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Abstract. Changes in nonconvulsive spontaneous epileptic activity -
Spike-Wave Discharges (SWD) - induced by repeated intraperitoneal
(i.p.) administration of crystalline penicillin (PC) at subconvulsive
doses were evaluated in imp-DAK rats. Three groups received ten
daily i.p. injections of PC at doses of 750,000, 500,000 and 250,000
IU/kg b.w. For comparison, another classic convulsant, pentylenetrazol
(PTZ) was applied in the same way to another group. PTZ was also
given to all rats before and after injection series for better evaluation of
changes in CNS excitability. Repeated PC injections resulted in a
progressive increase in the basal level of the spontaneous SWD activity
and in an increase in the SWD response to PC, which was statistically
significant in the case of the dose 750,000 IU/kg. Moreover, in all rats
given PC the response to PTZ (increase in SWD activity) was reduced.
The results obtained in this and previous experiment suggest that in the
course of repeated systemic Pc administration adaptive changes in the
rat CNS develop which prevent the convulsive effects of Pc but
promote the occurrence of the spontaneous nonconvulsive SWD
activity.
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INTRODUCTION

Epileptogenic properties of penicillin (PC) ap-
plied either directly to the brain or systemically
have been known for many years (see de Deyn et al.
1992). Considering that repeated, systemic injec-
tions of a convulsant drug may result in a durable
change of the convulsive threshold (Mason and
Cooper 1972) a question about the effects of pro-
longed PC therapy arises. Experimental data con-
cerning this problem are scarce. In a series of
experiments on rats, Bo et al. (1984, 1986) found a
decrease in the epileptiform activity induced by
crystalline PC after successive injections, which
suggested the development of tolerance to PC. In
these experiments PC induced single spikes and
trains of spikes in ECoG, accompanied by muscle
twitches and clonic convulsions. It is known, how-
ever, that systemic injections of PC may also induce
generalized nonconvulsive petit mal-like seizures
characterized by bursts of spike and wave dischar-
ges (SWD) in ECoG (Gloor and Testa 1974, Gloor
1979), or aggravate this type of epileptic activity in
animals in which it occurs spontaneously (see
Marescaux et al. 1992). The convulsive and non-
convulsive seizures differ with respect to their sen-
sitivity to anticonvulsant drugs (Coenen et al. 1992,
Marescaux et al. 1992), which suggests that differ-
ent neural mechanisms and/or neurotransmitter sys-
tems are involved in their generation. It would
therefore be of interest to find out whether in the
course of repeated PC administration the effect of
PC on the SWD activity will change in the same di-
rection as that on the convulsive activity. In our ear-
lier experiments on rats with spontaneous SWDs we
observed that while the convulsive activity (single
spikes and trains of spikes) induced by subsequent
PC injections was markedly attenuated, similarly as
inexperiments of Bo etal. (1986), the SWD activity
increased (Stankiewicz et al. 1995). Such effect
may suggest that in the course of repeated PC injec-
tions CNS developed tolerance to the convulsive ef-
fect of this antibiotic, but not to that promoting
SWD activity. Another possibility was that the in-
crease in the SWD activity was secondary to the re-

duction in strength of the convulsive activity; ac-
cording to some observations SWD activity is being
suppressed during the latter (Brankack et al. 1993).
Should this be true then one could expect that in the
case of repeated PC injections at doses too small to
induce convulsive seizures but sufficient to pro-
mote SWD activity, the latter response would also
diminish progressively owing to the development
of tolerance. Smaller doses should produce no
change in SWD activity. The main purpose of the
present experiment was to verify the above suppo-
sition. According to literature reports, the mechan-
ism of PC action in CNS is similar to that of another
classic convulsant, pentylenetetrazol (McDonald
and Barker 1977). Therefore, for comparison, the
effect of pentylenetetrazol (PTZ) applied repeated-
ly at a dose just sufficient to produce a transient in-
crease in SWD activity was also examined. In order
to reveal enduring changes in the CNS excitability
which may be a consequence of the repeated PC or
PTZ administration, the response (increase in SWD
activity) to a higher dose of PTZ injected before and
after the series of PC and PTZ injections was com-
pared in all animals.

METHODS

Forty four Wistar rats from the IMP/Wist stock,
weighing 370-520 g, were used. The animals were
kept in single plexiglas cages, at constant temperature
of 22° C, and maintained on standard diet. Under
general (Nembutal 60 mg/kg b.w.) and local (0.5 ml
of 4% xylocainum) anaesthesia, unipolar surface elec-
trodes (gold-plated discs of 1.5 mm in diameter) were
implanted over the fronto-parietal cortex bilaterally,
without breaking meninges. The reference and ground
electrodes were placed on the surface of dura mater
over the cerebellum and on the nasal bone, respectively.
The experiment began after a 14-day recovery period.

Apparatus
An 8-channel electroencephalograph (Beckman,

Acutrace) was used to perform the ECoG recording.
The time constant was set at 0.3 s and the high fre-



quency filter at 35 Hz. For the time of the recording
the rats were placed into plastic opaque open-top
boxes (30 x 30 x 40 cm) and the shielded low-
-weight flexible cables, connecting the electrodes to
the inputs of the electroencephalograph amplifiers,
were attached. The recording equipment was lo-
cated in aroom adjacent to the animal compartment.
A TV system enabled observation of the rat beha-
viour during the recording.

Drugs and drug administration

Crystalline penicillin G (potassium salt, Polfa,
Tarchomin) was dissolved in water for injection
(aqua pro injectione, Polfa) at the concentration of
300,000 IU/ml and given intraperitoneally (i.p.) in
avolume containing an appropriate dose perkgb.w.
Pentylenetrazol (Sigma) was also dissolved in
water for injection, at the concentration of 20 mg/ml
and administered i.p. Control animals were given
1.p. injections of water.

EEG recording and evaluation of records

The rats were recorded in the squads of four. In
all rats, spontaneous occurrence of SWD bursts had
been verified on the basis of preliminary EEG rec-
ords obtained two weeks after the surgery. Two-
-hour recordings (monopolar derivations), one hour
before and one hour after injection, were per-
formed. Each one-hour ECoG section was analysed
visually with respect to the number and cumulative
duration of SWD bursts. Each clearly discernible
spike-wave series lasting at least one second was re-
garded as an SWD burst (Fig. 1).

parietal cortex
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Experimental procedure

The rats were divided into five groups, of eight
animals each. Three groups received ten daily i.p.
injections of PC at doses of 750,000 IU/kg (PC750),
500,000 IU/kg (PC500) and 250,000 IU/kg
(PC250). The rats of the fourth group (PTZ) re-
ceived ten daily i.p. injections of PTZ at a dose of
10.0 mg/kg. The rats of the fifth, control group (W)
received ten daily injections of 2 ml/kg of water. Six
days before the first and six days after the last of the
injection series, PTZ at a dose of 20.0 mg/kg was in-
jected (PTZ test) to each rat of every group. The hig-
hest PC dose and all doses of PTZ used for daily
injections were determined on the basis of pilot ex-
periments. In these experiments a single injection of
750,000 IU/kg of PC and 10.0 mg/kg of PTZ re-
sulted in a moderate (by about 20-50%) increase in
the number of SWD bursts during a one-hour pos-
tinjection period. The 20.0 mg/kg PTZ dose used
for the PTZ test, resulted in about twofold increase
in the number of SWD bursts in the postinjection
one-hour ECoG section.

The ECoGs were performed on the days when
PTZ at the dose of 20.0 mg/kg was injected and on
the day of the first (record 1), fifth (record 2) and
tenth (record 3) injection of the series of daily injec-
tions.

Statistical analysis
The data were analysed by a parametric two-way
ANOVA and Tukey’s test for multiple comparisons

(Winer 1961). The differences were regarded as sig-
nificant at P<0.05.

’YW

Fig. 1. Fragment of ECoG showing spontaneous 7-9 Hz burst of spike and wave discharges. Calibration: horizontal, 1.0 s, ver-

tical, 500 V.
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RESULTS

The number of SWD bursts in the preinjection
and postinjection one-hour ECoG sections was
denoted as nl and n2, respectively. Consequently,
the total duration of the SWD activity in the pre- and
postiniection ECoG sections was denoted as t1 and
t2. Direct nl, n2, t1 and t2 values as well as n2/nl
and t2/t1 ratios calculated on the basis of ECoGs ob-
tained during the period of repeated daily injections
(recordings 1, 2 and 3), and those from the PTZ
tests, were analysed separately.

Repeated injections stage

The analysis of nl by the two-way parametric
ANOVA revealed no effect of group factor but the
effect of recordings as well as the groups x recor-
dings interaction was significant (F35=6.88,
P<0.02 for recordings, F435=29.51, P=0.001 for
interaction); generally, in the preinjection part of
recording 3 the number of SWD episodes was sig-
nificantly higher than in recordings 1 and 2 and this
increase was most reliable in the PC750 group
(Fig. 2A). Within-group comparisons however, re-
vealed that this difference was not significant
(0.05<P<0.07).

The results for the t1 value replicated in part
those for nl. Generally, t1 in recording 3 was sig-
nificantly higher than in recording 1 (effect of rec-
ordings: F'134=5.42, P<0.03). However, no significant
differences between groups within consecutive rec-
ordings as well as between recordings within groups
were found (Fig. 2B).

The analysis of the n2/n1 proportion revealed no
significant effect of any of the main factors. How-
ever, the group x recordings interaction, was found
to be significant (F4,34=34,75, P<0.0001). Further
comparisons revealed no differences between
groups within the successive recordings. Compari-
sons between recordings revealed differences only
in the PC500 group (F2,68=5.37, P<0.01); the n2/n1
ratio in recording 3 was significantly higher than in
recordings 1 and 2 (Fig. 3A). It should be noted,
however, that in all groups receiving PC injection

the n2/n1 ratio changed in the same direction, i.e. in-
creased, across successive recordings, whereas in
group W and PTZ10, the downward tendency was
observed. Moreover, it needs mentioning, that con-
trary to our expectations based on the results of pilot
experiments, only in three rats from the PC750
group the n2/n1 ratio in recording 1 was higher than
1.0,1.e. the PCinjection resulted in an overtincrease
in SWD activity. There were two such animals in
group PC500, one in group PC250 and six in the
PTZ10 group. Even in the W group, in two rats an
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Fig. 2. Diagrams (means and SEs) illustrating the number (A)
and duration (B) of SWD episodes in the preinjection hour of
three ECoG recordings in rats receiving repeated i.p. injec-
tions of crystalline penicillin at the doses of 750,000 I.U./kg
(Pc750), 500,000 I.U./kg (Pc500) and 250,000 1.U./kg (Pc
250) and in rats receiving repeated i.p. injections of water (W)
and 10 mg/kg of pentylenetrazol (PTZ). Shadowed bars, rec-
ording 1 (before the first injection); black bars, recording 2
(before the fifth injection); open bars, recording 3 (before the
tenth injection). *P<0.05 in comparison with recording 1.



increase in the SWD number after the first injection
was observed. In recording 3, however, the n2/nl
ratio was higher than 1.0 in four rats of the PC750
group, in six of the PC500 group and in four of the
PC250 group. In the PTZ10 group the number of
animals showing an increase in the SWD number
after the injection fell to two and in group W to zero.
In other words, within the PC groups the proportion
of rats showing postinjection increase in SWD
number became higher in the course of repetitive
PC treatment. In PTZ10 group, on the contrary, the
response to successive PTZ injections seemed to
become weaker. The latter was more clearly illus-
trated by the results of t2/t1 analysis. In this case, the

n2/n1 [%]

Pc 750 Pc 500 Pc 250 w PTZ

Pc 250 w PTZ
group

Pc 750 Pc 500

Fig. 3. Diagrams (means and SEs) illustrating the n2/n1 (A)
and t2/t1 (B) ratios in rats receiving repeated i.p. injections of
crystalline penicillin at the doses of 750,000 1.U./kg (Pc750),
500,000 I.U./kg (Pc500) and 250,000 I.U./kg (Pc 250) and in
rats receiving repeated i.p. injections of water (W) and 10
mg/kg of pentylenetrazol (PTZ). The remaining description as
in Fig. 2.
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two-way ANOVA revealed a significant group ef-
fect (F434=3.35, P<0.03), and significant groups x
recordings interaction (F434=20.73, P<0.0001).
Subsequent one-way ANOV As revealed differen-
ces in recording 1 (F4,102=3.93, P<0.01), and rec-
ording 2 (F4,102=2,71, P<0.05). In recording 1 the
t2/t1 ratio in PTZ10 group was significantly higher
than in all the remaining groups except the PC750
group. Inrecording 2, only in group W the t2/t1 ratio
was lower than in the PTZ10 group. In recording 3
no within-group differences with respect to the
value of the t2/t1 proportion were found (Fig. 3B).

Results of PTZ tests

The comparison of the number of SWD episodes
in the preinjection phase of the PTZ tests revealed
no significant group effect but the effect of recor-
dings was significant (F35=4.32, P<0.05); on the
day of the second test the n1 value was significantly
increased. The group x recordings interaction was
also significant (F4,35=47.45, P<0.0001). Further
comparisons revealed that in group PC750 on the
day of the second PTZ test, i.e. six days after the last
PC injection, the nl value was significantly in-
creased as compared with respective value for the
first PTZ test (F135=15.6, P<0.0005). In the re-
maining groups the nl values for the day of the first
and second PTZ tests did not differ. The analysis of
the t1 value revealed no significant differences, al-
though on the day of the second PTZ test it was evi-
dently increased in the PC750 group (Fig.4).

As for the n2/n1 ratio the effects of the main fac-
tors were not significant but the interaction was
(F435=80.40, P<0.0001). Comparisons between
successive tests revealed differences only in the
PC750 group (F135=21.14, P<0.0001); on the day
of the second test the n2/n1 proportion was signifi-
cantly decreased in comparison with the day of the
first PTZ test.

The analysis of the t2/t1 proportion revealed no
significant effect of the group factor but the effect
of tests was significant (F35=5.79, P<0.03);
generally, the t2/t1 proportion on the day of the sec-
ond PTZ test was significantly reduced. The groups
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Fig. 4. Diagrams (means and SEs) illustrating the number (A)
and duration (B) of SWD episodes in the preinjection hour of
ECoG recordings on the days of pentylenetrazol administra-
tion at the dose of 20 mg/kg in rats receiving series of i.p. in-
jections of crystalline penicillin at the doses of 750,000
1.U./kg (Pc750), 500,000 I.U./kg (Pc500) and 250,000 I.U./kg
(Pc 250), water (W) and 10 mg/kg of pentylenetrazol (PTZ).
Shadowed bars, recording I - six days before; black bars, rec-
ording II - six days after the injection series. *P<0.05 in com-
parison with recording 1.

X tests interaction was also significant (F4.35=25.48,
P<0.0001). In group PC750 as well as in group
PC500, the value of the t2/t1 proportion was signi-
ficantly reduced on the day of the second test in
comparison with test I (F1,35=4.88, P<0.05, and
F135=8.15, P<0.01, respectively) (Fig. 5).

DISCUSSION

The major objective of the present study was to
find out whether the transient increase in SWD ac-

350

300 +

250

200

n2/in1 [%]

150 +

100

50

Pc 750 Pc 500 Pc 250 w PTZ

700 +

600 +

500 +

400 + [F]

211 [%]

300
200 1

100

Pc 500

Pc 750 Pc 250 w PTZ

group

Fig. 5. Diagrams (means and SEs) illustrating the n2/n1 (A)
and t2/t1 (B) ratios on the days of pentylenetrazol administra-
tion at the dose of 20 mg/kg in rats receiving series of i.p. in-
jections of crystalline penicillin at the doses of 750,000
I.U./kg (Pc750), 500,000 I.U./kg (Pc500) and 250,000 .U ./kg
(Pc 250), water (W) and 10 mg/kg of pentylenetrazol (PTZ).
The remaining description as in Fig. 4.

tivity, which may follow systemic injection of PC
at appropriate dose, diminishes when the antibiotic
is given repeatedly. If such effect occurred, it might
suggest, following the data of Bo et al. (1986) and
the results of our previous studies (Stankiewicz et
al. 1995), that in the course of repeated injections,
changes in CNS develop, which compromise not
only the convulsive but also the nonconvulsive
(SWD) epileptic effects of PC. Unfortunately, the
expected response to the first PC injection, even at
the highest dose (750.000 IU/kg) i.e. the transient
increase in the number of SWD episodes, appeared
to be much less frequent than it was expected on the



basis of pilot studies. Nonetheless, detectable
changes have been produced by the repeated PC in-
jections. Firstly, in the PC-injected animals, unlike
in the control and PTZ10 groups, the intensity of
SWD activity (i.e. the number and/or duration of the
SWD bursts) in the postinjection part of the recor-
ding period in general, as well as the percentage of
animals with the n2/nl or t2/t1 1, apparently in-
creased. One may consider this increase controversial
owing to the lack of overt dose-response relationship.
In fact, only at the medium PC dose (PC500 group) the
n2/nl increased significantly. It should be noted, how-
ever, that at the highest PC dose (PC750 group), there
was also a pronounced increase in the nl value (see
below) which might be responsible for the flatten-
ing of differences in the n2/n1 ratios between suc-
cessive records. Different individual sensitivity to
PC might be another factor responsible for the lack
of overt dose-response relationship.

Secondly, repeated PC administration seemed to
result in a general increase in the level of SWD ac-
tivity persisting for at least several days after the PC
injections had been discontinued. It has been evi-
denced by a significantly higher n1 value in group
PC750 during the second PTZ test as compared
with that seen during the first one. The above obser-
vations by no means suggest a diminution of a fa-
cilitatory effect of PC on the SWD activity, but they
allow one to suspect its strengthening in the course
of repeated PC injections. However, repeated 1.p.
administration of PC made the rat CNS apparently
less susceptible to the SWD-promoting influence of
PTZ given via the same route. This is suggested by
the lower n2/n1 and t2/t1 proportions in the second
PTZ test as compared with the first one. This effect
appeared to be dose-related since it was evident
only in the PC750 and PC500 groups.

The available data concerning the mechanism of
PC activity on the CNS and generation of SWD do
not allow simple, straightforward explanation of the
results obtained in the present experiment. Accord-
ing to several reports, in the mammalian nervous
system PC behaves as an antagonist of GABA
(GABA-A)receptors (Curtis etal. 1972, McDonald
and Barker 1977). A deficient GABA-mediated in-
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hibition in the neocortex was assumed to be the
most likely cause of the convulsive activity induced
by PC in cats (Quesney and Gloor 1978, Giaretta et
al. 1987). In rats, the cortical spiking activity in-
duced by intraperitoneal PC injections, can be
blocked by systemic GABA (Loeb et al. 1982,
Benassi et al. 1992). Thus, it is possible that in both
species the mechanism of PC-induced convulsive
activity is similar, if not the same. One may assume
that in case of repeated PC administration compen-
satory modifications of the GABA-ergic synapses
in the cortex occur which make the GABA-ergic
transmission less vulnerable to the action of an an-
tagonist. Conceivably, the changes may consist,
like in other neurotransmitter systems, in receptor
up-regulation in the presence of an antagonist (Ben-
-Barak and Dudai 1980, McKinney and Coyle
1982). This could explain the decrease in the
strength of the convulsive response to subsequent
PC injections (Bo et al. 1986, Stankiewicz et al.
1995). It could also account for some effects of re-
peated PC injections on SWD activity observed in
the present experiments. According to literature
data, strengthening the GABA-ergic transmission
by systemic injections of an agonist of GABA-A
and GABA-B receptors, inhibitors of GABA reup-
take, or an inhibitor of GAB A-transaminase, results
in a dose-related facilitation of SWD activity in rat
genetic models of absence epilepsy, which suggests
that this type of ECoG abnormality may be related
to an augmented GABA-ergic transmission (see
Marescaux et al. 1992). In view of the above, the
persisting, increased basal level of the SWD activity
noted in the present experiments could be regarded
as an evidence of increased GAB A-ergic functional
tone, the presumed adaptive response to repeated
PC injections. The above explanation, however,
cannot be accepted in the context of the second ef-
fect of repeated PC administration found in the pre-
vious (Stankiewicz et al. 1995) and in the present
experiment, i.e. the gradually increasing postinjec-
tion SWD response. If a PC- induced inactivation of
GABA-A receptors were the direct cause of the
transient increase in SWD activity following PC in-
jection, and if this inactivation, if repetitive, led to
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a compensatory increase in the functional GABA-
ergic tone, then the effect of subsequent PC injec-
tions should be diminished rather than increased.
There are also other reasons which make the pres-
umed modification in the GABA-ergic transmission
an unreliable explanation of the PC-induced
changes in SWD activity. Firstly, no signs of defi-
cient GABA-mediated postsynaptic inhibition were
found in cat’s pericruciate cortex during SWDs in-
duced by systemic PC administration (Giaretta et al.
1987). Secondly, it has been shown that systemic
injections of classic GABA-A agonists, bicuculline
and picrotoxin, do not facilitate spontaneous SWD
activity in the rat genetic models of absence epilep-
sy (see Coenen et al. 1992, Marescaux et al. 1992).
The above data allow one to assume that the tran-
sient increase in SWD activity following systemic
PC administration in our rats could not be related to
ablockade of GABA-A receptors; consequently the
lasting elevation in the basal level of the sponta-
neous SWD activity could not be attributed to the
presumed compensatory increase in GABA-ergic
functional tone. The locus and the character of the
PC action responsible for the PC-induced changes
in SWD activity remain to be demonstrated.

An intriguing observation from the present
studies is the lack of any overt changes in SWD ac-
tivity in rats of the PTZ10 group and the reduced ef-
fectiveness of PTZ (20 mg/kg) in facilitating SWD
activity in the PC groups, noted on the 6-th day after
the last PC injection. In cultured mammalian neu-
rons, PTZ, like PC, behaves like a selective anta-
gonists of GABA (GABA-A) receptors (McDonald
and Barker 1977), and both PTZ and PC, adminis-
tered systemically, aggravate spontaneous SWD
activity in rats (Marescaux et al. 1992). What is
more, neocortex is the primary locus of the epilep-
togenic action of PC (Gloor et al. 1977), and at least
some epileptiform phenomena induced by PTZ are
due toits direct action on the cortex (Stringer 1994).
In the light of the above, one could expect that the
effect of repeated PTZ administration on SWD ac-
tivity would be similar as that of PC (i.e. stimula-
tion), and that the effect of the second PTZ test (after
a series of PC injections) would be rather stronger

that that of the first one (preceding the PC injec-
tions). The diminished effectiveness of PTZ in the
second test suggests that PC, administered re-
peatedly, induces changes which protect against
SWD induction (or stimulation) by PTZ. It is likely
that the changes are not identical to those respon-
sible for the elevated basal level of the SWD activity
and the increased SWD response to PC. The recent-
ly obtained evidence suggests that PTZ, adminis-
tered systemically, induces SWD activity in rats
through an action on mediodorsal and intralaminar
thalamic nuclei; lesions located in these areas pre-
vent the SWD induction by PTZ (Banerje and
Snead III 1994). Such lesions, however, do not af-
fect the SWD generation in rats in which, like in
those used in the present studies, this form of activ-
ity occurs spontaneously (Vergnes and Marescaux
1992). One can thus conclude that PTZ may in-
fluence SWD through thalamocortical connections
not engaged in spontaneous SWD generation. Then
there is a possibility that the PC-induced changes re-
sponsible for lowering of the PTZ effectiveness
concern the neocortical projections from intralami-
nar thalamic nuclei, whereas those facilitating SWD
develop somewhere in the thalamo-cortical cir-
cuitry involved in spontaneous SWD generation
(Avanzini et al. 1992, Kostopoulos and Antoniadis
1993, Steriade et al. 1993).

Summing up, the obtained results demonstrate
the complexity of the spectrum of PC activity with-
in the CNS. They also confirm the different patho-
physiology of the convulsive epileptic phenomena
and nonconvulsive SWD activity. The previous
(Stankiewicz et al. 1995) and present data suggest
that as a result of repeated PC administration CNS
develops tolerance to the convulsive activity of this
antibiotic. At the same time, it becomes more sus-
ceptible to the SWD-promoting action of PC but not
to a similar action of another classic convulsant,
PTZ. The obtained results should be of interest for
clinicians. The neurotoxicity of beta-lactam anti-
biotics, even at therapeutic doses, especially when
risk factors exist, is well known (Keskin and Konkol
1993). Unfortunately the results of treatment with
these antibiotics in doses producing no clinically



evident toxicity, were not investigated. Therefore,
experiments on animal models might provide evi-
dence allowing better estimation of the possible
consequences of PC therapy on CNS functions.
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