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In the present study, we compared in vivo changes of extracellular amino acid levels and nu-
cleotide derivatives to a single ip dose of lindane (10–60 mg/kg) and picrotoxin (5 mg/kg) in
the hippocampus of halothane anaesthetized rat by microdialysis-coupled HPLC analysis. Brain
activity was monitored by EEG. The effects of lindane and picrotoxin on EEG pattern of rats as
well as on hippocampal amino acid and nucleotide status were studied in 0–50 min, 50–100 min
and 100–150 min periods post-dosing. Significant decreases in Glu and Asp were found after
picrotoxin treatment. After 50–100 min post-dosing, hippocampal hypoxanthine and inosine
levels increased to both lindane (10 mg/kg) and picrotoxin whereas xanthine and uridine levels
increased to picrotoxin, only. Lindane elicited a dose-dependent occurrence of negative spikes
accompanied with rhythmic activity at 4–5 Hz. The picrotoxin-induced 4–5 Hz activity did not
display negative sharp waves and was accompanied by 10 Hz oscillations.
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does not occur during lindane intoxication (1 and refer-
ences cited there). In vitro data have supported the hy-
pothesis, as lindane decreases the evoked transmitter
release of [3H]D-aspartate (as a label for excitatory
amino acids) from cultured granule neurons (2). Also,
no detectable increase (3) but a decrease (4) of extra-
cellular glutamate content was associated with the pi-
crotoxin-induced seizures in the hippocampus. In the
present study, we compared in vivo changes of extra-
cellular amino acid levels to lindane and picrotoxin in
the hippocampus by microdialysis-coupled HPLC
analysis. In addition, since an increase in hippocampal
adenosine release and metabolism associated with bicu-
culline-, kainic acid- and pentylenetetrazol-induced
seizures has been evidenced (5) we attempted to meas-
ure changes in the extracellular concentrations of nu-
cleotide derivatives to lindane and picrotoxin as well.
EEG was also recorded to monitor brain activity.

INTRODUCTION

In vitro and in vivo data clearly supports that the
antagonism of GABA-mediated inhibition is probably
an important mechanism by which gamma-hexachloro-
cyclohexane (lindane) produces neuronal hyperexcit-
ability and convulsions (1 and references cited there).
Also, previous studies indicate that a global increase in
transmitter release from presynaptic terminals probably



EXPERIMENTAL PROCEDURE

Microdialysis. Animal experiments were carried out as previ-
ously described (6) on the basis of local ethical rules in accordance
with the Guidelines on the Use of Living Animals in Scientific In-
vestigations 1984. Microdialysis probes were prepared as described
earlier (7). Briefly, 5000 D cut-off hollow (Travenol, diameter 0.2 mm,
length 3 mm) was adjusted into 24-gauge stainless steel tubing.
Glass capillaries pulled from Jencons glass tubing were used for the
inlet and outlet of the probe. These glass capillaries were guided by
stainless steel tubes. Male Wistar rats (350–400 g, Toxicoop, Bu-
dapest, Hungary) were anaesthetized with 1% halothane in air and
placed into a stereotaxic frame. The probes were implanted into the
hippocampus (A: 25.2, L: 5, V: 28 mm) bilaterally, according to
the atlas of Paxinos and Watson (8). To minimise tissue damage the
final position of the probes was reached slowly, in not less than
15 min. We started to collect samples 120 min after the implantation
of the microdialysis probe by perfusing nonpyrogenic, amino acid
free, artificial cerebrospinal fluid (ACSF) containing 144 mM NaCl,
3 mM KCl, 1 mM MgCl2 and 2 mM CaCl2 (each from Sigma) in
water, at a rate of 1.5 ml/min. The pH of ACSF was adjusted to 7.4
with NaOH prior to the microdialysis experiment started. To estab-
lish the ambient baseline amino acid and nucleoside concentrations,
each experiment started with the collection of two control samples
(75 ml). Drugs (lindane: 10, 20, 60 mg/kg, Aldrich; picrotoxin:
5 mg/kg, Sigma) were dissolved in 100% DMSO (Merck) and in-
jected intraperitoneally (injected volume was 0.5 ml in all cases). To
examine the effect of DMSO on amino acid and nucleoside levels,
rats were injected intraperitoneally by the same amount of DMSO
only. Three 75 ml samples were collected in every 50 minutes and
kept in 220 C before measurement of amino acids and nucleosides
from the same sample. After each experiment, the brain was removed
and placed into 10% paraformaldehyde. Anatomical localisation of
the dialysis probes were checked by histological analyses of Nissl-
stained coronal sections.

Determination of the Concentration of Amino Acids in the Mi-
crodialysis Samples.To measure the amino acid concentrations,
precolumn derivatization with OPA was used in the presence of
mercaptoethanol at pH 10.4. Quantitative analysis of the OPA de-
rivatized amino acids was performed in an automated HPLC (HP
1100 Series) with diode array detector at 338 nm (ref. 380 nm) on
the basis of UV analysis of OPA derivated amino acids of Agilent
Application Library (9). Separation of amino acids was performed
by Agilent Hypersyl ODS reversed phase column (C18, 5mm spher-
ical ODS, 200 3 2.1 mm, with 20 mm precolumn) with the follow-
ing eluents: A: 0.1 M phosphate buffer containing 0.5% (vol/vol)
tetrahydrofuran and 0.02% (vol/vol) tetraethylammonium hydrox-
ide, pH 6.0); B: 70%; acetonitrile mixed with 0.1 M phosphate
buffer adjusted to pH 6.0 with NaOH (reagents and solvents were
from Sigma and Merck, respectively). The gradient profile was 8%
B at 0 min, 24% at 9 min, 35% B at 20 min, 100% B at 22–28 min,
0% B at 29 min. The flow rate was 0.5 ml/min. External standards
of 10 mM amino acids (Sigma) were injected after every 10 samples.
Detection limits for amino acids were 1–5 pmol/10 ml sample
(100 nM). Chromatograms were evaluated with Agilent Chem-
Station software.

Determination of the Concentration of Nucleosides in the
Microdialysis Samples.Determination of nucleosides in the micro-
dialysis samples was performed as described earlier (10,11). This
method is sensitive and selective enough for the measurement of
hypoxantine, xantine, uridine, inosine, guanosine, thymidine and
adenosine in microdialysis samples (11). Separation was performed

with HP1100 Series Chromatographic system on Agilent ODS
Hypersyl reversed phase column (C18, 5 mm spherical ODS, 200 3

2.1 mm, with 20 mm precolumn) with the following eluents: A:
0.02 M formiate buffer, pH 5 4.45, B: 0.02 M formiate buffer in
40% acetonitrile pH 5 4.45. The gradient profile was 0% B at
0–10 min, 15% B at 20 min, 47% at 24 min and 0% at 28 min. The
flow rate was 0.3 ml/min. UV detection was performed at 254 nm
(ref 360 nm). Chromatograms were evaluated with Agilent Chem-
Station software.

EEG Recording.Stainless steel screw electrodes (1 3 5 mm)
were implanted into the skull above the left frontal cortex (A: 3, L: 3),
and above the left occipital cortex (A: 28, L: 1), the reference screw
electrode was placed over the cerebellum (A: 210, L: 2). The
recording was performed by Grass Model 8B EEG (gain 50 mV/mm,
bandpass, 0.3–1000 Hz). EEG was continuously monitored on a
Tektronix storage screen oscilloscope. Signal processing was done
by CED 1401 AD converter of the Cambridge Electronic Devices
(Cambridge, U.K.) using Signal 1.82 software. Sampling rate was
500 Hz and the digital samples were 30 s long. Data files converted
to ASCII format were readable for MATLAB and ORIGINE 5.0
software.

Data Evaluation.Since diffusion of molecules into the micro-
dialysis probe is complex, concentrations of amino acids and nu-
cleotide derivatives in the dialysate are not identical with their
extracellular concentrations (12) therefore concentrations of amino
acids and nucleotide derivatives measured in microdialysis samples
collected during various drug applications were related to averaged
amino acid (nucleotide derivatives) concentration of control samples
collected for 100 minutes previous to drug application and were
given as percent changes. We obtained 3 data from each animal ac-
cording to the time spent after the drug application: 0–50 minutes,
50–100 and 100–150 minutes. We averaged percent values obtained
from different animals the same time after the drug application
(mean 6 SEM). We performed General Linear Model ANOVA
(GLM ANOVA) in order to reveal the influence of different doses
(10, 20 and 60 mg/kg) of lindane and 5 mg/kg dose of picrotoxin on
amino acid and nucleoside concentrations and to describe the time
course of the effect. To determine which differences between means
were significant, Newman-Keuls multiple comparison procedure
were used. Statistical calculations were carried out by NCSS Statis-
tical Software (Utah, USA).

Wavelet analysis of EEG samples (unlike the traditional
Fourier method) yields a time-frequency mapping of the signal.
Since the EEG is a non stationary signal (its statistical parameters-
such as auto correlation—are time dependent variants) the re-
arrangements of its oscillatory component can be tracked only by
some adaptive power spectral estimation method like wavelet trans-
form. As the wavelet power spectrum function has two independent
variable (time and frequency) contour-plots are used for visualiza-
tion of the EEG component fluctuations (13).

RESULTS

Changes in the Extracellular Concentration of
Amino Acids in the Hippocampus after a Single Intra-
peritoneal Injection of Lindane or Picrotoxin.The
concentration of Glu, Asp, Gln, Gly and Tau in the
control dialysate samples remained constant for 2 hours

140 Nyitrai et al.



previous to drug application, and found to be: 0.3 6
0.07 mM Glu, 0.2 6 0.05 mM Asp, 26.6 6 6.6 mM Gln,
1.5 6 0.25 mM Gly, 2.7 6 0.5 mM Tau, respectively.
We examined the effect of intraperitoneal injection of
different doses of lindane: 10 mg/kg (n 5 4) and
20 mg/kg (n 5 5) and 60 mg/kg (n 5 3) together with
a single dose of picrotoxin 5 mg/kg (n 5 3) for 150 min-
utes. We compared all of our results to the data obtained
from only DMSO injected rats (n 5 3). The injection of
DMSO alone had no effect on extracellular Asp, Glu,
Gln, Gly and Tau concentration.

In agreement with half life for incorporation and
elimination of lindane in blood and brain in awake rats
(14), the extracellular concentration of Asp and Glu
decreased in samples collected 100–150 min after the
ip injection of 60 mg/kg lindane. However these ef-
fects were not significant according to the GLM
ANOVA, the Students T-test showed significant dif-
ferences at p , 0.05 level (Fig. 1). For Asp, the picro-
toxin treatment (5 mg/kg) main effect was significant
(F4,21 5 3.71, p 5 0.019). In addition, significant dif-
ferences were found among the following treatment
means: picrotoxin vs. DMSO and picrotoxin vs. lin-
dane dose 20 mg/kg. For Glu, the picrotoxin treatment
main effect was significant (F4,21 5 3.94, p 5 0.015).
Also, there was a significant difference between pi-
crotoxin and lindane dose 20 mg/kg. For both of Asp
and Glu, the time main effect was not significant, ie.
effects of different doses of the two drugs do not
change in time (Fig. 1.).

For the other amino acids measured (Gln, Gly and
Tau) there were no significant differences neither for
dose nor for time factor after ip lindane or picrotoxin
injection.

Changes in the Extracellular Concentration of
Nucleosides and Nucleoside Metabolites after a Single
Intraperitoneal Injection of Lindane or Picrotoxin in
the Hippocampus.The dialysate concentration of the
measured nucleosides and nucleoside metabolites in
the control samples were: hypoxanthine: 0.5 6 0.1 mM,
xanthine: 1.8 6 0.5 mM, uridine: 0.3 6 0.03 mM, ino-
sine: 0.2 6 0.03 mM, guanosine: 0.06 6 0.01 mM,
thimidine: 0.1 6 0.02 mM, adenosine: 0.3 6 0.04 mM.
When making comparisons for the effects of lindane
and picrotoxin we used the data obtained from DMSO
injected rats as control, since the extracellular con-
centrations of hypoxanthine, xanthine, uridine and
adenosine slightly decreased spontaneously in DMSO
treated rats.

Theip lindane (10, 20, 60 mg/kg) and picrotoxin (5
mg/kg) injections had no effect on the extracellular con-
centration of measured nucleosides and nucleoside

metabolites in periods 0–50 and 100–150 min after drug
injection (Fig. 2A and Fig. 2C). Change of xanthine con-
centration showed significant main effect for time fac-
tor (F2,425 4.24, p 5 0.02; Fig. 2A,B,C). Multiple
comparisons revealed the following significant differ-
ences (alpha5 0.05) for xanthine in samples collected
50–100 min after injection (Fig. 2B): picrotoxinvs.
DMSO and picrotoxinvs. lindane (doses 10, 20 and
60 mg/kg). Although there were no significant main ef-
fects neither for dose nor for time associated with other
nucleosides and their metabolites, we have found the
following significant differences fortreatment3 time
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Fig. 1. The effect of ip injection of picrotoxin and different doses of
lindane on the extracellular level of ASP and Glu in the hippocampus
of halothane anaesthetized rats during 3 subsequent periods after
drug injections: 0–50 min (A), 50–100 min (B) and 100–150 min
(C) spent after the drug injection. White bars: ip injection of DMSO,
light gray bars: ip injection of 10 mg/kg lindane dissolved in DMSO,
gray bars: ip injection of 20 mg/kg lindane dissolved in DMSO, dark
gray bars: ip injection of 60 mg/kg lindane dissolved in DMSO, criss-
cross hatched bars: ip injection of 5 mg/kg picrotoxin dissolved in
DMSO. Data from experiments are expressed as mean percentage
(6SEM) of control taken as the average concentration of two
samples collected for two hours before the ip drug injection. Lines
connecting different bars indicate significantly different values
(GLM ANOVA).



interactions 50–100 min after drug injections in the fol-
lowing cases (Fig. 2B): hypoxanthine (lindane dose
10 mg/kgvs.DMSO; picrotoxinvs.DMSO); uridine (pi-
crotoxinvs.DMSO); inosine (lindane dose 10 mg/kgvs.
DMSO; picrotoxinvs. DMSO; lindane dose 60 mg/kg
vs.lindane dose 10 mg/kg; lindane dose 60 mg/kgvs.pi-
crotoxin).

Effect of a Single Intraperitoneal Injection of Lin-
dane on the EEG of the Halothane Anesthetised Rats.
The EEG of the halothane anaesthetised rats before the
ip drug application was dominated by slow-waves
(1.0–1.5 Hz) in the delta frequency band (Fig. 3A, Fig.
4A). Injection of lindane ip (20 mg/kg in 0.5 ml DMSO)

elicited sharp, negative spikes accompanied with rhyth-
mic activity at 4–5 Hz (Fig. 3B) in contrast to ip injec-
tion of 0.5 ml DMSO whereby the slow-wave EEG
pattern of halothane anesthetized rat was not changed.
The effects of lindane were dose-dependent as to peri-
ods (10–30 s) of 4–5 Hz activity were observed 10–30
min and 5–120 min after the ip injection of 10 and 20
mg/kg lindane, respectively. The periodic patterns were
transformed into a continuous appearance of 4–5 Hz
EEG activity by the highest applied dose of lindane (60
mg/kg).

Both lindane and picrotoxin induced short epilep-
tic seizures characterized by spike-wave discharges.
Surprisingly, epileptic seizures occurred after the ip in-
jection of 20 mg/kg lindane only and none of the rats re-
ceiving 60 mg/kg lindane showed epileptic pattern in
their EEG. The bursts of spikes were not too long (about
2 s) and contained large amplitude negative spikes fol-
lowed with relatively smaller amplitude positive waves
(Fig. 3C). The epileptic spikes started about 10–20 min
after the lindane application, periodicity with 5–10 min
inter-burst intervals until about 50–70 min after the lin-
dane application when the intervals between the bursts
increased (10–30 min) but epileptic seizures occurred
till the end of the experiment (150 min).

Picrotoxin showed EEG pattern somewhat similar
to 20 mg/kg lindane-induced EEG changes as it elicited
4–5 Hz activity and epileptic bursts (2–5 s long) as
well. However, the picrotoxin-induced 4–5 Hz activity
did not display negative sharp waves (Fig 3B) and was
accompanied by 10 Hz oscillations (Fig. 4C). The time
course of picrotoxin effect was different as compared
to lindane since the 4–5 Hz activity characterized
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Fig. 2. The effect of ip injection of different doses of lindane and
picrotoxin on extracellular concentrations of hypoxanthine, xan-
thine, uridine and inosine in the hippocampus of halothane
anaesthetized rats during 3 subsequent periods after drug injections:
0–50 min. (A), 50–100 min (B) and 100–150 minutes (C). White
bars: ip injection of DMSO, light gray bars: ip injection of 10 mg/kg
lindane dissolved in DMSO, gray bars: ip injection of 20 mg/kg
lindane dissolved in DMSO, dark gray bars: ip injection of
60 mg/kg lindane dissolved in DMSO, criss-cross hatched bars: ip
injection of 5 mg/kg picrotoxin dissolved in DMSO. Data from
experiments are expressed as mean percentage (6SEM) of control
taken as the average concentration of two samples collected for two
hours before the ip drug injection. Lines connecting different bars
indicate significantly different values (GLM ANOVA).

Fig. 3. Periods (2 s) of EEG recordings from halothane anaesthetized
rats: control periods 10 minutes before drug treatment (A); periods
with 4–5 Hz activity 10 min after ip injection of 20 mg/kg lindane
or 5 mg/kg picrotoxin (B); epileptic bursts emerged 10 min after
20 mg/kg lindane and 40 min after 5 mg/kg picrotoxin injection
(C). Arrows indicate the occurrence of negative sharp waves.



the EEG pattern after 30–40 min of injection and the
epileptic activity occurred in the last 100 min of the
experiment. By comparison, picrotoxin (1 mg/kg ip)
produced myoclonic seizures between 15–40 minutes
after administration in the freely behaving rat (15).

This finding suggest that the late onset of picrotoxin ef-
fect on the EEG pattern was most probably due to the
halothane anesthesia applied in our experiment. Spec-
tral analysis disclosed continuous and discontinuous
4–5 Hz rhythmic oscillations after 60 mg/kg lindane or
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Fig. 4. Wavelet power spectrum for EEG periods (10 s) recorded before drug injection (A); after 60 min of ip injection of 60 mg/kg lindane
(B); and after 10 min of ip injection of 5 mg/kg picrotoxin (C). Color code indicates increasing power from low (dark blue) through medium
(light blue followed by green and yellow) to high (red) intensities.



5 mg/kg picrotoxin injection, respectively (cf. Fig. 4B
and 4C).

DISCUSSION

What mechanisms might possibly underlie the
decrease of the extracellular level of Glu and Asp to pi-
crotoxin? Several lines of evidence have indicated dis-
inhibitory interactions of GABAA and GABAB receptors
at the molecular level (16,17 and references cited there)
including the possibility of presynaptic disinhibitory
GABAA-GABAB receptor interactions (16,18,19). Dis-
inhibitory GABAA-GABAB receptor interactions imply
that a reduction of GABAA receptor-mediated inhibi-
tion would enhance GABAB receptor responses as well
(20–24). It is possible therefore to speculate that the
blockade of GABAA receptor by picrotoxin enhances
presynaptic GABAB receptor function and subsequently
generates a decreased extracellular level of Glu and Asp.
Picrotoxin might also be suggested to act more specifi-
cally as an antagonist at an excitatory GABAA receptor.
Support for this proposal includes the demonstration that
glial cells are depolarized by GABA (25–27). Thus, one
might conjecture that the impairment of an excitatory
GABAA receptor by picrotoxin hyperpolarizes the glial
membranes and subsequently enhances the glial uptake
of Glu and Asp.

Lindane (20 mg/kg) did elicit epileptic spikes
in the hippocampus of halothane anaesthetized rat,
whereby changes in the extracellular level of Asp and
Glu levels were not changed indicating, that the occur-
rence of spikes and changes of extracellular Asp and
Glu levels were not associated. By contrast, epileptic
bursts induced by 5 mg/kg picrotoxin were accompa-
nied by a decrease of extracellular Asp and Glu. It is to
note, that previous findings have suggested a close re-
lationship between seizures elicited by intrahippocam-
pal microdialysis of picrotoxin in freely moving rat and
the decreased extracellular level of Asp and Glu (4).
Differences in changes of the extracellular level of ex-
citatory amino acids as well as the different oscillatory
activity patterns to lindane and picrotoxin suggest, that
in spite of behavioral similarities of lindane and picro-
toxin actions in the brain, mechanisms activated by
them could be different to some extent. DMSO (28,29)
as well as halothane might be synergistic in combina-
tion with the low lindane dose explaining why higher
dose of lindane did not elicited epileptic spikes as lower
dose of lindane did. However, the other EEG correlate
of lindane intoxication increased with dose raising the
possibility that epileptic spikes were suppressed by the

appearance of the continuous4–5 Hz EEG activity.
In the present study, the most consistent and

largest increases in purine levels generated by lindane
(10 mg/kg) and picrotoxin (5 mg/kg), were for the
adenosine metabolites (30) inosine, and hypoxanthine.
In accordance with its suggested neuromodulatory
function in the brain (11,31), extracellular level of uri-
dine was increased by picrotoxin. Our results support
and extend recent report of increased hippocampal in-
osine and hypoxanthine following seizure activity gen-
erated by bicuculline, kainic acid and pentylenetetrazol
(5). By comparison, no increases in extracellular
adenosine levels to lindane and picrotoxin treatments
were observed. These results suggest that adenosine
may be rapidly metabolised by adenosine deaminase
(5). These findings support the hypothesis that an al-
tered purine and pyrimidine metabolism is associated
with lindane and picrotoxin intoxication. Augmented
hippocampal purine metabolism was manifest to the
lowest dose of lindane, even though the dose of lin-
dane was increased by about one order of magnitude.
This may be indicative of the acute tolerance to the be-
havioral effects observed with lindane (32). Further
studies are needed to determine the precise relation-
ship between the status of purine and pyrimidine meta-
bolism and behavior during lindane intoxication.
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