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Abstract

Ž . Ž .The effect of intrastriatal administration of glutaric acid GTR , a metabolite that accumulates in glutaric acidemia type I GA-I , on
the behavior of adult male rats was investigated. After cannula placing, rats received unilateral intrastriatal injections of GTR buffered to
pH 7.4 with NaOH or NaCl. GTR induced rotational behavior toward the contralateral side of injection and clonic convulsions in a
dose-dependent manner. Rotational behavior was prevented by intrastriatal preadministration of DNQX and muscimol, but not by the
preadministration of MK-801. Convulsions were prevented by intrastriatal preinjection of muscimol. This study provides evidence for a
participation of glutamatergic non-NMDA and GABAergic mechanisms in the GTR-induced behavioral alterations. These findings may
be of value in understanding the physiopathology of the neurological dysfunction in glutaric acidemia. q 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Ž .Increased glutaric acid GTR levels in serum and brain
are the major biochemical findings observed in glutaric

w xacidemia type I 11,14 .
Ž .Glutaric acidemia type I GA-I is an inherited patho-

logical condition that results from the impairment in lysine
and tryptophan oxidation, caused by a severe deficiency of

Ž .glutaryl-CoA dehydrogenase EC 1.3.99.7 activity. It is
clinically characterized by progressive dystonia, dyskine-
sia, seizures and failure to thrive and, pathologically by

w xstriatal degeneration 11,15 . Neurochemical alterations in
this disease include a decrease of g-aminobutyric acid
Ž .GABA levels in the caudate and putamen nuclei, proba-

Ž .bly due to glutamic acid decarboxylase GAD inhibition
w xby GTR, 3-OH glutaric or glutaconic acid 29 . Adminis-

Ž .tration of Vigabatrin g-vinyl–GABA , an irreversible in-
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hibitor of GABA transaminase, to a glutaric acidemic
patient improved cerebrospinal fluid free GABA levels and
dystonia, suggesting that neurologic abnormalities may be

w xrelated to low GABA levels 10 .
Although some metabolic effects of GTR have been

described, the mechanisms underlying the neurotoxic ef-
fects of this acid in this acidemia are poorly known to date.
GTR has been demonstrated to be toxic to striatal cells in

w xculture 30 , and evidence has been gathered indicating that
glutamatergic mechanisms may be a final common path-

w xway for neurologic disorders 17 . GTR is structurally
Ž . Ž .related to glutamate Fig. 1 and inhibits glutamate GLU

w xuptake in vitro 4 causing extracellular glutamate accumu-
lation. Since glutamate accumulation due to chronic inhibi-
tion of uptake causes a slow rate of neuronal loss in rat

w xspinal cultures 26 , it is tempting to propose this mecha-
nism of action for the neurotoxic effects of GTR.

In the present study we investigated the effect of intras-
triatal injection of GTR on adult rat behavior, aiming to
evaluate the acute consequences of cerebral accumulation
of this organic acid. Moreover, the involvement of gluta-
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Fig. 1. Molecular structure of glutamic acid and glutaric acid.

matergic and GABAergic mechanisms in the behavioral
effects observed was investigated.

2. Material and methods

2.1. Animals and reagents

Ž .Adult male Wistar rats 270–300 g maintained on a
12:12 h lightrdark cycle with free access to tap water and

Ž .standard lab chow Guabi, Santa Maria, RS, Brazil , were
used, and each animal was used only once.

ŽAll reagents were purchased from Sigma St. Louis,
. Ž .MO except MK-801 dizocilpine maleate which was

Ž .purchased from RBI Natick, MA .

2.2. BehaÕioral eÕaluation

Animals were anesthetized with pentobarbital and placed
in a rodent stereotaxic apparatus. Under stereotaxic guid-
ance, a cannula was inserted unilaterally into the striatum
Žcoordinates relative to bregma: AP 0 mm, ML 3.0 mm, V

. Ž .4.0 mm from the dura . Chloramphenicol 200 mgrkg i.p.
was administered immediately before the surgical proce-
dure. Three days after cannula placing, the animals were

Ž . Ž .injected with 2 ml GTR 0.4–4 mmol or NaCl 11 mmol .
GTR solutions were buffered with NaOH to pH 7.4 and
injections were performed over a 2 min interval. The
solution containing maximal glutaric acid concentration
and the NaCl solution were isosmotic. Immediately after
the injections the animals were transferred to a round open

Ž .field 54.7 cm diameter with a floor divided into 11 equal
areas. The open field session lasted 20 min, and during this
time the animals were observed for the appearance of
clonic or tonic–clonic convulsions, wet dog shakes and
rotational responses. A rotational response was considered
as a 3608 movement comprising no more than three areas.
The number of ipsilateral and contralateral rotational re-
sponses to the site of injection, wet dog shakes, clonic
convulsions and duration of convulsions were recorded. In
those experiments designed to evaluate the participation of
glutamatergic mechanisms in GTR-induced behavioral ef-
fects, the animals were preinjected with 0.5 ml saline
Ž . Ž . Ž0.9% NaCl , MK-801 3 or 10 nmol or DNQX 6,7-di-

. Ž .nitroquinoxaline-2,3-dione 8 nmol and injected with 1.5
Ž . Ž .ml GTR 3 mmol or NaCl 8.25 mmol 40 min later. The

involvement of GABAergic mechanisms in the behavioral
effects of GTR was investigated by preinjecting muscimol
Ž .46 pmol , as described for the glutamatergic antagonists.

2.3. Statistical analysis

Statistical analysis was carried out by One- or Two-way
Ž .analysis of variance ANOVA and F values are presented

only if p-0.05. Post-hoc analysis was carried out when
appropriate using the Student–Newman–Keuls test. The
dose-effect relationship was assessed using the Pearson’s
correlation coefficient.

3. Results

The effect of intrastriatal GTR administration on the
number of contralateral rotations is shown in Fig. 2.

Ž .Statistical analysis One-way ANOVA revealed that GTR
w Ž .increased the number of contralateral rotations F 3,28 s

x Ž4.94; p-0.01 in a dose-dependent manner Pearson’s
.correlation coefficients0.457; p-0.05 , but had no ef-

Žfect on the number of ipsilateral rotational responses data
.not shown . Intrastriatal GTR administration induced

w Ž .seizure activity measured by number F 3,28 s5.86; p-

0.005; Pearson’s correlation coefficients0.482; p-0.05;
x w Ž .Fig. 3 and total duration of convulsion episodes F 3,28

s6.24; p-0.005; Pearson’s correlation coefficients
x0.571; p-0.05; Fig. 4 in a dose-dependent manner. The

Ž .administration of an intermediate dose 1.3 mmol of GTR

ŽFig. 2. Number of contralateral rotations induced by intrastriatal GTR 2
.mlrstriatum . ) P -0.05 compared to NaCl by the Student–Newman–

Keuls test. Data are meanqS.E.M. for ns6–7 per group. The results of
One-way ANOVA are shown in the text.
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ŽFig. 3. Number of convulsive episodes induced by intrastriatal GTR 2
.mlrstriatum . ) P -0.05 compared to NaCl by the Student–Newman–

Keuls test. Data are meanqS.E.M. for ns6–7 per group. The results of
One-way ANOVA are shown in the text.

increased the number of wet dog shake-like responses
w Ž . xF 3,28 s3.79; p-0.05; Fig. 5 . This result is consistent
with the view that the ‘wet dog shake’ behavior is a

w xpreconvulsant behavior 5,19 .
It is well established that glutamate agonist administra-

tion into the dorsal striatum induces contralateral turning
w xbehavior 2,16,20,25 . Moreover, picrotoxin, a GABA an-

Ž .Fig. 4. Convulsion time elicited by intrastriatal GTR 2 mlrstriatum .
) P -0.05 compared to NaCl by the Student–Newman–Keuls test. Data
are meanqS.E.M. for ns6–7 per group. The results of One-way
ANOVA are shown in the text.

Fig. 5. Number of wet dog shake-like responses induced by intrastriatal
Ž .GTR 2 mlrstriatum . ) P -0.05 compared to NaCl by the Student–

Newman–Keuls test. Data are meanqS.E.M. for ns6–7 per group. The
results of One-way ANOVA are shown in the text.

tagonist, induces a similar behavioral response when in-
w xjected into this region 28 , and both classes of drugs have

been demonstrated to elicit convulsions when administered
into a wide range of cerebral structures, including the

w xstriatum and hippocampus 23 . In addition, it has been
demonstrated that GTR inhibits glutamate decarboxylase
activity, and may cause GABA depletion through this

w xmechanism 11 . The resemblance between the behavioral
effects of glutaric acid and those elicited by GABAergic
antagonists and glutamatergic agonists led us to test
whether these neurotransmitter systems were involved in
the behavioral alterations observed.

ŽThe involvement of glutamatergic NMDA N-methyl-
.D-aspartate acid receptors in the convulsant and rotational

effects of GTR was investigated by pretreating the animals
Ž .with MK-801 3 or 10 nmol , a noncompetitive NMDA

Ž .antagonist. Pretreatment with MK-801 3 nmol had no
effect on the number of contralateral rotations, convulsive
episodes and convulsion time elicited by glutaric acid.

Ž .MK-801 10 nmol , on the other hand, completely reversed
wglutaric acid-induced convulsions significant pretreatment

Ž . Ž .MK-801 or saline = treatment NaCl or GTR interac-
Ž . xtion: F 1,55 s5,81; P-0,01 and decreased GTR-in-

w Žduced rotational behavior significant pretreatment MK-
. Ž .801 or saline effect: F 1,55 s5,92; P-0,01—data not

xshown . Nevertheless, this dose of MK-801 caused a highly
significant increase in the number of ipsilateral rotation

w Ž . xresponses F 1,55 s8.66; p-0.005 . This prominent in-
crease in the number of ipsilateral rotational responses
indicates that the higher dose of the NMDA antagonist had
an effect per se, that probably resulted from a decrease in
the excitatory activity in the injected hemisphere. There-
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Ž .Fig. 6. Effect of DNQX 8 nmolr0.5 ml on the number of contralateral
Ž .rotational responses induced by GTR 3 mmolr1.5 ml . Data are meanq

S.E.M. for ns9–10 per group. The results of Two-way ANOVA are
shown in the text.

fore, it is reasonable to ascertain that such a decrease in the
excitatory tonus in the injected hemisphere may be respon-
sible for the MK-801-induced decrease in the convulsive
behavior, characterizing an antagonism of effect. There-
fore, our data do not definitely support the involvement of
NMDA mechanisms in these effects of GTR. On the other

Ž .hand, DNQX a non-NMDA antagonist preadministration
caused a decrease in the number of contralateral rotations

w Žinduced by glutaric acid significant pretreatment DNQX
. Ž . Ž .or saline = treatment NaCl or GTR interaction: F 1,36

xs5,81; P-0,05; Fig. 6 , but not in the convulsant action
Ž .of glutaric acid data not shown . It is important to point

out that DNQX had no effect on the number of ipsilateral
rotational responses, a fact that makes physiological antag-
onism an unlikely explanation for these results. These
results suggest the involvement of non-NMDA glutamater-
gic receptors in the GTR-induced rotational behavior.

Ž .Fig. 7. Effect of muscimol 46 pmolr0.5 ml on the number of contralat-
Ž .eral rotational responses induced by GTR 3 mmolr1.5 ml . Data are

meanqS.E.M. for ns9–10 per group. The results of Two-way ANOVA
are shown in the text.

Ž .Fig. 8. Effect of muscimol 46 pmolr0.5 ml on the number of convulsive
Ž .episodes induced by GTR 3 mmolr1.5 ml . Data are meanqS.E.M. for

ns9–10 per group. The results of Two-way ANOVA are shown in the
text.

The involvement of GABAergic mechanisms in the
convulsant and rotational effects of glutaric acid was in-

Žvestigated by pretreating the animals with muscimol 46
.pmol , a GABA agonist. This dose was chosen because itA

caused neither ipsilateral rotational behavior nor a decrease
in motor activity in a pilot experiment. Muscimol pretreat-
ment fully reversed the glutaric acid-induced contralateral

w Žrotational responses significant pretreatment muscimol or
. Ž . Ž .saline = treatment NaCl or GTR interaction: F 1,39 s

Ž .7,72; P-0,05; Fig. 7 and glutaric acid-induced convul-
w Ž .sions significant pretreatment muscimol or saline =

Ž . Ž .treatment NaCl or GTR interaction: F 1,39 s5,78; P-
x0,05; see Fig. 8 for number of convulsive episodes and

Ž .significant pretreatment muscimol or saline = treatment
Ž . w Ž .NaCl or GTR interaction F 1,39 s4.61; P-0,05; see

xFig. 9 for duration of convulsive episodes. These results
strongly support the involvement of GABAergic mecha-
nisms in the behavioral and convulsant effects of glutaric
acid.

Ž .Fig. 9. Effect of muscimol 46 pmolr0.5 ml on the convulsion time
Ž .induced by GTR 3 mmolr1.5 ml . Data are meanqS.E.M. for ns9–10

per group. The results of Two-way ANOVA are shown in the text.
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4. Discussion

The striatum is a cerebral structure vulnerable to the
neurotoxic action of several compounds. Sensitivity to
these agents occurs because the striatum bears many gluta-
matergic receptors besides being highly susceptible to
ischemia and neurotoxicity induced by metabolic inhibi-

w xtion and free radicals 8,18,21 .
Several substances potentially toxic for the central ner-

vous system have been studied by behavioral and histolog-
ical evaluation after intrastriatal injections in the rat, in-
cluding inhibitors of the enzyme succinate dehydrogenase
w x3,6,7,12,13,21,27,31,32 . In addition, a similar protocol
was used by us to demonstrate that the behavioral effects
of the succinate dehydrogenase inhibitor, methylmalonic

w xacid, are mediated by glutamate 24 .
The striatum is the most severely affected brain struc-

w xture in glutaric acidemic children 11 . Since no animal
models of glutaric acidemia have been described to date,
the present study was conducted to evaluate the behavioral
consequences of acute cerebral high levels of this organic
acid in a cerebral structure that is exquisitely vulnerable in
glutaric acidemia type I.

To our knowledge, the present work demonstrates for
the first time the convulsant properties of glutaric acid.
This is in agreement with the neurological alterations seen
in children with glutaric acidemia who present convulsions
besides dyskinesia, and suggests that GTR may cause an
acute imbalance between inhibitory and excitatory mecha-

Žnisms, leading to convulsion. The role of inhibitory g-
. Žaminobutyric acid; GABAergic and excitatory glutama-

.tergic neurotransmission in the genesis of convulsions and
w xepilepsy has been recently reviewed by Meldrum 22 , and

a large body of evidence supports the view that convul-
sions may arise from either an impairment of GABAergic
function or excessive glutamatergic function. This may be
the case in the convulsive behavior elicited by acute
intrastriatal administration of glutaric acid. Glutaric acid is
structurally related to glutamate and has been reported to
inhibit glutamate uptake in synaptosomes at 10 mM con-

w xcentration, but not at 0.1 mM 1,4 . Since it is not known if
1.0 to 1.5 mM concentrations found in glutaric acidemic
brain can inhibit glutamate uptake and thus cause high and
possibly stimulatory concentrations of glutamate in the

w xsynaptic cleft 11 , the role of glutamatergic mechanisms in
the neurotoxic effects of GTR in GA-I remains to be
determined. In the present study we report some evidence
that non-NMDA glutamatergic mechanisms may be in-
volved in the GTR-induced rotational behavior, since
DNQX partially reversed this behavioral effect. However,
the involvement of this mechanism in the convulsant ac-
tion of this metabolite is not supported by our results.
Although the tissue concentrations of GTR after intrastri-
atal administration are unknown, we may speculate that the
high GTR concentration infused may have interfered with
cellular glutamate uptake, and induce an increase in extra-

cellular glutamate concentration, leading to an activation
of excitatory mechanisms and consequently eliciting the
behavioral effects observed. This explanation, however,
seems unlikely, since it is expected that high glutamate
concentrations would stimulate all glutamate receptors,
including NMDA receptors. The presently reported lack of

Ž .effect of MK-801 at doses that have no effect per se on
the behavioral effects of GTR does not support the hypoth-
esis of activation of NMDA receptor-mediated mecha-
nisms.

Alternatively, GTR could selectively interact with non-
NMDA glutamatergic binding sites, a fact that may explain
the effects of DNQX on the behavioral actions of glutaric
acid. However, an elegant study has recently described that
GTR, 3-OH-GTR and glutaconic acid have no effect on
glutamate receptor-mediated membrane currents in frog

w xoocytes expressing glutamate receptor subtypes 9 . These
interesting results suggest that GTR does not elicit physio-
logical glutamate-mediated responses per se. The same
study, however, also reported that glutamate antagonists
were able to attenuate 3-OH-GTR-induced tissue disinte-
gration in vitro, suggesting the involvement of excitotoxic
mechanisms. From a pharmacological point of view, the

w xresults reported by Flott-Rahmel 9 are, to some extent,
very similar to those obtained by our group, who has
attributed a main role to the loss of inhibitory GABAergic
input in the development of the excitotoxic process.

Systemic or intracerebral administration of glutamate
decarboxylase inhibitors induces convulsions by blocking

w xGABA synthesis 23 . Glutaric acid and the other metabo-
lites that accumulate in GA-I, glutaconic and 3-hydroxy-
glutaric acids have been reported to competitively inhibit

w xneuronal GAD 29 , and decreased GAD activity and
GABA levels have been reported in the basal ganglia from
glutaric acidemic patients. However, it is not known if this
enzyme inhibition could produce neuronal damage and
loss, and decreased GABA levels and GAD activity in the
striatum might be secondary to cell death due to other

w xcauses 11 . In the present study we demonstrate that the
convulsant effects of glutaric acid are completely reversed
by pretreating the animals with a very low dose of musci-
mol, a GABA agonist, strongly suggesting that deficientA

GABAergic function may underlie the effects of glutaric
acid. Due to the decrease in GABAergic tonus in patients
with GA-I, it is possible that GAD inhibition is an impor-
tant factor for the neurotoxicity of GTR through the induc-
tion of a ‘hyperexcitability state’ favoring excitotoxicity.
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