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1 The centrally acting analgesic tramadol has recently been reported to cause seizures at re-
commended dosages in patients, whereas animal experiments had indicated that seizures only occur
in high, toxic doses. Tramadol has a dual mechanism of action that includes weak agonistic e�ects
at the mu-opioid receptor as well as inhibition of monoamine (serotonin, norepinephrine) re-uptake.
Its major (M1) metabolite mono-O-desmethyltramadol, which is rapidly formed in vivo, has a
markedly higher a�nity for mu receptors and may thus contribute to the e�ects of the parent
compound. Furthermore, the pharmacological e�ects of tramadol appear to be related to the
di�erent, but complementary and interactive pharmacologies of its enantiomers. In the present
study, we evaluated (+)-tramadol, its enantiomers, and its M1 metabolite ((+)-enantiomer) in the
amygdala kindling model of epilepsy in rats. Adverse e�ects determined in kindled rats were
compared to those in nonkindled rats.

2 At doses within the analgesic range, (+)-tramadol and its enantiomers induced anticonvulsant
e�ects in kindled rats. However, at only slightly higher doses seizures occurred. With (+)-tramadol,
generalized seizures were observed at 30 mg kg71 in most kindled but not in nonkindled rats. The (7)-
enantiomer induced myoclonic seizures at 30 mg kg71 in most kindled but not in nonkindled rats,
although myoclonic seizure activity was observed in some nonkindled rats at 10 or 20 mg kg71.
Seizures were also observed after the (+)-enantiomer and the (+)-enantiomer of the M1 metabolite,
but experiments with higher doses of these compounds were limited by marked respiratory depression.

3 The data demonstrate that kindling enhances the susceptibility of rats to convulsant adverse
e�ects of tramadol and its enantiomers, indicating that a preexisting lowered seizure threshold
increases the risk of tramadol-induced seizures.
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Introduction

The centrally acting analgesic tramadol possesses weak opioid

agonist properties and inhibits norepinephrine (NE) and
serotonin (5-hydroxytryptamine, 5-HT) uptake (Dayer et al.,
1994; Ra�a et al., 1995; Lewis & Han, 1997). Tramadol is an

e�ective and relative safe analgesic that has been prescribed for
almost two decades in Europe, and was approved for
marketing in the United States in 1995 for the treatment of

moderate to moderately severe pain (Lee et al., 1993; Gibson,
1996; Lewis & Han, 1997; Bamigbade & Langford, 1998).
However, in the years after its release in the United States, an
increased risk of seizures associated with tramadol was

reported (Kahn et al., 1997). This adverse drug e�ect occurred
at recommended dosages, although an overdose may increase
the risk of tramadol-related seizures (Kahn et al., 1997). It is

long known that opioid analgesics such as morphine and
related drugs can produce convulsions, but with most opioids
convulsions occur only in doses far in excess of those required

to produce profound analgesia (c.f., Frenk, 1983). With respect
to tramadol, animal experiments also indicated that convul-

sions only occur in high, toxic doses (Friderichs et al., 1978;

Osterloh et al., 1978; Matthiesen et al., 1998). This apparent
paradox between preclinical data and the risk of seizures
associated with tramadol in patients may be related to the fact

that most clinical reports were from patients receiving
concomitant treatment with other drugs which may increase
the risk of tramadol-related seizures (Khan et al., 1997; Jick et

al., 1998).
In the present study, we used the kindling model of

temporal lobe epilepsy to evaluate the proconvulsant activity
of tramadol in more detail. Because a recent study indicated

that tramadol exerts anticonvulsant e�ects in the maximal
electroshock seizure (MES) test in mice (Manocha et al., 1998),
we also assessed whether tramadol possesses anticonvulsant

activity in the kindling model. In view of our previous ®nding
that kindling-induced epileptogenesis may enhance the adverse
e�ect potential of drugs (LoÈ scher & HoÈ nack, 1991; HoÈ nack &

LoÈ scher, 1995; LoÈ scher, 1998; Wlaz & LoÈ scher, 1998), adverse
e�ects of tramadol in kindled rats were compared to those in
nonkindled rats.

Tramadol is a racemic 1:1 mixture of two enantiomers, (+)-
tramadol and (7)-tramadol which di�er in their potencies at
opioid receptors and monoamine uptake sites (Ra�a et al.,
1993). Furthermore, (+)-tramadol is rapidly metabolized to
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mono-O-desmethyltramadol (M1 metabolite; see Figure 1)
which also binds to opioid receptors (Ra�a et al., 1995;
Gibson, 1996). In addition to testing tramadol, we therefore

evaluated the extent to which the enantiomers and the M1
metabolite contribute to tramadol's anticonvulsant and
proconvulsant e�ects in rats.

Methods

Animals

Female Wistar rats (Harlan-Winkelmann, Borchen, Germany),

weighing 200 ± 300 g, were used. The animals were purchased
from the breeder at a body weight of 180 ± 220 g. Following
arrival in the animal colony, the rats were kept under controlled

environmental conditions (ambient temperature 24 ± 258C,
humidity 50 ± 60%, 12/12 h light/dark cycle, light on at 0700)
for at least 1 week before being used in the experiments.
Standard laboratory chow (Altromin 1324 standard diet) and

tap water were allowed ad libitum. All animal care and handling
was conducted in compliance with the German Animal Welfare
Act and was approved by the responsible governmental agency

in Hannover. With respect to the use of females, it is important
to note that we previously showed that neither seizure
susceptibility nor anticonvulsant drug e�ects are a�ected by the

estrous cycle in fully kindled female rats as used in the present
study (Rundfeldt et al., 1990; Wahnscha�e & LoÈ scher, 1992).

Kindling

A bipolar electrode for electrical stimulation and electro-

encephalogram (EEG) recording was stereotaxically implanted
into the basolateral nucleus of the right amygdala as previously
described (LoÈ scher & HoÈ nack, 1995). After a postoperative
period of 2 weeks, constant current stimulations (500 mA,

1 ms, monophasic square-wave pulses, 50 s71 for 1 s) were
delivered to the amygdala once per day (®ve stimulations per
week) until 10 sequential fully kindled (i.e., focal and

secondarily generalized clonic) seizures were elicited.

Evaluation of drug e�ects on seizure threshold

For evaluation of anticonvulsant drug e�ects on focal seizures,
the afterdischarge threshold (ADT), i.e., the most sensitive

measure of anticonvulsant activity against focal seizure activity
in kindled rats, was recorded after kindling acquisition (with
an interval of at least 4 days after the 10th stage 5 seizure)
using an ascending stairstep procedure (Freeman & Jarvis,

1981). The initial current intensity was 10 mA, and the current
intensity was increased in steps of about 20% of the previous
current at intervals of 1 min until an afterdischarge of at least

3 s duration was elicited in the EEG recorded via the
implanted electrode from the amygdala. In addition to ADT,
the following parameters of kindled seizures were measured at

ADT current: Seizure severity was classi®ed according to
Racine (1972): (1) immobility, eye closure, twitching of

Figure 1 Stereochemistry of tramadol and metabolic activation to the M1-metabolite O-desmethyltramadol.
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vibrissae, sni�ng, facial clonus; (2) head nodding associated
with more severe facial clonus; (3) clonus of one forelimb; (4)
rearing, often accompanied by bilateral forelimb clonus; (5)

rearing with loss of balance and falling accompanied by
generalized clonic seizures. Almost all rats showed focal (stage
1 and 2) and secondarily generalized (stage 3 ± 5) seizures at
focal seizure threshold (ADT) currents. Seizure duration was

the duration of limbic (stage 1 and 2) and/or motor seizures
(stage 3 ± 5). Motor seizures were followed by a period
characterized by immobility and occasional facial clonus or

head nodding. This period from the end of motor seizures to
onset of normal behaviour was termed postictal behavioural
depression. Afterdischarge duration was the total time of

spikes in the EEG recorded from the site of stimulation. After
all rats showed reproducible ADTs, the e�ects of test
compounds on ADT and severity and duration of seizures

recorded at ADT were determined in groups of 7 ± 9 fully
kindled rats 30 min after i.p. administration. The control ADT
was determined 2 ± 3 days prior to and after each drug
treatment, and the next drug experiment was only undertaken

if the post-drug ADT was not signi®cantly di�erent from the
pre-drug ADT. For control determinations, rats received i.p.
administration of vehicle with the same pretreatment time as in

the respective drug experiment. For all drug experiments, at
least 7 days were interposed between two drug injections in the
same group of rats in order to avoid alterations in drug

potency due to cumulation or tolerance.

Evaluation of adverse e�ects

For examination of behavioural drug e�ects, the animals were
removed from their home cages and placed singly in plastic
cages. The animals were continuously observed for alterations

in behaviour after i.p. drug injection up to the time of
amygdala stimulation. Control experiments with vehicle
injection were done in the same way. For all observations,

rigorous observational protocols described elsewhere were
used (LoÈ scher and HoÈ nack, 1992; 1995). Ataxia and sedation
were scored using a rating system as described previously

(HoÈ nack & LoÈ scher, 1995). In addition to rating motor
impairment by observational scores, impaired motor function
was quantitated by the rotarod test 15 min after drug injection
and shortly before amygdala stimulation as described

previously (HoÈ nack & LoÈ scher, 1995). Except at the highest
doses, rats passed the rotarod test in all drug experiments, so
that data are not illustrated in the Results section.

For comparison with the kindled rats, age-matched non-
kindled (and non-implanted) rats were used in some
experiments on drug adverse e�ects. In all experiments in

kindled and nonkindled rats, rectal body temperature was
recorded by an electronic thermometer immediately before and
15 and 28 min after drug or vehicle administration. Since none

of the various drug treatments signi®cantly a�ected body
temperature, no detailed data are given in the Results section.

All rats were habituated to the various manipulations prior
to onset of the drug experiments. Vehicle injection did not

induce any behavioural alterations or rotarod failures, but
sometimes signi®cantly increased body temperature, most
likely due to the stress associated with handling of the animals.

Statistics

Signi®cance of di�erences between seizure readings (ADT and
severity and duration of seizures) in the same group of rats
(e.g., the di�erence between control and drug trial) was
calculated by the Wilcoxon signed-rank test for paired

replicates. With respect to body temperature, signi®cance of
di�erence to predrug values in the same group of rats was
determined by Student's t-test for paired data. Fisher's exact

test was used to compare seizure incidence between groups.

Drugs

All compounds (racemic tramadol, (7)-tramadol, (+)-
tramadol, and the (+)-enantiomer of O-desmethyltramadol;
see Figure 1) were synthesized at GruÈ nenthal and were freshly

dissolved in distilled water prior to each experiment. Controls
received the same volume of saline. Administration volume
was 3 ml kg71 i.p.

Results

(+)-Tramadol

The racemate of tramadol was tested in fully kindled rats at

doses of 2.5, 5, 10, 20 and 30 mg kg71. At the lowest dose, a
tendency for increased ADT was observed, which, however,
was not signi®cant (Figure 2). Seizure severity (SS), seizure

duration (SD), and afterdischarge duration (ADD) recorded at
ADT were not signi®cantly a�ected at 2.5 mg kg71 (Figure 2).
However, the duration of postictal behavioural depression was

signi®cantly increased from 133+28.9 s (mean+s.e.mean,
n=9) to 262+29.1 s (P=0.0117). No behavioural adverse
e�ects were noted at 2.5 mg kg71. At 5 mg kg71, a signi®cant

increase in ADT of 57% above control was obtained, i.e.,
tramadol exerted anticonvulsant activity on focal seizure
threshold at this dose. This e�ect was lost at higher doses
(Figure 2). However, a signi®cant reduction of SD was

determined at 10 mg kg71 and a signi®cant reduction in ADD
at 20 mg kg71. The duration of postictal behavioural
depression was not signi®cantly a�ected by 5, 10 or

20 mg kg71 of tramadol. No behavioural adverse e�ects and
no indication of any proconvulsant e�ect were seen at these
doses.

However, by increasing the dosage of (+)-tramadol to
30 mg kg71, severe adverse e�ects occurred. Five of seven
kindled rats showed tramadol-induced seizures before amyg-
dala stimulation (Table 1). One of these rats exhibited facial

myoclonic (stage 2) seizures after 15 min; at ADT determina-
tion a stage 5 seizure occurred four steps below the predrug
control ADT, indicating a markedly reduced seizure threshold.

The other four rats showed generalized (stage 3, 4 or 5)
seizures beginning at 15 ± 18 min following tramadol. In one of
these rats, the generalized seizures culminated into a status

epilepticus, which was terminated by diazepam. In these rats
with generalized seizures, no ADT was determined. In the two
kindled rats without tramadol-induced seizures, ADT was

either decreased or not altered compared to predrug control
ADT.

In ®ve nonkindled controls, no seizures were observed after
tramadol, 30 mg kg71 (Table 1). The di�erence in seizure

incidence between kindled and nonkindled rats was signi®cant
(Table 1). Apart from seizures, tramadol, 30 mg kg71, induced
Straub tail, moderate ataxia and sedation in both kindled and

nonkindled rats.

(7)-Tramadol

The (7)-enantiomer of tramadol was tested in kindled rats
at the same doses as the racemate (Figure 3). Signi®cant
increases in ADT of 79, 89 and 97% above predrug control
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were seen at 2.5, 5 and 10 mg kg71, respectively. Although a

tendency for increased ADT was also seen at 20 and
30 mg kg71, this was not statistically signi®cant, because of
high interindividual variation in e�ects on ADT. Except a
signi®cant decrease in SD at 5 mg kg71 and a signi®cant

decrease in ADD at 30 mg kg71, no signi®cant e�ects on
SS, SD, or ADD were recorded. The duration of postictal
behavioural depression was not signi®cantly a�ected by the

(7)-enantiomer.
During the ADT determinations with the (7)-enantiomer,

rats often reacted with increased susceptibility to the stimulus.

Thus, all rats showed prolonged myoclonic activity after the
®rst amygdala stimulation following 10 or 20 mg kg71, which
was not observed in these rats during determination of control
ADT. At 2.5 mg kg71, one rat developed a status with

generalized seizures after the ADT determination, which had
to be interrupted by diazepam.

Up to 10 mg kg71 (7)-tramadol, no seizures were observed

in kindled rats before ADT determination after 30 min (Table

1). At 20 mg kg71, one kindled rat developed a generalized

(stage 5) seizure after 28 min, which lasted for 6 min.
Therefore, this rat was excluded from ADT determination.
At 30 mg kg71, seven of eight kindled rats exhibited myoclonic
twitches before ADT determination (Table 1). In nonkindled

rats, myoclonic seizures were observed after 10 and
20 mg kg71 (7)-tramadol (Table 1). At 10 mg kg71, the
incidence of myoclonic activity was signi®cantly higher in

nonkindled than kindled rats. At 30 mg kg71, nonkindled rats
showed hyperexcitability but no seizure activity, resulting in a
signi®cant di�erence in (7)-tramadol-induced seizure activity

between kindled and nonkindled rats (Table 1). Except
seizures, no other adverse e�ects were recorded after (7)-
tramadol.

(+)-Tramadol

The (+)-enantiomer was tested at doses of 1 ± 30 mg kg71 in

kindled rats. At doses of 1, 2.5, 5 or 10 mg kg71, ADT was not

Figure 2 E�ect of (+)-tramadol on afterdischarge threshold (ADT) and seizure severity (SS), seizure duration (SD), and
afterdischarge duration (ADD) recorded at ADT in fully kindled rats. Doses in mg kg71 i.p. are indicated below each bar. Data
from predrug control trials are shown as open bars. Data are means+s.e.mean of groups of nine rats per dose. Signi®cance of
di�erence between a drug trial and the individual predrug control experiment in the same group of rats is indicated by asterisk
(P50.05).

Table 1 Seizures induced by tramadol, its enantiomers, and the (+)-M1 metabolite in kindled and non-kindled rats

Number of rats with seizures/number of rats tested

Dose (+)-Tramadol (7)-Tramadol (+)-Tramadol (+)-Desmethyltramadol
(mg kg71 i.p.) Kindled Nonkindled Kindled Nonkindled Kindled Nonkindled Kindled Nonkindled

1
2.5
5
10
20
30

n.t.
0/9
0/9
0/9
0/9

5/7** (MS,GS)

n.t.
n.t.
n.t.
n.t.
n.t.
0/5

n.t.
0/9
0/9
0/9

1/8 (GS)
7/8*** (MS)

n.t.
n.t.
n.t.

4/8* (MS)
4/8 (MS)

0/8

0/8
0/8
0/8

1/8 (GS)
0/2

2/2 (GS)

n.t.
n.t.
n.t.
n.t.
0/2
0/2

0/8
0/8

1/2 (MS)
0/2
n.t.
0/2

n.t.
0/5
0/5
0/2
n.t.
0/2

n.t.=`not tested'; MS=myoclonic seizures; GS=generalized seizures: *P=0.0294 vs kindled; **P=0.0278 vs nonkindled; ***P=0.0014
vs nonkindled.
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signi®cantly altered, but SS was signi®cantly reduced at
5 mg kg71, SD at 2.5, 5 and 10 mg kg71, and ADD at
10 mg kg71 (Figure 4). The duration of postictal behavioural

depression was signi®cantly increased at 1 mg kg71 (from

284+38.4 s to 464+48.6 s; n=8; P=0.0234) and 2.5 mg kg71

(from 273+23.0 s to 769+96.1 s; n=8; P=0.0078), but not at
higher doses. Straub tail and moderate sedation were recorded

after 2.5 and 5 mg kg71. At 10 mg kg71, one rat displayed a

Figure 3 E�ect of (7)-tramadol on afterdischarge threshold (ADT) and seizure severity (SS), seizure duration (SD), and
afterdischarge duration (ADD) recorded at ADT in fully kindled rats. Doses in mg kg71 i.p. are indicated below each bar. Data
from predrug control trials are shown as open bars. Data are means+s.e.mean of groups of 7 ± 9 rats per dose. Signi®cance of
di�erence between a drug trial and the individual predrug control experiment in the same group of rats is indicated by asterisk
(P50.05).

Figure 4 E�ect of (+)-tramadol on afterdischarge threshold (ADT) and seizure severity (SS), seizure duration (SD), and
afterdischarge duration (ADD) recorded at ADT in fully kindled rats. Doses in mg kg71 i.p. are indicated below each bar. Data
from predrug control trials are shown as open bars. Data are means+s.e.mean of groups of 7 ± 8 rats per dose. Signi®cance of
di�erence between a drug trial and the individual predrug control experiment in the same group of rats is indicated by asterisk
(P50.05).
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generalized (stage 4 ± 5) seizure 28 min after drug injection
(Table 1), and was therefore not used for ADT determination.
Increase of dosage to 20 mg kg71 induced severe respiratory

depression, so that only two rats were treated with this dose.
One of these rats showed loss of righting re¯exes. ADT was
unchanged in one rat, but increased in the other. Further
increase in dosage to 30 mg kg71 led to generalized (stage 4)

seizures in both rats treated with this dose (Table 1), so that
ADT was not determined. Furthermore, these rats showed
respiratory depression, ataxia, catalepsy, extended hind legs

and loss of righting re¯exes. One rat died 12 h following drug
injection. In nonkindled rats, no seizures were observed after
20 or 30 mg kg71 of the (+)-enantiomer, but rats displayed

severe respiratory depression.

(+)-Desmethyltramadol (M1 metabolite)

The (+)-enantiomer of the M1 metabolite was tested at doses
of 1, 2.5, 5, 10 and 30 mg kg71 in kindled rats. At 1 or
2.5 mg kg71, no signi®cant e�ects on ADT or seizure

parameters recorded at ADT were determined (Figure 5).
Straub tail and moderate sedation were observed after
2.5 mg kg71. Increase of dosage to 5 mg kg71 led to severe

respiratory depression, so that only two rats were tested with
this dose. One of these rats exhibited myoclonic twitches
before ADT determination (Table 1). ADT was not a�ected

(not illustrated). At 10 and 30 mg kg71 (tested in two rats
each), severe respiratory depression and catalepsy with muscle
rigidity, but no seizures were observed. ADT was not a�ected

at 10, but markedly increased at 30 mg kg71 (not illustrated).
One of the rats treated with 30 mg kg71 died within 24 h after

drug injection. In nonkindled rats, severe respiratory depres-
sion was observed following 10 or 30 mg kg71 of the
metabolite (Table 1).

Discussion

High doses of morphine and other opioid analgesics can
induce naloxone-insensitive electrographic epileptiform pat-
terns and behavioural convulsions in a variety of species,

including humans (Frenk, 1983; Reisine & Pasternak, 1996). In
contrast, administration of opioid analgesics at lower doses
within the analgesic range have been reported to induce

anticonvulsant e�ects (Frenk, 1983; Czuczwar & Frey, 1986;
Schwark et al., 1986). However, depending on a�nity and
intrinsic e�cacy at multiple opioid receptors, the seizure

model, or alterations in brain function, such low doses of
opioid analgesics may be proconvulsant, too (Frenk, 1983).
For instance, fentanyl and alfentanyl have been reported to
enhance focal seizure activity in patients with temporal lobe

epilepsy (Bowdle, 1998). In line with this clinical ®nding, small
doses of fentanyl decreased the focal seizure threshold (ADT)
in the amygdala kindling model of temporal lobe epilepsy in

rats (Schwark et al., 1986). Epilepsy may also increase the
sensitivity to proconvulsant action of morphine; e.g., extremely
low doses of morphine elicited seizures in genetically epilepsy-

prone rats (Reigel et al., 1988) and amygdala kindled rats
showed a heightened sensitivity to morphine's convulsive
e�ects which could be blocked by naloxone (Mansour &

Valenstein, 1984). Indeed, increased opioid receptor binding
has been described in patients with temporal lobe epilepsy and

Figure 5 E�ect of (+)-desmethyltramadol, i.e., the active M1 metabolite of tramadol on afterdischarge threshold (ADT) and
seizure severity (SS), seizure duration (SD), and afterdischarge duration (ADD) recorded at ADT in fully kindled rats. Doses in
mg kg71 i.p. are indicated below each bar. Data from predrug control trials are shown as open bars. Data are means+s.e.mean of
groups of 8 ± 9 rats per dose. Signi®cance of di�erence between a drug trial and the individual predrug control experiment in the
same group of rats is indicated by asterisk (P50.05).
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di�erent models of epilepsy, including amygdala kindling (Lee
et al., 1986; Frost et al., 1988; Fisher & Frost, 1991; Engel &
Rocha, 1992; Rocha et al., 1993), which may explain the

increased susceptibility to proconvulsant e�ects of opioid
analgesics.

In the present experiments with (+)-tramadol, myoclonic
seizures and generalized convulsions were induced by

administration of 30 mg kg1 in kindled but not in nonkindled
rats, which seem to substantiate that seizure proneness
increases the sensitivity to opioid receptor activation.

Although (+)-tramadol is only a weak mu receptor agonist
(Ki 8.3 mM vs 0.0021 mM for morphine; Frink et al., 1996; see
Table 2), the (+)-enantiomer of the M1 metabolite, which is

rapidly formed in vivo (see Figure 1), is much more potent
(Frink et al., 1996; Lai et al., 1996). It has therefore been
suggested that (+)-M1 might be a major source of the opioid

component of tramadol-induced analgesia (Lai et al., 1996).
Compared to a�nity for mu receptors, a�nities of (+)-
tramadol or its enantiomers to delta and kappa opioid
receptors are much lower (Table 2). Nevertheless, in view of

previous ®ndings indicating an important role of the delta
receptor in proconvulsant e�ects of opioids (Frenk, 1983; Dua
et al., 1985; Reisine & Pasternak, 1996), this receptor type may

be involved in the convulsant activity seen after high doses of
tramadol, too. In this respect, it also important to note that the
(+)-M1 metabolite of tramadol has an about 150 times higher

potency at the delta receptor (Ki 0.69 mM) than the parent
compound (Table 2).

In rodent antinociception tests, (+)-tramadol exerts

antinociceptive e�ects with ED50s ranging between 3 and
20 mg kg71 after s.c. or i.p. administration (Friderichs et al.,
1978; Ra�a et al., 1993). Evaluation of the enantiomers of
tramadol in such tests has shown complementary and

synergistic antinociceptive interaction between (+)- and (7)-
tramadol (Ra�a et al., 1993). (+)-Tramadol is 30 times as
potent as (7)-tramadol at the mu site and ®ve times more

potent to inhibit uptake of 5-HT, whereas the (7)-enantiomer
is about 10 times more potent than the (+)-enantiomer in
blocking NE uptake (see Table 2). Both the mu agonism and

the 5-HT and NE uptake inhibition are thought to contribute
to the antinociception produced by (+)-tramadol in vivo (Lee
et al., 1993; Ra�a et al., 1993; Dayer et al., 1994; Lai et al.,
1996; Bamigbade & Langford, 1998).

Respiratory depression is the most severe opioid adverse
e�ect and is thought to be primarily mediated via mu receptors
(Bowdle, 1998). The di�erences in mu potencies between

tramadol, its enantiomers and the (+)-M1 metabolite ((+)-
M144 (+) - tramadol4(+)- tramadol44 (7) - tramadol;
Ra�a et al., 1993; Frink et al., 1996; Lai et al., 1996; see Table

2) therefore explain the present ®nding that respiratory
depression was observed at relatively low doses of the (+)-
M1 metabolite (5 mg kg71) and (+)-tramadol (20 mg kg71),

but not the racemate and the (7)-enantiomer. Respiratory
depression limited the dose range of (+)-tramadol and the
(+)-M1 metabolite which could be tested for proconvulsant

activity. Both compounds induced seizures in kindled rats at
doses below those of (+)-tramadol, which could indicate that
the mu receptor was involved in this convulsant activity.
However, previous experiments in nonkindled rats and mice

have shown that the seizures occurring after high doses of (+)-
tramadol are not blocked by high doses (10 mg kg71) of
naloxone (Friderichs et al., unpublished data), which is similar

to the naloxone-insensitive convulsions observed after high
doses of morphine and other opioid analgesics (Frenk, 1983;
Reisine & Pasternak, 1996), and argues against a critical role of

the mu-receptor in tramadol-induced seizures. Furthermore,
(7)-tramadol, which is about 15 times less potent at mu
receptors in rat brain preparations than the racemate (Table 2),

exhibited a similar convulsant potency in kindled rats than the
(+)-racemate in the present experiments. In this respect it is
important to note that the type of seizures di�ered. At
30 mg kg71, (+)-tramadol predominantly induced generalized

convulsive seizures, whereas (7)-tramadol induced myoclonic
(nonconvulsive) seizures. It has been shown previously in rats
that classical opioid analgesics such as morphine produce

generalized convulsive seizures while delta agonists produce
nonconvulsive seizure activity (Snead & Bearden, 1982). This
could indicate that a delta receptor agonistic e�ect was

involved in the present observations with the (7)-enantiomer
of tramadol which, however, is unlikely because of the weak
potency of (7)-tramadol at this opioid receptor subtype

(Ra�a et al., 1993; Lai et al., 1996).
In lower (analgesic range) doses (c.f., Ra�a et al., 1993),

(+)-tramadol and its (7)-enantiomer increased the focal
seizure threshold (ADT) in kindled rats, while the (+)-

enantiomer and the (+)-M1 metabolite did not exert such an
anticonvulsant e�ect. Instead, (+)-tramadol was relatively
potent to decrease seizure and afterdischarge duration,

indicating that this drug inhibited seizure propagation from
the focus. This observation suggests that di�erent mechanisms
underlie the anticonvulsant properties of the two tramadol

enantiomers. Furthermore, the di�erences in anticonvulsant
activity between (+)-tramadol, its enantiomers, and the (+)-
M1 metabolite seem to indicate that these e�ects were not
primarily mediated via mu receptors. However, previous

experiments with opioid analgesics also resulted in di�erences
between di�erent mu agonists in the kindling model (Albertson
et al., 1984; Schwark et al., 1986). For instance, analgesic doses

of morphine increased ADT but exerted no signi®cant e�ects
on SS, SD, or ADD, while fentanyl did not increase ADT but
signi®cantly decreased SS, SD, and ADD (Schwark et al.,

1986). With respect to tramadol and its enantiomers, in
addition to mu receptor activation the inhibitory e�ects on
monoamine uptake could be involved in the anticonvulsant

Table 2 Inhibition of opioid binding or monoamine uptake by tramadol, its enantiomers and the M1 metabolite

Ki (mM)
Compound Mu Delta Kappa NE 5-HT

(+)-Tramadol
(+)-Tramadol
(7)-Tramadol
(+)-Desmethyltramadol (M1)
Morphine
Fluoxetine

8.3
4.4
130
0.017
0.0021
n.d.

100
54
490
0.69
0.08
n.d.

81
83
81
1.8
0.17
n.d.

1.8
6.9
0.59
42
4100
0.53

1.9
0.87
4.8
7.5

4100
0.026

Data are from rat brain preparations and were adapted from Frink et al. (1996); morphine and ¯uoxetine are included for comparison;
`n.d.'=not determined.
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activity observed at low doses of these compounds in the
kindling model. It is well established that drugs enhancing
serotonergic or noradrenergic activity exert anticonvulsant

activity in di�erent seizure models (Kilian & Frey, 1973;
Peterson & Albertson, 1982; Przegalinski, 1985; Corcoran &
Weiss, 1990). Antidepressant drugs, which block the uptake of
NE, 5-HT, or both biogenic amines, were consistently shown

to exert anticonvulsant activity after acute administration in
fully kindled animals (Stach et al., 1980; Knobloch et al., 1982;
Cli�ord et al., 1985; Minabe et al., 1987; Yacobi & Burnham,

1991). However, clinically many antidepressant drugs are
thought to have the potential to provoke seizures, particularly
in patients with a preexisting lowered seizure threshold

(Trimble, 1984; Lipka & Lathers, 1987; Brodie, 1992).
Correlations between the incidence of antidepressant-induced
seizures and doses or plasma concentrations strongly indicate

that this apparent paradox between preclinical and clinical
®ndings is related to the fact that an increased risk for seizures
in patients almost exclusively occurs after high doses or
elevated plasma concentrations of antidepressant agents

(Preskorn & Fast, 1992; Dailey & Naritoku, 1996; Alldredge,
1999). Thus, the antidepressant drugs are like several
antiepileptic drugs that can both prevent and cause seizures

(Dailey & Naritoku, 1996). It is therefore possible that
tramadol's inhibitory e�ect on 5-HT and NE uptake is
involved both in its anticonvulsant and convulsant activity.

In this respect, it is interesting to note that concomitant
treatment with antidepressant medications appears to increase
the risk of tramadol-related seizures (Kahn et al., 1997).

With respect to tramadol's anticonvulsant activity seen at
low doses in the present experiments in kindled rats, previous
studies in other seizure models yielded inconsistent results. In
the MES test in mice, (+)-tramadol, 10 ± 40 mg kg71 orally,

exerted no anticonvulsant e�ects (Osterloh et al., 1978). When
seizures were induced by pentylenetetrazol in mice, tramadol,
10 ± 40 mg kg71, did not a�ect seizures or mortality (Osterloh

et al., 1978). However, in a more recent study on MES in mice,
i.p. administration of tramadol resulted in a dose-dependent
reduction in the duration of tonic hindlimb extension with an

ED50 of 33 mg kg71 (Manocha et al., 1998). The anticon-
vulsant e�ect was antagonized by a selective kappa receptor
antagonist and also by high doses of naloxone, whereas low
doses of naloxone were ine�ective. The authors concluded that

the anti-MES e�ect of tramadol is mediated by kappa
receptors (Manocha et al., 1998). In rat brain preparations,
(+)-tramadol and its enantiomers inhibit kappa opioid

binding with Kis of about 80 mM (Table 2), i.e., with about
the same potency, while the respective potency of the (+)-M1
metabolite is much higher (Ki 1.8 mM; Frink et al., 1996). The

di�erences in anticonvulsant activity between (+)-tramadol
and its enantiomers and the (+)-M1 metabolite observed in
the present study in kindled rats make it unlikely that e�ects on

kappa receptors are critically involved. On the other hand,

based on experiments with opioid analgesics in an electro-
convulsive model in mice, Frey (1988) has proposed that
stimulation of both mu and kappa receptors acts synergistically

in evoking anticonvulsant e�ects, and that these e�ects may be
inhibited or abolished when one of both binding sites is
blocked, which could explain the observations of Manocha et
al. (1998) with tramadol.

Interestingly, low doses of (+)-tramadol and its (+)-
enantiomer markedly increased the duration of postictal
behavioural depression in the present experiments in kindled

rats. There is evidence that endogenous opioids mediate limbic
postictal events, including behavioural suppression and
decreased seizure susceptibility (Frenk et al., 1979; Frenk,

1983; Caldecott-Hazard & Engel, 1987; Tortella, 1988; Hong,
1992; Rocha et al., 1997). For instance, the inhibition that one
kindled seizure produces upon a subsequent seizure is reduced

by naloxone (Frenk, 1983; Tortella, 1988). Various types of
seizures, including amygdala kindled seizures, have shown to
be followed by a transient increase in release of endogenous
opioids, and it has been suggested that endogenous opioids

may play an important functional role in the mechanisms of
seizure arrest and postseizure refractoriness (Frenk, 1983;
Tortella, 1988; Hong, 1992; Rocha et al., 1997). The signi®cant

increase in the duration of postictal behavioural depression
seen after low doses of tramadol and its (+)-enantiomer in the
present study may thus indicate that these drugs interacted in

an additive manner with endogenous opioids.
In conclusion, the present data from the kindling model

show that tramadol exerts anticonvulsant activity at doses

within the analgesic range, but only moderately higher doses
induce myoclonic activity and generalized convulsions, which
are not seen at these i.p. doses in nonkindled rats. After i.v.
administration, clonic or tonic-clonic convulsions have been

reported previously in NMRI mice, Sprague-Dawley rats,
rabbits, and dogs following doses of tramadol of 10 ±
20 mg kg71 (Osterloh et al., 1978). After i.p. application of

(+)-tramadol in female Wistar rats (as used in the present
study), convulsions were observed after doses of 50 ±
60 mg kg71 (Friderichs, unpublished data). The present results

indicate that epileptogenesis as induced by kindling enhances
the convulsant potency of tramadol. Convulsant activity was
found with both enantiomers of tramadol and the (+)-M1
metabolite, indicating that these compounds interact in a

complementary manner to produce seizures. In view of the
complex e�ects of tramadol on opioid receptors and
monoamine uptake, it is not possible to conclude which

mechanism is primarily responsible for the observed e�ects in
kindled rats.

We thank Mrs M. SchroÈ der for technical assistance. The study was
supported by grants from GruÈ nenthal (Aachen, Germany).
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