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Safety pharmacology studies, which are performed before first studies with investigational drugs in humans,
often include experiments on proconvulsant drug activity, because such drugs are thought to promote
seizures by decreasing seizure threshold. A commonly used model for the assessment of proconvulsant
activity of investigational or marketed drugs is the timed intravenous pentylenetetrazole (PTZ) infusion
seizure test, in which the latency to myoclonic or clonic seizures is determined by PTZ infusion in mice or
rats. This test provides an extremely sensitive parametric method for assessing seizure threshold and allows
detecting both anticonvulsant and proconvulsant drug effects. The aim of this review is to critically review
the concept of “proconvulsant” drug activity and discuss data obtained by the PTZ and other seizure
threshold tests as well as the various factors that may affect seizure threshold determinations. Furthermore,
preclinical and clinical data on proconvulsant drug activity are compared. It is concluded that a battery of
different tests is needed to provide the most reliable conclusions about the proconvulsant profile, if any, of
drugs. Furthermore, misconceptions regarding proconvulsant drug effects, which can result in the
undertreatment of brain diseases, are discussed.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Safety pharmacology studies in rodents, which are performed
before first studies with investigational drugs in humans, often
include experiments on seizure threshold for detection of proconvul-
sant drug activity (Porsolt et al., 2002; Gad, 2003; Kumar et al., 2007).
Preclinical testing for proconvulsant activity is considered important,
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Fig. 1. Schematic illustration of timed i.v. PTZ infusion in an unrestrained mouse or rat.
PTZ is continuously infused via a thin, flexible plastic catheter of about 30 cm or longer,
connected by means of the sharp cut off end of an injection needle to a tail vein
as described by Hint and Richter (1958). Some groups have infused PTZ into the
jugular vein of rats (e.g., Pollack and Shen, 1985; Löscher and Hönack, 1995), but this
necessitates surgery with implantation of a cannula into the vein under anesthesia at
least one day before the PTZ seizure threshold test. During PTZ infusion, the animal is
allowed tomove freely, e.g. in a plastic cage or glass container, which is preferable to any
restraint of the animal that may affect the seizure threshold. The catheter is attached to
a syringe containing PTZ in aqueous solution. PTZ is infused at constant rate by a motor-
driven infusion pump and the latencies to different seizure types occurring during
infusion are recorded with a stop watch or other mechanism. The threshold dose of PTZ
(in mg/kg bodyweight) is calculated from the infusion rate, the body weight of the
animal and the time necessary to produce a specific seizure type, e.g., the first
myoclonic twitch (which occurs with the first paroxysmal EEG activity) or the first
clonic seizure. Usually, infusion of PTZ is terminated immediately following the onset of
this seizure, but one may also continue the infusion to record latencies to all seizure
types (myoclonic, clonic, tonic) occurring during PTZ infusion. Typical infusion rates are
4–8mg PTZ permin in rats and ~3mg PTZ permin inmice, resulting in seizure thresholds
of about 30–40 mg/kg PTZ when using the first clonic seizure as an endpoint (Kilian and
Frey,1973; Frey and Löscher,1980; Vohland et al., 1981; Pollack and Shen,1985; Nutt et al.,
1986; Löscher et al., 1991a). Test drugs are administered at a fixed time (e.g.,15 or 30min)
before onset of PTZ infusion to determine pro- or anticonvulsant effects on the seizure
threshold. The potency of drugs to increase seizure threshold can be determined (and
compared)bycalculating thedoses required to increase thresholdby 50% (TI50 or TID50) in
rats ormice, testing a rangeof doses ingroupsof rodents (Green andMurray,1989; Löscher
and Nolting, 1991). For proconvulsant drugs, potency may be assessed as proconvulsant
threshold dose, i.e., the lowest dose of a drug that significantly decreases the PTZ seizure
threshold.
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because such drugs may promote convulsions, e.g., in patients with
epilepsy or in combinationwith other potentially proconvulsant drugs
(Porsolt et al., 2002; Gad, 2003). It is thus imperative that any
preclinical model that is used for identifying proconvulsant drug
activity correctly predicts such activity and does not produce toomany
false negative results.

Clinically, the terms “proconvulsant” and “convulsant” are often
mixed or even used synonymously, because it is difficult to identify a
drug-induced decrease in seizure threshold in humans, whereas
induction of seizures, particularly in association with drug intoxica-
tion, is an easily recognizable event. However, a drug that induces
seizures at high, toxic doses is not necessarily proconvulsant at lower
doses. Proconvulsant drugs are typically central nervous system (CNS)
stimulants, such as pentylenetetrazole (PTZ), strychnine, theophyll-
line, cocaine or amphetamine, which may lower seizure threshold at
subconvulsive doses, but cause or produce convulsions at higher,
convulsant doses (Herrmann and Coper, 1987; Smith and McBride,
1999). However, a convulsant or proconvulsant effect may also
occur at high doses of drugs that are anticonvulsant at lower doses.
Examples are local anesthetics, such as lidocaine, some antiepileptic
drugs, e.g., carbamazepine and phenytoin, and the general anesthetic
ketamine, all of which exert anticonvulsant effects in humans
(Perucca et al., 1998; Walker and Slovis, 1997; Abend and Dlugos,
2008). Furthermore, convulsions are unspecific adverse symptoms of
many drugs, particularly at high (toxic) doses.

Whether a drug with potential (pro)convulsant activity induces
seizures in humans depends on a number of factors, including dose
(risk usually increases at high, toxic doses), duration of treatment,
comedication with other potentially (pro)convulsant drugs or use of
illicit drugs with (pro)convulsant potential, specific diseases of the
patient, e.g., epilepsy, brain insults, alcohol abuse, age (risk increases
at high age) and genetic factors. Thus, in order to protect humans from
the risk associated with proconvulsant drug effects, the potential of a
drug to induce such effects needs to be determined preclinically. In
view of the widespread use of the timed i.v. PTZ infusion seizure test
for this purpose (White et al., 2008), the aim of this review is to
critically review data obtained by this test, compare the PTZ test with
other models used for assessing proconvulsant drug activity, and
discuss the various factors that may affect seizure threshold and lead
to false positive or negative results on proconvulsant potential of a
drug candidate. Furthermore, preclinical and clinical data on procon-
vulsant drug activity are compared. Finally, misconceptions regarding
proconvulsant drug effects will be discussed.

2. The timed intravenous pentylenetetrazole (PTZ) infusion
seizure test

PTZ, also known as pentetrazol and metrazol, is a CNS stimulant
that is widely used experimentally to study seizure phenomena and to
identify pharmaceuticals thatmay alter seizure susceptibility (Löscher
and Schmidt, 1988; Löscher, 1999; White et al., 2008). PTZ is also a
prototypical anxiogenic drug and may exert positive effects on
cognition (Jung et al., 2002; Rueda et al., 2008). PTZ acts predomi-
nantly by antagonizing GABAergic inhibition via an effect at the
picrotoxin site of the chloride ionophore of the GABAA receptor
(Ramanjaneyulu and Ticku,1984). Because of its stimulatory effects on
the brain stem, PTZ has clinically been used as a circulatory and
respiratory stimulant and, before the invention of electroconvulsive
therapy, for convulsive therapy in patients with major depression
(Fink, 1972, 1984; Herrmann and Coper, 1987).

For assessing proconvulsant drug activity, the timed intravenous
PTZ infusion seizure test has become a standard model (Fig. 1). This
test can be used to assess the ability of a drug to modify seizure
threshold by administering the drug before onset of PTZ infusion. PTZ
is continuously infused intravenously (i.v.) with a constant flow rate
in mice or rats until the appearance of seizures (Orloff et al., 1949;
Hint and Richter, 1958; Fingl and McQuarrie, 1960; Kilian and Frey,
1973; Frey and Löscher, 1980; Pollack and Shen, 1985; Nutt et al., 1986;
Löscher and Schmidt, 1988; Green and Murray, 1989; Löscher et al.,
1991a; Mandhane et al., 2007). The threshold dose of PTZ (in mg/kg)
is calculated from the time needed to produce convulsions, the body
weight of the animal, and the rate of infusion and concentration of the
convulsant in the infusate (Fig.1). This timed intravenous PTZ infusion
seizure test provides an extremely sensitive parametric method for
assessing seizure threshold in individual animals (White et al., 2008).
A quantifiable endpoint can be obtained with a minimal number of
animals. Anticonvulsant drugs will delay the appearance of seizures
(i.e., increase time of infusion to seizures), while proconvulsant drugs
exert the opposite effect (Fig. 2). Different seizure types can be chosen
as endpoint in this test. Usually, the first seizure occurring during PTZ
infusion in rodents and other species is a myoclonic twitch, followed
by clonic and, later, tonic seizures (Löscher and Schmidt, 1988).

As an alternative to i.v. infusion of PTZ, which requires some
technical expertise and equipment (Fig. 1), PTZ is often administered
by the intraperitoneal (i.p.) or subcutaneous (s.c.) routes at con-
vulsant doses for assessment of proconvulsant drug activity in groups
of mice or rats (Lange et al., 1976; Urca and Frenk, 1980; Ogren and
Pakh, 1993; Santos et al., 2002; Zienowicz et al., 2005; Yilmaz et al.,
2007; Rehni et al., 2008). Seizure latency, seizure severity and seizure
duration can be used as endpoints after i.p. or s.c. administration of
PTZ. A proconvulsant drug may decrease seizure latency and increase



Fig. 2. Examples of pro- and anticonvulsant drug effects in the timed i.v. PTZ infusion seizure test in male Wistar rats. The seizure threshold is shown in mg/kg PTZ infused to
the first myoclonic and clonic seizure. Data are means±SEM of 5–8 rats per experiment. PTZ was infused at a concentration of 0.8% at 1 ml/min via the tail vein in unrestricted
rats (see Fig. 1), resulting in a PTZ infusion rate of 8 mg/min. Based on the report of Pollack and Shen (1985), the seizure threshold was determined twice in each rat at an interval of
2–3 days, so that each rat served as its own control. The CNS stimulant d-amphetamine (5 mg/kg), the neuroleptic drug chlorpromazine (3 mg/kg), the atypical opioid analgesic
tramadol (10 mg/kg) and the antiepileptic drug phenobarbital (20 mg/kg) were administered i.p. 30 min before onset of PTZ infusion. Significant drug effects are indicated by
asterisk (Pb0.05). Amphetamine and chlorpromazine decreased the seizure threshold for myoclonic or clonic seizures, i.e., exerted a proconvulsant effect, while phenobarbital
induced an anticonvulsant effect. Tramadol, which was administered at a dose in the analgesic range of this drug in rats, induced a small (14%) but statistically significant decrease in
the seizure threshold for myoclonic seizures. Data are from unpublished experiments by M. Bankstahl and W. Löscher.
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seizure severity or duration. However, the variability of both seizure
latency and incidence with i.p. or s.c. administration of fixed doses of
PTZ in groups of rodents makes it difficult to use in evaluating the
effects of treatment on seizure susceptibility (Nutt et al., 1986). In
contrast, the infusion method of determining seizure threshold
produces accurate measures of doses of PTZ required to elicit a
seizure with little variability about the mean (Pollack and Shen, 1985;
Green and Murray, 1989). As a consequence, compared to i.p. or s.c.
PTZ administration, which has to be performed in relatively large
groups of animals per dose level of a test drug, the saving in animals is
considerable with individual seizure threshold determination by
timed i.v. PTZ infusion. Furthermore, rapid termination of the infusion
at the time of first myoclonic or clonic seizure prevents the onset of
tonic seizures and respiratory arrest, which is not possible with
administration of fixed, suprathreshold doses of PTZ (Pollack and
Shen, 1985; Green and Murray, 1989).

3. Preclinical vs. clinical data on drugs that may lower
seizure threshold

Various clinically approved drugs have been examined in the timed
i.v. PTZ infusion seizure test, often after induction of seizures had been
associated with such drugs in humans (Table 1).

3.1. CNS stimulants

Considering that the CNS stimulant PTZ itself is a proconvulsant
and convulsant drug, it is not surprising that administration of other
CNS stimulants, including amphetamine, methylphenidate and theo-
phylline, before onset of i.v. infusion of PTZ typically lowers the PTZ
threshold inmice or rats (Table 1; Fig. 2), although also anticonvulsant
effects of amphetamine were reported in this test (Kilian and Frey,
1973). Proconvulsant effects of the relatively weak CNS stimulant
caffeine are more difficult to demonstrate in animal models. High
doses of caffeine may induce seizures in both humans and experi-
mental animals (Nehlig et al., 1992; Haller et al., 2005), and lower
doses have been shown to increase seizure length during electro-
convulsive therapy in patients with major depression, substantiating
a proconvulsant potential of this methylxanthine in humans (Stern
et al., 1999; Datto et al., 2002). In rats, caffeine significantly prolongs
electroconvulsions at doses of 25 mg/kg and above (Francis and
Fochtmann, 1994). However, at 20 mg/kg caffeine, a dose that
produces convulsions in humans (Nehlig et al., 1992), no significant
seizure threshold alteration was determined in the i.v. PTZ infusion
test in rats (Table 1). When the threshold for clonic convulsions was
determined in mice after s.c. injection of increasing doses of PTZ,
caffeine significantly decreased the threshold at 90 mg/kg, whereas
lower doses were ineffective (Luszczki et al., 2006). These data may
indicate that electroconvulsions are more sensitive to proconvulsant
effects of caffeine than PTZ-induced seizures.

However, what is the clinical relevance of proconvulsant activity of
CNS stimulants administered at high doses in seizure models?
Clinically, amphetamine has been widely used in epilepsy patients
for counteracting the sedative effect of first generation antiepileptic
drugs, such as phenobarbital or phenytoin, without adverse effect on
the antiepileptic efficacy of the medication (Scholl, 1962). At doses



Table 1
Effects of drugs in the i.v. PTZ seizure threshold test that are considered (pro)convulsant in humans.

Drug category Drug Effect in i.v. PTZ seizure threshold test

Species Seizure endpoint in PTZ threshold test Dose range tested (mg/kg) Route of administration Effect in PTZ threshold test Comments References

Psychostimulants Amphetamine Mice Clonic 5 i.p. Proconvulsant Mannino and Wolf (1974)
Amphetamine Mice Clonic 1–4 p.o. Anticonvulsant Kilian and Frey (1973)
Amphetamine Mice Tonic 1–4 p.o. None Kilian and Frey (1973)
Methylphenidate Rats Clonic 4 p.o. Proconvulsant Oyungu et al. (2009)
Caffeine Rats Myoclonic twitch 20 p.o. None Himmel (2008)

Antiasthmatics Theophylline Rats Myoclonic twitch 15–30 i.p. Proconvulsant Murray et al. (1985)
Theophylline Rats Myoclonic twitch and clonic 100–200 p.o. Proconvulsant at 200 mg/kg Ault et al. (1987)

Neuroleptics Haloperidol Mice Clonic 0.1 i.p. None Kilian and Frey (1973)
Haloperidol Mice Tonic 0.1 i.p. None Kilian and Frey (1973)
Droperidol Mice Clonic 0.625 s.c. Proconvulsant 1.25 and 2.5 mg/kg had

no effect
Hashem and Frey (1988)

Droperidol Mice Tonic 0.625–2.5 s.c. Proconvulsant Hashem and Frey (1988)
Antidepressants Venlafaxine Rats Clonic 15–50 i.p. Tendency for increased

seizure latency
Seizure latency and severity
after i.p. PTZ (60 mg/kg).

Santos et al. (2002)

Venlafaxine Rats Clonic–tonic 75–150 i.p. Proconvulsant Seizure latency and severity
after i.p. PTZ (60 mg/kg).

Santos et al. (2002)

Local anesthetics Lidocaine, tetracaine
and others

Mice Clonic 5–50
(depending on drug)

s.c. None Frey (1962)

Lidocaine, tetracaine
and others

Mice Tonic 5–50
(depending on drug)

s.c. Anticonvulsant Frey (1962)

Antibiotics Isoniazid Rats Myoclonic twitch 120 s.c. Proconvulsant Himmel (2008)
Opioid analgesics Morphine Mice Clonic 15–100 i.p. Proconvulsant Antagonism by naloxone Mannino and Wolf (1974)

Morphine Rats Not defined 64 s.c. Anticonvulsant Adler et al. (1976)
Morphine Rats Clonic 10–50 s.c. Proconvulsant Antagonism by naloxone Foote and Gale (1984)
Morphine Mice Clonic 0.42–3.34 s.c. None Analgesic dose range Czuczwar and Frey (1986)

Mice Tonic 0.42–3.34 s.c. Anticonvulsant Analgesic dose range Czuczwar and Frey (1986)
Morphine Dogs Myoclonic twitch 1.0 i.m. Proconvulsant Frey et al. (1986)
Morphine Mice Clonic or tonic–clonic 0.5 i.p. Anticonvulsant Antagonism by naloxone Rocha Lauretti et al. (1994)
Morphine Mice Clonic or tonic–clonic 20 i.p. Proconvulsant Antagonism by naloxone Rocha Lauretti et al. (1994)
Morphine Rats Myoclonic twitch 10 i.p. Proconvulsant Himmel (2008)
Hydromorphone Mice Clonic 2–20 i.p. Proconvulsant Antagonism by naloxone Mannino and Wolf (1974)
Levorphanol Mice Clonic 2–20 i.p. Proconvulsant Antagonism by naloxone Mannino and Wolf (1974)
(−)-Methadone Mice Clonic 2–25 i.p. Proconvulsant Antagonism by naloxone Mannino and Wolf (1974)
(+)-Methadone Mice Clonic 15–25 i.p. None Mannino and Wolf (1974)
Fentanyl Mice Clonic or tonic–clonic 0.0075 i.p. Anticonvulsant Antagonism by naloxone Rocha Lauretti et al. (1994)
Fentanyl Mice Clonic or tonic–clonic 0.25 i.p. Proconvulsant Antagonism by naloxone Rocha Lauretti et al. (1994)
Fentanyl Mice Clonic 0.0125–0.2 s.c. None Analgesic dose range Czuczwar and Frey (1986)

Mice Tonic 0.0125–0.2 s.c. Anticonvulsant Analgesic dose range Czuczwar and Frey (1986)
Dogs Myoclonic twitch 0.01–0.03 i.v. Proconvulsant Frey et al. (1986)

Pethidine Mice Clonic or tonic–clonic 1.0 i.p. Anticonvulsant Antagonism by naloxone Rocha Lauretti et al. (1994)
Pethidine Mice Clonic or tonic–clonic 100 i.p. Proconvulsant No antagonism by naloxone Rocha Lauretti et al. (1994)
Meperidine Mice Clonic 2–16 s.c. None Analgesic dose range Czuczwar and Frey (1986)

Mice Tonic 2–16 s.c. Anticonvulsant Analgesic dose range Czuczwar and Frey (1986)
Dogs Myoclonic twitch 6 i.m. Proconvulsant Frey et al. (1986)

Pentazocine Mice Clonic 2–16 s.c. Anticonvulsant Analgesic dose range Czuczwar and Frey (1986)
Mice Tonic 2–16 s.c. Anticonvulsant Analgesic dose range Czuczwar and Frey (1986)
Dogs Myoclonic twitch 3.0 i.m. Proconvulsant Frey et al. (1986)

Tramadol Mice Clonic 10–68 i.p. None Friderichs (1987)
Tramadol Mice Clonic 100 i.p. Anticonvulsant Friderichs (1987)
Tramadol Mice Tonic 10–100 i.p. Anticonvulsant Friderichs (1987)
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below those exerting (pro)convulsant effects in animal models,
amphetamine exerts anticonvulsant effects against PTZ-induced
seizures in mice (Kilian and Frey, 1973) and absence seizures in a
rat model with genetic absence epilepsy (Frey and Voits, 1991), which
is in line with antiepileptic effects of amphetamine reported in
children with absence seizures, i.e., petit mal epilepsy (Strauss, 1944;
Livingston et al., 1948). In line with the effects of amphetamine on
absence seizures, caffeine (5–15 mg/kg i.p.) significantly decreased
absence-like spike-wave discharges in the tottering mutant mouse
(Kostopoulos et al., 1987). Furthermore, long-term treatment of mice
with caffeine via the drinking water in a dose commonly used in
humans reduced the susceptibility to PTZ, possibly mediated by
blocking adenosine A2A receptors (Johansson et al., 1996; El Yacoubi
et al., 2008). The CNS stimulant modafinil (22.5–90 mg/kg i.p.)
exerted anticonvulsant effects against PTZ and electroshock induced
seizures in mice, but, at 180 mg/kg, exerted a proconvulsant effect
in the PTZ model (Chen et al., 2007). Overall, these data indicate
that different categories of CNS stimulants (amphetamines, methyl-
xanthines, modafinil), which are often thought to be generally
proconvulsant, exert proconvulsant effects only at high, therapeu-
tically irrelevant doses, but may display anticonvulsant activity at
lower doses. Yet, there is a great reluctance of clinicians to use CNS
stimulants such as amphetamine or methylphenidate for treatment of
attention deficit hyperactivity disorders in children with epilepsy,
resulting in undertreatment of this disorder in epilepsy patients
(Kanner, 2008). However, a review of the literature shows that CNS
stimulants are generally safe for use in patients with epilepsy, in-
cluding children with epilepsy and attention deficit hyperactivity
disorders (Dunn et al., 2003; Dunn and Kronenberger, 2005; Kanner,
2008). Thus, even though CNS stimulants may exert (pro)convulsant
activity at supratherapeutic doses, the general belief that therapeutic
doses of such drugs may worsen seizures in patients with epilepsy is a
misconception (Kanner, 2008).

3.2. CNS depressants

In contrast to CNS stimulants, for which proconvulsant and
convulsant effects are biologically plausible, such effects are somewhat
paradoxical and not fully understood for drugs that exert a depressant
effect on the CNS. Drugs in this category include neuroleptics
(antipsychotic drugs), some of which (e.g., chlorpromazine) are long
known to induce (pro)convulsant effects in humans despite their
sedative, CNS tranquillizing properties (Torta and Monaco, 2002), and
some general anesthetics, e.g., etomidate, enflurane, ketamine and
propofol, for which proconvulsant or convulsant effects have been
reported in humans (Kofke et al., 1997; Datto et al., 2002). Further-
more, antidepressants are often believed to lower seizure threshold
and exert (pro)convulsant effects in humans, particularly in patients
with epilepsy or otherwise at risks for seizures, but this is a
misconception for most antidepressant drugs (Edwards and Wheal,
1992; Alldredge, 1999; Torta and Monaco, 2002; Alper et al., 2007;
Kanner, 2008).

3.2.1. Neuroleptics
Neuroleptic (or antipsychotic) drugs can lower the seizure

threshold and induce discharge patterns in the electroencephalogram
(EEG) that are reminiscent of paroxysmal patterns associated with
epileptic seizures (Markowitz and Brown, 1987; Pisani et al., 2002;
Torta and Monaco, 2002). Thus, it is often thought that these drugs
should be used with extreme caution, if at all, in epilepsy patients and
in patients undergoing withdrawal from alcohol, barbiturates or
benzodiazepines. However, psychiatric co-morbidity with epilepsy is
common and often requires combined use of psychotropic and
antiepileptic drugs (Alldredge, 1999; Kanner, 2008). A number of
recent analyses have indicated that, while proconvulsant activity was
a problemwith first generation (“conventional”) neuroleptics such as
phenothiazines (e.g., chlorpromazine) and thioxanthenes, most
newer neuroleptics, including atypical antipsychotics, can be used
safely in epilepsy patients if moderate doses are attained gradually
and if concomitant antiepileptic drug therapy is maintained (All-
dredge, 1999; Alper et al., 2007; Kanner, 2008). An exception is the
atypical neuroleptic clozapine, which can also induce paroxysmal EEG
changes and seizures in nonepileptic patients and is considered the
most potent (pro)convulsant antipsychotic drug (Torta and Monaco,
2002; Alper et al., 2007). Historically, the proconvulsant action of
neuroleptics has been related to their antagonistic effect on dopamine
receptors, particularly dopamine D2 receptors, and, partially, to their
activity on histamine receptors (Torta and Monaco, 2002). Numerous
investigations have shown that dopamine agonists exert antic-
onvulsant effects in different animal models of seizures or epilepsy,
including the i.v. PTZ seizure threshold test, and that this effect is
mediated by both dopamine D1 and D2 receptors (Löscher and
Czuczwar, 1986; Ogren and Pakh, 1993; Starr, 1996; Weinshenker and
Szot, 2002). In line with its proconvulsant clinical activity, chlorpro-
mazine lowers the PTZ threshold in rats (Fig. 2). However, other
dopamine antagonists, including haloperidol, remoxipride and raclo-
pride did not significantly modify seizures induced by PTZ (Kilian and
Frey, 1973; Ogren and Pakh, 1993; Table 1), which is in line with the
low seizure risk associated with these neuroleptics in humans
(Kanner, 2008). Droperidol was reported to decrease the PTZ thresh-
old (Hashem and Frey, 1988), although this antipsychotic drug is not
associated with high seizure risk in patients, even under emergency
conditions (Chase and Biros, 2002). In apparent contrast to its (pro)
convulsant activity in humans, clozapine has been reported to delay
the onset of seizures induced by PTZ in mice (George and Kulkarni,
1998).

3.2.2. Antidepressants
Antidepressant drugs are often considered to be more (pro)

convulsant than neuroleptics in humans, but this is obviously a
misconception largely based on case reports involving tricyclic
antidepressants at supratherapeutic doses (Markowitz and Brown,
1987; Edwards and Wheal, 1992; Dailey and Naritoku, 1996; Pisani
et al., 2002; Torta andMonaco, 2002; Alper et al., 2007; Kanner, 2008).
Whereas dopamine antagonism is a plausible explanation for the
proconvulsant potential of some neuroleptics, this is not the case for
themechanism of action of antidepressants, i.e., reuptake inhibition of
noradrenaline, 5-hydroxytryptamine (5-HT) or both, leading to
increased synaptic concentrations of these monoamines. Instead, it
is long known that increasing synaptic levels of noradrenaline or 5-HT
increases seizure thresholds, including the i.v. PTZ seizure threshold,
in mice and rats (Kilian and Frey, 1973; Peterson and Albertson, 1982;
Przegalinski, 1985; Corcoran and Weiss, 1990; Weinshenker and Szot,
2002). At low, therapeutically relevant doses, antidepressant drugs
thus exert anticonvulsant effects in seizure models, including the PTZ
test (Lange et al., 1976; Yacobi and Burnham,1991; Santos et al., 2002;
Torta and Monaco, 2002; Ferrero et al., 2005; Uzbay et al., 2007). In
contrast, proconvulsant activity may be seen at high doses in the PTZ
test and other models (Lange et al., 1976; Escorihuela et al., 1989;
Santos et al., 2002; Torta and Monaco, 2002), suggesting that
antidepressants exert a biphasic (anti- and proconvulsant effect) on
seizure threshold, depending on dosage, although this may differ
among the various antidepressant drugs and the seizure models used
(see data on venlafaxine as an example in Table 1). Clinically, many
antidepressant drugs are thought to have the potential to provoke
seizures, particularly in patients with a preexisting lowered seizure
threshold (Markowitz and Brown, 1987; Edwards and Wheal, 1992;
Pisani et al., 2002; Torta and Monaco, 2002). To a great extent, such
concern is based on case reports involving high doses of tricyclic
antidepressants (Dailey and Naritoku, 1996). Indeed, correlations
between the incidence of antidepressant-induced seizures and doses
or plasma concentrations strongly indicate that the apparent paradox
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between preclinical and clinical findings 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 and Fast, 1992; Dailey and Naritoku, 1996; Alldredge,
1999). At lower doses, some antidepressants (e.g., fluoxetine and
citalopram) have been shown to exert anticonvulsant effects in humans
(Dailey and Naritoku, 1996; Torta and Monaco, 2002), which is in line
with the dose-dependent biphasic (anti-/proconvulsant) activity of
suchdrugs found in seizuremodels. Furthermore, in an analysis of Phase
II and III clinical trials of antidepressants approved in the U.S. between
1985 and 2004, Alper et al. (2007) found that the incidence of seizures
was significantly lower among patients assigned to antidepressants
compared to placebo, indicating an anticonvulsant effect. The only
exception was an immediate release preparation of bupropion, which
increased seizure incidence in patients (Alper et al., 2007). This
proconvulsant activity of bupropion was not identified by the PTZ
model (Tutka et al., 2004). In summary, only a subset of psychotropic
drugs, including clozapine, chlorpromazine and bupropion, is associated
with a clinically relevant risk of inducing seizures at therapeutic doses
(Alper et al., 2007;Kanner, 2008).Unfortunately, themisconception that
antidepressants and other psychotropic drugs in general are procon-
vulsant at therapeutically relevant doses has resulted in the under-
treatment of psychiatric comorbidities in patients with epilepsy
(Kanner, 2008).

3.2.3. General anesthetics
The idea that some general anesthetics may be proconvulsant in

humans stems from several observations. With etomidate, myoclonic
movements and seizure-like EEG activity are often observed during
general anesthesia (Doenicke et al., 1999), and this drug augments
seizure induction in electroconvulsive therapy, indicating a procon-
vulsant effect (Datto et al., 2002). Similarly, myoclonic movements
and paroxysmal EEG activity have been observed during general
anesthesia with propofol and enflurane (Ito et al., 1988; Sutherland
and Burt, 1994). Methohexital has been reported to induce convul-
sions in patients with temporal lobe epilepsy (Modica et al., 1990)
and sevoflurane may induce epileptiform EEG discharges during
anesthesia (Jaaskelainen et al., 2003). Like etomidate, ketamine aug-
ments seizure induction in electroconvulsive therapy (Datto et al.,
2002). Furthermore, ketamine activates epileptic discharges in the
EEG of patients with partial epilepsy, substantiating its proconvulsant
potential (Bacia et al., 1989). One possible factor to explain
“proconvulsant” effects of anesthetics is inherent pharmacodynamic
variability in the responsiveness of inhibitory and excitatory target
tissues in the CNS (Modica et al., 1990). Depending on the brain
concentration, centrally active drugs may produce differing effects on
the CNS inhibitory and excitatory neurotransmitter systems. At lower
doses, anesthetics may suppress inhibitory targets more effectively
than excitatory targets, which also explains the preanesthetic
excitation state that may occur before induction of surgical levels of
anesthesia (Modica et al., 1990). However, much below the doses used
for general anesthesia, several anesthetic drugs, including barbitu-
rates, propofol and ketamine, are known to exert anticonvulsant
effects in different models, including the PTZ test (Löscher et al.,
1991a; Hasan et al., 1992; Hasan, 1997; Herink, 1997; Manocha et al.,
2001). Furthermore, propofol and ketamine have been used to
terminate benzodiazepine-resistant status epilepticus in humans
(Abend and Dlugos, 2008). Thus, the term “proconvulsant” may be
misleading for general anesthetics such as ketamine, propofol and
others.

3.3. Local anesthetics and antibiotics

Similar to general anesthetics, local anesthetics such as lidocaine
are known to exert both anti- and proconvulsant effects, depending on
the administered dose (Modica et al., 1990). For instance, lidocaine
has been shown to reduce mortality in mice treated with PTZ
(Thompson and Aldrete, 1975). Furthermore, while lidocaine, tetra-
caine and other local anesthetics did not modify the PTZ threshold for
clonic convulsions, they increased the threshold for tonic convulsions,
indicating an anticonvulsant effect (Table 1).

In contrast to the typical biphasic anti- and proconvulsant effects
of anesthetic drugs, pure proconvulsant activity occurs with some
other pharmacological groups. For instance, several antibiotics,
including isoniazid, penicillins, cephalosporins, carbapenems and
fluoroquinolones can have proconvulsant activity and may precipitate
seizures at therapeutic doses, even in patients who do not have
epilepsy (Sander and Perucca, 2003). This proconvulsant activity of
antibiotics can be demonstrated by the PTZ seizure threshold (Day
et al., 1995; Himmel, 2008).

3.4. Opioids

The timed i.v. PTZ infusion seizure test has been widely used to
characterize the proconvulsant effects of opioid analgesics, however,
withmixed results (Table 1). High doses of morphine and other opioid
analgesics can induce naloxone-insensitive electrographic epilepti-
form patterns and behavioral convulsions in a variety of species,
including humans (Frenk, 1983; Reisine and Pasternak, 1996).
Fentanyl and alfentanyl have been reported to enhance focal seizure
activity in patients with temporal lobe epilepsy (Bowdle, 1998). In line
with this clinical finding, small doses of fentanyl decreased the focal
seizure threshold 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 tomorphine's convulsive effects which could be blocked by
naloxone (Mansour and Valenstein, 1984). Is this proconvulsant
activity of morphine and other analgesic opioids reflected in the timed
i.v. PTZ infusion seizure test? As shown in Table 1, both proconvulsant
or anticonvulsant effects of morphine and other opioids have been
reported. It is long known that administration of opioid analgesics at
doses within the analgesic range induce naloxone-sensitive antic-
onvulsant effects in several animal models of seizures or epilepsy,
including the kindling model, whereas higher doses may induce
proconvulsant or convulsant effects (Frenk, 1983). This is, at least in
part, also reflected by the timed i.v. PTZ infusion seizure test (Table 1).
Thus, at low doses within the analgesic range, morphine and other
opioid analgesics induce either no seizure threshold changes or
increases in seizure threshold, whereas considerably higher doses
decrease the threshold. This biphasic effect is most nicely illustrated in
the experiments of Rocha Lauretti et al. (1994) in mice. However, both
the seizure endpoint and the species may affect results obtained with
opioids in the timed i.v. PTZ infusion seizure test (Table 1). For
instance, analgesic doses of opioids did not affect the threshold for
induction of clonic seizures, but increased the threshold for tonic
seizures in mice (Czuczwar and Frey, 1986). The same doses of opioids
that did not induce any proconvulsant activity in mice (Czuczwar and
Frey, 1986) were proconvulsant in dogs (Frey et al., 1986). In addition
to seizure endpoint, dose and species, brain alterations such as
occurring during epilepsy alter the response to opioids, so that the use
of healthy animals in the i.v. PTZ infusion seizure test does not reflect
the enhanced susceptibility of epileptic individuals to such drugs.
Thus, increased opioid receptor binding has been described in patients
with temporal lobe epilepsy and different models of epilepsy,
including amygdala kindling (Lee et al., 1986; Frost et al., 1988; Fisher
and Frost, 1991; Engel and Rocha, 1992; Rocha et al., 1993), which may
explain the increased susceptibility to proconvulsant effects of opioid
analgesics.

The atypical opioid tramadol is one of the most widely used
centrally acting analgesics worldwide (Grond and Sablotzki, 2004). Its
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multi-modal effect results from a dual mode of action, i.e., weak
agonistic acitivity at µ-opioid receptors and inhibition of monoamine
(noradrenaline, 5-HT) reuptake, resulting in efficacy in both nocicep-
tive and neuropathic pain (Lewis and Han, 1997; Grond and Sablotzki,
2004). Moreover, fewer instances of side effects such as constipation,
respiratory depression, and sedation occur thanwith traditional opioids
(Grond and Sablotzki, 2004). In contrast to traditional opioids, which
induce respiratory depression and seizures (among other symptoms) at
toxic doses, high-dose toxicity of tramadol in animals and in humans is
characterized by seizures rather than respiratorydepression,whichmay
be one reason why tramadol is often considered more (pro)convulsant
than typical opioids (Spiller et al., 1997; Shipton, 2000). However, in a
recent study inwhich the convulsant potential of tramadol in mice was
compared with that of various traditional opioids, tramadol did not
differ from other opioid analgesics in that seizures were only
determined at doses high above the analgesic dose range, thus excluding
anyunexceptional seizure potential of tramadol (Raffa andStone, 2008).
This conclusion is also supported bya large studyof theCalifornia Poison
Control System (Thundiyil et al., 2007) in patients in which seizures
occurred in association with poisoning or drug intoxication. However,
some reports described seizures in patients at recommended therapeu-
tic doses of tramadol, although this seems to be an extremely rare event
(Jick et al.,1998; Gasse et al., 2000). The risk is increased inpatientswith
a history of alcohol abuse, stroke, head injury or epilepsy (Gardner et al.,
2000). Furthermore, tramadol may increase the seizure risk in patients
taking other medicinal products that lower the seizure threshold
(Khan et al., 1997). In contrast to the often cited notion that tramadol
may be particularly (pro)convulsant, this atypical opioid has been
shown to exert anticonvulsant activity in the analgesic dose range in
animal models, including electroshock-induced seizures in mice and
kindled seizures in rats (Manocha et al., 1998, 2005; Potschka et al.,
2000). The anticonvulsant effect of tramadol determined at i.p. doses of
10–50 mg/kg in mice was antagonized by naloxone (Manocha et al.,
2005). Oral administration of tramadol at doses of 10–40mg/kg did not
affect convulsions inducedby i.v. PTZ(70mg/kg) inmice (Osterlohet al.,
1978). In the timed i.v. PTZ infusion seizure test in mice (Table 1),
tramadol did not exert any proconvulsant activity at doses ranging from
10–100 mg/kg i.p., but significantly increased latency to clonus at
100 mg/kg, and dose-dependently blocked tonic seizures (Friderichs,
1987). However, in another study, 50 mg/kg tramadol i.p. significantly
decreased the latency to convulsions induced by i.p. administration of
PTZ (80 mg/kg) in mice, which could be partially counteracted by
naloxone (Rehni et al., 2008). Thus, the same i.p. dose of tramadol was
anticonvulsant on electroshock seizures in mice (Manocha et al., 2005)
but proconvulsant on PTZ-induced seizures in this species (Rehni et al.,
2008).

Such apparently paradoxical data with anticonvulsant activity in
one seizure test but proconvulsant activity in another test are also
known from some antiepileptic drugs. Thus, the widely used anti-
epileptic drugs phenytoin, carbamazepine and lamotrigine exert anti-
convulsant activity against electroshock-induced seizures and kindled
seizures in mice or rats, but are ineffective or proconvulsant in the
timed i.v. PTZ infusion seizure test, when myoclonic or clonic seizures
are used as endpoint (Miller et al., 1986; Löscher et al., 1991a; White
et al., 2008). However, nobody would consider these antiepileptic
drugs proconvulsant. This illustrates that the timed i.v. PTZ infusion
seizure test may yield false positive data on proconvulsant drug
potential when relying solely on this test.

4. Limitations of the timed i.v. PTZ infusion seizure test in correctly
predicting proconvulsant drug activity

The example of tramadol and antiepileptic drugs such as
phenytoin, carbamazepine and lamotrigine illustrates that identifica-
tion of proconvulsant (or anticonvulsant) drug activity should not rely
on one test. In other words, the sole use of the timed i.v. PTZ infusion
seizure test for identifying proconvulsant drug activity in safety
pharmacology during drug development may lead to false negative
(or positive) conclusions. Reasons for this include:

(1) The convulsant effect of PTZ is thought to be primarily due to its
antagonistic action on GABAA receptors (Ramanjaneyulu and
Ticku, 1984). Thus, the PTZ test is particularly sensitive to drugs
that potentiate or antagonize GABA either directly or indirectly
(Löscher and Schmidt, 1988; Green and Murray, 1989). How-
ever, a useful test for identifying proconvulsant activity should
do so independently of the mechanism involved in the pro-
convulsant activity.

(2) The seizure endpoint (myoclonic, clonic, tonic, mortality)
chosen in the PTZ test will affect results with drugs. Thus, as
shown in Table 1 for opioid analgesics, the same drug may be
proconvulsant when using clonic seizures as endpoint, but
anticonvulsant when using tonic seizures. Traditionally, the PTZ
test has been used for decades as a model of nonconvulsive
seizures, which is based on the fact that antiepileptic drugs
(such as ethosuximide) that are effective against absence or
myoclonic seizures in patients block myoclonic or clonic
seizures in the PTZ test (White et al., 2008). In contrast,
antiepileptic drugs such as phenytoin or carbamazepine, which
are not efficacious against absence or myoclonic seizures in
patients, do not block these seizures (or even aggravate them)
in PTZ models (Löscher et al., 1991a; White et al., 2008).
However, there are also exceptions in that lamotrigine, which is
effective against nonconvulsive seizures in patients, is ineffec-
tive or proconvulsant in the PTZ test, so that other models of
nonconvulsive seizures have to be included during preclinical
development of antiepileptic drugs (Perucca et al., 2007). In
other words, the use of PTZ models in preclinical testing of
antiepileptic drugs may yield false negative data.

(3) The species may affect results obtained when using the timed
i.v. PTZ infusion seizure test for identifying proconvulsant drug
activity, as exemplified for the differences in opioid effects in
mice, rats and dogs shown in Table 1.

(4) Drugs are usually administered at single doses when being
tested for proconvulsant activity. However, as shown for
instance for antidepressant drugs (Escorihuela et al., 1989;
Ferrero et al., 2005), chronic may differ from acute drug effects
in this test, which, of course, is also true for other models used
to identify proconvulsant activity (see below).

(5) Because PTZ has to penetrate from the blood to the brain during
i.v. infusion, haemodynamic effects of investigational drugs
may affect the test, e.g., a drug that enhances blood flow to the
brain will reduce the PTZ threshold. Also, effects of drugs on
respiration will affect the test (Woodbury, 1969).

(6) PTZ itself increases heart rate and blood pressure via effects on
brain stem centers and, by this, may affect brain distribution of
drugs (Herrmann and Coper, 1987). Furthermore, the blood–
brain barrier is affected by PTZ-induced seizures, which may
alter penetration of drugs into the brain (Scheld, 1989).

(7) Drug-induced alterations in body temperature affect the test in
that hyperthermia is proconvulsant, while hypothermia is
anticonvulsant (Woodbury, 1969). The proconvulsant activity
of opioids determined in this test (Table 1) may therefore, at
least in part, be due to their hyperthermic effect at high doses.
This, however, may also form a bias in other tests used for
identifying proconvulsant activity of drugs.

(8) Technical factors affect results obtained in the timed i.v. PTZ
infusion seizure test. For instance, infusion rate and concentra-
tion of PTZ in the infusate may influence results obtained with
anticonvulsant or proconvulsant drugs in this test (Fingl and
McQuarrie, 1960; Nutt et al., 1986). Furthermore, restraint of
the animals during PTZ infusion may confound the results of
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the test, so that it is preferable to perform infusion in
unrestrained animals, as described by several groups (e.g.,
Hint and Richter, 1958; Frey and Löscher, 1980; Vohland et al.,
1981; Pollack and Shen, 1985; Löscher and Hönack, 1995) and
illustrated in Fig. 1.

(9) Finally, as it applies to other tests used for safety pharmacology
(Porsolt et al., 2002), the timed i.v. PTZ infusion seizure test is
usually conducted in normal (healthy) animals. However,
epilepsy and other brain disorders known to enhance the risk
of proconvulsant drug effects may dramatically alter the
adverse effect profile of drugs (Löscher and Hönack, 1991;
Klitgaard et al., 2002). Thus, absence of any proconvulsant drug
activity in the PTZ test does not preclude that a drug exhibits
such activity in patients with epilepsy. As a consequence,
alternative or additional tests are needed to investigate the
potential proconvulsant effects of a substance.

5. Alternatives to the timed i.v. PTZ infusion seizure test for identifying
proconvulsant drug activity

Electrically induced seizure models, such as the maximal electro-
shock seizure (MES) test in mice or rats, are the most frequently used
model systems for the identification of anticonvulsant activity (White
et al., 2008). Anticonvulsant effectiveness of a drug in the MES test is
thought to predict clinical efficacy against generalized-tonic clonic
seizures, and the predictive value of this test is high (Perucca et al.,
2007). In the MES test, a current well above seizure threshold is
applied by either corneal or ear electrodes to induce a tonic hindlimb
seizure. A modification of this test can be used to determine the
threshold for tonic seizures in groups of mice or rats by a “staircase”
procedure (Löscher et al., 1991b). This MES threshold (MEST) test is
more sensitive than the traditional suprathreshold test to identify new
antiepileptic drugs (Löscher and Schmidt, 1988). The antiepileptic
drug levetiracetam is an important example in this regard, because it
was ineffective in the MES test but raised seizure threshold in the
MEST test, which was predictive of its clinical efficacy (Löscher and
Hönack, 1993). The electroconvulsive threshold, such as determined
by the MEST test, is also useful to identify proconvulsant drug effects
(Porsolt et al., 2002). The major advantage vs. the timed i.v. PTZ
infusion seizure test is that the MEST is less mechanism-dependent,
i.e. drugs with diverse mechanisms of anti- or proconvulsant activity
are identified by this model (Löscher and Schmidt, 1988). Further-
more, as discussed above, electroconvulsions are also therapeutically
used in humans (Taylor, 2008), so that drugs, such as caffeine,
theophylline or aminophylline, that are known to exert proconvulsive
effects on electroconvulsions in humans (Kelsey and Grossberg, 1995;
Stern et al., 1999; Datto et al., 2002) can be used to validate the MEST
test. Interestingly, in studies by Czuczwar et al. (1986, 1990) CNS
stimulants such as caffeine or aminophylline did not decrease the
MEST at subconvulsive doses in mice, but caffeine prolonged the
duration of electroconvulsive seizures in rats (Francis and Fochtmann,
1994), indicating that both seizure threshold and seizure duration
should be assessed for identifying proconvulsant drug effects.
Furthermore, subconvulsive doses of caffeine and aminophylline
have been shown to reduce the anticonvulsant activity of various
antiepileptic drugs in the MES test in mice, possibly indicating
that methylxanthines should be used with caution for antiasthmatic
therapy in patients with epilepsy (Czuczwar et al., 1986, 1990). Using
an increasing-current electroshock seizure threshold test in mice,
Kitano et al. (1996) reported that subconvulsive doses of aminophyl-
line, chlorpromazine and PTZ lowered seizure threshold, indicating
that this test reliably identifies proconvulsant drug activities.

Another model with electrical induction of seizures is electrical
kindling, inwhich the convulsive current is applied via a depth electrode
to a limbic brain region such as the amygdala (Sato et al.,1990; Coulter et
al., 2002). The term kindling refers to the phenomenon that periodic
electrical stimulation of the amygdala or other limbic brain regionswith
initially subconvulsive stimuli results in the progressive development of
focal and, later, secondary generalized seizures. Once the enhanced
sensitivity to stimulation has developed, the animal is said to be fully
kindled. The increased sensitivity to electrical stimulation is persistent
and reflects permanent changes in brain function reminiscent of those
occurring in epilepsy (Coulter et al., 2002). For instance, fully kindled
rats have a decreased seizure threshold compared to normal rats. Thus,
kindled rats are consideredmore sensitive to proconvulsant drug effects
than nonkindled animals (Potschka et al., 2000). For instance,
amygdala-kindled rats have been used for evaluating the (pro)
convulsant effects of opioids, showing a heightened sensitivity to the
convulsive activity associated with high doses of morphine and
tramadol (Mansour and Valenstein, 1984; Potschka et al., 2000).
Furthermore, clinically relevant doses of fentanyl, meperidine and
pentazocine decreased the focal seizure threshold (afterdischarge
threshold) in the amygdala kindling model (Schwark et al., 1986).
However, analgesic doses of morphine and tramadol significantly
increased seizure threshold in kindled rats (Schwark et al., 1986;
Potschka et al., 2000). Thus, morphine and tramadol exerted a biphasic
pattern in kindled rats with anticonvulsant activity at low doses but
convulsant effects at higher doses (Mansour and Valenstein, 1984;
Schwark et al., 1986; Potschka et al., 2000).

Another approach for identifying proconvulsant drug activity is the
use of epileptic rodents, such as DBA/2 mice and genetically epilepsy-
prone rats (GEPRs) with enhanced susceptibility to audiogenic seizure
induction, or genetic absence epileptic rats of Strasbourg (GAERS) and
WAG/Rij rats ofNijmegenwith inborn absence epilepsy (Van Luijtelaar et
al., 2002). Thepotential advantage of such rodentmutants for identifying
proconvulsant drug activity is their increased seizure susceptibility,
which simulates the increased risk of epilepsy patients to proconvulsant
drugs. For instance, caffeine exerted proconvulsant activity in DBA/2
mice with an ED50 of 0.04 mg/kg i.p. (De Sarro et al., 1999), i.e., much
below the doses of caffeine that are proconvulsant in nonepileptic
rodents (see above). In rats with spontaneous absence-like EEG
paroxysms, low doses of opioids, including fentanyl (0.01–0.05 mg/kg),
buprenorphine (0.1 and 0.2 mg/kg) and pentazocine (1–4 mg/kg),
increased the number and duration of spike-wave discharges in the EEG,
whereas d-amphetamine (0.5 mg/kg) and the tricyclic antidepressants
imipramine (5 and 10 mg/kg) and amitryptiline (5 and 10 mg/kg)
exerted an anticonvulsant effect (Frey and Voits, 1991). The antic-
onvulsant effect of imipramine in this absence epilepsy rat model is in
line with clinical studies on antiepileptic activity of imipramine in
patients with absence and myoclonic seizures (Fromm et al., 1978).

Proconvulsant or convulsant activity of a drug may be also assessed
by studying the EEG effects of drugs in normal rodents or larger animals
such as dogs (Zaczek et al., 1986; Porsolt et al., 2002; Dürmüller et al.,
2007). Induction of paroxysmal (“epileptiform”) EEG alteration in the
absence of overt clinical seizure activity may be considered evidence of
proconvulsant activity, while concomitant EEG and clinical seizure
activity would indicate convulsant activity. The sensitivity may be
enhanced by using kindled rats or epileptic rodents for such EEG studies.
A simplified, widely used version of this approach is administration of a
test compound at increasing doses to normal rats or mice and
monitoring of clinical (behavioral) seizure activity without EEG, but
this approach likely misses proconvulsant, subconvulsive activity of a
substance.

Finally, proconvulsant or convulsant drug activity may be also
studied in vitro. For instance, Saboory et al. (2007) used a preparation of
mouse hippocampi in low magnesium, which induces seizure-like
events (SLEs). Morphine suppressed these SLEs at low concentrations
(10 µM) but enhanced them at high concentrations (100 µM). The
proconvulsant effect could be blocked by naloxone. Thus, this in vitro
preparation recapitulated the biphasic (anticonvulsant/proconvulsant)
pattern typically foundwithmorphine and someother opioids in in vivo
models.
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6. Conclusions

Timed i.v. infusion of PTZ is a simple, convenient seizure threshold
test for identifying proconvulsant drug effects. As shown in this review,
the chance that a potentially proconvulsant drug is identifiedby this test
is relatively high, and for several drugs there is good correspondence to
clinical experience. However, like all tests, the timed i.v. PTZ infusion
seizure test has limitations. Amajor limitation is the specificmechanism
of action of PTZ's convulsant effect, so that testing of drugs in this model
may produce both false positive and false negative data. Only a battery
of different tests can provide complete and more reliable conclu-
sions about the proconvulsant potential of an investigational drug. This
battery should include animals with lowered seizure threshold, e.g.,
kindled rats or epilepsy-prone rodents. Furthermore, the relation of
doses producing (pro)convulsant effects to the therapeutic dose-range
of a substance (“therapeutic index”) should be considered. For instance,
the label “proconvulsant” may be misleading if drug-induced convul-
sions only occur at doses high above the therapeutic range, but the drug
is not proconvulsant or even exerts anticonvulsant effects at lower
doses.

Indeed, as discussed in this review, most psychotropic and analgesic
drugs bear the unwarranted stigma of being proconvulsant, leading to
misconceptions regarding the safetyof such drugs. To a great extent, this
stigma is based on proconvulsant (or convulsant) activity at suprather-
apeutic doses of such drugs in animalmodels, including the PTZ seizure
threshold test, and/or on clinical case reports on increased seizure risk
associated with a subset of such drugs, often administered at over-
dose. At therapeutic doses, most psychotropic drugs are not associated
with increased seizure risk, including patients with epilepsy or
otherwise at risk for seizures (Alper et al., 2007). Misconceptions
regarding proconvulsant effects of psychotropic drugs are particularly
unfortunate with regard to epilepsy, in which psychiatric comorbidities
tend to be undertreated despite markedly elevated rates of depression
and suicide (Kanner, 2008). Limited studies of psychotropic drug use in
patients with epilepsy demonstrate that these agents, including
antidepressants, neuroleptics and CNS stimulants, usually have a
positive effect on psychiatric comorbidities without a negative effect
on seizure occurrence (Alldredge, 1999; Kanner and Gidal, 2008). As a
consequence, stigmatization of drugs as proconvulsant should be
replaced by a sound scientific assessment of the relevant proconvulsive
potential, if any, at therapeutic doses. As shown in this review, a number
of animal models, including the PTZ seizure threshold test, are useful in
this regard, provided that the limitations of thesemodels are taken into
account.

Acknowledgements

We thank Drs. H.-H. Frey and R.B. Raffa for critical reading of the
manuscript.

References

Abend, N.S., Dlugos, D.J., 2008. Treatment of refractory status epilepticus: literature
review and a proposed protocol. Pediatr. Neurol. 38, 377–390.

Adler, M.W., Lin, C.H., Keinath, S.H., Braverman, S., Geller, E.B., 1976. Anticonvulsant
action of acute morphine administration in rats. J. Pharmacol. Exp. Ther. 198,
655–660.

Alldredge, B.K., 1999. Seizure risk associated with psychotropic drugs: clinical and
pharmacokinetic considerations. Neurology 53 (Suppl. 2), S68–S75.

Alper, K., Schwartz, K.A., Kolts, R.L., Khan, A., 2007. Seizure incidence in psychophar-
macological clinical trials: an analysis of Food and Drug Administration (FDA)
summary basis of approval reports. Biol. Psychiatry 62, 345–354.

Ault, B., Olney, M.A., Joyner, J.L., Boyer, C.E., Notrica, M.A., Soroko, F.E., Wang, C.M., 1987.
Pro-convulsant actions of theophylline and caffeine in the hippocampus: implica-
tions for the management of temporal lobe epilepsy. Brain Res. 426, 93–102.

Bacia, T., Szpiro-Zurkowska, A., Bidzinski, J., Czarkwiani, L., 1989. Use of ketamine for
activation of EEG and electrocorticographic records in patients with epilepsy.
Epilepsia 30, 642.

Bowdle, T.A., 1998. Adverse effects of opioid agonists and agonists–antagonists in
anaesthesia. Drug Safety 19, 173–189.
Chase, P.B., Biros, M.H., 2002. A retrospective review of the use and safety of droperidol
in a large, high-risk, inner-city emergency department patient population. Acad.
Emerg. Med. 9, 1402–1410.

Chen, C.R., Qu,W.M., Qiu, M.H., Xu, X.H., Yao, M.H., Urade, Y., Huang, Z.L., 2007. Modafinil
exerts a dose-dependent antiepileptic effect mediated by adrenergic alpha1 and
histaminergic H1 receptors in mice. Neuropharmacology 53, 534–541.

Corcoran, M.E., Weiss, G.K., 1990. Noradrenaline and kindling revisited. In: Wada, J.A.
(Ed.), Kindling 4. Plenum Press, New York, pp. 141–156.

Coulter, D.A., McIntyre, D.C., Löscher, W., 2002. Animal models of limbic epilepsies:
what can they tell us? Brain Pathol. 12, 240–256.

Czuczwar, S.J., Frey, H.-H., 1986. Effect of morphine and morphine-like analgesics on
susceptibility to seizures in mice. Neuropharmacology 25, 465–469.

Czuczwar, S.J., Ikonomidou, C., Kleinrok, Z., Turski, L., Turski, W., 1986. Effect of
aminophylline on the protective action of common antiepileptic drugs against
electroconvulsions in mice. Epilepsia 27, 204–208.

Czuczwar, S.J., Gasior, M., Janusz, W., Szczepanik, B., Wlodarczyk, D., Kleinrok, Z., 1990.
Influence of different methylxanthines on the anticonvulsant action of common
antiepileptic drugs in mice. Epilepsia 31, 318–323.

Dailey, J.W., Naritoku, D.K., 1996. Antidepressants and seizures: clinical anecdotes
overshadow neuroscience. Biochem. Pharmacol. 52, 1323–1329.

Datto, C., Rai, A.K., Ilivicky, H.J., Caroff, S.N., 2002. Augmentation of seizure induction in
electroconvulsive therapy: a clinical reappraisal. J. ECT 18, 118–125.

Day, I.P., Goudie, J., Nishiki, K., Williams, P.D., 1995. Correlation between in vitro and in
vivo models of proconvulsive activity with the carbapenem antibiotics, biapenem,
imipenem/cilastatin and meropenem. Toxicol. Lett. 76, 239–243.

De Sarro, G., De Sarro, A., Di Paola, E.D., Bertorelli, R., 1999. Effects of adenosine receptor
agonists and antagonists on audiogenic seizure-sensible DBA/2 mice. Eur. J.
Pharmacol. 371, 137–145.

Doenicke, A.W., Roizen, M.F., Kugler, J., Kroll, H., Foss, J., Ostwald, P., 1999. Reducing
myoclonus after etomidate. Anesthesiology 90, 113–119.

Dunn, D.W., Kronenberger, W.G., 2005. Childhood epilepsy, attention problems, and
ADHD: review and practical considerations. Semin. Pediatr. Neurol. 12, 222–228.

Dunn, D.W., Austin, J.K., Harezlak, J., Ambrosius, W.T., 2003. ADHD and epilepsy in
childhood. Dev. Med. Child Neurol. 45, 50–54.

Dürmüller, N., Guillaume, P., Lacroix, P., Porsolt, R.D., Moser, P., 2007. The use of the dog
electroencephalogram (EEG) in safety pharmacology to evaluate proconvulsant
risk. J. Pharmacol. Toxicol. Methods 56, 234–238.

Edwards, J.G., Wheal, H.V., 1992. Assessment of epileptogenic potential: experimental,
clinical and epidemiological approaches. J. Psychopharmacol. 6, 204–213.

El Yacoubi, M., Ledent, C., Parmentier, M., Costentin, J., Vaugeois, J.M., 2008. Evidence for
the involvement of the adenosine A(2A) receptor in the lowered susceptibility to
pentylenetetrazol-induced seizures produced in mice by long-term treatment with
caffeine. Neuropharmacology 55, 35–40.

Engel Jr., J., Rocha, L.L., 1992. Interictal behavioral disturbances: a search for molecular
substrates. Epilepsy Res., Suppl. 9, 341–349.

Escorihuela, R.M., Boix, F., Corda, M.G., Tobena, A., Fernandez, T.A., 1989. Chronic but not
acute antidepressant treatment increases pentetrazol-induced convulsions in mice.
J. Pharm. Pharmacol. 41, 143–144.

Ferrero, A.J., Cereseto, M., Reines, A., Bonavita, C.D., Sifonios, L.L., Rubio, M.C., Wikinski, S.I.,
2005. Chronic treatmentwith fluoxetine decreases seizure threshold in naive but not in
rats exposed to the learned helplessness paradigm: correlation with the hippocampal
glutamate release. Prog. Neuro-psychopharmacol. Biol. Psychiatry 29, 678–686.

Fingl, E., McQuarrie, D.G., 1960. Evaluation of variables for the ‘timed intravenous
infusion’ procedure for pentyleneterazol seizures in mice. Arch. Int. Pharmacodyn.
Ther. 126, 17–30.

Fink, M., 1972. CNS effects of convulsive therapy: significance for a theory of depressive
psychosis. Proc. Annu. Meet. Am. Psychopathol. Assoc. 60, 93–115.

Fink, M., 1984. Meduna and the origins of convulsive therapy. Am. J. Psychiatry 141,
1034–1041.

Fisher, R.S., Frost, J.J., 1991. Epilepsy. J. Nucl. Med. 32, 651–659.
Foote, F., Gale, K., 1984. Proconvulsant effect of morphine on seizures induced by

pentylenetetrazol in the rat. Eur. J. Pharmacol. 105, 179–184.
Francis, A., Fochtmann, L., 1994. Caffeine augmentation of electroconvulsive seizures.

Psychopharmacology (Berl.) 115, 320–324.
Frenk, H., 1983. Pro- and anticonvulsant actions of morphine and the endogenous

opioids: involvement and interactions of multiple opiate and non-opiate systems.
Brain Res. Rev. 6, 197–210.

Frey, H.-H., Löscher, W., 1980. Cetyl GABA: effect of convulsant thresholds in mice and
acute toxicity. Neuropharmacology 19, 217–220.

Frey, H.H., 1962. On the anticonvulsant activity of local anaesthetics. Acta Pharmacol.
Toxicol. (Copenh.) 19, 205–211.

Frey, H.H., Czuczwar, S.J., Scherkl, R., 1986. Morphine-like analgesics and convulsive
threshold for pentetrazole in dogs. Arch. Int. Pharmacodyn. Ther. 283, 39–44.

Frey, H.H., Voits, M., 1991. Effect of psychotropic agents on a model of absence epilepsy
in rats. Neuropharmacology 30, 651–656.

Friderichs, E., 1987. Influence of Tramadol and Reference on the Threshold of Chemically
and Electrically Induced Seizures in the Mouse. Report No. F0-PH/249. Grünenthal
GmbH, Aachen, Germany.

Fromm, G.H., Wessel, H.B., Glass, J.D., Alvin, J.D., Van Horn, G., 1978. Imipramine in
absence and myoclonic–astatic seizures. Neurology 28, 953–957.

Frost, J.J., Mayberg, H.S., Fisher, R.S., Douglass, K.H., Dannals, R.F., Links, J.M.,Wilson, A.A.,
Ravert, H.T., Rosenbaum, A.E., Snyder, S.H., 1988. Mu-opiate receptors measured by
positron emission tomography are increased in temporal lobe epilepsy. Ann.
Neurol. 23, 231–237.

Gad, S.C., 2003. Safety Pharmacology in Pharmaceutical Development and Approval.
CRC Press, Boca Raton.



10 W. Löscher / European Journal of Pharmacology 610 (2009) 1–11
Gardner, J.S., Blough, D., Drinkard, C.R., Shatin, D., Anderson, G., Graham, D., Alderfer, R.,
2000. Tramadol and seizures: a surveillance study in a managed care population.
Pharmacotherapy 20, 1423–1431.

Gasse, C., Derby, L., Vasilakis-Scaramozza, C., Jick, H., 2000. Incidence of first-time
idiopathic seizures in users of tramadol. Pharmacotherapy 20, 629–634.

George, B., Kulkarni, S.K., 1998. Protective effect of clozapine against pentylenetetrazol
convulsions and kindling. Methods Find. Exp. Clin. Pharmacol. 20, 395–401.

Green, A.R., Murray, T.K., 1989. A simple intravenous infusion method in rodents for
determining the potency of anticonvulsants acting through GABAergic mechan-
isms. J. Pharm. Pharmacol. 41, 879–880.

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

Haller, C.A., Meier, K.H., Olson, K.R., 2005. Seizures reported in association with use of
dietary supplements. Clin. Toxicol. (Phila.) 43, 23–30.

Hasan, Z., 1997. Pentylenetetrazol seizure threshold in the rat during recovery phase
from propofol and thiopentone induced anesthesia. Acta Anaesthesiol. Belg. 48,
239–244.

Hasan, Z.A., Hasan, M.M., al Hader, A.A., Takrouri, M.S., 1992. The effect of propofol
and thiopentone on pentylenetetrazol seizure threshold in the rat. Middle East
J. Anaesthesiol. 11, 359–367.

Hashem, A., Frey, H.H., 1988. [The effect of neuroleptics and neuroleptic/analgesic
combinations on the sensitivity to seizures in mice]. Anaesthesist 37, 631–635.

Herink, J., 1997. Effect of alprazolam and ketamine on seizures induced by two different
convulsants. Acta Medica (Hradec. Kralove) 40, 9–11.

Herrmann, W.M., Coper, H., 1987. Are nootropics a separate class of drugs? A
differentiation in various models. Methods Find. Exp. Clin. Pharmacol. 9, 173–182.

Himmel, H.M., 2008. Safety pharmacology assessment of central nervous system
function in juvenile and adult rats: effects of pharmacological reference
compounds. J. Pharmacol. Toxicol. Methods 58, 129–146.

Hint, H.C., Richter, A.W., 1958. A simple intravenous infusion technique for mice;
method and some applications. Acta Pharmacol. Toxicol. (Copenh) 14, 153–157.

Ito, B.M., Sato, S., Kufta, C.V., Tran, D., 1988. Effect of isoflurane and enflurane on the
electrocorticogram of epileptic patients. Neurology 38, 924–928.

Jaaskelainen, S.K., Kaisti, K., Suni, L., Hinkka, S., Scheinin, H., 2003. Sevoflurane is
epileptogenic in healthy subjects at surgical levels of anesthesia. Neurology 61,
1073–1078.

Jick, H., Derby, L.E., Vasilakis, C., Fife, D., 1998. The risk of seizures associated with
tramadol. Pharmacotherapy 18, 607–611.

Johansson, B., Georgiev, V., Kuosmanen, T., Fredholm, B.B., 1996. Long-term treatment
with some methylxanthines decreases the susceptibility to bicuculline- and
pentylenetetrazol-induced seizures in mice. Relationship to c-fos expression and
receptor binding. Eur. J. Neurosci. 8, 2447–2458.

Jung, M.E., Lal, H., Gatch, M.B., 2002. The discriminative stimulus effects of
pentylenetetrazol as a model of anxiety: recent developments. Neurosci. Biobehav.
Rev. 26, 429–439.

Kanner, A.M., 2008. The use of psychotropic drugs in epilepsy: what every neurologist
should know. Semin. Neurol. 28, 379–388.

Kanner, A.M., Gidal, B.E., 2008. Pharmacodynamic and pharmacokinetic interactions of
psychotropic drugs with antiepileptic drugs. Int. Rev. Neurobiol. 83, 397–416.

Kelsey, M.C., Grossberg, G.T., 1995. Safety and efficacy of caffeine-augmented ECT in
elderly depressives: a retrospective study. J. Geriatr. Psychiatry Neurol. 8, 168–172.

Khan, L.H., Alderfer, R.J., Graham, D.J., 1997. Seizures reportedwith tramadol. J. Am. Med.
Assoc. 278, 1661.

Kilian, M., Frey, H.-H., 1973. Central monoamines and convulsive thresholds in mice and
rats. Neuropharmacology 12, 681–692.

Kitano, Y., Usui, C., Takasuna, K., Hirohashi, M., Nomura, M., 1996. Increasing-current
electroshock seizure test: a newmethod for assessment of anti- and pro-convulsant
activities of drugs in mice. J. Pharmacol. Toxicol. Methods 35, 25–29.

Klitgaard, H., Matagne, A., Lamberty, Y., 2002. Use of epileptic animals for adverse effect
testing. Epilepsy Res. 50, 55–65.

Kofke, W.A., Tempelhoff, R., Dasheiff, R.M., 1997. Anesthetic implications of epilepsy,
status epilepticus, and epilepsy surgery. J. Neurosurg. Anesthesiol. 9, 349–372.

Kostopoulos, G., Veronikis, D.K., Efthimiou, I., 1987. Caffeine blocks absence seizures in
the tottering mutant mouse. Epilepsia 28, 415–420.

Kumar, S.S., Joshi, B., Sharma, S.S., 2007. CNS safety pharmacology: international
guidelines and methods. CRIPS 8, 2–5.

Lange, S.C., Julien, R.M., Fowler, G.W., 1976. Biphasic effects of imipramine in
experimental models of epilepsy. Epilepsia 17, 183–195.

Lauretti, G.R., Ahmad, I., Pleuvry, B.J., 1994. The activity of opioid analgesics in seizure
models utilizing N-methyl-DL-aspartic acid, kainic acid, bicuculline and pentyle-
netetrazole. Neuropharmacology 33, 155–160.

Lee, R.J., McCabe, R.T., Wamsley, J.K., Olsen, R.W., Lomax, P., 1986. Opioid receptor
alterations in a genetic model of generalized epilepsy. Brain Res. 380, 76–82.

Lewis, K.S., Han, N.H., 1997. Tramadol: a new centrally acting analgesic. Am. J. Health-
Syst. Pharm. 54, 643–652.

Livingston, S., Kajdi, L., Reid, E.M., 1948. The use of benzedrine and dexedrine sulfate in
the treatment of epilepsy. J. Pediatr. 32, 490–494.

Löscher, W., 1999. Animal models of epilepsy and epileptic seizures. In: Eadie, M.J.,
Vajda, F. (Eds.), Antiepileptic Drugs. Handbook of Experimental Pharmacology.
Springer, Berlin, pp. 19–62.

Löscher, W., Czuczwar, S.J., 1986. Studies on the involvement of dopamine D-1 and D-2
receptors in the anticonvulsant effect of dopamine agonists in various rodent
models of epilepsy. Eur. J. Pharmacol. 128, 55–65.

Löscher, W., Schmidt, D., 1988. Which animal models should be used in the search for
new antiepileptic drugs? A proposal based on experimental and clinical
considerations. Epilepsy Res. 2, 145–181.
Löscher, W., Hönack, D., 1991. Responses to NMDA receptor antagonists altered by
epileptogenesis. Trends Pharmacol. Sci. 12, 52.

Löscher, W., Nolting, B., 1991. The role of technical, biological and pharmacological
factors in the laboratory evaluation of anticonvulsant drugs. IV. Protective indices.
Epilepsy Res. 9, 1–10.

Löscher,W., Hönack, D.,1993. Profile of ucb L059, a novel anticonvulsant drug, inmodels
of partial and generalized epilepsy in mice and rats. Eur. J. Pharmacol. 232, 147–158.

Löscher,W., Hönack, D., 1995. Comparison of anticonvulsant efficacy of valproate during
prolonged treatment with one and three daily doses or continuous (“controlled
release”) administration in a model of generalized seizures in rats. Epilepsia 36,
929–937.

Löscher, W., Hönack, D., Fassbender, C.P., Nolting, B., 1991a. The role of technical,
biological and pharmacological factors in the laboratory evaluation of antic-
onvulsant drugs. III. Pentylenetetrazol seizure models. Epilepsy Res. 8, 171–189.

Löscher, W., Fassbender, C.P., Nolting, B., 1991b. The role of technical, biological and
pharmacological factors in the laboratory evaluation of anticonvulsant drugs. II.
Maximal electroshock seizure models. Epilepsy Res. 8, 79–94.

Luszczki, J.J., Zuchora, M., Sawicka, K.M., Kozinska, J., Czuczwar, S.J., 2006. Acute
exposure to caffeine decreases the anticonvulsant action of ethosuximide, but not
that of clonazepam, phenobarbital and valproate against pentetrazole-induced
seizures in mice. Pharmacol. Rep. 58, 652–659.

Mandhane, S.N., Aavula, K., Rajamannar, T., 2007. Timed pentylenetetrazol infusion test:
a comparative analysis with s.c. PTZ andMESmodels of anticonvulsant screening in
mice. Seizure 16, 636–644.

Mannino, R.A., Wolf, H.H., 1974. Opiate receptor phenomenon: proconvulsant action of
morphine in the mouse. Life Sci. 15, 2089–2096.

Manocha, A., Sharma, K.K., Mediratta, P.K., 1998. Tramadol, a centrally acting opioid:
anticonvulsant effect against maximal electroshock seizure in mice. Ind. J. Physiol.
Pharmacol. 42, 407–411.

Manocha, A., Sharma, K.K., Mediratta, P.K., 2001. Possible mechanism of anticonvulsant
effect of ketamine in mice. Indian J. Exp. Biol. 39, 1002–1008.

Manocha, A., Sharma, K.K., Mediratta, P.K., 2005. On the mechanism of anticonvulsant
effect of tramadol in mice. Pharmacol. Biochem. Behav. 82, 74–81.

Mansour, A., Valenstein, E.S., 1984. Morphine responsiveness and seizure proneness.
Exp. Neurol. 85, 346–357.

Markowitz, J.C., Brown, R.P., 1987. Seizures with neuroleptics and antidepressants. Gen.
Hosp. Psych. 9, 135–141.

Miller, A.A., Wheatley, P., Sawyer, D.A., Baxter, M.G., Roth, B., 1986. Pharmacological
studies on lamotrigine, a novel potential antiepileptic drug: I. Anticonvulsant
profile in mice and rats. Epilepsia 27, 483–489.

Modica, P.A., Tempelhoff, R., White, P.F., 1990. Pro- and anticonvulsant effects of
anesthetics (Part II). Anesth. Analg. 70, 433–444.

Murray, T.F., Sylvester, D., Schultz, C.S., Szot, P., 1985. Purinergic modulation of the
seizure threshold for pentylenetetrazol in the rat. Neuropharmacology 24, 761–766.

Nehlig, A., Daval, J.L., Debry, G., 1992. Caffeine and the central nervous system:
mechanisms of action, biochemical, metabolic and psychostimulant effects. Brain
Res. Brain Res. Rev. 17, 139–170.

Nutt, D.J., Taylor, S.C., Little, H.J., 1986. Optimizing the pentetrazol infusion test for
seizure threshold measurement. J. Pharm. Pharmacol. 38, 697–698.

Ogren, S.O., Pakh, B., 1993. Effects of dopamine D1 and D2 receptor agonists and
antagonists on seizures induced by chemoconvulsants in mice. Pharmacol. Toxicol.
72, 213–220.

Orloff, M.J., Williams, H.L., Pfeiffer, C.C., 1949. Timed intravenous infusion of metrazol
and strychnine for testing anticonvulsant drugs. Proc. Soc. Exp. Biol. Med. 70,
254–257.

Osterloh, G., Friderichs, E., Felgenhauer, F., Günzler, W.A., Henmi, Z., Kitano, T.,
Nakamura, M., Hayashi, H., Ishii, I., 1978. Allgemeine pharmakologische Untersu-
chungen mit Tramadol, einem stark wirkenden Analgetikum. Arzneim.-Forsch.
(Drug Res.) 28, 135–151.

Oyungu, E., Kioy, P.G., Patel, N.B., 2009. Proconvulsant effect of khat (Catha edulis) in
Sprague Dawley rats. J. Ethnopharmacol. 121, 476–478.

Perucca, E., Gram, L., Avanzini, G., Dulac, O., 1998. Antiepileptic drugs as a cause of
worsening seizures. Epilepsia 39, 5–17.

Perucca, E., French, J., Bialer, M., 2007. Development of new antiepileptic drugs:
challenges, incentives, and recent advances. Lancet Neurol. 6, 793–804.

Peterson, S.L., Albertson, T.E., 1982. Neurotransmitter and neuromodulator function in
the kindled seizure and state. Progr.Neurobiol. 19, 237–270.

Pisani, F., Oteri, G., Costa, C., Di Raimondo, G., Di Perri, R., 2002. Effects of psychotropic
drugs on seizure threshold. Drug Safety 25, 91–110.

Pollack, G.M., Shen, D.D., 1985. A timed intravenous pentylenetetrazol infusion seizure
model for quantitating the anticonvulsant effect of valproic acid in the rat.
J. Pharmacol. Methods 13, 135–146.

Porsolt, R.D., Lemaire, M., Durmuller, N., Roux, S., 2002. New perspectives in CNS safety
pharmacology. Fundam. Clin. Pharmacol. 16, 197–207.

Potschka, H., Friderichs, E., Löscher, W., 2000. Anticonvulsant and proconvulsant effects
of tramadol, its enantiomers and its M1 metabolite in the rat kindling model of
epilepsy. Br. J. Pharmacol. 131, 203–212.

Preskorn, S.H., Fast, G.A., 1992. Tricyclic antidepressant-induced seizures and plasma
drug concentration. J. Clin. Psychiatry 53, 160–162.

Przegalinski, E., 1985. Monoamines and the pathophysiology of seizure disorders. In:
Frey, H.-H., Janz, D. (Eds.), Antiepileptic Drugs. Springer, Berlin, pp. 101–137.

Raffa, R.B., Stone Jr., D.J., 2008. Unexceptional seizure potential of tramadol or its
enantiomers or metabolites in mice. J. Pharmacol. Exp. Ther. 325, 500–506.

Ramanjaneyulu, R., Ticku, M.K., 1984. Interactions of pentamethylenetetrazole and
tetrazole analogues with the picrotoxinin site of the benzodiazepine–GABA
receptor–ionophore complex. Eur. J. Pharmacol. 98, 337–345.



11W. Löscher / European Journal of Pharmacology 610 (2009) 1–11
Rehni, A.K., Singh, I., Kumar, M., 2008. Tramadol-induced seizurogenic effect: a possible
role of opioid-dependent gamma-aminobutyric acid inhibitory pathway. Basic Clin.
Pharmacol. Toxicol. 103, 262–266.

Reigel, C.E., Jobe, P.C., Dailey, J.W., Steward, J.J., 1988. Responsiveness of genetically
epilepsy-prone rats to intracerebroventricular morphine-induced convulsions. Life
Sci. 42, 1743–1749.

Reisine, T., Pasternak, G., 1996. Opioid analgesics and antagonists, In: Hardman, J.G.,
Limbird, L.E., Molinoff, P.B., Ruddon, R.W., Goodman Gilman, A. (Eds.), Goodman &
Gilman's The Pharmacological Basis of Therapeutics, 9th ed. McGraw-Hill,
New York, pp. 521–556.

Rocha, L., Ackermann, R.F., Nassir, Y., Chugani, H.T., Engel Jr., J., 1993. Characterization of
mu opoid receptor binding during amygdala kindling in rats and effects of chronic
naloxone pretreatment: an autoradiographic study. Epilepsy Res. 14, 195–208.

Rueda, N., Florez, J., Martinez-Cue, C., 2008. Chronic pentylenetetrazole but not
donepezil treatment rescues spatial cognition in Ts65Dn mice, a model for Down
syndrome. Neurosci. Lett. 433, 22–27.

Saboory, E., Derchansky, M., Ismaili, M., Jahromi, S.S., Brull, R., Carlen, P.L., El Beheiry, H.,
2007. Mechanisms of morphine enhancement of spontaneous seizure activity.
Anesth. Analg. 105, 1729–1735 (table).

Sander, J.W., Perucca, E., 2003. Epilepsy and comorbidity: infections and antimicrobials
usage in relation to epilepsy management. Acta Neurol. Scand., Suppl. 180, 16–22.

Santos Jr., J.G., DoMonte, F.H., Russi, M., Agustine, P.E., Lanziotti, V.M., 2002. Proconvulsant
effects of high doses of venlafaxine in pentylenetetrazole-convulsive rats. Braz. J.Med.
Biol. Res. 35, 469–472.

Sato, M., Racine, R.J., McIntyre, D.C., 1990. Kindling: basic mechanisms and clinical
validity. Electroencephalogr. Clin. Neurophysiol. 76, 459–472.

Scheld, W.M., 1989. Drug delivery to the central nervous system: general principles and
relevance to therapy for infections of the central nervous system. Rev. Infect. Dis. 11
(Suppl 7), S1669–S1690.

Scholl, M.L., 1962. The diagnosis and treatment of seizures. Pediatr. Clin. North Am. 9,
353–376.

Schwark, W.S., Frey, H.-H., Czuczwar, S.J., 1986. Effect of opiates on the parameters of
seizures in rats with full amygdaloid-kindled convulsions. Neuropharmacology 25,
839–844.

Shipton, E.A., 2000. Tramadol—present and future. Anaesth. Intensive Care 28, 363–374.
Smith, P.E., McBride, A., 1999. Illicit drugs and seizures. Seizure 8, 441–443.
Spiller, H.A., Gorman, S.E., Villalobos, D., Benson, B.E., Ruskosky, D.R., Stancavage, M.M.,

Anderson, D.L., 1997. Prospective multicenter evaluation of tramadol exposure.
J. Toxicol., Clin. Toxicol. 35, 361–364.

Starr, M.S., 1996. The role of dopamine in epilepsy. Synapse 22, 159–194.
Stern, L., Dannon, P.N., Hirschmann, S., Schriber, S., Amytal, D., Dolberg, O.T., Grunhaus,

L., 1999. Aminophylline increases seizure length during electroconvulsive therapy.
J. ECT 15, 252–257.

Strauss, H., 1944. The effect of mental activity on the incidence of seizures and the
electroencephalographic pattern in some epileptics. Psychonom. Med. 6, 141–145.

Sutherland, M.J., Burt, P., 1994. Propofol and seizures. Anaesth. Intensive Care 22,
733–737.
Taylor, S.M., 2008. Electroconvulsive therapy, brain-derived neurotrophic factor, and
possible neurorestorative benefit of the clinical application of electroconvulsive
therapy. J. ECT 24, 160–165.

Thompson, R.G., Aldrete, J.A., 1975. Interaction between local anesthetics and analeptic
drugs. South. Med. J. 68, 189–192.

Thundiyil, J.G., Kearney, T.E., Olson, K.R., 2007. Evolving epidemiology of drug-induced
seizures reported to a Poison Control Center System. J. Med. Toxicol. 3, 15–19.

Torta, R., Monaco, F., 2002. Atypical antipsychotics and serotoninergic antidepressants in
patients with epilepsy: pharmacodynamic considerations. Epilepsia 43 (Suppl 2),
8–13.

Tutka, P., Barczynski, B., Wielosz, M., 2004. Convulsant and anticonvulsant effects of
bupropion in mice. Eur. J. Pharmacol. 499, 117–120.

Urca, G., Frenk, H., 1980. Pro- and anticonvulsant action of morphine in rats. Pharmacol.
Biochem. Behav. 13, 343–347.

Uzbay, T.I., Kayir, H., Ceyhan, M., 2007. Effects of tianeptine on onset time of
pentylenetetrazole-induced seizures in mice: possible role of adenosine A1
receptors. Neuropsychopharmacology 32, 412–416.

Van Luijtelaar, E.L., Drinkenburg, W.H., van Rijn, C.M., Coenen, A.M., 2002. Rat models of
genetic absence epilepsy: what do EEG spike-wave discharges tell us about drug
effects? Methods Find. Exp. Clin. Pharmacol. 24 (Suppl D), 65–70.

Vohland, H.W., Portig, J., Stein, K., 1981. Neuropharmacological effects of isomers of
hexachlorocyclohexane. 1. Protection against pentylenetetrazol-induced convul-
sions. Toxicol. Appl. Pharmacol. 57, 425–438.

Walker, I.A., Slovis, C.M., 1997. Lidocaine in the treatment of status epilepticus. Acad.
Emerg. Med. 4, 918–922.

Weinshenker, D., Szot, P., 2002. The role of catecholamines in seizure susceptibility: new
results using genetically engineered mice. Pharmacol. Ther. 94, 213–233.

White, H.S., Porter, R.J., Kupferberg, H.J., 2008. Screening of new compounds and the
role of the pharmaceutical industry, In: Engel, J.J., Pedley, T.A. (Eds.), Epilepsy. A
Comprehensive Textbook, Second edition. Wolters Kluwer/Lippincott Williams &
Wilkins, Philadelphia, pp. 1469–1485.

Woodbury, D.M., 1969. Role of pharmacological factors in the evaluation of antic-
onvulsant drugs. Epilepsia 10, 121–144.

Yacobi, R., Burnham, W.M., 1991. The effect of tricyclic antidepressants on cortex- and
amygdala-kindled seizures in the rat. Can. J. Neurol. Sci. 18, 132–136.

Yilmaz, I., Sezer, Z., Kayir, H., Uzbay, T.I., 2007. Mirtazapine does not affect
pentylenetetrazole- and maximal electroconvulsive shock-induced seizures in
mice. Epilepsy Behav. 11, 1–5.

Zaczek, R., Markl, A., Balm, M., Coyle, J.T., 1986. A simple method for quantitative
electroencephalographic assessment of drugs with convulsant and anticonvulsant
properties. J. Neurosci. Methods 18, 351–360.

Zienowicz, M., Wislowska, A., Lehner, M., Taracha, E., Skorzewska, A., Maciejak, P.,
Plaznik, A., 2005. The effect offluoxetine in amodel of chemically induced seizures—
behavioral and immunocytochemical study. Neurosci. Lett. 373, 226–231.


	Preclinical assessment of proconvulsant drug activity and its relevance for predicting adverse .....
	Introduction
	The timed intravenous pentylenetetrazole (PTZ) infusion seizure test
	Preclinical vs. clinical data on drugs that may lower seizure threshold
	CNS stimulants
	CNS depressants
	Neuroleptics
	Antidepressants
	General anesthetics

	Local anesthetics and antibiotics
	Opioids

	Limitations of the timed i.v. PTZ infusion seizure test in correctly predicting proconvulsant d.....
	Alternatives to the timed i.v. PTZ infusion seizure test for identifying proconvulsant drug act.....
	Conclusions
	Acknowledgements
	References




