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Abstract

The behavioural and convulsant effects of imipenem and meropenem were studied after intraperitoneal
administration in DBA/2 mice, a strain genetically susceptible to sound-induced seizure, and in C57 mice,
a strain not prone to seizure.

DBA/2 mice were more susceptible than C57 mice to seizures induced by imipenem-—cilastatin or
meropenem. Imipenem was also 1-9 times more potent than meropenem in inducing clonus in DBA/2
mice.

To investigate the possibility that the seizure-inducing activity of imipenem might be due to a
probenecid-like effect of cilastatin, animals were treated with imipenem alone.

No significant differences were observed between imipenem—cilastatin and imipenem-treated animals.
Thus, it 1s reasonable to exclude a probenecid-like effect of cilastatin. Although the main mechanism for
seizure-like activity of imipenem cannot be easily determined, we believe that several mechanisms may be
involved. An increased excitation of the central nervous system (CNS) by inhibition of GABA binding to
receptors and a slow clearance of imipenem from the CNS may be postulated. Cilastatin did not induce
seizures. In addition, meropenem, a compound structurally related to imipenem, showed weak or no

convulsant effects.

New f-lactam antibiotics introduced into clinical practice
have included carbapenems. The prototype of this class is
imipenem (N-formimidoyl thienamycin) which possesses the
broadest antibacterial spectrum among the §-lactams. Since
imipenem penetrates well into the cerebrospinal fluid (CSF)
after systemic administration (Barza 1985), the antibiotic is
effective in the treatment of bacterial meningitis (Pata-
masucon & McCracken 1982; Kim 1985). Because of
its inactivation by the renal enzyme dehydropeptidase
(DHP-I), imipenem has usually been co-administered with
cilastatin, a specific DHP-I inhibitor. Meropenem is a new
carbapenem which is highly resistant to hydrolysis by
human DHP-I and can be used alone, without any DHP-I
inhibitor. Many experimental studies and several pieces of
clinical evidence exist on the convulsive effects of 3-lactam
antibiotics (De Sarro et al 1983; De Sarro et al 1989).
Imipenem with cilastatin has been reported to induce a
seizure-like activity (Williams et al 1988; Eng et al 1989;
Semel & Allen 1991); nevertheless such imipenem-induced
seizure activity is poorly documented (Tse et al 1987). In
fact, B-lactam antibiotics can induce convulsions in various
animal species when administered in high doses (Nistico et
al 1980a, b; De Sarro et al 1983, De Sarro et al 1989) and
their convulsant action has been attributed to the inhibition
of the GABA system (Antoniadis et al 1980; De Boer et al
1980; Hori et al 1985). In our previous study we described a
different pattern of responsiveness to cefazolin in two
different strains of mice, the genetically epilepsy-prone
mouse or Dilute Brown Agouti DBA/2J (DBA/2) mice
and Swiss mice (De Sarro et al 1993). The intention of the
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present study was to investigate the possible seizure-like
activity of meropenem as compared with the convulsant
activity induced by imipenem in DBA/2 and C57 mice.

The DBA/2 mouse has been known since 1947 to be
susceptible to audiogenic seizures (Hall 1947). DBA/2
mice undergo an age-dependent sequence of convulsions,
when exposed to a loud mixed-frequency sound (12—-16 kHz;
90-120db) such as a door bell (Chapman et al 1984).
DBA/2 mice, 16 to 30 days old, show in response to a loud
tone, an ill-co-ordinated locomotion consisting of wild
running followed by rhythmic clonic jerking, with the
animal lying on one side, followed by tonic flexion and
tonic extension of trunk, limbs and tail. The latter phase
may terminate with respiratory arrest and death. In
addition, it has been reported that mature DBA/2 mice,
with maturity-developed resistance to sound-induced
seizures (Chapman et al 1984), still have an increased
seizure susceptibility to a variety of non-audiogenic con-
vulsant treatments including chemical and physical stimuli
(Chapman et al 1984, 1987; Engstrom & Woodbury 1988,
De Sarro et al 1993). The nature of audiogenic seizures in
DBA/2 mice was extensively studied and neurochemical
abnormalities have been described by various authors
(Chapman & Meldrum 1987). Thus, this mouse strain has
been considered an excellent animal model for the study of
certain kinds of human epilepsy and for testing convulsant
or anticonvulsant drugs (Chapman et al 1984, 1987; Seyfried
& Glaser 1985).

Since we also postulated that meropenem might be able
to elicit seizure, the first aim of the present study was to
compare the neurological effects of these two carbapenems
in DBA/2 mice. In addition, since imipenem is co-
administered with cilastatin, we considered the possibility
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that cilastatin might affect the incidence and the intensity of
the seizures induced by imipenem.

Materials and Methods

Testing of anticonvulsant activity
DBA/2 (16-24 g, 42-48 days old) and C57 mice (18-28 g,
42-48 days old) were purchased from Charles River (Calco,
Como, Italy). Mice of either strain were injected with
imipenem-cilastatin (0-79-2-63 mmolkg~!, i.p.) or merope-
nem (1-31-2-63 mmolkg~!, i.p.) dissolved in sterile saline
(0-1mL/10 g body weight). Animals were placed in a Plexi-
glas box (40 x 40 x 30cm) and observed for 120 min after
intraperitoneal administration of imipenem-cilastatin or
meropenem. For each dose of carbapenem derivative 8—
10 animals of each strain were used. The intensity of seizure
response was scored on the following scale: 0 = no response,
1 = wild running, 2 = clonus, 3 = tonus, 4 = respiratory
arrest, which is identical to that observed after auditory
stimulation (De Sarro et al 1987). A second group of
animals (DBA/2 only) was treated with equimolar doses of
imipenem alone or cilastatin alone (1-05-2-63mmolkg™!,
i.p.). These two experimental groups were also observed and
the intensity of seizure response was scored according to the
scale shown above.

For ethical reasons, at the end of experiments the animals
which showed seizures were killed by ether anaesthesia.

Electrocortical analysis

Electrocortical activity was recorded (8-channel machine
OTE Biomedica, Florence, Italy) through four chronically-
implanted steel screw electrodes, inserted bilaterally onto
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the frontoparietal area. At least three mice, treated with the
largest dose of meropenem and imipenem, were studied for
changes in electrocortical activity.

Statistical analysis

Statistical comparisons among groups of control and drug-
treated animals were made using Fisher’s exact probability
test (incidence of the seizure phases) or Mann-Whitney U-
test (median seizure score + interquartile range). The
percentage incidence of each phase of the seizure was
determined for each dose of imipenem-—cilastatin, imipe-
nem or meropenem administered and log dose—response
curves were fitted using linear regression analysis of probit-
transformed percentage response. CD50 values (with 95%
confidence limits) for each compound and each phase of
seizure response were estimated using the method of probit
analysis (Finney 1978); the relative convulsant activities
were determined by comparison of respective CDS50 values.

Drugs

Imipenem monohydrate-sodium cilastatin, imipenem
monohydrate and sodium cilastatin were obtained from
Merck, Sharp & Dohme, Roma, Italy; meropenem tri-
hydrate was obtained from ICI-Pharma SpA, Milano,
Italy. The drugs were dissolved in isotonic sterile saline.

Results

Comparative convulsant activity of imipenem in C57 mice and
in audiogenic seizure-prone DBA[2 mice

Table 1 shows that the intensities of the seizures were
significantly different in the two strains of mice studied

Table 1. The incidence of seizure induced by imipenem—cilastatin or imipenem alone in DBA/2 and C57 mice.

Strain of Drugs Dose Incidence (%) Median seizure
mice (mmol kg-!) score +
Clonic Tonic Death interquartile
seizures seizures range
DBA/2 Imipenem Vehicle 0 0 0 0+0
+ 0-79 0 0 0 0+0
cilastatin 0-91 20 0 0 00
1-03 40 20 0 1+1
1-31 50 30 0 2+1
1-58 70 40 0 3+1
1-84 80 60 50 341
2-10 100 80 60 4+1
DBA/2 Imipenem Vehicle 0 0 0 00
alone 0-91 10 0 0 1+1
1-03 40 20 0 1+1
1-31 60 40 0 2+1
1-58 70 40 10 3+1
1-84 80 60 40 3+1
2-10 100 70 60 4+1
Cs57 Imipenem Vehicle 0 0 0 0+0
+ 1-58 0** 0 0 0+ 0+
cilastatin 1-84 20%* 10* 0 141+
2-10 40** 20%* 10 241+
2:37 50 30 20 2+2
2-63 60 40 40 3+1

Groups of DBA/2 or C57 mice were randomly assigned to experimental groups of 10 animals and injected
intraperitoneally with the stated doses of imipenem—cilastatin or imipenem alone (DBA/2 only). The animals were
observed for 120 min after drug injection. Incidence of each seizure phase is expressed as the percentage of mice in
each group displaying that phase. Significant differences in the incidence of seizure phases between C57 and DBA/
2 mice are denoted by *P < 0-05 and **P < 0-01 using Fisher’s exact probability test. Significant differences in
median seizure score between DBA/2 and C57 mice are denoted by * P < 0-05 using Mann Whitney U-test.
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Fic. 1. Dose-response curves of meropenem in DBA/2 and C57
mice. © DBA/2; m C57 mice. Ten mice were used for the determina-
tion of each point.

after intraperitoneal administration of imipenem—cilastatin.
In particular, DBA/2 mice were more susceptible to con-
vulsant doses of imipenem than C57 mice. Higher doses of
imipenem were necessary in C57 mice to induce a similar
incidence of the clonic phase of the seizures, whilst the tonic
phase of the seizures was rarely observed (Table 1). No
significant changes in the onset, duration and occurrence of
seizures in DBA/2 mice receiving imipenem alone or
imipenem + cilastatin were observed (Table 1). The CD50
value of imipenem—cilastatin for inducing clonus in DBA/2
mice was 1-44 (1-22-1-69 mmol kg~!, i.p.), whilst that for
triggering tonus was 1-83 (1-31-2-63mmolkg!, i.p.). The
CD50 value of imipenem-—cilastatin for inducing clonus in
C57 mice was 2-38 (2:05-2-75mmol kg~!, i.p.), whilst that
for triggering tonus was 2-86 (2:40-3-42 mmolkg~!, i.p.).
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FiG. 2. Dose-response curves of imipenem-cilastatin and cilastatin
alone in DBA/2 mice. @ Imipenem; m cilastatin. Ten mice were used
for the determination of each point.

Effects of meropenem administration in C57 mice and in
audiogenic seizure-prone DBA|2 mice

Neither DBA/2 nor C57 mouse strains showed behavioural
epileptic changes following meropenem doses of 1-31-
2:10mmolkg~! (Fig. 1). However, rare myoclonic jerks
were observed only following meropenem doses of 2-37 and
2-:63mmolkg~! in 2 out of 10, and 4 out of 10 DBA/2 mice,
respectively; no tonic seizures were observed. Conversely, no
behavioural epileptic signs were observed in C57 mice admi-
nistered meropenem doses of 2:37 or 2:63mmolkg™!. The
CD50 value of meropenem for triggering clonus in DBA/2
mice was 2:68 (2:41-2-99 mmolkg™', i.p.).

Effects of cilastatin administration to audiogenic seizure-
prone DBA/2 mice

No behavioural epileptic effects were observed following
intraperitoneal cilastatin doses of 1-05-2-63 mmolkg™!

(Fig. 2).
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Fic. 3. Electrocortical patterns following imipenem + cilastatin (2-1 mmol kg~', i.p.) administration in C57 and DBA/2
mice. Electrocorticographic patterns from right and left fronto—parietal cortex, illustrating the effects of imipenem +
cilastatin in both C57 and DBA/2 mice. B and B;; C and C,; D and D;: electrocorticographic recordings 15, 60 and
120 min, respectively, following the injection of imipenem + cilastatin. A and A,: control.
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Fic. 4. Electrocorticographic patterns following meropenem
(2:1 mmolkg~!, i.p.) administration in DBA/2 mice. Electrographic
patterns from right and left fronto—parietal cortex, illustrating the
effects of a single administration of meropenem. A; control. B,
C and D: electrocorticographic recordings 10, 30 and 60min,
respectively, following the injection of meropenem.

Electrocortical activity

Electrocorticographic epileptic discharges appeared more
rapidly in mice treated with imipenem than in those
receiving meropenem. In addition, these epileptic dis-
charges did not disappear more rapidly in animals treated
with imipenem alone than in those receiving imipenem—
cilastatin. The electrocorticographic epileptic pattern was
similar in DBA/2 mice which received imipenem—cilastatin
or imipenem alone (Fig. 3). The animals treated with
meropenem showed an occurrence of electrocorticographic
epileptic discharges which was less intense and shorter than
that of mice receiving imipenem (Fig. 4).

Discussion

The present study confirms that C57 and DBA/2 mice show
different susceptibility to seizures induced by convulsants
such as imipenem. In particular, seizure latency was con-
sistently shorter in DBA/2 than in C57 mice; the seizure
intensity was also different in the two mouse strains. In C57
mice an increased latency to clonic phase was observed
following imipenem administration; this phase as well as
the tonic phase of seizure failed to occur following merope-
nem administration. These data suggest that the neural
mechanisms which delay or prevent the onset of clonic
seizures are not yet present in 42-48 day-old DBA/2 mice.
These findings are in agreement with previous studies which
showed that DBA/2 mice have an increased seizure suscepti-
bility to a variety of non-audiogenic convulsant treatments
(Chapman et al 1984, 1987; Engstrom & Woodbury 1988;
De Sarro et al 1993). We considered the possibility that the
seizure-like activity induced by association with imipenem
may be related to increased cerebrospinal fluid and serum
levels of imipenem, which may occur during the concomi-
tant administration with cilastatin. However, the experi-

ments carried out with imipenem alone or in combination
with cilastatin showed no significant difference in the onset,
duration and severity of seizures. In addition, cilastatin by
itself did not induce convulsive effects. Thus, it is reasonable
to exclude a probenecid-like effect of cilastatin. Dudley
(1986) suggested that the neurotoxicity of imipenem may
have been caused by an accumulated open (-lactam meta-
bolite of imipenem, and not by cilastatin. This open
B-lactam metabolite is formed during -lactam ring cleavage
of imipenem and has a seizure potential similar to that of
cephazolin (Tse et al 1987). In our previous report we
suggested that cephazolin is a tetrazol derivative which
shows a marked similarity with the pentylentetrazol, a well
known convulsant drug which impairs GABA-ergic trans-
mission (De Sarro et al 1989).

Imipenem pharmacokinetics also deserve to be consid-
ered. An interesting study carried out on the transport of
imipenem in CNS of the rat showed that imipenem is
transported through the blood-brain barrier principally
via passive (simple) diffusion, and its efflux from the CNS
through the blood-cerebrospinal fluid barrier is slow. In
fact, imipenem has minimal affinity for the choroid plexus
active efflux system, resulting in the slow elimination of this
drug from the CNS (Suzuki et al 1989). Thus, we suggest
that imipenem CNS pharmacokinetics may play a deter-
minant role in inducing seizures with the inhibition of
GABA neurotransmission (Antoniadis et al 1980; De
Boer et al 1980; Hori et al 1985). In contrast, meropenem
exhibited a weak seizure activity and was only half as
potent as imipenem in inducing clonic seizures. Although
meropenem is chemically related to imipenem, there are
differences in the structure of these two agents which may
account for the observed differences in precipitation of
convulsions.

These differences suggest that pharmacokinetic factors
may not allow meropenem to reach the site of action
necessary to induce convulsions; however, this is unlikely.
Because meropenem is readily hydrolysed by DHP-I from
mice, rabbits and monkeys (Fukasawa et al 1992), we
suggest that the facile hydrolysis of meropenem by mouse
DHP-I might be responsible for the weak convulsant
activity observed in DBA/2 mice and for the lack of seizures
in C57 mice. Another possibility is that meropenem, as for
other 3-lactam derivatives which show a weak epileptogenic
activity (De Sarro et al unpublished), may possess a low
affinity to the binding sites at which many §-lactam anti-
biotics exert their convulsant effects. The convulsant action
of B-lactam derivatives has been related to the reduction of
GABA release from nerve terminals or to the inhibition of
the GABA binding to its receptor sites (Antoniadis et al
1980; De Boer et al 1980; Hori et al 1985; Williams et al
1988; Eng et al 1989). Although the previous authors believe
that the convulsant effects of S-lactam derivatives are
mainly related to inhibition of the GABA system, we may
consider an alternative hypothesis, i.e. the involvement of
other neurotransmitter systems. We have recently demon-
strated that some amino acid excitatory antagonists are able
to antagonize the seizures induced by imipenem in mice (De
Sarro et al unpublished).

In conclusion, we may emphasize that §-lactam deriva-
tives may bind different sites in the brain. This suggestion, if
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confirmed, might lead to development of new S-lactam
derivatives without convulsant effects.

Acknowledgements

Financial support from the Italian Ministry of University and
Scientific and Technological Research and the Italian Council
for Research is gratefully acknowledged. Our thanks to Mr
Antonino Giacopello for his skilful technical assistance.

References

Antoniadis, A., Muller, W. E., Wollert, U. (1980) Inhibition of
GABA and benzodiazepine receptor binding by penicillins.
Neurosci. Lett. 18: 309-312

Barza, M. (1985) Imipenem: first of new class of f-lactam anti-
biotics. Ann. Intern. Med. 103: 552-560

Chapman, A. G., Meldrum, B. S. (1987) Epilepsy prone mice:
genetically determined sound-induced seizures. In: Jobe, P. C.,
Laird, H. E. (eds) Neurotransmitters and Epilepsy. The Humana
Press, Clifton, New Jersey, pp 9-40

Chapman, A. G., Croucher, M. J., Meldrum, B. S. (1984) Evalu-
ation of anticonvulsant drugs in DBA/2. Arzneim. Forsch. Drug
Res. 34: 1261-1264

Chapman, A. G., De Sarro, G. B., Premachandra, M., Meldrum,
B. S. (1987) Bidirectional effect of -carbolines in reflex epilepsy.
Brain Res. Bull. 19: 1261-1264

De Boer, T., Stoof, J. C., Van Duyn, H. (1980) Effect of penicillin on
transmitter release from rat cortical tissue. Brain Res. 192: 296300

De Sarro, A., De Sarro, G. B., Ascioti, C., Nistico, G. (1989)
Epileptogenic activity of some 3-lactam derivatives: structure-
activity relationship. Neuropharmacology 28: 359365

De Sarro, A., Zappala, M., Chimirri, A., Grasso, S., De Sarro, G. B.
(1993) Quinolones potentiate cefazolin-induced seizures in DBA/
2 mice. Antimicrob. Agents Chemother. 37: 1497-1503

De Sarro, G. B., Calo, M., Bagetta, G., Anfosso, R., Marmo, E.,
Nicticd, G., Guarino, V. (1983) Comparative epileptogenic
properties of cefazolin and benzylpenicillin after intracaudate
microinjection in rats. Acta Pharmaceutica Sin. 4: 236-238

De Sarro, G. B., Libri, V., Ascioti, C., Testa, R., Nistico, G. (1987)
Anticonvulsant effect of denzimol in DBA/2 mice. Neurophar-
macology 26: 1425-1429

Dudley, M. N. (1986) Imipenem-cilastatin. The promise of single-
agent antimicrobial therapy fulfilled? Clin. Pharm. 5: 760

Eng, R. H., Munsif, A. N., Yangco, B. G., Smith, S. M., Chmel, H.
(1989) Seizure propensity with imipenem. Arch. Intern. Med. 149:
1881-1883

Engstrom, F. L., Woodbury, D. M. (1988) Seizure susceptibility in
DBA and C57 mice: the effects of various convulsants. Epilepsia
29: 389-395

Finney, D. J. (1978) In: Statistical Methods in Biological Assay. 3rd
edn, Charles Griffin, London pp 81-87

Fukasawa, M., Sumita, Y., Harabe, E. T., Nouda, H., Kohzuki, T,
Okuda, T., Matsumura, H., Sunagawa, M. (1992) Stability of
meropenem and effect of 15-methyl substitution on its stability in
the presence of renal dehydropeptidase 1. Antimicrob. Agents
Chemother. 36: 15771579

Hall, C. S. (1947) Genetic differences in fatal audiogenic seizures
between two inbred strains of house mice. J. Heredity 38: 2—-6

Hori, S., Kurioka, S., Matsuda, M., Shimada, J. (1985) Inhibitory
effect of cephalosporins on y-aminobutyric acid receptor binding
in rat synaptic membranes. Antimicrob. Agents Chemother. 27:
650-651

Kim, K. S. (1985) Efficacy of imipenem in experimental group B
streptococcal bacteremia and meningitis. Chemotherapy (Basel)
31: 304-309

Nistico, G., De Sarro, G. B., Naccari, F., Musolino, R., Rotiroti,
D., Gallitto, G., Di Perri, R. (1980a) Cefazolin: a valid model of
experimental epilepsy? In: Majkowski, J. (ed.) Epilepsy. A
Clinical and Experimental Research. Monogr. Neural. Sci.
Karger, Basel, vol. 5. pp 1419

Nistico, G., De Sarro, G. B., Rotiroti, D., Silvestri, R., Marmo, E.
(1980b) Antagonism by classical antiepileptics and sodium
valproate of cefazolin induced experimental epilepsy in rats.
Res. Commun. Chem. Path. Pharmacol. 29: 429444

Patamasucon, P., McCracken, G. H. (1982) Pharmacokinetics and
bacteriological efficacy of N-formimidoyl thienamycin in experi-
mental Escherichia coli meningitis. Antimicrob. Agents Che-
mother. 21: 390-392

Semel, J. D., Allen, N. (1991) Seizures in patients simultaneously
receiving theophylline and imipenem or ciprofloxacin or metro-
nidazole. South Med. J. 84: 465-468

Seyfried, T. N., Glaser, G. H. (1985) A review of mouse mutans as
genetic models of epilepsy. Epilepsia 26: 143—150

Suzuki, H., Sawada, Y., Sugiyama, Y., Iga, T., Hanano, M.,
Spector, R. (1989) Transport of imipenem, a novel carbapenem
antibiotic, in the rat central nervous system. J. Pharmacol. Exp.
Ther. 250: 979-984

Tse, C. S. T., Vera, F. H., Desai, D. V. (1987) Seizure-like activity
associated with imipenem-cilastatin. Drug Intell. Clin. Pharm. 21:
659660

Williams, P. D., Bennett, D. B., Comereski, C. R. (1988) Animal
model for evaluating the convulsive liability of §-lactam anti-
biotics. Antimicrob. Agents Chemother. 32: 758-760



