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A B S T R A C T

Glutaric acidemia type I (GA-I) is an inherited metabolic disease characterized by accumulation of

glutaric acid (GA) and striatal degeneration. Although growing evidence suggests that excitotoxicity and

oxidative stress play central role in the neuropathogenesis of this disease, mechanism underlying striatal

damage in this disorder is not well established. Thus, we decided to investigate the in vitro effects of GA

10 nM (a low concentration that can be present initial development this disorder) on L-[3H]glutamate

uptake and reactive oxygen species (ROS) generation in synaptosomes from striatum of rats. GA reduced

L-[3H]glutamate uptake in synaptosomes from 1 up to 30 min after its addition. Furthermore, we also

provided some evidence that GA competes with the glutamate transporter inhibitor L-trans-pyrrolidine-

2,4-dicarboxylate (PDC), suggesting a possible interaction of GA with glutamate transporters on

synaptosomes. Moreover, GA produced a significant decrease in the VMAX of L-[3H]glutamate uptake, but

did not affect the KD value. Although the GA did not show oxidant activity per se, it increased the ROS

generation in striatal synaptosomes. To evaluate the involvement of reactive species generation in the

GA-induced L-[3H]glutamate uptake inhibition, trolox (0.3, 0.6 and 6 mM) was added on the incubation

medium. Statistical analysis showed that trolox did not decrease inhibition of GA-induced L-

[3H]glutamate uptake, but decreased GA-induced reactive species formation in striatal synaptosomes

(1, 3, 5, 10, 15 and 30 min), suggesting that ROS generation appears to occur secondarily to glutamatergic

overstimulation in this model of organic acidemia. Since GA induced DCFH oxidation increase, we

evaluate the involvement of glutamate receptor antagonists in oxidative stress, showing that CNQX, but

not MK-801, decreased the DCFH oxidation increase in striatal synaptosomes. Furthermore, the results

presented in this report suggest that excitotoxicity elicited by low concentration of GA, could be in part by

maintaining this excitatory neurotransmitter in the synaptic cleft by non-competitive inhibition of

glutamate uptake. Thus the present data may explain, at least partly, initial striatal damage at birth, as

evidenced by acute bilateral destruction of caudate and putamen observed in children with GA-I.
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1. Introduction

Glutaric acidemia type I (GA-I) is an autosomal recessive
inherited neurometabolic disease caused by deficiency of the
activity of the mitochondrial enzyme glutaryl-CoA dehydrogenase
(GCDH; EC 1.3.99.7), characterized biochemically by an accumula-
tion of glutaric acid (GA), and 3-hydroxyglutaric acid (3-OH-GA) in
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the body fluids and brain tissue (GA, 500–5000 mM; 3-OH-GA, 40–
200 mM) of affected patients (Goodman et al., 1977; Liesert et al.,
1999; Goodman and Frerman, 2001; Strauss and Morton, 2003;
Strauss et al., 2003). Clinical manifestations of GA-I are pre-
dominantly neurological, including generalized convulsions,
progressive dystonia and dyskinesia, especially after encephalo-
phatic crises, which are accompanied by bilateral and irreversible
destruction of vulnerable brain regions, i.e. striatum and cortex
(Morton et al., 1991; Hoffmann and Zschocke, 1999).

In this scenario, a considerable body of evidence have indicated
that GA and 3-GA can induce brain damage by energy depletion
(Ullrich et al., 1999; Silva et al., 2000; Das et al., 2003; Ferreira et al.,
2005; Latini et al., 2005a), oxidative stress (Latini et al., 2002,
2005b; de Oliveira Marques et al., 2003; Fighera et al., 2006) and
primary or secondary excitotoxicity (Kölker et al., 1999, 2000a,
2002a,b; de Mello et al., 2001; Porciúncula et al., 2004; Rosa et al.,
2004). Furthermore, it has been suggested that these mechanisms
might cooperate in a synergistic way to cause the neuropatholo-
gical alterations found in GA-I patients (Kölker et al., 2004a;
Wajner et al., 2004).

With regard to excitotoxicity, postmortem examination of the
basal ganglia and cerebral cortex of patients with GA-I revealed
post-synaptic vacuolization characteristic of glutamate-mediated
brain damage indicating that this process may represent an
important mechanism underlying the pathophysiology of this
disorder (Goodman et al., 1977; Forstner et al., 1999; Hoffmann
and Zschocke, 1999). Nevertheless, although there is convincing
evidence of the participation of glutamate in the toxicity of GA, the
primary cause of striatum degeneration in GA-I is still not well
defined (Kölker et al., 2001, 2002a,b; Koeller et al., 2002; Latini
et al., 2005a; de Oliveira Marques et al., 2003; Ferreira et al., 2005).
While some experimental findings demonstrate that GA and
3-OHGA are excitotoxic to cultured neurons and may interact with
glutamate receptors or transporters (Flott-Rahmel et al., 1997;
Kölker et al., 1999, 2002a,b, 2004b; Rosa et al., 2004; Wajner et al.,
2004), recent works did not show excitotoxic actions by 3-OHGA
(Lund et al., 2004; Freudenberg et al., 2004). Thus, the role of
excitotoxicity in GA-I neuropathophysiology is still under intense
debate.

Glutamate is the main excitatory neurotransmitter in the brain,
and its interaction with specific membrane receptors is responsible
for many functions such as cognition, memory and movement
(Ozawa et al., 1998). The role of glutamate in mammalian brain is
mediated by activation of ionotropic receptors and metabotropic
receptors (Nakanishi, 1992; Hollmann and Heinemann, 1994;
Ozawa et al., 1998). Ionotropic receptors can be divided into N-
methyl-D-aspartate (NMDA: NR1 and NR2A-D) and non-NMDA,
the latter including the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA: GluR1-4) and kainate (GluR5-9 and KA1-2)
receptors. Metabotropic glutamate receptors (mGluRs) have been
divided into groups I, II and III (Conn and Pin, 1997; Ozawa et al.,
1998). Glutamate receptors are involved in a variety of physio-
logical processes during brain development, including synapto-
genesis and synaptic plasticity, and present a unique profile of
susceptibility to toxicity mediated by differential activation of the
receptor subtypes (McDonald and Johnston, 1990). Ionotropic
receptor ontogeny is characterized by rapid maturational changes
in various forebrain structures in the rat. NMDA receptor
expression reaches the highest level in hippocampus and
neocortex in the first postnatal week, whereas AMPA receptors
density peaks occur in the second postnatal week (Insel et al.,
1990; Petralia et al., 1999). This variable receptor expression
profile generates a regional- and age-specific window of suscept-
ibility to many neurotoxins and diseases (Kölker et al., 2000a;
Haberny et al., 2002; Jensen, 2002).
The synaptic actions of glutamate are terminated by its removal
from the synaptic cleft by a high-affinity sodium-dependent
excitatory amino acid transporter (EAAT) system, mainly located in
the astrocytic membranes (Danbolt, 2001; Amara and Fontana,
2002). The astroglial glutamate transporters GLAST (EAAT1) and
GLT1 (EAAT2) are mainly responsible for the clearance of
extracellular glutamate (Rothstein et al., 1996; Danbolt, 2001).

Besides its physiological effects, glutamate is also a potent
neurotoxin and the presence of high amounts of this neurotrans-
mitter in the synaptic cleft may lead to excitotoxicity by over-
stimulation of glutamate receptors, a process related to neuro-
pathology of acute (brain hypoxia, ischemia and trauma) and
chronic (Parkinson’s disease, Alzheimer’s disease and organic
acidemias) brain disorders (Lipton and Rosenberg, 1994; Mar-
agakis and Rothstein, 2001; Wajner et al., 2004; Kölker et al., 2008).

In models of glutaric acidemia, a considerable body of evidence
suggest that neurotoxic actions elicited by GA and 3-OHGA are
due the similar chemical structure of this organic acids with
glutamate (Flott-Rahmel et al., 1997; Lima et al., 1998; Kölker
et al., 1999, 2000a,b, 2002a,b; Ullrich et al., 1999; Porciúncula
et al., 2000, 2004; de Mello et al., 2001; Rosa et al., 2004). In this
context, it has been demonstrated that 3-OH-GA decreases cell
viability by N-methyl-D-aspartate (NMDA) receptors stimulation
(Kölker et al., 2000a,b) and ROS generation (Kölker et al., 2001).
Furthermore, recent studies have suggested the GA-induced
neurotoxicity can be due inhibition of glutamate uptake related
with an interaction of GA with glutamate transporters, leading to
an increase of the glutamate levels in synaptic cleft and over-
stimulation glutamate receptors (Porciúncula et al., 2000, 2004;
Magni et al., 2007). On the other hand, the activity of glutamate
transporters can also be reduced by indirect mechanisms,
including reactive species formation (Volterra et al., 1994;
Nanitsos et al., 2004).

Thus, considering that mechanism involved the primary striatal
damage in the GA-I is not well established, we decided investigate
whether low concentration of GA (that can be present in the initial
development of this disorder �10 nM) alter L-[3H]glutamate
uptake. In this context, we evaluated the kinetic parameters
dissociation constant (KD) and maximum velocity (VMAX) of
glutamate transport to evaluate whether GA-induced reduction
on L-[3H]glutamate uptake could be due to competitive or non-
competitive mechanism. Furthermore, we investigated the invol-
vement of striatal ROS generation induced by GA on the L-
[3H]glutamate uptake. In addition, we also evaluated the effects of
the glutamate receptor antagonists and transporters inhibitor on
the oxidative stress and L-[3H]glutamate uptake, respectively.

2. Experimental procedures

2.1. Animal and reagents

Adult male Wistar rats (270–300 g) maintained under controlled light and

environment (12:12 h light-dark cycle, 22 � 1 8C, 55% relative humidity) with free

access to food (Guabi, Santa Maria, Brazil) and water were used. Animal utilization

protocols followed the Official Government Ethics guidelines and were approved by

the University Ethics Committee. L-[3H]glutamate (49 Ci/mmol) was purchased from

Amersham International, UK. All other reagents, including glutaric acid free acid (GA,

99% pure), were purchased from Sigma (St. Louis, MO, USA).

2.2. Synaptosomal preparation

The animals were sacrificed by decapitation and had their brain exposed by the

removal of the parietal bone. A punch of the striatum was rapidly removed and

synaptosomal preparation was obtained by isotonic Percoll/sucrose discontin-

uous gradients at 4 8C, as previously described (Dunkley et al., 1988). Briefly,

homogenates (10%, w/v) from striatum were made in 5 mM HEPES and 320 mM

sucrose (pH 7.4), and centrifuged twice at 800 � g for 10 min to produce a pellet

(P1) and a supernatant (S1). P1 was discarded and S1 was subjected to 16, 10, 7.5%

Percoll solution density gradient centrifugation at 24,000 � g for 10 min. The



Fig. 1. Effect of glutaric acid (10 nM) on L-[3H]glutamate uptake by synaptosome

from striatum of rats. Data are mean � S.E.M. for n = 6 in each group. *P < 0.001 as

compared to control (Student–Newman–Keuls test).
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synaptosomal fractions were isolated, suspended and homogenized in Krebs’

buffer (pH 7.4), containing in mM: 145 NaCl, 5 KCl, 1.2 KH2PO4, 1.3 MgSO4, 20

HEPES, 10 glucose and 1.2 CaCl2 and centrifuged at 15,000 � g for 10 min. The

supernatant was removed and the pellet resuspended in Krebs’ buffer. The

synaptosomal fraction used contained approximately 1 mg of protein/ml. This

fraction also contained approximately 5% contamination with fragments of the

inner and outer mitochondrial membranes, microsomes, myelin, as well as neural

and glial plasma membranes (Dunkley et al., 1988; Nagy et al., 1986; Migues et al.,

1999).

2.3. Synaptosomal L-[3H]glutamate uptake

Assays were performed in a final volume of 500 ml in a standard incubation

medium composed of Krebs’ buffer and 5 mM (3700 Bq) of L-[3H]glutamate

(1.81 GBq/mol, Amersham International, UK).

The synaptosomal L-[3H]glutamate uptake was performed in the presence of GA

(10 nM). This concentration of GA was previously reported to reduce L-

[3H]glutamate uptake in forebrain synaptosomes (Porciúncula et al., 2000).

Controls did not contain glutaric acid. The uptake was carried out for 1, 3, 5, 10,

15 and 30 min at 37 8C after the addition of synaptosomes (100 mg of protein/tube)

and stopped by centrifugation (16,000 � g for 1 min at 4 8C). Radioactivity in the

synaptosomal pellet was measured in a Wallac 1409 liquid scintillation counter.

The specific L-[3H]glutamate uptake was calculated as the difference between total

uptake at 37 8C and the uptake at 4 8C (non-specific uptake).

Kinetic analysis assay of L-[3H]glutamate uptake was performed in an incubation

medium composed of Krebs’ buffer in a final volume of 500 ml containing labeled

and unlabeled glutamate at final concentrations ranging from 0.625 to 320 mM. The

synaptosomal L-[3H]glutamate uptake was performed in the presence of GA

(10 nM). Controls did not contain GA. The uptake was carried out for 10 min at 37 8C
after the addition of synaptosomes from striatum (100 mg of protein/tube) and

followed how above described. Kinetic parameters KD and VMAX for synaptosomal L-

[3H]glutamate uptake were determined by nonlinear regression analysis (GraphPad

Software, San Diego, CA).

In order, to evaluate the involvement of glutamate transporters on the GA-

induced L-[3H]glutamate uptake reduction, the experiments were done in the

presence of 50 mM L-trans-pyrrolidine-2,4-dicarboxylate (PDC), which is a

substrate inhibitor of glutamate transporters.

To evaluate whether oxidative stress could alter GA-induced L-[3H]glutamate

uptake reduction, other experiment was done in the presence of the synthetic

antioxidant Trolox (0.3, 0.6 and 6 mM), a water-soluble derivative of vitamin E with

potent antioxidant properties, for 10 min at 37 8C (Dreiem and Seegal, 2007).

2.4. Synaptosomal reactive species formation

Reactive oxygen species were assayed using 20 ,70-dichlorofluorescein diacetate

(DCFH-DA), which is de-esterified within synaptosomes to the ionized free acid,

dichlorofluorescein, DCFH. This is trapped within cells and thus accumulated. DCFH

is capable of being oxidized to the fluorescent 20,70-dichlorofluorescein diacetate by

reactive oxygen. The utility of this probe in isolated subcellular cerebral systems has

been described (Bondy et al., 1998). Assays were performed in a final volume of

2000 ml in a standard incubation medium composed of Krebs’ buffer, 100 ml

synaptosomes (1 mg/ml). The synaptosomes were loaded with 5 mM DCFH-DA for

15 min at 37 8C. This incubation was stopped by centrifugation (16,000 � g for

5 min). The synaptosomal pellet was resuspended in Krebs’ buffer in a final volume

of 2000 ml. In this solution was added GA 10 nM and was read a long time for 1, 3, 5,

10, 15 and 30 min at 37 8C. Controls did not contain GA. The fluorescence was

determined on a spectrofluorometer, with excitation wavelength at 488 nm, and

emission wavelength 525 nm.

Other experiment was done in the presence of trolox (0.3, 0.6 and 6 mM) for

10 min at 37 8C (Dreiem and Seegal, 2007), to evaluate whether this antioxidant

could decrease GA-induced synaptosomal reactive species formation.

The synaptosomal reactive species formation was also determinate in the

presence of NMDA glutamate receptor antagonist, dizocilpine (MK-801; 5 mM)

(Tavares et al., 2000) and non-NMDA glutamate receptor antagonist, 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX; 100 mM) (Barnes et al., 1994), to investigate the

involvement of glutamate receptors on the GA-induced DCFH oxidation increase in

striatal synaptosomes.

2.5. Lactate dehydrogenase (LDH) assay

Synaptosomes were incubated at 37 8C for 30 min in Krebs’ buffer in the presence

or absence of 10 nM GA. Viability was assessed by measuring the release of the

cytosolic enzyme lactate dehydrogenase (LDH). LDH measurement was carried out

in 25 ml aliquots using the LDH kit from Labtest reagents, Brazil. The LDH activity in

the incubation medium was assayed spectrophotometrically at a wavelength of

340 nm. The results were expressed as percentage of total LDH release. Total LDH

release (100% release) was achieved with 1% Triton X-100 in the incubation

medium. Under the experimental conditions used, no changes in LDH were

observed.
2.6. Chemiluminescence generated in cell-free systems

The assays were conducted in a standard medium composed of phosphate

buffered saline (PBS, 10 mM KH2PO4 and 150 mM NaCl, pH 7.4) and luminol

(50 mM, prepared daily in PBS) mixture. In this medium was added H2O2 (3.5 mM)

or GA (10 nM). Controls contained only phosphate buffered saline and luminol

mixture. Chemiluminescence generated was measured continuously for 3 min

(Yildiz et al., 1998).

2.7. Protein determination

Protein content was measured colorimetrically by the method of Bradford (1976)

using bovine serum albumin (1 mg/ml) as a standard.

2.8. Statistics

The synaptosomal L-[3H]glutamate uptake and DCFH oxidation were analyzed by

one- or two-way ANOVA, with time of measures treated as within subject factor,

depending on the experimental design, followed by a Student–Newman–Keuls test.

Data from kinetic analysis of Na+-dependent transport of synaptosomal L-

[3H]glutamate uptake in the presence and absence the GA were analyzed by a

student’s t-test for paired and independent samples. Effect of trolox in the

synaptosomal L-[3H]glutamate uptake and DCFH oxidation were analyzed by a 2

(presence or absence of trolox) � 2 (presence or absence of GA) factorial ANOVA.

Effect of PDC in the synaptosomal L-[3H]glutamate uptake was analyzed by a 2

(presence or absence of PDC) � 2 (presence or absence of GA) factorial ANOVA.

Effect of glutamate receptor antagonists, MK-801 and CNQX, in the DCFH oxidation

was analyzed by a 2 (presence or absence of MK-801/CNQX) � 2 (presence or

absence of GA) factorial ANOVA. Post hoc analyses were carried out by the F test for

simple effect or the Student–Newman–Keuls test, when appropriate. All data are

expressed as mean � S.E.M., P < 0.05 was considered significant.

3. Results

We first evaluated the effect GA (10 nM) on L-[3H]glutamate
uptake by striatum synaptosomes of rats. Fig. 1 shows that GA
significantly decreased L-[3H]glutamate uptake into striatum
synaptosomes as compared to controls [F(5, 60) = 23.56;
P < 0.001]. In order to verify whether cellular death could be
responsible for the GA-induced glutamate uptake reduction, we
evaluated the viability of striatum synaptosomes measured by LDH
release assays. Statistical analysis revealed that synaptosomes
incubated for 30 min with GA (10 nM) showed no significant
leakage of the cytosolic marker LDH as compared to controls.
Percentages of the total LDH content achieved by synaptosomal
disruption with Triton X-100 were: 25.71 � 2.51 (control);
25.06 � 2.04 (GA 10 nM, n = 4 experiments).

Next experiments, we evaluated the involvement of inhibitor of
glutamate transporters PDC on the Na+-dependent L-[3H]gluta-



Fig. 2. Effect of PDC (in the absence and presence glutaric acid) on L-[3H]glutamate

uptake by synaptosome from striatum of rats. Data are mean � S.E.M. for n = 5 in

each group. *P < 0.005 compared with control (Student–Newman–Keuls test). Fig. 4. Effect of glutaric acid on DCFH oxidation by synaptosome from striatum of

rats. The DCFH oxidation increase initiated 1 min after GA administration and

persisted up to the end of the incubation period (30 min). Data are the

means � S.E.M. n = 4 animals in each group. *P < 0.001 compared with control

(Student–Newman–Keuls test).

D.V. Magni et al. / Int. J. Devl Neuroscience 27 (2009) 65–7268
mate uptake in the presence or absence of GA in striatal
synaptosomes. We observed that both GA and PDC inhibited
Na+-dependent L-[3H]glutamate uptake. Furthermore, GA did not
change the inhibitory effect of PDC [F(1, 16) = 12.7; P < 0.005]
(Fig. 2).

Fig. 3 shows alterations on kinetic parameters of the glutamate
uptake induced by the low concentration of GA. The hyperbolic
glutamate concentration–velocity curve demonstrates typical
substrate saturation kinetics expected of Na+-dependent gluta-
mate transport in synaptosomes, with KD value of 29.8 � 4.4 mM
and VMAX of 77.5 � 3.5 pmoles/(mg protein min). Statistical analysis
revealed that GA significantly decreased [t = 2.35; P < 0.05] VMAX (to
66.6 � 2.8 pmoles/(mg protein min)) and did not changed [t = 0.91;
P > 0.05] KD value (23.6 � 3.4 mM) of glutamate uptake as compared
to controls.

Considering that glutamate uptake transporters can also be
reduced by indirect mechanisms, including reactive species
formation, we decided to verify the effect of GA on the
synaptosomal oxidative stress. Statistical analysis that GA did
not show oxidant activity per se as compared to H2O2 (data not
shown), but increased [F(5, 30) = 80.06; P < 0.001] DCFH oxidation
in striatal synaptosomes at all times (1, 3, 5, 10, 15 and 30 min), as
compared to control (Fig. 4). In addition, we observed that trolox
(0.3, 0.6 and 6 mM) decreased [significant treatment (control or
trolox) by treatment (control or GA) interaction: F(3, 24) = 8.37;
P < 0.001] GA-induced oxidative stress production by synaptoso-
mal preparations from striatum (Fig. 5). However, statistical
analysis revealed that trolox (0.3, 0.6 and 6 mM) did not decrease
Fig. 3. Effect of glutaric acid (10 nM) on kinetic analysis of high affinity, Na+-

dependent transport L-[3H]glutamate uptake by synaptosome from striatum of rats.

Data are mean mmol/(kg protein min) � S.E.M. for n = 6 in each group. Corresponding

kinetic analysis (VMAX = mmol/kg protein; KD = mM) are provided and insert in table.

*P < 0.05 as compared to control (Student’s t-test).
inhibition of glutamate uptake [F(3, 56) = 0.76; P > 0.05] induced
by GA (Fig. 6).

Since GA increased DCFH oxidation in striatal synaptosomes,
we decided to investigate whether ionotropic glutamate receptors
were involved in the currently described increase of oxidative
stress by GA. Statistical analysis showed that the non-NMDA
glutamate receptor antagonist CNQX decreased [F(2, 24) = 6.49;
P < 0.01] GA-induced DCFH oxidation increase (Fig. 7). In contrast,
the addition of the NMDA glutamate receptor antagonist MK-801
in medium of incubation did not protect against GA-induced
oxidative stress. These results agree with previous studies that
demonstrated the lack of effect of NMDA glutamate antagonists
against GA-induced decrease of Na+-independent glutamate
binding to synaptic membranes and convulsions (Lima et al.,
1998; Dalcin et al., 2007).
Fig. 5. Effect of trolox (in the absence and presence glutaric acid) on DCFH oxidation

by synaptosome from striatum of rats. Data are mean � S.E.M. for n = 6 in each group.

*P < 0.001 compared with control; #P < 0.001 as compared to GA group (Student–

Newman–Keuls test).



Fig. 6. Effect of trolox (in the absence and presence glutaric acid) on L-[3H]glutamate

uptake by synaptosome from striatum of rats. Data are mean � S.E.M. for n = 6 in

each group. *P < 0.05 compared with control (Student–Newman–Keuls test).

Fig. 7. Effect of NMDA (5 mM) and CNQX (100 mM) (in the absence and presence

glutaric acid) on DCFH oxidation by synaptosome from striatum of rats. Data are

mean � S.E.M. for n = 5 in each group. *P < 0.01 compared with control; #P < 0.001 as

compared to GA group (Student–Newman–Keuls test).
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4. Discussion

Although the pathophysiology of GA-I is not yet fully
established, the excitotoxicity has been proposed as an important
neurotoxic mechanism in GA-I, especially due to the structural
similarity between glutamate, GA and 3-OH-GA (Flott-Rahmel
et al., 1997; Lima et al., 1998; Kölker et al., 1999, 2004b; Wajner
et al., 2004; Rosa et al., 2004). It is conceivable that some
conflicting results about GA-induced excitotoxicity could be due to
the ontogenetic and organ specific differences of glutamate
receptor and transporter expression (McDonald and Johnston,
1990; Ullensvang et al., 1997; Furuta et al., 1997; Ozawa et al.,
1998). Therefore, the present investigation was undertaken to
evaluate the effect of GA, at the lower concentration present during
initial development of GA-I, on L-[3H]glutamate uptake and
reactive species formation from striatum synaptosomal of rats.
Furthermore, we evaluated, for first time, what kinetic parameters
of glutamane uptake could be altered by GA.

In the present study, we have initially shown a time curve
where the GA decreased L-[3H]glutamate uptake from striatal
synaptosomes in all times tested. However, this effect was not due
to cellular death, as evidenced by LDH viability test, suggesting
that specific glutamate transporters localized in striatum could be
responsible for that effect. Considering that the glial GLAST and
GLT1 glutamate transporters and the neuronal glutamate trans-
porter EAAC1 can be present in synaptosomes preparations
(Tanaka et al., 1997; Danbolt, 2001), it is plausible to propose
that one or more of these transporters could serve as a target for GA
inhibitory effect. In agreement with this view, previous studies
have demonstrated that glutamate uptake in synaptosomal
preparations is mediated by GLT1 transporters (Robinson et al.,
1993; Bridges et al., 1999). Moreover, it has been demonstrated
that synaptosomes prepared from GLT1 deficient mutant mice
have very low uptake activities (Tanaka et al., 1997; Danbolt,
2001). Furthermore, Western blotting analysis revealed that
EAAC1 and GLAST transporters are also present on the striatum
of rats at later ages (Furuta et al., 1997).

An important result of the present investigation was that a low
concentration of GA (10 nM) significantly reduced the efficacy
(VMAX), but not the affinity (KD) of glutamate uptake in striatal
synaptosomes. These findings suggest that glutamate uptake
reduction induced by low concentration of GA is due non-
competitive inhibition. Our results are in agreement with previous
findings demonstrating that a high concentration of GA (1 mM)
may reduce glutamate uptake in synaptosomes of whole brain
(Porciúncula et al., 2000). Moreover, it was shown that 1 mM, but
not 1 or 10 nM, of GA reduced the sodium-dependent glutamate
binding in plasma membranes of whole brain, indicating that GA
directly interacts with glutamate transporters (Porciúncula et al.,
2000). In accordance with that idea that low concentration of GA
did not directly interact with glutamate transporter, our kinetic
data revelled that GA (10 nM) did not altered KD value for
glutamate uptake in striatal synaptosomes. Furthermore, the
reduction in glutamate uptake produced by low concentrations of
GA is mediated by a decrease in VMax, which is consistent with a
non-competitive inhibition of glutamate transporters. Thus, GA
could reduce glutamate uptake directly by an interaction with an
alosteric site in glutamate transporters (as acts reactive species). In
fact, our experiments showed that the simultaneous addition of
the glutamate transporter inhibitor PDC (50 mM) and GA (10 nM)
did not alter the inhibitory effect on the glutamate uptake in
striatal synaptosomes compared to the effect elicited by PDC alone,
indicating that GA can be binding to glutamate transporters and
that this disturbance of glutamatergic neurotransmission may
explain, at least in part, cerebral damage observed in GA-I.

Other point to be considered is that glutamate transporter
activity can be inhibited by oxidation (Volterra et al., 1994; Trotti
et al., 1996, 1998; Nanitsos et al., 2004). Thus, we evaluated
whether GA-induced glutamate uptake reduction can be due
reactive species formation on the striatum synaptosomes of rats.
Although trolox protects against GA-induced DCFH oxidation
increase in all concentrations, it did not protect against GA-
induced glutamate uptake reduction on the synaptosomes of
cerebral structure studied, suggesting that ROS formation is a late
event in the GA-induced neurotoxicity. Our results are in
agreement with previous findings demonstrating that even though
trolox may reduce DCFH increase to control levels (Dreiem and
Seegal, 2007), it provides no protection against inhibition of
aspartate uptake induced by methylmercury (MeHg) (Allen et al.,
2001). Taken together these observations, our results suggest that
the excitotoxicity induced by low GA concentration can be the
initial mechanism of striatal damage and that free radical
generation can occur secondarily to glutamatergic overstimula-
tion, a fact that may be related to striatum degeneration observed
in GA-I patients. Furthermore, since that a previous study showed
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that GA inhibited synaptosomal glutamate uptake at 1 mM
concentration (Porciúncula et al., 2000), it may be presumed that
much lower intracellular concentrations of GA (10 nM) are
sufficient to inhibit glutamate transport and increase oxidative
stress. In line of this view, it has been reported that slight reduction
on the excitatory neurotransmitter uptake can account an
excitotoxic response (Allen et al., 2001).

Besides, we cannot rule out the possibility of that GA may also
stimulate glutamate receptors since we found that DCFH oxidation
increase provoked by GA was significantly attenuated by the non-
NMDA receptor antagonist, but not by MK-801, suggesting that
these receptors contributed, at least partly, to the GA-induced
oxidative stress. Our present findings may possibly explain a
previous in vivo report showing that the behavioral alterations and
convulsions provoked by intrastriatal administration of GA, in the
same dose that caused oxidative stress (Fighera et al., 2006), were
prevented by the non-NMDA antagonist DNQX, but not by the
NMDA antagonist MK-801 in adult rats (Lima et al., 1998).
Reinforcing this point, a recent report also showed that GA ca bind
to non-NMDA receptors in brain from rats (Porciúncula et al., 2004;
Dalcin et al., 2007).

In addition, it has been demonstrated that glutamate trans-
porters are mainly responsible for the maintenance of low
extracellular glutamate concentrations (Rothstein et al., 1996;
Danbolt, 2001; Amara and Fontana, 2002). Moreover, the
transporter system present in synaptosomes has been considered
as an important step for the modulation of the glutamatergic
system by controlling the glutamate–glutamine cycle (Otis, 2001).
Thus, inhibiting glutamate uptake, GA probably alters the synaptic
turnover of glutamate, possibly leading to an increased cytosolic
pool of the excitatory neurotransmitter, which in turn may result
stimulation of glutamate receptors, causing intracellular Ca2+

increase, and leading to ROS generation (Volterra et al., 1994;
Nanitsos et al., 2004). We hypothesize that this sequence of events
is responsible for the GA-induced neurochemical alterations
reported here. Taken together these observations and previous
reports demonstrating that low GA concentration inhibits gluta-
mate uptake (Porciúncula et al., 2004) and markedly reduces
viability of neurons in culture via glutamate receptors (Kölker
et al., 2000a,b), it is conceivable that our results may be related to
these findings.

In this context, these mechanisms may explain the involvement
of the glutamatergic system in the neuronal toxicity, convulsions
and oxidative damage elicited by GA in rats (Kölker et al., 2001;
Fighera et al., 2006; Magni et al., 2007; Rosa et al., 2007).
Furthermore, the results presented in this report may be related to
some of the pathological changes observed in patients with GA-I
such as the post-synaptic vacuolization characteristic of excito-
toxic neuronal death (Olney, 1980), which has been described in
post-mortem examination of the brain of patients with GA-I (Amir
et al., 1987). In fact, previous studies have demonstrated the
presence of glutamate receptors in the basal ganglia and the
characteristic lesions of these cerebral structures in GA-I (Amir
et al., 1987; Goodman et al., 1995).

To determine precisely whether the induction of free radicals by
GA occurs indirectly via its inhibitory activity on cellular
metabolism, or whether it is a direct source of free radicals
because of its chemical reactivity, we verified whether GA (10 nM)
could increase chemiluminescence in cell-free system. We
observed that GA did not show oxidant activity per se (data not
shown), indicating that chemical reactivity of GA is not direct
source of free radicals. In addition, these results reinforce the
assumption that ROS generation elicited by this organic acid occur
indirectly (Wajner et al., 2004) and that, in low concentration,
some degree of cellular intactness is required to GA induce
oxidative damage. In this context, it has been proposed that GA and
3-OHGA induce striatal degeneration by disrupting mitochondrial
energy metabolism (Ullrich et al., 1999; Das et al., 2003; Ferreira
et al., 2005), increasing glutamatergic neurotransmission (Wajner
et al., 2004) and promoting oxidative stress (de Oliveira Marques
et al., 2003; Latini et al., 2002, 2005b), which ultimately causes
secondary excitotoxicity (Kölker et al., 1999, 2000a,b, 2002a,b;
Porciúncula et al., 2004; Rosa et al., 2004).

Mechanisms other than glutamatergic facilitation have been
claimed to account for the neurotoxic actions of GA, such as Na+,K+-
ATPase activity and GABAergic mechanisms inhibition induced by
GA (Fighera et al., 2006), inhibition of a-ketoglutarate dehydro-
genase complex by glutaryl-CoA (Sauer et al., 2005) and
bioenergetic impairment (Sauer et al., 2005). Therefore, we cannot
rule out that the neurotoxic effects of GA on the glutamate uptake
and free radicals production may be mediated, at least in part, by
one of these mechanisms (Fighera et al., 2006; Sauer et al., 2006).
However, specific studies are necessary to determine the involve-
ment of these alternative mechanisms in the currently described
excitotoxic effect of GA-induced on glutamate uptake and
oxidative stress increase, and if these events are closely linked.

As regards to the physiological significance of our findings,
although we cannot establish with certainty whether our in vitro

data is related to the neurotoxicity observed in GA-I in vivo, it
should be emphasized that the effects provoked by GA were
observed with concentrations similar to those encountered in
brain of glutaric acidemic patients (Goodman et al., 1977; Kölker
et al., 2003; Külkens et al., 2005; Sauer et al., 2006). Furthermore,
the degree of alterations of the glutamatergic system detected in
our study is accepted to cause excitotoxicity in systems testing the
effect of potential excitotoxins (Ozawa et al., 1998; Allen et al.,
2001; Danbolt, 2001; Meldrum, 2002).

In conclusion, to our knowledge this is the first report showing
a kinetic study to glutamate uptake in the presence GA in striatum
synaptosomes of rats. Furthermore, taken together our results
suggest that the inhibition of glutamate uptake on synaptosomes
by the metabolite could result in elevated concentrations of the
excitatory neurotransmitter in the synaptic cleft and secondary
stimulation of glutamate receptors by GA (a glutamate structu-
rally similar molecule). This glutamatergic neurotransmission
increase can lead to reactive species formation and potentially
causing excitotoxicity to neural cells, a fact that may be related to
the brain damage characteristic of glutaric acidemia type I. The
present data may explain, at least partly, initial striatal damage at
birth, as evidenced by acute bilateral destruction of caudate and
putamen observed in children with GA-I (Goodman, 2004).
However, further investigation should be carried out to define
initial mechanisms that can be involved on striatum degeneration
in this disorder.
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