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Quinolinic acid (QA) is an N-methyl- D-aspartate receptor agonist that also promotes glutamat e release and
inhibits glutamat e uptake by astrocytes. QA is used in experimental models of seizures studying the effects of
overstimula tion 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 glutamat e and analogs, to be neuroprotective under excitotoxic
conditions, aswell asanticonvulsant against seizures induced by glutama tergic agents, including QA-induced
seizure. In this work , we studied the electr ophysiologi cal 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 (4Ð10 Hz)
activity during peri-ictal periods and also promotes a relative increase in gamma (20 Ð50 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.

Introducti on

Quinolin ic acid-induc ed seizures is one of the variety of models in
rodents for epilepsy research (Bradford, 1995; Stone, 2001). These
models have improved our comprehen sion about the pathophy siol-
ogy of epilepsy and anticonvuls ant drug effects (Bradford, 1995; Lewis
et al., 1997). Quinoli nic acid (QA) is a product of tryptopha n metabolic
route, and acts as an N-methyl- D-aspartate (NMDA) receptor agonist,
with indirect action as a glutamate releaser and inhibitor of astrocyti c
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
overstimula tion of the glutamaterg ic 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
diseaseslike 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 glutamaterg ic system when administe red in vivo (Lara
et al., 2001; Roesleret al., 2000; Schmidt et al., 2000, 2005, 2007, 2008,
2009; Tort et al., 2004; Vinade et al., 2005). Although the exact
mechanisms of action underlyin g these effects remain unclear, they
do not seem to involve a direct modulation of G-prot eins (reviewed in
Schmidt et al., 2007). GBPs were shown to inhibit the binding of
glutamate and analogs (Baron et al., 1989; Paaset al., 1996; Pazet al.,
1994), to be neurop rotective under excitotoxi c conditions (Frizzo et
al., 2002; Malcon et al., 1997; seealso Ciccarelli et al., 2001), aswell as
anticonv ulsant against seizures induced by glutama tergic 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; Soareset al., 2004). In line with these
ant i-glutamatergic effects, i t has been show n that guanosine
stimulat es 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 preventin g 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
electroph ysiological effects in the brain. In fact, neither the electro-
physiologi cal effects of QA nor guanosine when admini stered alone
have been well characterized to date. In this work, we sought to
determin e the electrophy siological effects of guanosine against QA-
induced epileptif orm 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 (4Ð10 Hz) activity during peri-ictal
periods, and that guanosine, when successfully preventing seizures,
counteracte d this effect. We also observed that MK-801, a known
NMDA-antagonist used as posit ive control, presented different
spectral effects than guanosine in rats concurrently treated with QA.

Materials and methods

Animals

Forty male adult Wistar rats weighting 230Ð280 g were used.
Animals were kept in temperat ure-regulate d 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 (ÒGuidelin es for Animal CareÓ), designed to avoid
suffering and limit the number of animals sacri! ced, were followed
througho ut.

Chemicals

Guanosine and quinol inic acid w ere obtained from Sigma
Chemicals (St. Louis, MO, USA). 5-methyl-10 -11-dihydro-5 Hdibenzo
[a,b]cyclohepta-5-10-im ine maleate (MK-801) was obtained from
RBI-Research Biochemicals Internatio nal (Natick, MA, USA). Guano-
sine was prepared in NaOH 10 ! M (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 (Jacare’, SP,
Brazil) and xylazine was obtained from Coopers Brasil Ltda (Cotia, SP,
Brazil).

Surgical procedure

Anim als w ere anesthet ized w ith ketamine (80 mg/k g) and
xylazine (10 mg/kg) i.p. The head of the animal was ! xed in a
stereotax ic instrum ent, and the skin covering the skull was cut with a
3-cm-long rostro-cau dal incision in the midline. After exposure of the
skull bone surface, a 27-gauge 9-mm guide cannula was unilatera lly
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 throug h
a 2-mm hole made in the cranial bone. In addition, ! ve 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 position ing of the cannula and electrodes was
! xed with dental acrylic cement, and a screw used for ! xation of the
dental acrylic helmet to the bone was used as ground.

Experimental design

One week after the surgical procedure , rats were (individ ually)
transferred to an observation cage (Plexigl as chambers). Electrodes
were connected to a digital data-acquisition system (Nihon-Ko hden,
Japan).After an accommodatio n period of 10 min, a basal EEGactivity

was recorded for 5 min. After this, rats were pretrea ted i.p. with one of
these: guanosine (10 ml/kg, 0.75 mg/ml), NaCl 0.09% (10 ml/kg),
MK-801 (0.5 mg/kg), and had their EEGrecorded for 30 min. Next, the
animals received an i.c.v. injection of QA (4 ! l, 9.2 mM); for this,
animals were gently hand-res trained and infusion s were made using a
30-gauge injection cannula that was inserted into the implanted guide
cannula and connected by a polyethylene tube to a 5-! l Hamilton
microsyringe . The animals were then submitted to further EEG
monitorin g 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 Ðclonic seizures lasting more than 5 s. Animals not displaying
seizures during these 10 min were considered Òprotec tedÓ. Immedi-
ately after this observation , 2% methylene blue was injected i.c.v,
followed by anesthesia and sacri! ce 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 ! ltered at 0.01Ð100 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 (Mathwork s, Inc). Both the power and coherence spectra
were estimated by means of the Welch periodogr am method using a
50%overlapp ing Hamming window with a length of 1024 points (i.e.
1.024 s), which were obtaine d using the pwelch and mscohere
functions, respectively, from the Signal Processing Toolbox. These
analyses were perform ed in EEGepochs without motor seizures (i.e.,
peri-ictally for seizing animals). The time Ðfrequency decompositions
used 1024 points sliding windows with 50% overlap, which was
obtained using the spectrogram function from the Signal Processing
Toolbox. The ! ltering was done by means of a linear ! nite impulse
response (FIR) ! lter, which was obtained using the eeg! lt routine
from the EEGLABtoolbox (Delorme and Makeig, 2004). The phase
time series of a ! ltered signal was computed from the Hilbert
transform , which was obtained using the hilbert routine from the
Signal Processing Toolbox. The phase difference "# between two
signals was obtained by using the formula " ! = arg(exp( i( ! 1 ! ! 2))),
where #1 and #2 correspond to the phases of signals 1 and 2,
respectively. Signals that were too noisy or that contained too much
movemen t 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 frequenc ies (0Ð3 Hz).

Statistical analysis

Comparisons of coherence and power values were done using a t-
test or ANOVA followed by Tukey's test, as appropria te. Fisher's exact
test was used to compare proportions . A value of pb0.05 was
considered statistica lly signi ! cant.

Results

Basalepidural EEGtraces exhibit prominent theta oscillations

As shown in Fig. 1, we found prominent theta (4Ð10 Hz)
oscillation s in the epidural EEG traces of the animals during the
basal period, i.e., before the administrati on of any drug. Such
oscillation s could be detected by simple visual inspectio n (Fig. 1A)
and were apparently more pronounce d in the posterior electrodes
(Fig. 1B; but read below). Fig. 1C shows a representat ive time Ð
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), which was also apparently more
pronoun ced between the posterior electrodes. However, we note that
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our reference electrod e was located anterior to bregma (see Materials
and methods ), and, by changing the reference electrod e to a posterior
location, we observed a reversion of these ! ndings; 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 con! guration.

Quinolinic acid disrupts theta and increasesgamma oscillations

In Fig. 2A w e show a representat ive EEG trace obtained
immediately after QA i.c.v. infusion, along with its time Ðfrequen cy
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) , w hereas th e seizure event was

characterized by a great increase in power of low frequencies,
which spilled over higher frequen cies (Fig. 2A). The coherence levels
between electrod es following QA injection were also dramatically
reduced (Fig. 2C). However, although both the overall theta power
and coherence levels w ere reduced, the peak theta frequency
exhibited a slight increase following QA infusion (Figs. 2B and C). In
addition to these ! ndings, we found that QAtreatment induced bursts
of gamma (20 Ð50 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 ! ndings, an analysis of phase-diff erences
between bilateral electrodes (i.e., inter-hemis pheric) 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 th eta 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= 10Ð12 per group). Inset shows th e mean power spectra over all anterior (white) and posterior (black) electrodes. (C) TimeÐfrequency decomposition of
a representative signal. (D) Mean coherence spectra between pair of electrode s. Error-bar s denote SEM (n= 13 pairs per group).

Fig. 2. Quinolinic acid (QA) induces seizures and disrupts normal oscillator y activity durin g the peri-ictal period. (A) (left) Representative EEGtrace obtained after QA infusion (top)
and its corresponding time Ðfrequ ency 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 botto m, the traces show period s of:
normal theta, Òdisrupted Ótheta, theta suppression, high gamma. (B) Mean power spectra durin g 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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Intraperito neal infusion of guanosine doesnot alter EEGspectral 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 causeany meaningful spectral alteration in the EEG
traces in comparison to baseline ! ndings. 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 administratio n was also
similar to baseline (Fig.3B), aswell asthe phase-difference analysis at
both theta and gamma bands (Fig. 3C). Of note, we also did not ! nd
meaningful alterat ions in any of these analyses after MK-801
administratio n (Figs.3AÐC).

Guanosinereducesthe incidence of quinolinic acid-induced seizures

In agreement with previo us reports (Lara et al., 2001; Schmidt
et al., 2000), QAinduced seizures in all animals pre-trea ted with saline
(n= 8 rats; Fig. 4A), whereas seizure episodes were complete ly
prevented by the pre-administration of the NMDA antagonist MK-801
(n= 6 rats). In additio n, we found that guanosine was able to protect
seizures induced by QA in around 50%of the cases(protec ted n= 10
rats; non-prote cted n= 9 rats), which is also consistent with previous
! ndings (Lara et al., 2001; Schmidt et al., 2000, 2005). Animals seizing
under guanosine or saline pre-treatmen t did not differ in the duratio n
of the seizure episode (Fig. 4B).

Animals successfullyprotected 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 administe red 30 min after the former) present an
overall reduction of the spectral power, and, in particular, at the
theta band (Fig. 5A). Interesting ly, we found that animals that
were successfully protected by guanosine presented a lower
decrease in power over multiple frequen cies, including the theta
band (Fig. 5B). The difference in theta power levels between
seizi ng and non-seizin g animals after QA admi nist ration was
statistical ly signi ! cant ( 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-hemis pheric 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 hemisphe res for both seizing and non-seizin g animals
(Fig. 5D).

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

We have then examined the power spectral densities of animals
pre-treated with MK-801 i.p. followed by QA i.c.v. administratio n
30 min later. As mention ed 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 EEGtraces
of these animals presented a marked increase in gamma oscilla-
tions after QA admini stration (Fig. 6A). The coherence spectrum
exhibited a mild decrease of inter-hem ispheric theta-cohere nce (Fig.
6B), which could also be noticed by the phase-diff erence 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.
administratio n 30 min later. We found that the average theta power
level after the combined admin istration of guanosine and MK-801
was not different from basal levels (not shown) , and, as in the caseof
MK-801 pre-treatmen t alone, none of these animals (n= 7) presented
motor seizures after QA infusion. Also similarly to the individ ual pre-
treatment with MK-801, we observed a clear increase in gamma
oscillation s following QA administratio n (Fig. 7). However, we found
that animals pre-trea ted 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
de! nition of theta range (4Ð10 Hz) employe d in this work.

Discussion

We have examined the power spectra of brain electrical activity
and signal synchroniz ation (coherenc e) at baseline as well as in
response to a central infusion of QA,which induced acute episodes of
motor seizures. In addition to clear EEGchanges occurring during the
seizure events (Fig. 2A), we found that QA disrupts a prominent basal
th eta activi ty during the peri -i ctal peri od; moreover, QA also
promote d 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 hemisphe res. Using this same
paradigm, we have also examined the electrophysiolo gical effects of
a pharmacolog ical intervention that we have previously shown to be
neuroprotect ive 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. Additiona lly, we also studied the
electroph ysiological 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
oscillation s following QA administratio n. Finally, we also found that
the combined pre-treatm ent with both guanosine and MK-801 in this
model led to qualitatively different results than the observed when
each drug was administe red 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 tempor al lobe epilepsy
(mTLE) model secondary to hippocam pal kainic acid (KA) injection
found an abolishment of the theta rhythm in these chronic, epileptic
animals (Arabadzisz et al., 2005; Dugladze et al., 2007). Furtherm ore,
it was also shown that KA-indu ced epileptic animals exhibit an
increase in the power of gamma oscillation s (Dugladze et al., 2007;
Medvedev et al., 2000). Although the QA model employe d 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 electroph ysiological scale,
Dugladze et al (2007) examined hippocampal local ! eld potentials
(LFPs), that is, a more mesoscopic scale (Young and Eggermont,
2009). Moreove r, this same work also reported similar spectral
disruption s at the in vitro cellular level when examinin g the ! ring
patterns of hippocampal interneurons (Dugladze et al., 2007) .
Inhibition and GABAergic interneu rons 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 EEGspectral 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.

301
F

.V
.T

orres
et

al./
E

xperim
ental

N
eurology

221
(2010)

296Ð306



et al.,2007; Wulff et al.,2009), and a disruptio n of inhibitory activity is
associated with epileptif orm activity (Cossart et al., 2001; Dinocourt
et al., 2003; Kobayashi and Buckmaster, 2003; Morin et al., 1998).
However, whether putative alterations of inhibitory network s are
playing a role in the QA seizure model remains to be established, but
the similarities between the spectral ! ndings suggest that both the KA
and QA models may share pathophy siological mechanisms. Of note,
these similarities also suggest that the theta oscillation s we observed
in our epidural recordings were likely volume conducted from the
hippocampu s.

The work by Arabadzisz et al. (2005) also described an overall
reduction in the synchroniza tion of bilateral EEGactivity in animals
subjected to the KA model of mTLE,similarl y to what we found in the
present study using the QA model of acute seizures (Fig.2C). In fact, it
should be noted that the inter-hemis pheric impairmen ts of synchrony
were also observed to some extent even in rats successfully protected
against seizures under the pre-treatm ent of either guanosine (Figs.5C
and D) or MK-801 (Figs.6B and C). Taken togethe r with the fact that
non-seizing animals also presented some degree of alteratio n 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 admin istra-
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 schizophren ia. Here,
we found that the intraperit onial injection of MK-801 (0.5 mg/kg) did
not cause alterations in the gamma band; however, the concomitant
treatment with QApromote d a marked increase in gamma oscillations
(Fig.6A). Note that this increase was 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
administratio n alone (compare Figs. 6A and 2B). NMDA receptor
blockers such as MK- 801 were reported to induce paradoxical
increases in glutamaterg ic transmiss ion mediated by non-NMDA

receptors activation (Adams and Moghadd am, 2001; Moghaddam
et al., 1997; Moghadd am and Adams, 1998), which were postulated to
involve disinhibi tion of glutamaterg ic principal cells promoted by
less activation of GABAergic interneuron s(Lopez-Gil et al., 2007;
Moghadd am 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 activat ion.
In this sense, whereas the MK-801 dose we used (0.5 mg/kg) was
unable to promote higher gamma activity, the co-treatmen t w ith QA,
which can also in" uence release and uptake of glutamate (de Oliveir a
et al., 2004; Tavares et al., 2002, 2005), could have synergistica lly
increased the activati on of non-NMD A receptors, leading to the
observed increase in gamma oscillations . In fact, Pinault (2008)
described that the appearance of gamma oscillations with MK-801
treatment was accompanied by ataxic behavior; aswe 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 administe red extracellu-
larly, including trophic effects on neural cells (Ciccarelli et al., 2001;
Rathbone et al.,1999), stimulat ion of astrocyte prolifera tion (Ciccarelli
et al.,2000; Kim et al.,1991), and modulation of glutama tergic activity
(reviewed in Schmidt et al., 2007). Although these effects might be
related to its uptake into the intracellular compartm ent, a consensus
has emerged that some of guanosine actions involve its binding to a
speci! c membra ne protein (Traversa et al., 2002, 2003), postulated by
some to be a G protein-coup led receptor (Ciccarelli et al., 2001;
Traversaet al.,2002, 2003). Indeed, guanosine was reported to present
high af! nity membran e sites in the brain (Traversa et al., 2002),
although the actual existence of its putative speci! c receptor hasyet to
be demonstrated. More certain is the fact that guanosine presents clear
anti-glutam atergic properties , as demonstrated in several in vivo and
in vitro approaches (reviewed in Schmidt et al., 2007), which places
it as a new potential neuroprotect ive strategy against glutama tergic
excitotox icity. The mechanism of action underly ing 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-treate d rats as well as during unsuccessful guanosine pre-treatment. Error-bars denote SEM.

Fig. 5. Ratssuccessfully protected by guanosine present higher theta power th an non-protected rats. (A) Mean power spectra durin g 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= 10Ð14
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) Sameasin (A) but for protected rats (QA is shown
in dark gray). #pb0.05 when compared to baseline (ANOVA followed by Tukey's test; n= 14Ð18 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-GUOgroup (ANOVA followed by Tukey's test; n= 9Ð14 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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glutamaterg ic activity by guanosine is current ly under research in
our and other laboratories . It has been suggested that astrocytes are
crucial ly involved, since guanosine w as show n to st imulate
glutamate uptake by astrocyt es (Frizzo et al., 2001, 2002, 2003),
which is the main mechanism of glutama te removal from the
synaptic cleft (Danbolt , 2001; Beart and O'Shea,2007). In additio n,
recent works have shown that QA decreases glutamate uptake in
vivo and that this effect is reverted by guanosine when successfully
acting as anticonv ulsant (de Oliveira et al., 2004; Tavareset al., 2002,
2005). Taken together, there is strong evidence that the antigluta-
matergic action of guanosine occurs in a fundame ntally different
way than MK-801, which would explain the different electrophys-
iological results observed here in the network (EEG) level. The
! nding that both compound s when administered simultane ously
promote d qualitatively different effects than when each was tested
individual ly is also consistent with different in " uences 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-t reatment w ith guanosine w as an effect ive ant iconvulsant
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). Moreove r, 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-treatm ent
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/prote cted rats in the

second experimen t were not necessarily the same as in the ! rst
experiment (Avila TT, Antunes C, Souza DO, unpublis hed observa-
tions). This suggests that dynamic variables within rats are probably
determin ing whether guanosine will successfully prevent seizures or
not. It is possible that these variables are related to pharmacokin etic
and pharma codyn amic factors (e.g., effectiv e drug distri butio n),
although it could also be related to other in" uences as the current
internal state of the brain. Important ly, here we have demonstrated
for the ! rst time that protected and non-prote cted animals under
guanosine pre-treatm ent can be distinguis hed electroph ysiologically,
even before the beginning of the motor seizures. Accordingl y, we
found that the level of theta power greatly decreased in seizing
animals under (unsuccessful) guanosine pre-treatmen t, 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 statistica lly higher
level of theta power than seizing animals (compa re Figs. 5A and B).
Although this result adds an extra step towards understand ing why
guanosine w ould be ant iconvulsive only at t imes, the factors
responsible for these electroph ysiological 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 perform ed a macroscopic electrophys-
iological characterizatio n of an acute model of seizure secondary to
overstim ulation of the glutamaterg ic system. Using this model, we
studied the effect of two neuroprotect ive pharmacolog ical interven-
tions and we showed that they possessdifferent spectral signatures.
While both guanosine and MK-801 are known to exert actions over
the glutama tergic system, these results show that the mechanisms of
seizure prevention are likely different between these two compounds
at the network level. Further electroph ysiological studies at the
cellular level are warrant ed and will help in elucidating the precise

Fig. 6. MK-801 pre-treated rats present norm al theta but increased gamma power after QAadministrati on. (A) Mean power spectra after MK-801 i.p. (cyan) and after QA i.c.v (black).
Insets depict the mean 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 ! ndings.
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