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Quinolinic acid (QA) is an N-methyl-D-aspartate receptor agonist that also promotes glutamate release and
inhibits glutamate uptake by astrocytes. QA is used in experimental models of seizures studying the effects of
overstimulation of the glutamatergic system. The guanine-based purines (GBPs), including the nucleoside
guanosine, have been shown to modulate the glutamatergic system when administered extracellularly. GBPs
were shown to inhibit the binding of glutamate and analogs, to be neuroprotective under excitotoxic
conditions, as well as anticonvulsant against seizures induced by glutamatergic agents, including QA-induced
seizure. In this work, we studied the electrophysiological effects of guanosine against QA-induced
epileptiform activity in rats at the macroscopic cortical level, as inferred by electroencephalogram (EEG)
signals recorded at the epidural surface. We found that QA disrupts a prominent basal theta (4–10 Hz)
activity during peri-ictal periods and also promotes a relative increase in gamma (20–50 Hz) oscillations.
Guanosine, when successfully preventing seizures, counteracted both these spectral changes. MK-801, an
NMDA-antagonist used as positive control, was also able counteract the decrease in theta power; however,
we observed an increase in the power of gamma oscillations in rats concurrently treated with MK-801 and
QA. Given the distinct spectral signatures, these results suggest that guanosine and MK-801 prevent QA-
induced seizures by different network mechanisms.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Quinolinic acid-induced seizures is one of the variety of models in
rodents for epilepsy research (Bradford, 1995; Stone, 2001). These
models have improved our comprehension about the pathophysiol-
ogy of epilepsy and anticonvulsant drug effects (Bradford, 1995; Lewis
et al., 1997). Quinolinic acid (QA) is a product of tryptophanmetabolic
route, and acts as an N-methyl-D-aspartate (NMDA) receptor agonist,
with indirect action as a glutamate releaser and inhibitor of astrocytic
glutamate uptake (Connick and Stone, 1988; de Oliveira et al., 2004;
Stone, 2001; Tavares et al., 2002, 2005). Given these characteristics,
QA is one of the substances used in models studying the effects of
overstimulation of the glutamatergic system in the brain. QA has also
been suggested to be a neurotoxic endogenous substance involved in
the etiology of epilepsy (Nakano et al., 1993), as well as in other
diseases like Huntington disease (Ramaswamy et al., 2007) and HIV-
associated dementia (Guillemin et al., 2005).

The guanine-based purines (GBPs), namely the nucleotides GTP,
GDP and GMP, and the nucleoside guanosine have been shown to
modulate the glutamatergic system when administered in vivo (Lara
et al., 2001; Roesler et al., 2000; Schmidt et al., 2000, 2005, 2007, 2008,
2009; Tort et al., 2004; Vinade et al., 2005). Although the exact
mechanisms of action underlying these effects remain unclear, they
do not seem to involve a direct modulation of G-proteins (reviewed in
Schmidt et al., 2007). GBPs were shown to inhibit the binding of
glutamate and analogs (Baron et al., 1989; Paas et al., 1996; Paz et al.,
1994), to be neuroprotective under excitotoxic conditions (Frizzo et
al., 2002; Malcon et al., 1997; see also Ciccarelli et al., 2001), as well as
anticonvulsant against seizures induced by glutamatergic agents,
including QA-induced seizures (de Oliveira et al., 2004; Lara et al.,
2001; Schmidt et al., 2000, 2005). Of note, the effects of some GBPs
have been shown to depend on their conversion to guanosine (Saute
et al., 2006; Schmidt et al., 2005; Soares et al., 2004). In line with these
anti-glutamatergic effects, it has been shown that guanosine
stimulates astrocytic glutamate uptake (Frizzo et al., 2001, 2003;
Frizzo et al., 2002), which is the main mechanism of glutamate
removal from the synaptic cleft (Anderson and Swanson, 2000;
Danbolt, 2001; Beart and O'Shea, 2007).
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Although the behavioral effects of guanosine in preventing QA-
induced seizures have been well described (de Oliveira et al., 2004;
Lara et al., 2001; Schmidt et al., 2000, 2005), little is known about its
electrophysiological effects in the brain. In fact, neither the electro-
physiological effects of QA nor guanosine when administered alone
have been well characterized to date. In this work, we sought to
determine the electrophysiological effects of guanosine against QA-
induced epileptiform activity at the macroscopic level. We have thus
recorded and analyzed epidural electroencephalogram (EEG) record-
ings of rats under appropriate treatment conditions.We found that QA
disrupted a prominent basal theta (4–10 Hz) activity during peri-ictal
periods, and that guanosine, when successfully preventing seizures,
counteracted this effect. We also observed that MK-801, a known
NMDA-antagonist used as positive control, presented different
spectral effects than guanosine in rats concurrently treated with QA.

Materials and methods

Animals

Forty male adult Wistar rats weighting 230–280 g were used.
Animals were kept in temperature-regulated room (22±1 °C), on a
12 h light/12 h dark cycle (light on at 7:00 am), one per cage, with
food and water ad libitum. Our institutional protocols for experiments
with animals (“Guidelines for Animal Care”), designed to avoid
suffering and limit the number of animals sacrificed, were followed
throughout.

Chemicals

Guanosine and quinolinic acid were obtained from Sigma
Chemicals (St. Louis, MO, USA). 5-methyl-10-11-dihydro-5Hdibenzo
[a,b]cyclohepta-5-10-imine maleate (MK-801) was obtained from
RBI-Research Biochemicals International (Natick, MA, USA). Guano-
sine was prepared in NaOH 10 μM (buffered to pH 7.4) and the
concentration was limited to 100 mM due to its poor water solubility.
The anesthetic ketamine was obtained from Vetbrands (Jacareí, SP,
Brazil) and xylazine was obtained from Coopers Brasil Ltda (Cotia, SP,
Brazil).

Surgical procedure

Animals were anesthetized with ketamine (80 mg/kg) and
xylazine (10 mg/kg) i.p. The head of the animal was fixed in a
stereotaxic instrument, and the skin covering the skull was cut with a
3-cm-long rostro-caudal incision in the midline. After exposure of the
skull bone surface, a 27-gauge 9-mm guide cannula was unilaterally
placed at 0.9 mm posterior to bregma, 1.5 mm right from the midline
and 1.0 mm above the right lateral brain ventricle. The cannula was
implanted 2.6 mm ventral to the superior surface of the skull through
a 2-mm hole made in the cranial bone. In addition, five stainless steel
screw electrodes (1.0 mm diameter) were placed over the dura mater
through holes in the skull bone made with a dental drill. Four
electrodes were used as positive electrodes (2.0 mm lateral, right or
left, 1.0 mm anterior or 5.0 mm posterior to bregma). The reference
(negative) electrode was placed at 4 mm anterior and 2.0 mm right
from the midline. The positioning of the cannula and electrodes was
fixed with dental acrylic cement, and a screw used for fixation of the
dental acrylic helmet to the bone was used as ground.

Experimental design

One week after the surgical procedure, rats were (individually)
transferred to an observation cage (Plexiglas chambers). Electrodes
were connected to a digital data-acquisition system (Nihon-Kohden,
Japan). After an accommodation period of 10 min, a basal EEG activity

was recorded for 5min. After this, rats were pretreated i.p. with one of
these: guanosine (10 ml/kg, 0.75 mg/ml), NaCl 0.09% (10 ml/kg),
MK-801 (0.5mg/kg), and had their EEG recorded for 30min. Next, the
animals received an i.c.v. injection of QA (4 μl, 9.2 mM); for this,
animalswere gently hand-restrained and infusions weremade using a
30-gauge injection cannula that was inserted into the implanted guide
cannula and connected by a polyethylene tube to a 5-μl Hamilton
microsyringe. The animals were then submitted to further EEG
monitoring until 10 min after the i.c.v. injection. During this period,
rats were observed for the occurrence of wild running, clonic, tonic or
tonic–clonic seizures lasting more than 5 s. Animals not displaying
seizures during these 10 min were considered “protected”. Immedi-
ately after this observation, 2% methylene blue was injected i.c.v,
followed by anesthesia and sacrifice by decapitation. Brain was sliced
to determine the location of the cannula tip, and animals without dye
in the lateral brain ventricle were discarded. The epidural EEG
recordings were filtered at 0.01–100 Hz and digitally stored at 1 kHz
sampling resolution in a computer hard drive for off-line analysis.

Data analysis

All analyses were done using built in and custom written routines
in MATLAB (Mathworks, Inc). Both the power and coherence spectra
were estimated by means of the Welch periodogram method using a
50% overlapping Hamming window with a length of 1024 points (i.e.
1.024 s), which were obtained using the pwelch and mscohere
functions, respectively, from the Signal Processing Toolbox. These
analyses were performed in EEG epochs without motor seizures (i.e.,
peri-ictally for seizing animals). The time–frequency decompositions
used 1024 points sliding windows with 50% overlap, which was
obtained using the spectrogram function from the Signal Processing
Toolbox. The filtering was done by means of a linear finite impulse
response (FIR) filter, which was obtained using the eegfilt routine
from the EEGLAB toolbox (Delorme and Makeig, 2004). The phase
time series of a filtered signal was computed from the Hilbert
transform, which was obtained using the hilbert routine from the
Signal Processing Toolbox. The phase difference Δϕ between two
signals was obtained by using the formula Δ!=arg(exp(i(!1−!2))),
where ϕ1 and ϕ2 correspond to the phases of signals 1 and 2,
respectively. Signals that were too noisy or that contained too much
movement artifact were excluded from the analysis. These were
inferred by visual inspection of the traces along with the presence of
abnormally high power in lower frequencies (0–3 Hz).

Statistical analysis

Comparisons of coherence and power values were done using a t-
test or ANOVA followed by Tukey's test, as appropriate. Fisher's exact
test was used to compare proportions. A value of pb0.05 was
considered statistically significant.

Results

Basal epidural EEG traces exhibit prominent theta oscillations

As shown in Fig. 1, we found prominent theta (4–10 Hz)
oscillations in the epidural EEG traces of the animals during the
basal period, i.e., before the administration of any drug. Such
oscillations could be detected by simple visual inspection (Fig. 1A)
and were apparently more pronounced in the posterior electrodes
(Fig. 1B; but read below). Fig. 1C shows a representative time–
frequency decomposition obtained during the basal period, which
depicts a clear, relatively steady theta rhythm. Similar to the power
spectrum, the coherence spectra between electrodes also exhibited a
clear peak at the theta band (Fig. 1D), whichwas also apparentlymore
pronounced between the posterior electrodes. However, we note that
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our reference electrode was located anterior to bregma (see Materials
and methods), and, by changing the reference electrode to a posterior
location, we observed a reversion of these findings; that is, when
using a posterior reference, we found that the anterior electrodes
present higher theta power and coherence levels than posterior
electrodes (not shown). For the rest of this work, we only show results
of analyses performed on EEG traces obtained from the posterior
electrodes using the anterior reference configuration.

Quinolinic acid disrupts theta and increases gamma oscillations

In Fig. 2A we show a representative EEG trace obtained
immediately after QA i.c.v. infusion, along with its time–frequency
decomposition. We observed that the basal theta activity becomes
extremely reduced both before and after seizure, i.e., during the peri-
ictal period (Figs. 2A and B), whereas the seizure event was

characterized by a great increase in power of low frequencies,
which spilled over higher frequencies (Fig. 2A). The coherence levels
between electrodes following QA injection were also dramatically
reduced (Fig. 2C). However, although both the overall theta power
and coherence levels were reduced, the peak theta frequency
exhibited a slight increase following QA infusion (Figs. 2B and C). In
addition to these findings, we found that QA treatment induced bursts
of gamma (20–50 Hz) activity occurring concurrently with the
reduction of theta oscillations (Figs. 2A and D). However, it should
be noted that the coherence at the gamma band was actually reduced
after QA injection when compared to baseline levels (Fig. 2C). In
accordance with these findings, an analysis of phase-differences
between bilateral electrodes (i.e., inter-hemispheric) revealed dis-
rupted phase-locking at both theta and gamma bands following QA
treatment (Fig. 2E), including when only periods of higher gamma
activity were taken into account (Fig. 2E, bottom panel).

Fig. 1. Epidural EEG traces exhibit prominent theta oscillations. (A) Representative raw signal obtained from a posterior electrode. (Bottom) Zoomed in view (1-s period
corresponding to the horizontal black line). (B) Mean theta power levels for each electrode location. Error-bars denote SEM. !pb0.01 compared to anterior electrodes (ANOVA
followed by Tukey's test; n=10–12 per group). Inset shows themean power spectra over all anterior (white) and posterior (black) electrodes. (C) Time–frequency decomposition of
a representative signal. (D) Mean coherence spectra between pair of electrodes. Error-bars denote SEM (n=13 pairs per group).

Fig. 2. Quinolinic acid (QA) induces seizures and disrupts normal oscillatory activity during the peri-ictal period. (A) (left) Representative EEG trace obtained after QA infusion (top)
and its corresponding time–frequency decomposition (bottom; same pseudocolor scale as in Fig. 1C). First arrow points to a theta period still present right after QA infusion
(followed by a period of reduced theta power starting at 40 s); second and third arrows indicates the beginning and ending of a seizure event, respectively; fourth arrow points to a
high gamma period. (Right) Zoomed-in view of particular epochs corresponding to the horizontal lines under the trace at the top left. From top to bottom, the traces show periods of:
normal theta, “disrupted” theta, theta suppression, high gamma. (B) Mean power spectra during the basal and peri-ictal periods after QA infusion. Inset: mean theta power levels.
!pb0.01 (t-test; basal n=20 traces; post-QA n=10 traces). Error-bars denote SEM. (C) Mean coherence spectra. Inset: mean theta coherence between bilateral electrodes. !pb0.01
(t-test; basal=13 electrode pairs; post-QA n=5 electrode pairs). (D) Percentage power distribution during basal and high gamma periods after QA infusion. (E) Normalized
histograms (% of counts) of inter-hemispheric phase difference for theta and gamma oscillations.
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Intraperitoneal infusion of guanosine does not alter EEG spectral content

We next studied the effects of i.p. guanosine on the spectral
content of epidural EEGs. As shown in Fig. 3A, we found that
guanosine did not cause any meaningful spectral alteration in the EEG
traces in comparison to baseline findings. The i.p. injection of a saline
control also did not cause any alteration in the power spectrum. The
coherence spectrum after saline or guanosine administration was also
similar to baseline (Fig. 3B), as well as the phase-difference analysis at
both theta and gamma bands (Fig. 3C). Of note, we also did not find
meaningful alterations in any of these analyses after MK-801
administration (Figs. 3A–C).

Guanosine reduces the incidence of quinolinic acid-induced seizures

In agreement with previous reports (Lara et al., 2001; Schmidt
et al., 2000), QA induced seizures in all animals pre-treatedwith saline
(n=8 rats; Fig. 4A), whereas seizure episodes were completely
prevented by the pre-administration of the NMDA antagonist MK-801
(n=6 rats). In addition, we found that guanosine was able to protect
seizures induced by QA in around 50% of the cases (protected n=10
rats; non-protected n=9 rats), which is also consistent with previous
findings (Lara et al., 2001; Schmidt et al., 2000, 2005). Animals seizing
under guanosine or saline pre-treatment did not differ in the duration
of the seizure episode (Fig. 4B).

Animals successfully protected by guanosine present lower reduction in
theta power than non-protected animals

In Fig. 5A we show the power spectrum densities of seizing
animals that were not protected by guanosine for the three different
periods of the experiment (baseline, after guanosine i.p., after QA
i.c.v.). As in the case of QA injection alone (see Fig. 2B), we found
that seizing animals after the combined treatment with guanosine
and QA (the latter administered 30 min after the former) present an
overall reduction of the spectral power, and, in particular, at the
theta band (Fig. 5A). Interestingly, we found that animals that
were successfully protected by guanosine presented a lower
decrease in power over multiple frequencies, including the theta
band (Fig. 5B). The difference in theta power levels between
seizing and non-seizing animals after QA administration was
statistically significant (t(23)=−3.343, p=0.0028). When exam-
ining the coherence spectra, we found that both seizing and non-
seizing animals presented a reduction of inter-hemispheric coher-
ence over a wide range of frequencies; it should be noted, however,
that non-seizing animals exhibited a trend towards higher coher-
ence values at the theta band (Fig. 5C). Similarly, the phase-
difference histograms revealed disrupted phase-locking between the
right and left hemispheres for both seizing and non-seizing animals
(Fig. 5D).

Animals pre-treated with MK-801 present an increase in gamma
oscillations after quinolinic acid administration

We have then examined the power spectral densities of animals
pre-treated with MK-801 i.p. followed by QA i.c.v. administration
30 min later. As mentioned above, none of these animals presented
seizures after QA infusion. We found that the levels of theta power
after QA in animals pre-treated with MK-801 did not differ from
baseline values, although the peak theta frequency tended to slow
down (Fig. 6A). Remarkably, however, we found that the EEG traces
of these animals presented a marked increase in gamma oscilla-
tions after QA administration (Fig. 6A). The coherence spectrum
exhibited a mild decrease of inter-hemispheric theta-coherence (Fig.
6B), which could also be noticed by the phase-difference analysis
(Fig. 6C).

The combined pre-treatment with guanosine and MK-801 promotes
faster theta oscillations after quinolinic acid administration

Lastly, we examined the power spectral densities of animals pre-
treated with both guanosine and MK-801 i.p. followed by QA i.c.v.
administration 30 min later. We found that the average theta power
level after the combined administration of guanosine and MK-801
was not different from basal levels (not shown), and, as in the case of
MK-801 pre-treatment alone, none of these animals (n=7) presented
motor seizures after QA infusion. Also similarly to the individual pre-
treatment with MK-801, we observed a clear increase in gamma
oscillations following QA administration (Fig. 7). However, we found
that animals pre-treated with both guanosine and MK-801 present a
prominent increase in the theta peak frequency following QA infusion
(Fig. 7); in fact, as the magnitude of this increase was ∼5 Hz, the peak
frequency after QA infusion even reached values beyond the
definition of theta range (4–10 Hz) employed in this work.

Discussion

We have examined the power spectra of brain electrical activity
and signal synchronization (coherence) at baseline as well as in
response to a central infusion of QA, which induced acute episodes of
motor seizures. In addition to clear EEG changes occurring during the
seizure events (Fig. 2A), we found that QA disrupts a prominent basal
theta activity during the peri-ictal period; moreover, QA also
promoted a relative increase in the power level at the gamma
band. These changes in power were accompanied by a reduction of
oscillatory coherence between brain hemispheres. Using this same
paradigm, we have also examined the electrophysiological effects of
a pharmacological intervention that we have previously shown to be
neuroprotective against QA-induced seizures, namely the pre-
treatment with guanosine. We found that guanosine, when effec-
tively preventing seizures, was able to counteract both the decrease
in theta power as well as the appearance of gamma oscillatory
activity following QA infusion. Additionally, we also studied the
electrophysiological effects of the NMDA antagonist MK-801 in the
same seizure model, and we found that whereas MK-801 pre-
treatment was able to effectively block the decrease in theta power,
this drug was associated with the appearance of large gamma
oscillations following QA administration. Finally, we also found that
the combined pre-treatment with both guanosine and MK-801 in this
model led to qualitatively different results than the observed when
each drug was administered alone.

There is a striking resemblance of the spectral changes induced by
the QA seizure model we described here to oscillatory alterations
found in other experimental models of epilepsy. For instance, recent
work studying mice subjected to a mesial temporal lobe epilepsy
(mTLE) model secondary to hippocampal kainic acid (KA) injection
found an abolishment of the theta rhythm in these chronic, epileptic
animals (Arabadzisz et al., 2005; Dugladze et al., 2007). Furthermore,
it was also shown that KA-induced epileptic animals exhibit an
increase in the power of gamma oscillations (Dugladze et al., 2007;
Medvedev et al., 2000). Although the QA model employed here is an
acute model of seizure, in contrast to the KA model of mTLE, these
similarities suggest that a reduction in theta and an increase in
gamma could be a hallmark of an epileptic brain. It should also be
noted that these similarities were found at different levels of analysis:
while we looked at a more macroscopic electrophysiological scale,
Dugladze et al (2007) examined hippocampal local field potentials
(LFPs), that is, a more mesoscopic scale (Young and Eggermont,
2009). Moreover, this same work also reported similar spectral
disruptions at the in vitro cellular level when examining the firing
patterns of hippocampal interneurons (Dugladze et al., 2007).
Inhibition and GABAergic interneurons were in fact suggested to be
important for gamma and theta generation (Gloveli et al., 2005; Tort
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Fig. 3. Neither guanosine nor MK-801 alters EEG spectral content. (A) Mean power spectra. Error-bars denote SEM. (B) Mean coherence spectra. Error-bars denote SEM. (C) Normalized histograms (% of counts) of inter-hemispheric phase
difference for theta and gamma oscillations.
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et al., 2007;Wulff et al., 2009), and a disruption of inhibitory activity is
associated with epileptiform activity (Cossart et al., 2001; Dinocourt
et al., 2003; Kobayashi and Buckmaster, 2003; Morin et al., 1998).
However, whether putative alterations of inhibitory networks are
playing a role in the QA seizure model remains to be established, but
the similarities between the spectral findings suggest that both the KA
and QA models may share pathophysiological mechanisms. Of note,
these similarities also suggest that the theta oscillations we observed
in our epidural recordings were likely volume conducted from the
hippocampus.

The work by Arabadzisz et al. (2005) also described an overall
reduction in the synchronization of bilateral EEG activity in animals
subjected to the KA model of mTLE, similarly to what we found in the
present study using the QAmodel of acute seizures (Fig. 2C). In fact, it
should be noted that the inter-hemispheric impairments of synchrony
were also observed to some extent even in rats successfully protected
against seizures under the pre-treatment of either guanosine (Figs. 5C
and D) or MK-801 (Figs. 6B and C). Taken together with the fact that
non-seizing animals also presented some degree of alteration in the
power of the theta band (Figs. 5B and 6A), our study also shows in
particular that protected animals have an altered physiology, which is
a fact that could not be hinted only by behavioral studies.

In a recent work, it was shown that the subcutaneous administra-
tion of either MK-801 or ketamine induces a marked increase in
gamma oscillations in rats (Pinault, 2008), which was discussed in the
context of cognitive alterations associated with schizophrenia. Here,
we found that the intraperitonial injection of MK-801 (0.5 mg/kg) did
not cause alterations in the gamma band; however, the concomitant
treatmentwith QA promoted amarked increase in gamma oscillations
(Fig. 6A). Note that this increasewas observable in the absolute power
levels of these traces (Fig. 6A), and was more prominent than the
relative increase of gamma power (assessed by the % of power
distribution present in the gamma band; see Fig. 2C) seen after QA
administration alone (compare Figs. 6A and 2B). NMDA receptor
blockers such as MK-801 were reported to induce paradoxical
increases in glutamatergic transmission mediated by non-NMDA

receptors activation (Adams and Moghaddam, 2001; Moghaddam
et al., 1997; Moghaddam and Adams, 1998), which were postulated to
involve disinhibition of glutamatergic principal cells promoted by
less activation of GABAergic interneurons(Lopez-Gil et al., 2007;
Moghaddam et al., 1997; Schmidt et al., 2009; Tort et al., 2004). It
could be therefore that the increase in gamma oscillations induced by
MK-801 (Pinault, 2008) is related to non-NMDA receptors activation.
In this sense, whereas the MK-801 dose we used (0.5 mg/kg) was
unable to promote higher gamma activity, the co-treatment with QA,
which can also influence release and uptake of glutamate (de Oliveira
et al., 2004; Tavares et al., 2002, 2005), could have synergistically
increased the activation of non-NMDA receptors, leading to the
observed increase in gamma oscillations. In fact, Pinault (2008)
described that the appearance of gamma oscillations with MK-801
treatmentwas accompanied by ataxic behavior; as we did not observe
ataxic behavior under our treatment protocol, this suggests that the
effective dose of MK-801 reaching the brain was in fact higher in
Pinault (2008) study than in the present work.

Guanosine occurs naturally in the brain and has been reported to
present a myriad of biological effects when administered extracellu-
larly, including trophic effects on neural cells (Ciccarelli et al., 2001;
Rathbone et al., 1999), stimulation of astrocyte proliferation (Ciccarelli
et al., 2000; Kim et al., 1991), andmodulation of glutamatergic activity
(reviewed in Schmidt et al., 2007). Although these effects might be
related to its uptake into the intracellular compartment, a consensus
has emerged that some of guanosine actions involve its binding to a
specific membrane protein (Traversa et al., 2002, 2003), postulated by
some to be a G protein-coupled receptor (Ciccarelli et al., 2001;
Traversa et al., 2002, 2003). Indeed, guanosinewas reported to present
high affinity membrane sites in the brain (Traversa et al., 2002),
although the actual existence of its putative specific receptor has yet to
be demonstrated.More certain is the fact that guanosine presents clear
anti-glutamatergic properties, as demonstrated in several in vivo and
in vitro approaches (reviewed in Schmidt et al., 2007), which places
it as a new potential neuroprotective strategy against glutamatergic
excitotoxicity. The mechanism of action underlying the modulation of

Fig. 4. Guanosine and MK-801 are able to protect against QA-induced seizures. (A) Percentage of seizing animals per pre-treatment group. !pb0.05 (Fisher exact test compared to
saline group). (B) Mean seizure duration for saline pre-treated rats as well as during unsuccessful guanosine pre-treatment. Error-bars denote SEM.

Fig. 5. Rats successfully protected by guanosine present higher theta power than non-protected rats. (A) Mean power spectra during baseline (white), after guanosine i.p. (cyan), and
after QA i.c.v. (black) for non-protected rats are shown. Inset depicts the mean theta power levels. !pb0.01 when compared to baseline (ANOVA followed by Tukey's test; n=10–14
traces per group). Error-bars denote SEM. Guanosine i.p. pre-treatment was followed by QA i.c.v. 30 min later (arrow scheme). (B) Same as in (A) but for protected rats (QA is shown
in dark gray). #pb0.05 when compared to baseline (ANOVA followed by Tukey's test; n=14–18 traces per group). Error-bars denote SEM. (C) Mean coherence spectra (same color
conventions as in A and B). The inset shows the mean theta coherence. #pb0.05 when compared to Post-GUO group (ANOVA followed by Tukey's test; n=9–14 electrode pairs).
Error-bars denote SEM. (D) Normalized histograms (% of counts) of inter-hemispheric phase difference for theta and gamma oscillations.
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glutamatergic activity by guanosine is currently under research in
our and other laboratories. It has been suggested that astrocytes are
crucially involved, since guanosine was shown to stimulate
glutamate uptake by astrocytes (Frizzo et al., 2001, 2002, 2003),
which is the main mechanism of glutamate removal from the
synaptic cleft (Danbolt, 2001; Beart and O'Shea, 2007). In addition,
recent works have shown that QA decreases glutamate uptake in
vivo and that this effect is reverted by guanosine when successfully
acting as anticonvulsant (de Oliveira et al., 2004; Tavares et al., 2002,
2005). Taken together, there is strong evidence that the antigluta-
matergic action of guanosine occurs in a fundamentally different
way than MK-801, which would explain the different electrophys-
iological results observed here in the network (EEG) level. The
finding that both compounds when administered simultaneously
promoted qualitatively different effects than when each was tested
individually is also consistent with different influences of these
drugs in the network level. Noteworthy, since guanosine alone also
prevented the increase in gamma oscillations after QA infusion, this
result suggests that it might cause less cognitive side effects than
MK-801 in the clinical setting.

It is known that guanosine is protective against QA-induced
seizures in a dose-dependent manner (Schmidt et al., 2000, 2005).
However, it still remains puzzling why guanosine is not effective in
preventing QA-induced seizures in 100% of the cases, even in the
highest soluble dose possible. In the present study, we found that the
pre-treatment with guanosine was an effective anticonvulsant
therapy in around 50% of the cases (Fig. 4A), a fraction that was
similar to what we found in previous studies (Lara et al., 2001;
Schmidt et al., 2000, 2005). Moreover, we observed that this fraction
is not related to individual differences among animals: when the same
group of animals is subjected twice to guanosine pre-treatment
followed by i.c.v. QA infusion (with one week of interval between
experiments), we obtained roughly the same fraction of protected
animals, and we observed that the seizing/protected rats in the

second experiment were not necessarily the same as in the first
experiment (Avila TT, Antunes C, Souza DO, unpublished observa-
tions). This suggests that dynamic variables within rats are probably
determining whether guanosine will successfully prevent seizures or
not. It is possible that these variables are related to pharmacokinetic
and pharmacodynamic factors (e.g., effective drug distribution),
although it could also be related to other influences as the current
internal state of the brain. Importantly, here we have demonstrated
for the first time that protected and non-protected animals under
guanosine pre-treatment can be distinguished electrophysiologically,
even before the beginning of the motor seizures. Accordingly, we
found that the level of theta power greatly decreased in seizing
animals under (unsuccessful) guanosine pre-treatment, both before
and after the seizure event (i.e., peri-ictally), similarly to what we
observed in saline pre-treated rats. On the other hand, animals
successfully protected by guanosine exhibited a statistically higher
level of theta power than seizing animals (compare Figs. 5A and B).
Although this result adds an extra step towards understanding why
guanosine would be anticonvulsive only at times, the factors
responsible for these electrophysiological differences are also puz-
zling at the moment. At any event, as the decrease in theta activity
could also be seen previous to seizure onset, the present results
suggest that the monitoring of theta activity could be a useful marker
of an epileptic brain.

In summary, here we have performed a macroscopic electrophys-
iological characterization of an acute model of seizure secondary to
overstimulation of the glutamatergic system. Using this model, we
studied the effect of two neuroprotective pharmacological interven-
tions and we showed that they possess different spectral signatures.
While both guanosine and MK-801 are known to exert actions over
the glutamatergic system, these results show that the mechanisms of
seizure prevention are likely different between these two compounds
at the network level. Further electrophysiological studies at the
cellular level are warranted and will help in elucidating the precise

Fig. 6.MK-801 pre-treated rats present normal theta but increased gamma power after QA administration. (A)Mean power spectra after MK-801 i.p. (cyan) and after QA i.c.v (black).
Insets depict themean theta (left) and gamma (right) power levels. #pb0.05 (t-test; n=12 traces per group). Error-bars denote SEM. MK-801 i.p. pre-treatment was followed by QA
i.c.v. 30 min later (arrow scheme). (B) Mean coherence spectra. The insets show the mean theta (left)and gamma (right) coherence. !pb0.05 (t-test; n=6 electrode pairs per
group). Error-bars denote SEM. (C) Normalized histograms (% of counts) of inter-hemispheric phase difference for theta and gamma oscillations.
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mechanism of action of guanosine and how it translates into the
present network, macroscopic findings.
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