol analgesia.">'® Oliva er al.'® reported that the an-
tinociceptive effect of tramadol in the mouse formalin test
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was mediated by the serotonergic component. However,
there are conflicting results in the literature about the role of
serotonergic receptor subtypes in systemic tramadol-induced
antinociception. Some studies have shown that the blockade
of 5-HT2 or 5-HT3 receptors reduce the antinociceptive
effect of systemic tramadol.>'*'” In contrast, others have found
that the blockade of 5-HT1A increases'” and the blockade of
5-HT?3 receptors did not systemically change tramadol-induced
anallgesia.18

It is well known that most of the serotonergic innerva-
tions of the spinal cord are derived from supraspinal sources,
and serotonergic systems comprise one of the major compo-
nents of descending pain inhibitory pathways.'”*° In this
regard, it is possible that there is an existence of specific
neuronal circuits whereby systemic tramadol or its main me-
tabolite M1 can modulate nociception through the activa-
tion of a descending serotonergic system to the spinal cord
and act on serotonergic receptors in the dorsal horn. Cur-
rently, there are seven families of 5-HT receptors (5-HT1-
7), and one of the most recently identified subtypes is the
5-HT?7 receptor.”' A recent study has reported that spinal
5-HT?7 receptors play an important role in the antinocicep-
tive effects of systemic morphine.”” Immunocytochemical
studies found that 5-HT7 receptors are localized in the su-
perficial layers of the spinal cord dorsal horn®? consistent
with a predominant role of the 5-HT?7 receptors in the con-
trol of nociception. Interestingly, Doly ez al® reported that
the 5-HT?7 receptor was also located in the dorsolateral fu-
niculus, and the dorsolateral funiculus has been generally
accepted as the main route for the bulbospinal descending
inhibition on the spinal transmission of nociceptive inputs.25

This study was undertaken to evaluate the potential role
of the descending serotonergic system and spinal 5-HT7 re-
ceptors in the antinociceptive and antihyperalgesic effects of
tramadol and its active metabolite M1 on phasic and post-
operative pain models.

Materials and Methods

Animals

Adult male Balb-C mice (25-30 g) were used. They were
housed in a room maintained at 22° = 3°C and 50-55%
humidity on a 12-h light-dark cycle (the lights on at 8:00
AM). All the experiments were conducted during the light
phase of the light-dark cycle (between 8:00 am and 2:00 pm),
in accordance with the guidelines set forth by the Interna-
tional Association for the Study of Pain*® and approved by
the GATA Institute Animal Care and Use Committee (An-
kara, Turkey).

Drugs

Tramadol hydrochloride and M1 were provided by
Griinenthal GmbH (Aachen, Germany) and diluted with
0.9% saline in a volume of body weight of 5 ml/kg for sub-
cutaneous injections. The selective serotonergic toxin, 5,7-
dihydroxytriptamine (5,7-DHT) creatinine sulfate salt, was
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obtained from Sigma Chemical Co. (St. Louis, MO). Potent
and selective 5-HT7 receptor antagonists, SB-269970 and
SB-258719, having 100-fold selectivity over a range of other

serotonergic receptor527_29 were obtained from Sigma

Chemical Co. and Tocris (Ellisville, MO), respectively. The
selective 5-HT?2 receptor antagonist,”” ketanserin, was ob-
tained from Sigma Co., and the selective 5-HT3 receptor
antagonist ondansetron®' was obtained from Glaxo-Smith-
Kline (Istanbul, Turkey). All the drugs were dissolved in

0.9% saline and were freshly given.

Intrathecal Injections

Intrathecal injections were performed with the methods of
Hylden and Wilcox®® in which a 30-gauge needle is inserted
into the lumbar space between the L5 and L6 vertebrae of
unanesthetized mice, and a volume of 10 ul is injected. Con-
trol animals received 0.9% sterile saline.

Surgery

Plantar incision was performed as previously described”
with minor modifications. Briefly, mice were anesthetized
with ketamine and xylazine (80 and 4 mg/kg intraperitoneal,
respectively). After antiseptic preparation of the right hind
paw with 10% povidone-iodine solution, a 5-mm longitudi-
nal incision was made with a no. 11 blade, through the skin
and fascia of the plantar surface of paw, starting 2 mm prox-
imal to the edge of the heel and extending toward the toes.
The plantaris muscle was elevated and longitudinally incised.
After hemostasis, the skin was opposed with two single inter-
rupted sutures using 6-0 silk, and animals were allowed to
recover in a home cage. The behavioral tests were performed
24 h after paw incision.

Lesion of the Descending Serotonergic Pathways

The selective denervation of spinal serotonergic neurons was
performed according to the method of Hung ez 2/’ 4 Accord-
ing to this method, to block the uptake of 5,7-DHT into
noradrenergic terminals, desipramine (25 mg/kg) was intra-
peritoneally administered 30 min after an intrathecal injec-
tion of 5,7-DHT (50 ug) 3 days before testing. On the
fourth day, to confirm 5,7-DHT efficacy by determining
5-HT lumbar levels using high-performance liquid chroma-
tography, a group of mice were killed by high-dose ether
anesthesia followed by a cut made at the lumbar spine region.
The spinal cord containing lumbar regions were weighed and
homogenized with 0.2 M perchloric acid solution including
100 M EDTA (1 ml/30 mg of spinal tissue). The sample was
centrifuged at 20,000¢ for 15 min at 0°C. The clear super-
natant was filtered using 0.45-pwm membrane filters for the
assay of 5-HT. The contents of 5-HT in the spinal extract
were determined by a high-performance liquid chromato-
graph—fluorescence detector (Agilent 1100, Santa Clara, CA)
at 344-nm wavelength with an excitation wavelength at 285
nm using a commercially available kit (Eureka, Chiaravalle,
Italy). According to kit procedure, 200 ul of deproteiniza-
tion solution with internal standard was added to 400 wl of
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homogenized sample, vortexed at least 10 s, centrifuged at
5,000 g for 5 min, and 200 ul was pipetted in a tube of clear
supernatant. After the addition of a 200-pul stabilization so-
lution, we injected 50 pl of this solution onto a reverse-phase
column (VertiSep GES C18; 4.6 X 150 mm; particle size, 4
pm) with a guard precolumn (Vertical Chromatography,
Bangkok, Thailand). At a flow rate of 1.2 ml/min, retention
times of internal standard and serotonin were approximately
10.4 and 15.8 min, respectively.

Behavioral Assessment of Nociception

Tail-flick Test. The radiant heat tail-flick test (type 812;
Columbus Instruments, Columbus, OH) was used to assess
antinociception. The intensity of the beam was adjusted to
produce mean control reaction times of 2-3 s. A cutoff time
of 6 s was used to prevent tissue damage. Baseline tail-flick
latencies for each mouse was determined before treatment.
After drug injections, test latencies were measured. To generate
a dose— response curve, data were converted to % antinoci-
ception by the formula % antinociception = ([test latency —
baseline latency]/[cutoff time — baseline latency]) X 100.
Paw Withdrawal Latency to Radiant Heat Stimulus. The

13> was used to assess thermal

method of Hargreaves ¢t a
hyperalgesia. Each mouse was placed on a glass platform
within a clear plastic chamber. After acclimation, a radiant
heat source was focused from a 50-W light bulb placed in a
custom-built case, which allowed focusing of the light source
(COMMAT Company Ltd., Ankara, Turkey). The intensity
of the beam was adjusted to produce mean baseline paw flick
latencies of 8—10's. The time required to cause withdrawal of
the hind paw from thermal stimulus was measured after a
sham procedure and after plantar incision. To generate a
dose—response curve, data were converted to % reversal of
hyperalgesia = ([postdrug latency — baseline latency]/[pre-
surgery latency — baseline latency]) X 100.

Experimental Protocol

We first performed dose-response effects of tramadol and
M1, a main metabolite of tramadol, in the tail-flick test in
naive animals. Tramadol hydrochloride and M1 were subcu-
taneously administered into different groups of mice in a
volume of 5 mg/kg of body weight and nociceptive latencies
were monitored for 2 h. We then examined the antinocice-
ptive effects of tramadol hydrochloride and M1 after lesion-
ing the serotonergic bulbospinal pathways using 5,7-DHT.
Furthermore, we assessed the involvement of spinal 5-HT7
receptors in the systemic tramadol- and M 1-induced antino-
ciception by intrathecal injection of SB-269970 and
SB-258719, 30 min after subcutaneous tramadol and M1
treatments. In our previous study, we found that 10 ug of an
intrathecal dose of SB-269970 totally blocked the antinoci-
ceptive effects of systemically administered morphine. Thus,
we chose a 10-ug dose for the intrathecal injection of SB-
269970. Because of the lower inhibitor antagonist potency of
SB-258719 over 5-HT7 receptors,*® we choose a 20-ug dose
for the intrathecal injection of SB-258719. We also com-
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pared the involvement of spinal 5-HT7 receptors with that of
the spinal 5-HT2 and 5-HT3 receptors in systemic tram-
adol- and M1-induced analgesia by an intrathecal injection
of ketanserin (20 ug) and ondansetron (20 pg) 30 min after
subcutaneous tramadol and M1 treatments.

In the second set of experiments, we assessed the antihy-
peralgesic effects of tramadol and M1 in the plantar heat test
after paw incision. In a protocol similar to the tail-flick test,
tramadol hydrochloride and M1 were subcutaneously ad-
ministered 24 h after plantar incision and paw flick latencies
were monitored in 2 h. We then examined the antihyperal-
gesic action of tramadol hydrochloride and M1 after lesion-
ing the serotonergic bulbospinal pathways using 5,7-DHT.
After these, we assessed the involvement of spinal 5-HT7
receptors compared with that of the spinal 5-HT2 and
5-HT3 receptors in systemic tramadol- and M1-induced an-
tihyperalgesia by an intrathecal injection of SB-269970 (10
ng), SB-258719 (20 ug), ketanserin (20 ug), and ondanse-
tron (20 ug) 30 min after subcutaneous tramadol and M1
treatments.

Statistical Analysis

Statistical analysis was performed by using GraphPad Prism
4 software (GraphPad, San Diego, CA). After demonstrating
that the data were normally distributed, the significance of
any differences in thermal thresholds was assessed using two-
way repeated-measures ANOVA. A significant effect on the
main factor(s) was taken as the criterion for progressing to
post hoc testing. The Bonferroni post hoc test was used to
compare more than two groups at corresponding time points
among different groups. A comparison of the two groups was
done by using the unpaired Student 7 test. Data were ex-
pressed as mean = SEM. Groups of 8—12 mice were used.
Statistical tests were two tailed, and differences were consid-
ered significant at 2 < 0.05. Three doses of each drug were
used to determine the EDs value. The ED5 values and the
95% confidence limits of tramadol, M1 alone, and M1 in
combination with 5-HT antagonists were calculated from
dose—percent inhibition relations by computerized log-linear
regression analysis.”” If the 95% confidence limits of tram-
adol and M1 alone did not overlap with the 95% confidence
limit of the combination treatment with 5-HT antagonists,
statistical significance was considered to be present between
groups.

Results
The Effects of Tramadol and M1 in the Tail-flick Test

The mean baseline tail-flick latency of naive animals was
2.63 £ 0.03 s. Two-way repeated-measures ANOVA analy-
ses indicated that systemically administered tramadol (20,
40, and 80 mg* kg™ ") and M1 (10, 20, and 30 mg/kg) had
significant effects on tail-flick latencies (#(3,176) = 118.2,
P < 0.001 and F(3,176) = 192.4, P < 0.001, respectively,
n = 12). Tramadol and M1 elicit a dose-dependent increase
in the tail-flick latencies (figs. 1A and B). Tramadol- and
M1-induced antinociception were indicated by the prolon-
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Fig. 1. The involvement of spinal serotonergic neurons in the antino-
ciceptive effects of tramadol (A) and O-desmethyltramadol (M1) (B).
5,7-Dihydroxytriptamine (5,7-DHT) was intrathecally injected to de-
plete spinal serotonin. Three days after 5,7-DHT administration, tra-
madol or M1 was subcutaneously injected. A total of 0.9% saline
was intrathecally injected as a control. The results are presented as
mean + SEM. Tail-flick latencies at 60 min after tramadol (C) or M1
(D) administration were converted to % antinociception to generate
the dose-response curve. N = 12 per group. # Differences from
0.9% saline control group, P < 0.05 (Bonferroni post hoc test).
* Differences corresponding to the dose of tramadol and M1 alone,
P < 0.05 (Bonferroni post hoc test).

gation of tail-flick latencies and reached peak effect 30 min
(approaching the cutoff latency of 6 s in the 80 and 30 mg/kg
tramadol and M1 group, respectively) after injections. Bon-
ferroni post hoc test showed that tramadol at the dose of 40
and 80 mg/kg (fig. 1A) and M1 at the dose of 10, 20, and 30
mg/kg (fig. 1B) displayed increased tail-flick latencies at 30,

Yanarates et al.

60, 90, and 120 min after drug injection compared with
saline injection (P < 0.001 for each time points for tramadol
and M1). We next evaluated the antinociceptive effects of
systemically administered tramadol (20, 40, and 80 mg/kg)
and M1 (10, 20, and 30 mg/kg) in spinally 5,7-DHT-le-
sioned animals. We found that intrathecal treatment with
5,7-DHT (50 ug) significantly reduced 5-HT levels in the
spinal cord by 88 % 6.4% (1,348 * 244 ng/g vs. 134.35 * 48
ng/g of spinal cord tissue for control and 5,7-DHT-treated
mice, respectively, 2 < 0.001, n = 8). The mean baseline tail-
flick latency of spinal 5,7-DHT (50 pg)-administered animals
was found to be 2.84 = 0.03 s, which was not significantly
different from the saline groups (? = 0.138, n = 12). Tram-
adol-induced (20, 40, and 80 mg/kg) (F(5,168) = 27.24, P <
0.001, n = 8) and M1-induced (10, 20, and 30 mg/kg) antino-
ciception (F(5,168) = 41.78, P < 0.001, n = 8) were signifi-
cantly diminished in spinal 5,7-DHT (50 ug)-pretreated ani-
mals when compared with naive animals (figs. 1A and B).
Figures 1C and D illustrate the dose—response curves of tram-
adoland M1 generated from the data 60 min after tramadol and
M1 administration in naive mice or in mice with lesioned sero-
tonergic bulbospinal pathways by 5,7-DHT.

Then, to explore the contribution of spinal 5-HT?7 recep-
tors in the systemic tramadol- and M1-induced antinocicep-
tion, we intrathecally injected SB-269970 (10 ug/10 wl) or
SB-258719 (20 ug/10 wl) 30 min after tramadol (20, 40,
and 80 mg/kg) and M1 (10, 20, and 30 mg/kg) administra-
tion. Intrathecally administered SB-269970 (10 ug) and SB-
258719 (20 pg) alone did not produce any significant effect
in tail-flick latencies (data not shown). However, two-way
repeated-measures ANOVA analyses indicated that intrathe-
cally administered SB-269970 (10 pg) had significant effects
on tramadol- and M1-induced antinociception (£(5,252) =
42.34, P<0.001 and £(5,252) = 71.08, P < 0.001, respec-
tively, n = 8). The intrathecal injection of SB-269970 pro-
duced asignificant, time-dependent reduction in the effect of
tramadol (40 and 80 mg/kg) and M1 (10, 20, and 30 mg/kg)
on tail-flick latencies (figs. 2A and B). The inhibitory effects
of SB-269970 peaked within 10 min and weakened time
dependently. Inhibition of the antinociceptive effect of tra-
madol and M1 lasted 90 min, and tail-flick latencies returned
to the corresponding response latencies for 80 mg/kg of tra-
madol and 30 mg/kg of M1 120 min after intrathecal admin-
istration of SB-269970 (figs. 2A and B). Figures 2C and D
illustrate the dose-response curves of tramadol and M1 gen-
erated from the data 10 min after an intrathecal administra-
tion of SB-269970 (10 ug), respectively. Similar to
SB-269970, intrathecally administered SB-258719 (20 ug)
had significant effects on tramadol- and M 1-induced antino-
ciception (F(5,252) = 19.18, P < 0.001 and F(5,252) =
103.4 P < 0.001, respectively, n = 8). Intrathecal adminis-
teration of SB-258719 (20 pmg) 30 min after tramadol and
M1 administration produced a significant reduction in the
effect of tramadol and M1 on tail-flick latencies (figs. 3A and
B). The inhibitory effects of SB-258719 peaked within 30

min and did not weaken time dependently during the obser-
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Fig. 2. The effects of an intrathecal injection of SB-269970 (10 ug) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) antinociception. SB-269970 was intrathecally given 30
min after subcutaneous administration of tramadol and M1. The
results are presented as mean = SEM. Tail-flick latencies at the time
of peak blocking effects (10 min) were converted to % antinocicep-
tion to generate the dose-response curve of tramadol (C) and M1
(D). N = 8 per group. * Differences corresponding to the dose of
tramadol and M1 alone, P < 0.05 (Bonferroni post hoc test).

vation period of 90 min after its administration. Figures 3C
and D demonstrate the dose—response curves of tramadol
and M1 generated from the data 30 min after the intrathecal
administration of SB-258719 (20 ug), respectively.

In contrast to 5-HT7 antagonists, post hoc analysis
showed that intrathecal administration of ketanserin (20 ug)
did not alter the antinociceptive effects of tramadol (40 and
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Fig. 3. The effects of an intrathecal injection of SB-258719 (20 ng) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) antinociception. SB-258719 was intrathecally given 30
min after subcutaneous administration of tramadol and M1. The
results are presented as mean + SEM. Tail-flick latencies at the time
of peak blocking effects (30 min) were converted to % antinocicep-
tion to generate the dose-response curve of tramadol (C) and M1
(D). N = 8 per group. * Differences corresponding to the dose of
tramadol and M1 alone, P < 0.05 (Bonferroni post hoc test).

80 mg/kg) and M1 (10, 20, and 30 mg/kg) at any time point
during observation (figs. 4A and B). Figures 4C and D dem-
onstrate the dose—response curves of tramadol and M1 gen-
erated from data the 30 min after the administration of ket-
anserin (20 ug), respectively. In addition, intrathecally
administered ondansetron (20 ug) also did not significantly
change tramadol-induced (40 and 80 mg/kg) and M1-in-
duced (10, 20 and 30 mg/kg) antinociception (figs. SA and
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Fig. 4. The effects of an intrathecal injection of ketanserin (20 ug) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) antinociception. Ketanserin was intrathecally given 30 min
after subcutaneous administration of tramadol and M1. The results
are presented as mean = SEM. Tail-flick latencies at 60 min after
tramadol (C) and M1 (D) administration were converted to % antino-
ciception to generate the dose-response curve. N = 8 per group.

B). Figures 5C and d demonstrate the dose—response curves
of tramadol and M1 generated from the data 30 min after the
administration of ondansetron (20 ug), respectively.

The EDs, values and 95% confidence limits for sys-
temic tramadol and M1 alone or with intrathecal SB-
269970 (10 ug), SB-258719 (20 pg), ketanserine (20
pg), and ondansetron (20 uwg) are shown in table 1. The
EDs, values for tramadol and M1 with intrathecal SB-
269970 (10 ug) or intrathecal SB-258719 (20 ug) were
significantly greater than those for tramadol and M1 alone

(table 1).

Yanarates et al.

701

—&— Tramadol (80 mg/kg)

-0+ ondansetron (20 pg, ith.)

o

—— Tramadol (40 mg/kg)
-O-+ ondansetron (20 pg, i.th.)
—&— Tramadol (20 mg/kg)

IS

-/~ + ondansetron (20 pg, i.th.)

[

—¥— Control

Tail-flick latencies (sec)
°S >

T T
0 30 60 90 120

—=m— M1 (30 mgkg)

w

~0-+ ketanserin (20 pg, i.th.)

o

—&— M1 (20 mg/kg)
~O- + ketanserin (20 pg, i.th.)

o

—A— M1 (10 mg/kg)

~/\~ + ketanserin (20 pg, i.th.)

[

Tail-flick latencies (sec)
S

N

T T
0 30 60 90 120
Time (min)

(@)

-
=3
o

—&— Tramadol

-0~ + ondansetron (20 pg, ith.)

-
o

% Antinociception
8

25
0
20 40 80
Dose of tramadol (mg/kg, s.c.)
100 —a— M1

-0 + ondansetron (20 pg, ith.)

~
o

% Antinociception
N (4]
o o

o

T T T
10 20 30
Dose of M1 (mg/kg, s.c.)

Fig. 5. The effects of an intrathecal injection of ondansetron (20 ng)
on systemic tramadol-induced (A) and O-desmethyltramadol (M1)-
induced (B) antinociception. Ondansetron was intrathecally given 30
min after subcutaneous administration of tramadol and M1. The
results are presented as mean = SEM. Tail-flick latencies at 60 min
after tramadol (C) and M1 (D) administration were converted to %
antinociception to generate the dose-response curve. N = 8 per
group.

Next, to examine the potency of intrathecally admin-
istered SB-269970 and SB-258719 on systemic tramadol-
and M1-induced antinociception, the different doses of
SB-269970 (1, 3, and 10 pg) and SB-258719 (5, 10, and
20 ug) were tested against the maximal antinociceptive
dose of tramadol (80 mg/kg) (figs. 6A and B) and M1 (30
mg/kg) (figs. 6C and D). Intrathecal administration of both
SB-269970 and SB-258719 produced dose-dependent inhi-
bition of tramadol-induced (F(3,168) = 48.9, P < 0.001
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Table 1. The Effects of Intrathecally Administered 5-HT7, 5-HT2, and 5-HT3 Antagonists on Tramadol-
induced and Its Major Active Metabolite (O-desmethyltramadol [M1])-induced Antinociception

Antagonist
(ng/Mouse, Intrathecal)

Drug (mg/kg, Subcutaneous)

EDs, and 95% Confidence Limit
(mg/kg, Subcutaneous)

Tramadol (20, 40, and 80 mg/kg)
Tramadol (20, 40, and 80 mg/kg)
Tramadol (20, 40, and 80 mg/kg)
( )

)

0.9% saline, 10 ul 36.90
SB-269970, 10 ng/mouse
SB-258719, 20 wg/mouse

32.94-41.33)
1305.43-3785.08)
76.45-179.59)

2222.88
117.18

(
5
Tramadol (20, 40, and 80 mg/kg Ketanserin, 20 pg/mouse 39.56 (33.34-46.94)
Tramadol (20, 40, and 80 mg/kg Ondansetron, 20 nwg/mouse 31.21 (28.47-38.73)
M1 (10, 20, and 30 mg/kg) 0.9% saline, 10 ul 11.14 (10.3-12.39)
M1 (10, 20, and 30 mg/kg) SB-269970, 10 ng/mouse 622.44 (357.78-1082.85)
M1 (10, 20, and 30 mg/kg) SB-258719, 20 ng/mouse 62.51 (55.14-70.86)
M1 (10, 20, and 30 mg/kg) Ketanserin, 20 ug/mouse 11.43 (10.21-12.79)
M1 (10, 20, and 30 mg/kg) Ondansetron, 20 uwg/mouse 11.19 (10.02-12.49)

The EDg, (the dose that produces 50% of its maximum antinociceptive effects) and confidence limits were calculated from the
dose-percent inhibition relations by log-linear regression analysis on systemically administered tramadol- and M1-induced antinoci-
ception followed by 10 min and 30 min after intrathecal administration of SB-269970 and SB-258719, ketanserin, or ondansetron.

and £(3,168) = 97.23, P < 0.001, respectively, n = 8) and
M1-induced (#(3,168) = 154.5, P < 0.001 and F7(3,168) =
86.77, P < 0.001, respectively, n = 8) antinociception (figs.
6A-D).

The Effects of Tramadol and M1 in Incisional Pain
Consistent with a previous study,? plantar incision led to
induction of thermal hyperalgesia in mice. Cumulative mean
paw withdrawal latency to radiant heat was 9.6 + 0.64 s and
significantly decreased t0 2.6 = 0.18 s (2 < 0.0001, n = 12)
24 h after incision. Incisional surgery did not alter paw with-
drawal latency to radiant heat stimuli of the contralateral
hind paws, which was 9.4 + 0.39 s (P = 0.8931, n = 12).
Thermal hyperalgesia remained for more than 3 days and
recovered to baseline values by 8 days in the ipsilateral paw
after surgery (data not shown).

Two-way repeated-measures ANOVA analyses indicated
that systemically administered tramadol (10, 20 and 30 mg/
kg) and M1 (1, 3 and 10 mg/kg) had significant effects on
thermal paw withdrawal latencies after surgery (F(3,112) =
29.11, P<0.001 and F(3,112) = 35.67, P < 0.001, respec-
tively, n = 8). Tramadol and M1 elicited dose-dependent
thermal antihyperalgesia (figs. 7A and B). A higher dose of
tramadol (30 mg/kg) and M1 (10 mg/kg) increased paw
withdrawal latencies to 10.2 = 1.2 sand 9.025 = 1.63 sat 30
min after injection (P < 0.001) compared with 2.58 *
0.18 s and 2.86 * 0.33 s for baseline values, respectively.

We next evaluated the antihyperalgesic effects of system-
ically administered tramadol (10, 20, and 30 mg/kg) and M1
(1, 3, and 10 mg/kg) in spinally 5,7-DHT-lesioned animals.
The mean paw withdrawal latency of spinal 5,7-DHT (50
pg) administered animals was 9.76 % 0.96 s, which was not
significantly different from saline-treated naive animals (P =
0.64, n = 12). The plantar incision significantly decreased
paw withdrawal latency t0 2.9 = 0.76 s (? < 0.001, n = 12)
24 h after incision in spinally 5,7-DHT-lesioned animals. In
contrast to antinociception experiments, post hoc analysis
showed that tramadol-induced (20 and 30 mg/kg) and M1-
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induced (1, 3, and 10 mg/kg) thermal antihyperalgesia re-
mained unchanged in spinally 5,7-DHT-lesioned animals at
the observation period (figs. 7A and B). Figures 7C and D
illustrate the dose-response curves of tramadol and M1 gen-
erated from the data 60 min after tramadol and M1 admin-
istration in naive mice or in mice with lesioned serotonergic
bulbospinal pathways by 5,7-DHT in paw incision model.

Then, we explored the contribution of spinal 5-HT7 re-
ceptors in the antihyperalgesic effects of systemically admin-
istered tramadol (10, 20, and 30 mg/kg) and M1 (1, 3, and
10 mg/kg). Although intrathecal administration of
SB-269970 (10 ug) was inactive alone (data not shown), it
blocked the antihyperalgesic effects of tramadol (#(5,168) =
20.7, P < 0.001, n = 8) and M1 (#(5,168) = 16.89, P <
0.001, n = 8) (figs. 8A and B). Figures 8C and D demon-
strate the dose—response curves of tramadol and M1 gener-
ated from the data 30 min after the intrathecal administra-
tion of SB-269970 (10 ug), respectively. Intrathecally
administered SB-258719 (20 pg), inactive alone (data not
shown), inhibited the antihyperalgesic effects of tramadol
(F(5,168) = 26.35, P < 0.001, n = 8) and M1(#(5,168) =
13.23, < 0.001, n = 8) (figs. 9A and B). Figures 9C and D
show the dose-response curves of tramadol and M1 gener-
ated from the data 30 min after the intrathecal administra-
tion of SB-258719 (20 mg), respectively. In contrast to
5-HT?7 antagonists, post hoc analysis showed that the intra-
thecal administration of ketanserin (20 pg) was unable to
reverse the antihyperalgesic effects of tramadol and M1 at
any time point during observation (figs. 10A and B). Figures
10C and D demonstrate the dose—response curves of tram-
adol and M1 generated from the data 30 min after ketan-
serine (20 pg) administration. Similar to ketanserin, intra-
thecally administered ondansetron (20 wg) was unable to
reverse the antihyperalgesic effects of tramadol and M1 at
any time point during observation (figs. 11A and B). Figures
11C and D demonstrate the dose—response curves of tram-
adol and M1 generated from the data 30 min after the ad-
ministration of ondansetron (20 ug).
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Fig. 8. The effects of an intrathecal injection of different doses of
SB-269970 (1, 5, and 10 ng) and SB-258719 (5, 10, and 20 ung) on
the fixed maximal dose of systemic tramadol-induced (80 mg/kg) (A
and B) and O-desmethyltramadol (M1)-induced (10 mg/kg) (C and D)
antinociception. SB-269970 and SB-258719 were intrathecally
given 30 min after the subcutaneous administration of tramadol (80
mg/kg) and M1 (10 mg/kg). N = 8 per group. * Differences corre-
sponding to the dose of tramadol and M1 alone, P < 0.05 (Bonfer-
roni post hoc test).

The EDs, values and 95% confidence limits for systemic
tramadol- and M1-induced antihyperalgesia with intrathecal
SB-269970 (10 png), SB-258719 (20 ug), ketanserine (20 ug),
and ondansetron (20 ug) are shown in table 2. The EDs, values
for tramadol and M1 and intrathecal SB-269970 (10 ug) or
intrathecal SB-258719 (20 ug) were significantly greater than
those for tramadol and M1 alone (table 2).
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Fig. 7. The effects of subcutaneous administration of tramadol and
O-desmethyltramadol (M1) on thermal hyperalgesia induced by paw
incision. 5,7-dihydroxytriptamine (5,7-DHT) was intrathecally injected to
deplete spinal serotonin. Three days after 5,7-DHT administration, mice
were tested. Paw withdrawal latencies (PWLs) were determined before
surgery and after surgery. PWLs to radiant heat in mice after plantar
incision treated with 0.9% saline, tramadol (A), or O-desmethyltramadol
(M1) (B) are shown in 0.9% saline-treated and 5-HT-depleted animals.
The results are presented as mean = SEM. PWLs at 60 min after
tramadol (C) or M1 (D) administration were converted to % reversal of
hyperalgesia to generate the dose-response curve. N = 8 per group.
# P < 0.05 versus 0.9% saline control (Bonferroni post hoc test).
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Fig. 8. The effects of an intrathecal injection of SB-269970 (10 ug) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) thermal antihyperalgesia. SB-269970 was intrathecally given
30 min after subcutaneous administration of tramadol and M1. The
results are presented as mean = SEM. Paw withdrawal latencies at 60
min after tramadol (C) or M1 (D) administration were converted to %
reversal of hyperalgesia to generate the dose-response curve. N = 8
per group. * Differences corresponding to the dose of tramadol and M1
alone P < 0.05 (Bonferroni post hoc test).

Next, we evaluated the potency of intrathecally admin-
istered SB-269970 and SB-258719 on systemic tramadol-
and M1-induced antihyperalgesia. The different doses of
SB-269970 (1, 3, and 10 pg) and SB-258719 (5, 10, and
20 ug) were tested against the maximal antihyperalgesic
dose of tramadol (80 mg/kg) (figs. 12A and B) and M1 (30
mg/kg) (figs. 12C and D), respectively. Intrathecal ad-
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Fig. 9. The effects of an intrathecal injection of SB-258719 (20 ng) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) thermal antihyperalgesia. SB-258719 was intrathecally given
30 min after subcutaneous administration of tramadol and M1. The
results are presented as mean = SEM. Paw withdrawal latencies at 60
min after tramadol (C) or M1 (D) administration were converted to %
reversal of hyperalgesia to generate the dose—response curve. N = 8
per group. * Differences corresponding to the dose of tramadol and M1
alone P < 0.05 (Bonferroni post hoc test).

ministration of both SB-269970 and SB-258719 pro-
duced dose-dependent inhibition of tramadol-induced
(F(4,140) = 29.74, P < 0.001 and F(4,140) = 20.90,
P < 0.001, respectively, n = 8) and MI-induced
(F(4,140) = 27.75, P < 0.001 and F(4,140) = 29.19,
P < 0.001, respectively, n = 8) elevations in paw-flick
latencies in incisioned animals.
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Fig. 10. The effects of an intrathecal injection of ketanserin (20 ug) on
systemic tramadol-induced (A) and O-desmethyltramadol (M1)-in-
duced (B) thermal antihyperalgesia. Ketanserin was intrathecally
given 30 min after subcutaneous administration of tramadol and M1.
The results are presented as mean = SEM. Paw withdrawal laten-
cies at 60 min after tramadol (C) or M1 (D) administration were
converted to % reversal of hyperalgesia to generate the dose-r-
esponse curve. N = 8 per group.

Discussion

In this study, we provide behavioral evidence that de-
scending serotonergic pathways play an important role
in the antinociceptive effects of tramadol and M1, and
spinal 5-HT7 receptors play a key role in the antinocicep-
tive effects and antihyperalgesic effects of tramadol
and M1.
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Fig. 11. The effects of an intrathecal injection of ondansetron (20 ug)
on systemic tramadol-induced (A) and O-desmethyltramadol (M1)-
induced (B) thermal antihyperalgesia. Ondansetron was intrathecally
given 30 min after subcutaneous administration of tramadol and M1.
The results are presented as mean = SEM. Paw withdrawal laten-
cies at 60 min after tramadol (C) or M1 (D) administration were
converted to % reversal of hyperalgesia to generate the dose-r-
esponse curve. N = 8 per group.

It is well known that the antinociceptive effect of some
narcotic and nonnarcotic analgesics is dependent, in part, on
the integrity of the serotonergic system.?® In the brain, the
highest concentration of serotonergic neurons can be de-
tected in midbrain and brain stem areas called raphe nu-
clei.'>?*8 The bulbospinal descending serotonergic system
that originates from the dorsal raphe nucleus is involved in
the control of transmission of noxious inputs at the spinal
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Spinal 5-HT7 Receptors in Tramadol Analgesia

Table 2. The Effects of Intrathecally Administered 5-HT7, 5-HT2, and 5-HT3 Antagonists on Tramadol-
induced and Its Major Active Metabolite (O-desmethyltramadol [M1])-induced Antihyperalgesia

Antagonist
(ng/Mouse, Intrathecal)

Drug (mg/kg, Subcutaneous)

EDs, and 95% Confidence Limit
(mg/kg, Subcutaneous)

Tramadol (10, 20, and 30 mg/kg) 0.9% saline, 10 ul 18.68 (16.40-21.28)
Tramadol (10, 20, and 30 mg/kg) SB-269970, 10 ng/mouse 1355.49 (1209.23-1519.38)
Tramadol (10, 20, and 30 mg/kg) SB-258719, 20 wg/mouse 75.74 (71.50-80.24)
Tramadol (10, 20, and 30 mg/kg) Ketanserin, 20 pg/mouse 19.04 (17.10-21.20)
Tramadol (10, 20, and 30 mg/kg) Ondansetron, 20 nwg/mouse 19.73 (17.46-22.29)

M1 (1, 3, and 10 mg/kg) 0.9% saline, 10 ul 3.06 (2.42-3.87)

M1 (1, 3, and 10 mg/kg) SB-269970, 10 ng/mouse 290.43 (165.76-509.45)
M1 (1, 3, and 10 mg/kg) SB-258719, 20 ng/mouse 66.23 (49.73-88.20)

M1 (1, 3, and 10 mg/kg) Ketanserin, 20 ug/mouse 2.63 (2.18-3.16)

M1 (1, 3, and 10 mg/kg) Ondansetron, 20 uwg/mouse 3.46 (2.66-3.52)

The EDg, (the dose that produces 50% of its maximum antinociceptive effects) and confidence limits were calculated from the
dose-percent inhibition relations by log-linear regression analysis on systemically administered tramadol- and M1-induced thermal
antihyperalgesia followed by 30 min after intrathecal administration of SB-269970 and SB-258719, ketanserin, or ondansetron.

cord, and a predominant source of serotonergic input to
spinal cord arises within vicinity of raphe nucleus.'>'?** We
used two approaches such as selective lesions of serotonergic
pathways and administration of selective 5-HT antagonist to
identify the specific role of 5-HT in the antinociceptive and
antihyperalgesic effects of systemically administered tram-
adol and its active metabolite M 1.

It has been previously reported that tramadol and M1
produce antinociceptive effects on acute pain models.*” In
addition to its antinociceptive effects, tramadol also elicited
thermal antihyperalgesic effects in a persistent pain model
such as plantar incision.*® This study supports and extends
these findings by showing that M1 can also elicit thermal
antihyperalgesic effects in paw incision model. Hyperalgesia
is the physiologic expression of central nervous system sensi-
tization induced by nociceptive inputs from the surgical
wound.*’ The antihyperalgesic effect deserves attention be-
cause hyperalgesia that occurs after tissue incision may con-
tribute to postoperative pain.*’ Previous studies have shown
tramadol to be an effective postoperative analgesic. We con-
firm that tramadol reduces thermal hypersensitivity in acute
and postoperative pain models in mice.

The depletion of spinal 5-HT by intrathecal administra-
tion of the neurotoxin 5,7-DHT has been previously re-
ported as a method for characterizing the role of 5-HT in
nociceptive modulation.*>** It has been reported that intra-
thecal administration of 5,7-DHT at a dose of 50 ug selec-
tively depleted 5-HT contents more than 92% in the spinal
cord 3 days after toxin administration in mice.** Consistent
with this study, we found an 88% decrease of 5-HT contents
in spinal cord levels after intrathecal treatment of 5,7-DHT
at a dose of 50 ug. Early studies on the effects of neurotoxic
destruction of spinal serotonergic neurons elicits no change
in the thermal nociceptive threshold in naive animals.>**%%>
Consistent with these studies, we observed a similar thermal
nociceptive threshold in naive and lesioned mice in tail-flick
and paw incision tests.

We found that both tramadol and M1 produced antino-
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ciceptive effects in naive animals in the tail-flick test. In ad-
dition, lower doses of tramadol and M1 than those used in
the tail-flick test blocked incision-induced thermal hyperal-
gesia. It is well known that opioids are very sensitive to ther-
mal nociceptive tests and produce antinociceptive and ther-
mal antihyperalgesic effects by a common mechanism, most
likely activity at the p-opioid receptor. The strong antinoci-
ceptive and antihyperalgesic action of M1 after systemic ad-
ministration confirms the finding in previous studies that
M1 metabolite was a major opioid component of tramadol.
In this study, the antinociceptive effects of both tramadol
and M1 were clearly attenuated after the neurotoxic destruc-
tion of descending serotonergic pathways. Thus, our results
strongly indicate that the release of 5-HT in the spinal cord
plays a crucial role in the antinociceptive effects of systemi-
cally administered tramadol and M1. The role of serotonin
in tramadol analgesia has been suggested by Oliva ez al.,'®
and they speculate that tramadol reduces formalin-induced
pain by increasing 5-HT concentration at the spinal cord
level. Our results that the depletion of spinal 5-HT reduced
the antinociceptive effects of systemically administered tra-
madol and its major metabolite M1 strongly support this
hypothesis and provide additional support for the involve-
ment of descending serotonergic pathways in the antinoci-
ceptive effects of tramadol. Nevertheless, the antihyperalge-
sic effects of tramadol and M1 were not changed after
neurotoxic destruction of descending serotonergic pathways.

Multiple serotonin subtypes have been identified within
the central nervous system, and there are conflicting findings
about 5-HT receptor subtypes responsible for mediating the
antinociceptive effect of systemically administered tram-
adol.>'>">7'8 In these previous studies, selective serotonin
antagonists were given systemically to explore the involve-
ment of serotonin receptor subtypes.'>!>~'® Despite the
importance of the findings obtained from these studies, com-
plexity may arise when systemically administered serotonin
antagonists access multiple sites within the pain transmission

system (periphery, spinally, and supraspinally). To clarify the
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Fig. 12. The effects of an intrathecal injection of different doses of
SB-269970 (1, 3, and 10 ug) and SB-258719 (5, 10, and 20 pg) on the
fixed maximal dose of systemic tramadol-induced (30 mg/kg) (A and B)
and O-desmethyltramadol (M1)-induced (10 mg/kg) (C and D) thermal
antihyperalgesia. SB-269970 and SB-258719 were intrathecally given
30 min after subcutaneous administration of tramadol (80 mg/kg) and
M1(10 mg/kg). N = 8 per group. * Differences corresponding to the
dose of tramadol and M1 alone P < 0.05 (Bonferroni post hoc test).

role of spinal-specific 5-HT receptors responsible for medi-
ating analgesia and antihyperalgesia induced by tramadol
and its active metabolite M1 we intrathecally (locally) ad-
ministered serotonin antagonists, which has been rarely per-
formed. It has been suggested that spinal 5-HT7 receptors
play an important role in the nociceptive process, and the
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anatomic localization of 5-HT?7 receptors in the superficial
layers of spinal cord dorsal horn support this hypothesis.*® In
a recent study, Dogrul and Seyrek®” reported the important
role of spinal 5-HT7 receptors in systemic morphine-in-
duced analgesia. In our study, the finding that spinal selective
blockade of 5-HT7 receptors by SB-269970 and SB-258719
inhibits the antinociceptive and antihyperalgesic effect of
systemic tramadol and M1 suggests that the spinal 5-HT7
receptors play a crucial role in tramadol-induced antinoci-
ception and antihyperalgesia. These effects were not repro-
duced by spinal administration of the selective 5-HT2 and
5-HT3 receptor antagonists, supporting the notion that se-
lective activation of spinal 5-HT7 receptors plays a crucial
role in the antinociceptive and antihyperalgesic effects of
systemically administered tramadol and M1.

We found that the inhibitory potency of spinal
SB-269970 against systemic tramadol-induced antinocicep-
tion and antihyperalgesia was higher than that of spinal SB-
258719. It has been reported that SB-258719 had a moder-
ate affinity for 5-HT7 receptors, indicated by pICs, = 6.7
when compared with the pKi of SB-269970 that was 7.96.%°
In addition, 5-HT7 receptor is a member of the family of
G-protein-coupled 5-HT receptors and couples to the stim-
ulation of adenylate cyclase. I vitro antagonist potency of
SB-269970 and SB-258719 for 5-HT-mediated cyclic aden-
osine monophosphate formation in stably transfected HEK-
293F/rat 5-HT?7 cells have been evaluated and indicated by
pIC50 = 8.75 and 6.8 for SB-269970 and SB-258719, re-
spectively.” Thus, the lower inhibitory effect of SB-258719
on systemic tramadol- and M1-induced antinociception and
antihyperalgesia when compared with SB-269970 may be
due to the lower antagonist potency of SB-258719 against
5-HT7 receptors.

An interesting finding in this study was that SB-269970,
which is structurally different from SB-258719, showed a
different time course of effect on systemic tramadol- and
M1-induced antinociception and antihyperalgesia. The du-
ration of the inhibitor effect of spinally administered SB-
269970 against systemic tramadol- and M 1-induced antino-
ciception and antihyperalgesia were markedly shorter
compared with that induced by SB-258719. Our results cor-
related with the study of Dogrul and Seyrek,** who showed a
similar time course e