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Horst Beier,1 María J. Garrido,2 Thomas Christoph,3 Dirk Kasel,1 and Iñaki F. Trocóniz2,4

Received June 25, 2007; accepted October 23, 2007; published online November 16, 2007

Purpose. To establish a semi-mechanistic pharmacokinetic/pharmacodynamic (pk/pd) model for racemic
tramadol (T) integrating all the components with a significant contribution to T effects in rats, using cold
allodynia in the Bennett model of neuropathic pain.
Methods. Male Sprague-Dawley rats (n=53) were randomly allocated in six groups receiving saline,
racemic T (5 mg/kg), RR-T (5 mg/kg), SS-T (5 mg/kg), RR-O-demethyltramadol [RR-M1 (1 mg/kg)] or
SS-M1 (30 mg/kg) in two h intravenous infusion.
Results. The μ-opioid effects of RR-M1 (ERR-M1) were described with an effect compartment model.
Contribution to analgesic response of RR-T resulted negligible. The monoamine re-uptake inhibition
effects (ESS-M1,T) were modelled as an indirect response model incorporating a competitive interaction
between SS-T and SS-M1. ERR-M1 and ESS-M1,T were finally considered as a two independent stimuli
converging into a single and common antinoceptive stimulus. The estimates of the steady-state plasma
concentrations eliciting half of maximum response for RR-M1, SS-T, and SS-M1 were 20.2, 230, and
869 ng/ml, respectively. RR-M1 is the main active component, but SS-T having a significant contribution.
Conclusion. Cold allodynia in the Bennett model has proven an adequate experimental set up to develop
complex pk/pd models in analgesia involving different mechanisms of action.

KEY WORDS: neuropathic pain; racemic tramadol; rat model; semi-mechanistic pharmacokinetic/
pharmacodynamic model.

INTRODUCTION

Tramadol (T), an analgesic compound administered as a
racemic mixture of RR-tramadol (RR-T) and SS-tramadol
(SS-T), which produces among others the active RR-
O-demethtyltramadol (RR-M1) and SS-O-demethyltramadol

(SS-M1) metabolites, has been classified as an “atypical”
opiod drug (1). T combines the μ-opioid related effects
elicited mainly by RR-M1 and the monoamine re-uptake
inhibition effects attributed to SS-T and SS-M1 (2–4).

During the last decade the nature of the pharmacody-
namic (pd) interactions between the μ-opiod and monoamine
re-uptake inhibition mechanisms was studied in vivo in
different pain animal models (5,6). More recently, the
pharmacokinetic/pharmacodynamic (pk/pd) relationships
were established for RR-M1 and SS-M1 (4,7), and RR-T (8),
using tail-flick. One of the disadvantages of tail-flick as
antinociceptive model is due to its limitation to reflect non-
opiod mediated effects such as the monoamine re-uptake
inhibition (9). More recently, the analgesic effects of T have
been described in the paediatric population using a pk/pd
model (10). Although in that article the authors identified
both racemic T and racemic M1 as active components, an
interaction pd model combining the effects of T and M1 could
not be established. T is still a matter of active research, for
example, it has been suggested as a new probe for cyto-
chrome P450 2D6 phenotyping (11) and in a recent study
(12), the analgesic effects of T were decreased after co-
administration of paroxetine (a cytochrome P450 2D6 inhib-
itor) confirming again that M1 is an important element of T
activity (13). To date a mechanistic pk/pd model addressing
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the different contribution of the enantiomers of T and the
active metabolite M1 has not been established yet.

On the basis of those considerations, the objective of the
current study was to establish a semi-mechanistic pk/pd
model for tramadol integrating all the components with a
significant contribution to tramadol effects. To achieve this
goal we have used the Bennett cold plate test as the animal
pain model, which has been shown to be adequate to capture
opioid and non-opioid mechanisms (9,14). This model was
adapted to fit into an automated blood-sampling device
providing simultaneous pharmacokinetics (pk) and pd infor-
mation in each animal. In order to reduce the impact of blood
sampling on the pharmacological observations, blood samples
were taken 5 min after the pharmacological observations.

MATERIALS AND METHODS

Chemicals and Material

T, RR-T, SS-T, RR-M1, and SS-M1 were provided by
Grünenthal GmbH (Aachen, Germany). Medetomidin was
purchased from Pfizer, Dormicum from Roche and Fentanyl
sulphate from Synopharm. Na-heparin (Liquemin®) was
obtained from Hoffmann-La Roche AG (Grenzach-Wyhlen,
Germany). The catheters were purchased from BASi (West
Lafayette, USA).

Experimental Design

Fifty three male Sprague-Dawley rats weighing 240±47 g
were randomly allocated in six groups receiving saline, T
(5 mg/kg), RR-T (5 mg/kg), SS-T (5 mg/kg), RR-M1 (1 mg/
kg) or SS-M1 (30 mg/kg) in 2 h intravenous infusion. The
protocol was approved by the regional animal ethics commit-
tee according to the german law of animal welfare (no. FG-
PK-99-22).

Animal Preparation

In a first surgery the rats underwent a constriction of the
right common sciatic nerve according to Bennett and Xie,
(15) under pentobarbital (60 mg/kg i.p.) anaesthesia. The
sciatic nerve was exposed by blunt dissection at the level of
mid-thigh, and four loose ligatures (softcat®chrom USP 4/0,
metric2; Braun Melsungen, FRG) were placed around the
nerve taking care not to interrupt the epineural circulation.
Within 1 week the rats developed cold allodynia in the ipsi-
lateral hind paw which is stable over several weeks (16).
Animals were kept at laboratory standard conditions of
22–25°C and a relative humidity of 30–70%. They were
acclimatized for at least 5 days. Food and water were
provided ad libitum.

Three to four days before administration of the test
compound, a catheter was implanted into the femoral vein
contralateral to the ligation site for substance administration
and a second one, was implanted into the carotid artery for
blood sampling. Surgery was performed under anaesthesia
using Medetomidin (0.15 mg/kg), Dormicum (Midazolam,
2.0 mg/kg) and Fentanyl (0.005 mg/kg). Directly after the
surgery, the rats were placed in the RATURN® cages of the
Culex® automated blood sampling device (ABS; BASi, West

Lafayette, USA). The arterial catheter was connected to the
tubings of the ABS. The intravenous catheter was connected
to EMPIS® infusion pumps (BASi, West Lafayette, USA). To
prevent blood clotting the catheters were flushed with system
liquid (isotonic saline with 10 U heparin/ml) every 8 min. Both
systems were controlled by the same computer, so that
administrations and blood sampling were synchronized.

Dosing Regimen

In order to have time for four observations (minimum
time interval between observations was 15 min) with increas-
ing concentrations a 2 h i.v. infusion was chosen for test
compound administration. In a preliminary study with single
bolus i.v. administrations of T, SS-T and RR-T, concentrations
were identified at which about 80% of maximum pharmaco-
logical activity was achieved. Based on these data and taking
the half-lives of the test compounds into account, infusion
rates were calculated which would achieve about 80% of
maximum activity at the end of the 2 h infusion.

Study Execution

Before start of administration of the test substance
administration, baseline values of the pharmacological obser-
vations were recorded. Therefore aluminium plates, designed
to fit in the RATURN® cages and cooled to 4°C in a
refrigerator, were placed in the cages so that the rat was
sitting on the cold surface. Brisk withdrawals of the right hind
paw were counted for 2 min. From 30 to 40 brisk withdrawls
were observed, which is well comparable to values obtained
in non cannulated rats before start of substance administra-
tion. In addition a blank blood sample was taken, from which
the haematocrit was determined.

Pharmacokinetics. Blood samples were taken at the
following times after start the infusion of saline, T, SS-T or
RR-T: 0.33, 0.66, 1.5, 1.9, 2.17, 2.55, 3.55, 4.55 and 6.05 h. After
start of the infusion of either SS-M1 or RR-M1 the following
sampling times were applied: 0.33, 0.58, 1.08, 1.5, 1.9 2.17, 2.55,
4.55 and 6.05 h. At every sampling time a volume of 180 μl of
blood was taken by the “no waste blood” method. To obtain
plasma, every vial was prepared with 18 μl of heparin saline
(10 U/ml). In addition and to prevent clotting, 50 μl of isotonic
saline with heparin (10 U/ml), used as system liquid in the
tubing set of the Culex® automated blood sampling device, was
added. The dilution factor for the samples of individual rats
was calculated on the plasma content determined from the
haematocrit. After centrifugation at 3,000×g for 5 min, plasma
was stored at −80°C until analysis.

Pharmacodynamics. Assessment of pharmacodynamic
effect was performed at the following times after start of the
infusion of the test compound: 0.25, 0.5, 1, 1.85, 2.08, 2.5, 3.5,
4.5 and 6 h. Brisk withdrawals of the right hind paw were
counted for 2 min and recorded. After the observation, the
aluminium plates were placed back into the refrigerator. The
temperature of the aluminium plated were determined by a
surface thermometer before and after the observation of
brisk withdrawals. The start temperature was 2.5°C and
increased to 5°C due to the body heat of the rat. The room
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temperature, throughout all experiments, was in the range of
21.5 to 24.5°C.

Bioanalytical Quantification of Concentrations

Stereoselective quantification of T and M1 was per-
formed using a validated analytical LC-MS/MS method.
Samples were analyzed using a PE Sciex LC-MS/MS system
consisting of a Perkin Elmer HPLC pump (type series 200), a
Perkin Elmer Autosampler (type series 200), coupled to a
MDS/Sciex API 4000 triple quadrupole mass spectrometer,
which was equipped with an atmospheric pressure chemical
ionization (APCI) interface acting in positive mode (capillary
temperature at 300°C). Multiple reaction monitoring scan
type was used for ion detection. Instrument control and data
acquisition was performed using the Analyst software version
1.4.1 (MDS/Sciex, Toronto/Canada). Sample preparation
consisted of addition of the internal standard, D6-O-
desmethyl-tramadol, and solid phase extraction. Chromato-
graphic separation was achieved using a 250×4.6 mm, 10 μm
Chiralpak column equipped with a Lichrospher 100 diol pre-
column (40×4.0 mm, 5 μm), with an isocratic flow of n-hexane/
ethanol/diethylamine (94/6/0.1, v/v/v) at a flow rate of 1 ml/min.
Precision and accuracy ranged from: (1) 5.2 to 6.5% and 95.0
to 107% (RR-T), (2) 4.9 to 7.3% and 95.8 to 105% (SS-T), (3)
3.2 to 6.0% and 96.8 to 105% (RR-M1), and (4) 3.1 to 6.6 and
96.6 to 107% (SS-M1), respectively. The method showed
linearity over the concentration ranges studied.

Data Analysis

The population approach using the software NONMEM
version V with the first order conditional estimation method
with INTERACTION was used for the analyses (17).
Between-subject variability (BSV) was modelled exponen-
tially. Residual variability was described with a combined
error model consisting in an additive and a concentration-
proportional term for the case of the pharmacokinetic
observations, and with an additive error model for the case
of the antinociceptive response.

Model selection was based mainly on the inspection of
goodness of fit plots and the precision of the parameter
estimates. The minimum value of the objective function
(MOFV) provided by NONMEM served as a guide during
model building. For two nested model a decrease in MOFV
(ΔMOFV) of 6.63 points for an added parameter is significant
at the 0.01 level.

Model parameters are presented as the estimates together
with their coefficients of variation [CV(%)].The degree of
BSV was also expressed as CV(%).

The models selected were explored using the visual
predictive check (18). Five hundred replicates were simulated
and 0.05, 0.5, and 0.95 percentiles were used in conjunction
with corresponding data to assess model performance. The
agreement between model-based simulations and observed
values was judged visually.

Pharmacokinetic data were analyzed first and then, the
response data were fit using the individual pharmacokinetic
parameter model estimates. Figure 1 shows the final pharma-
cokinetic/pharmacodynamic model describing the antinocep-
tive effect of tramadol.

Pharmacokinetic analysis. Since it is well known that
tramadol does not undergo enantiomer inter-conversion, data
for each of the enantiomers were fit separately (4,7,8).
Pharmacokinetic models were parameterized in apparent
volumes of distribution and elimination clearances. One-,
two-, and three-compartment models were fit to the parent
drug and metabolite data. Metabolite formation was assumed
to follow a first order process, and for the elimination of the
parent drug models with one elimination pathway (M1
formation) or two elimination pathways (M1 formation+
other routes of elimination) were compared. In group VI, SS-
M1 was given at a dose five times higher that the doses
administered to groups II and IV, and therefore models
accounting for non-linear (concentration-dependent) kinetics
in metabolite distribution and eliminations were also fitted
when analyzing the data from the SS-enantiomers.

Pharmacokinetic/pharmacodynamic analysis. The model
describing simultaneously the response data from the six
groups of animals was built in two steps. First, the data from
each group receiving enantiomer administration plus the data
from the saline group were fit separately to identify the active
components, and their functional relationship with the
response. Then the interaction model was developed inte-
grating the data from the group receiving racemic tramadol.

Models have the following general form:

E ¼ E0 � ESaline � 1� EDrug

� � ð1Þ

[equation 1], where E, represents the observed response at
any time, E0, is the response level at baseline,ESaline represents

Fig. 1. Schematic representation of fthe final selected pk/pd model.
Pharmacokinetics, Parent compounds (RR-T; SS-T): Vc, VP, apparent
volumes of distribution of the central and peripheral compartments;
CLD, intercompartmental clearance; CLM, O-demethyltramadol for-
mation clearance; CLE, clearance of tramadol representing other
routes of elimination. Metabolites (RR-M1; SS-M1): VcM1, and VPM1,
apparent volumes of distribution of the central and peripheral
compartments; CLDM, intercompartmental clearance; CLME, total
plasma elimination clearance. Pharmacodynamics: ke0, first order rate
constant governing the equilibrium distribution of RR-M1 between
plasma and the effect compartment; kin, zero order rate constants of
noradrenaline release; kout, first order rate constant of noradrenaline
re-uptake.
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the change in the response over time in the animals receiving
saline, and EDrug corresponds to a 0–1 normalized antinoci-
ceptive stimulus induced after drug administration.

Step I

Administration of saline. A constant (time independent)
model and different empirical time-dependent models,
including linear and non-linear increase/decrease in the
response, as a function of the time after the start of the
intravenous infusion of saline, were explored to select the best
expression for ESaline.

Administration of RR-M1. The effect compartmentmodel
(19) was used to link the predicted effect site concentration of
RR-M1 (Ce_RR-M1) with the antinociceptive stimulus (ERR-M1)
through the first order rate constant of equilibrium (ke0), using
the following expression:

ERR�M1 ¼
Ce RR�M1

IC50 RR�M1

1þ Ce RR�M1

IC50 RR�M1

ð2Þ

where IC50_RR-M1, is the steady-state plasma concentration of
RR-M1 eliciting half of maximum stimulus.

Administration of SS-M1. SS-M1 is a monoamine re-
uptake inhibitor (3) and its effects were described with an
indirect response model (20):

dR

dt
¼ kin� kout� 1�

CSS�M1

IC50 SS�M1

1þ CSS�M1

IC50 SS�M1

" #
� R ð3Þ

where R, represents the arbitrary levels of noradrenaline in
the biophase; kin, and kout are the zero, and first order rate
constants of release and re-uptake of noradrenaline, respec-
tively, and IC50_SS-M1, is the steady-state plasma concentration
of SS-M1 (CSS-M1) eliciting half of maximum reduction in kout.
The antinociceptive stimulus induced by SS-M1 (ESS-M1) has
the form: ESS-M1=(R−1)/R. At time=0, R is equal to 1 and
ESS-M1 is equal to 0 (initial condition).

Administration of RR-Tramadol. The interaction between
Ce_RR-M1 and the effect site concentrations of RR-tramadol
(Ce_RR-T) was modelled with a competitive interaction model
of the form:

ERR�M1;T ¼
Ce RR�T

IC50 RR�T
þ Ce RR�M1

IC50 RR�M1

1þ Ce RR�T

IC50 RR�T
þ Ce RR�M1

IC50 RR�M1

ð4Þ

where ERR-M1,T, is the antinociceptive stimulus corresponding
to the combination of RR-M1, and RR-T, and IC50_RR-T, is
the steady-state plasma concentration of RR-T eliciting half
of maximum stimulus when RR-M1 is absent. An expression
resembling the Bliss independence (21) was also fit to the
data [Jonker et al. (22) (expression not shown)]. The results
from this analysis showed that contribution of RR-T to the
antinociceptive response was negligible.

Administration of SS-Tramadol. The interaction between
SS-T and SS-M1 was described using the following expression
(23) which corresponds to a competitive interaction mechanism:

dR

dt
¼ kin� kout� 1�

CSS�T

IC50 SS�T
þ CSS�M1

IC50 SS�M1

1þ CSS�T

IC50 SS�T
þ CSS�M1

IC50 SS�M1

" #
� R ð5Þ

where IC50_SS-T, is the steady-state plasma concentration of
SS-T (CSS-T) eliciting half of maximum reduction in kout,
when SS-M1 is absent. The antinociceptive stimulus induced
by SS-T and SS-M1 in combination (ESS-M1,T) has the form:
ESS-M1,T=(R−1)/R. At time=0, R is equal to 1 and ESS-M1,T is
equal to 0 (initial condition).

Step II

The model used to describe the complete set of data
including the observations after the administration of racemic
tramadol characterising the type of the interaction between the
μ-opioid and monoamine components of T effects, was based
on the response surface analysis proposed by Minto et al. (24).

We define ERR, and ESS as (Ce_RR-M1/IC50_RR-M1) and
(R−1), respectively. The total stimulus is then the sum of ERR

and ESS, and the contribution of each stimulus is given by:

D ¼ ESS

ERR þ ESS
ð6Þ

Finally, the antinociceptive stimulus resulted from the inter-
action between the active components of T (ERR,SS) is
represented by:

ERR;SS ¼
ERRþESS

E50

1þ ERRþESS

E50

ð7Þ

where E50 is given by the following expression (24): E50=1
−θ×D+θ×D2. The parameter θ to be estimated by the model
determines the type of interaction: (1) if E50=1 (θ=0) the
stimuli are additive, (2) if E50<1 the interaction is synergistic,
and (3) if E50>1 the interaction is antagonistic.

Note that equation 7 reduces to equations 2–5 when RR-
M1, RR-T, SS-M1, and SS-T are single administered.

RESULTS

Pharmacokinetic analysis. Both enantiomers of tramadol
and M1 showed plasma concentration vs time profiles that
were best described with a two-compartment model. The
inclusion of a second elimination pathway was significant for
RR-, and SS-T (ΔMOFV=−11.0; P<0.01). Weight exerted a
significant (ΔMOFV=−8.7; P<0.01) covariate effect on Vc, the
apparent volume of distribution of the central compartment,
of RR-T, reducing BSV from 36 to 20%. The covariate model
predicts an increase of 0.022 l for every 10 g increase in body
weight. However for the rest of studied compounds SS-T,
RR-, and SS-M1, weight effects were not significant (ΔMOFV=
−3.1; P>0.05). Between-subject variability could be estimated
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in Vc, CLM (M1 formation clearance), CLE (plasma clearance
representing other routes of elimination of tramadol), and
CLME (total plasma clearance of M1).

Table I lists the estimates of the pharmacokinetic model
parameters for the each enantiomer of tramadol and M1,
respectively. Parameters were estimated with good precision.
Figures 2 and 3 show how the model describes the data of the
RR- and SS-enantiomers, respectively, based on the results
obtained from the visual predictive check. The mean popu-
lation tendencies are very well captured by the model, as well
as the variability in the data.

The typical population pharmacokinetic profiles of the
enantiomers of tramadol and M1 are presented in Fig. 4 for
comparison. Plasma disposition appears similar between
enantiomers.

Pharmacokinetic/Pharmacodynamic Analysis

Step I

Administration of saline. Response data in the saline group
showed a slight but significant decrease with time (ΔMOFV=
−15.3; P<0.01), that was described with a linear model using
equation 1 with the following expression for ESaline: 1-Slope x
time. Other models such a biexponential model or an
exponential decrease model did not improve the fit
significantly (ΔMOFV=−2.8; P>0.05) with respect to the linear
model.

Administration of RR-M1. The time course of response
was described properly using the model represented by
equation 2. The use of the plasma concentrations instead of
the effect site levels provided a significantly worse description
of the data (ΔMOFV=−30.4; P<0.01). The data supported
between-subject variability in E0 and IC50RR-M1 with esti-

mates, expressed as coefficient of variation, of 14% and 41%,
respectively. The typical population estimates of E0, ke0 (h

−1)
and IC50RR-M1 (ng/ml) were 33.5, 3.5, and 17.1, respectively.

Administration of SS-M1. A model relating directly the
plasma concentrations of SS-M1 with the observed response
resulted in a significantly worse description of the data
compared to the model in equation 3 (ΔMOFV=−28.7; P<
0.01). The typical population estimates of E0, kout (h

−1) and
IC50SS−M1 (ng/ml) were 32.9 3.96, and 858, respectively.
Between-subject variability showed only significance in E0

(14%; ΔMOFV=−9.1; P<0.01).

Table I. Population pharmacokinetic parameter of RR-, SS-Tramadol, and RR-, SS -O-demethyltramadol in the rat

RR- enantiomers SS- enantiomers

Parameter

Typical

population

estimate

Between-

subject

variability

Typical

population

estimate

Between-

subject

variability

Vc(l)a 0.47 (15) 20 (33) 0.51 (28) 20 (32)

CLE(l/h) 0.86 (19) 53 (26) 1.3 (11) 36 (15)

CLM(l/h) 0.58 (15) 18 (29) 0.52 (12) 17 (22)

CLD(l/h) 0.82 (29) 0.46 (71)

VP(l) 0.58 (12) 0.34 (28)

VcM1(l) 0.52 (10) 1.1 (8)

CLME(l/h) 2.7 (11) 28 (23) 2.2 (8) 20 (30)

CLDM(l/h) 0.97 (31) 0.6 (10)

VPM1(l) 2.8 (61) 2.1 (38)

Additive error_Parent (ng/ml) 2.8 (29) 0.96 (46)

Proportional error_Parent (%) 13 (18) 21 (14)

Additive error_Metabolite (ng/ml) 2.1 (21) 1.3 (42)

Proportional error_Metabolite (%) 15 (21) 21 (10)

Parameter estimates are listed with their coefficient of variation [CV(%)] in parenthesis, computed as the ratio between the standard error and
the parameter estimate multiplied by 100. Estimates of between-subject variability are expressed as CV (%). Parameters are defined in the text
and in the legend to Fig. 1.
aVc for the case of RR-Tramadol has the expression of 0.47×weight/220, where 220 is the mean animal body weight.
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Symbols represent raw data. The solid lines are the median
pharmacokinetic profiles obtained from 500 simulated animals. The
dashed lines cover the areas corresponding to the 90% of the
simulated concentrations.
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Administration of RR-Tramadol. The model represented
by equation 4 did not perform significantly better than the
model considering RR-M1 the only active component (equation
2; ΔMOFV=−0.000; P<0.05). The typical population estimates
of E0, ke0 (h−1) and IC50_RR-M1 (ng/ml) were 32.2, 3.73, and
19.1, respectively. The degree of between-subject variability
estimated for E0 and IC50RR-M1 was 15% and 23%,
respectively.

Administration of SS-Tramadol. The competitive inter-
action model in equation 5 provided a good description of the
data and gave precise estimates of the model parameters. The
typical estimates of E0, kout (h

−1) and IC50_SS-M1 (ng/ml) were

31.3, 3.7 and 840, respectively, and the estimate of IC50_SS-T

was 230 (ng/ml). Variability in E0 was estimated in 18%.

Step II

When the interaction model between the two different
types of stimuli represented by equation 7 was fit to the data
from all the six groups of animals, the estimate of the
interaction parameter θ was 2.85×10−5, and not significantly
different from 0 (ΔMOFV=0.000; P>0.05). Figure 5 shows that
all data for all groups in the study were described very well by
the selected interaction model represented in equation 7 with
E50=1, since mean tendencies and dispersion in the data were
adequately captured by the simulated profiles. Table II lists
the values of the population pharmacodynamic model
parameters, where it can be observed that all estimates have
good precision. The antinociceptive stimuli vs steady-state
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Table II. Population pharmacodynamic parameters of tramadol and
O-demethyltramadol enantiomers in the rat

Parameter

Typical

population

estimate

Between-

subject

variability

E0 (n
o of brisk withdrawals) 33 (3) 19 (17)

Slope (1/h) 0.028 (17)

IC50_RR-M1 (ng/ml) 20.2 (11) 32 (49)

ke0 (h
1) 5.04 (30)

kout (h
1) 5.5 (20)

IC50_SS-T (ng/ml) 230 (12)

IC50_SS-M1 (ng/ml) 869 (12)

Residual error (n- of brisk withdrawals ) 4.98 (0.5)

Parameter estimates are listed with their coefficient of variation [CV
(%)] in parenthesis, computed as the ratio between the standard
error and the parameter estimate multiplied by 100. Estimates of
between-subject variability are expressed as CV (%). Parameters are
defined in the text.
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concentration relationship for the three active components
identified in the current analysis and predicted by the selected
model, is presented in Fig. 6.

The kinetic profiles of the two main active components
of tramadol together with their corresponding stimuli are
shown in Fig. 7. Despite plasma concentrations of RR-M1 are
much lower than CSS-T, the antinociceptive stimulus of RR-
M1 is still greater that the one elicited by SS-T.

DISCUSSION

A semi-mechanistic pk/pd model integrating the different
pharmacological mechanisms of T has been established in
healthy conscious freely-moving rats fulfilling the major goal
of the current study.

The experimental setup used in this work combines
automated blood sampling device and the Bennett model of
neuropathic pain with cold allodynia as readout. This

approach has the advantage of being less stressful for the
animals allowing to almost, synchronize blood sampling and
pharmacological observations reducing direct contact with the
animal to a minimum, and increasing the reliability of the
pharmacological data.

Taking into consideration the multiple pharmacological
mechanisms of T, the choice of an adequate pain model
represents a critical step, since not all models available are
suitable in reflecting all aspects of T activity. For example, it is
well known that the tail-flick test is very appropriate to
characterize the μ-opioid activity, but it generally fails to
demonstrate other mechanisms such as the contribution of
the monoamine re-uptake inhibition. The method used in this
study has several advantages. First, it can reflect anti-
allodynic effects mediated by opioid receptor binding, and
monoamine re-uptake inhibition (14). Second, the Bennett
model is established as a pharmacological model for chronic
neuropathic pain displaying a very stable baseline response
over a period of weeks after surgery. Third, from pk/pd
modelling perspective this animal model provides continuous
decreasing response with respect to baseline, which means
that it has a natural maximum effect (E=0) facilitating the
estimation of the C50 parameters in contrast with other pain
models, where the response is usually modelled as linear
relationship with respect to drug exposure (8,25).

One important aspect in pk/pdmodelling is dosing and data
acquisition. Based on a preliminary investigation, an infusion
design was calculated providing concentration profiles covering
the full range of the pharmacodynamic observations [which
explains the reason for a reduced dose of RR-M1 (1 mg/kg) and
the increased dose of SS-M1 (30mg/kg) compared with the dose
for Tand its enantiomers (5mg/kg)] with the absence of relevant
adverse effects. Figure 5 confirms that the final dosing regimens
used produced response profiles that achieved 90% of the
maximum possible effect, recovering the baseline conditions at
the end of the observation period.

The population pk model was able to describe the
enantiomers data of T and M1 regardless which entity was
administered, T, RR-/SS-T, or RR-/SS-M1. The typical
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population estimates of CL, computed as the sum of CLM and
CLE, are comparable to the estimates published previously
[2.04 and 1.9 l/h for RR-/SS-M1, respectively (4)], as well as
the typical estimates of the apparent volume of distribution of
the central compartment. The typical estimates of apparent
volume of distribution of the peripheral compartment are
greater, 2.8 and 2.1 l, than those reported previously [0.6–1 l
(4,7,8)]. The reason for such discrepancy might be the fact
that the blood sampling period after the end of administration
was significantly prolonged in the current study [6 vs 1–3 h in
the previous studies], providing a better characterisation of
the terminal disposition phase. With respect to the pharma-
cokinetics of the parent compound, it seems that the
metabolic pathway dealing with the formation of M1 plays
an important role in the elimination process accounting for
28–40% of the total value of plasma clearance.

Simulations presented in Fig. 4 show that after racemic
administration of tramadol the plasma concentrations for RR-
T and RR-M1 are slightly higher than the corresponding for
the SS enantiomers, a result that has also been seen in clinical
studies (13). Lastly, enantiomers of T and M1 show a low to
moderate degree of between-subject variability in the pk
parameters ranging from 17 to 53%.

The integrated pk/pd model combines four types of sub-
models, (1) a sub-model for time effects after saline admin-
istration, (2) a sub-model accounting for μ-opioid mediated
effects, (3) a sub-model describing the effects resulting from
the inhibition of monoamine re-uptake (this model also
involves a competitive interaction between the SS-T and SS-
M1), and (4) a sub-model dealing with the interaction on the
antinociceptive response between the μ-opioid and mono-
amine related effects.

The model used to describe the μ-opioid has been used
in the past for different opioid drugs (7,25) using different
animal models. The lack of pharmacodynamic interaction
between RR-T and RR-M1 was an expected result based on
previous pk/pd results (8). RR-M1 was found the unique
component acting at the level of the μ-receptor. Interestingly,
the estimates of ke0 for RR-M1 found in this study are very
similar to those reported previously, where the tail flick was
used as the experimental pain model (4,7). Direct comparison
between the parameters reflecting drug potency is difficult
because of the use of a linear pd model in previous articles.
We have to emphasize that the parameter ke0, although
defined as the first order rate constant governing the
distribution equilibrium delay between plasma and effect site,
might be also reflecting receptor coupling and signal trans-
duction processes.

The sub-model used to describe the effect of the SS-
enantioners was based on known pharmacological mechanism
where kout is defined as the first order rate of nordrenaline re-
uptake. However and since noradrenaline was not experi-
mentally measured, the mechanistic interpretation of the
estimate of kout, as in the case of ke0, should be done with
caution. Since both compounds share the same mechanism, a
competitive model accounting for the interaction between the
two compounds seems to be the natural choice. SS-M1
resulted in a much less potent compound, in fact its
contribution to the overall effect after administration of
racemic tramadol can be considered negligible. The ratio
between the IC50 estimates for SS-M1 and SS-T has a value of

3.8, which is very similar to the ratio that can be derived from
the Ki (mol/l) values of SS-M1 (1.8×10−6) and SS-T (5.9×
10−7) calculated from in vitro data of NA uptake inhibition
(3) which is 3.05. Regarding RR-M1 we computed the ratio
between its IC50 (20.2 ng/ml) and the IC50 of SS-T (230 ng/ml)
resulting a value of 0.088. A result close to the value obtained
from the Ki ratio between RR-M1 [μ-receptor in vitro activity
(2.2×10−8)] and SS-T [in vitro data of NA uptake inhibition
(5.9×10−7)] which is 0.04 (3). These findings support the
mechanistic characteristic of the proposed model.

Finally, Fig. 8 shows the contribution of the baseline, SS-
M1, SS-T, and RR-M1 effects to the response profiles after a
2 h intravenous infusion of 5 mg/kg of racemic tramadol
based on the model estimates listed in Table II. Effects of SS-
M1 are negligible, and SS-T contributes slightly to the
response mediated by RR-M1. This plots shows also that
tramadol effects would not be completely abolished in the
case of poor formation of M1, implying that completed
blockade of the RR-M1 formation pathway would not abolish
totally the effects of tramadol, as it has been seen in the case
of clinical data (26). Administration of higher doses of
tramadol in an attempt to overcome the hypoalgesic effects
of a reduction in RR-M1 formation would not be indicated
because of the increase rate of adverse effects. This important
issue has not been addressed in the current study, and will the
natural continuation with the goal of establish the utility
function of tramadol at different degrees of RR-M1 formation
inhibition.

Although μ-opioid receptor expression has been shown
to be reduced in neuropathic pain states in animals (27), μ-
opioid receptor agonists show analgesic efficacy in neuro-
pathic pain in rodents (14,16) and human (28–30). On the
other hand, monoaminergic mechanisms at spinal and supra-
spinal levels are thought to be the basis of analgesic efficacy
of antidepressants in neuropathic pain (31). The combination
of both mechanisms could be the basis for the excellent
efficacy of tramadol in neuropathic pain states in animals (14)
and human (32).

The interaction between the μ-receptor and monoamin-
ergic mechanisms was described empirically using a response
surface analysis (24,33) and resulted to be additive, although
it would be also possible to find a different class of interaction
using other animal models of pain. In addition and taking into
consideration the recent published experimental design for
drug combination studies, the dose range used in the current
analysis (34) can be considered limited.

To summarize the results, a semi-mechanistic pk/pd
model has been developed for the tramadol effects in vivo.
The model predicts that RR-M1 is the major active element
but SS-T contributes significantly. Our study also that the
Bennett model is a suitable model for drugs exerting their
action through the opioid and monoamine re-uptake inhibi-
tion systems.
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