
Metab Brain Dis (2007) 22:77–88
DOI 10.1007/s11011-007-9046-5

ORIGINAL PAPER

Synaptic Plasma Membrane Na+, K+-ATPase Activity is
Significantly Reduced by the α-Keto Acids Accumulating
in Maple Syrup Urine Disease in Rat Cerebral Cortex
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Abstract The objective of the present study was to investigate the in vitro effects
of the branched-chain α-keto acids accumulating in maple syrup urine disease, namely
L-2-ketoisocaproic acid, L-2-keto-3-methylvaleric acid and L-2-ketoisovaleric acid on Na+,
K+-ATPase activity in synaptic plasma membranes from cerebral cortex of 35-day-old rats.
All keto acids significantly inhibited Na+, K+-ATPase activity at concentrations similar
(1 mM) or even lower (0.5 mM) than those found in blood and cerebrospinal fluid of maple
syrup urine disease patients. We also tested the effects of alanine on this enzyme activity.
Alanine per se did not alter Na+, K+-ATPase activity, but totally prevented the branched-
chain α-keto acids-induced Na+, K+-ATPase inhibition, indicating that alanine and the keto
acids may possibly bind to the same site on the enzyme. We also observed that the branched-
chain amino acids leucine, isoleucine and valine also inhibited Na+ K+-ATPase activity to a
similar degree as that of the branched-chain α-keto acids and that alanine was able to fully
prevent these effects. Considering that Na+, K+-ATPase is a critical enzyme for normal
brain development and functioning, it is presumed that these findings may be involved in the
pathophysiology of the neurological dysfunction of maple syrup urine disease.
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Introduction

Na+, K+-ATPase (EC 3.6.1.37) is a crucial enzyme responsible for the generation of the
membrane potential through the active transport of sodium and potassium ions in the
Central Nervous System (CNS) necessary to maintain neuronal excitability and cell volume
(Erecinska and Silver, 1994). A failure of Na+, K+-ATPase activity induces depolarization
and cell swelling. These changes are potentially toxic to the cell as indicated by the observa-
tion that ouabain, a potent and specific Na+, K+-ATPase inhibitor, causes neuronal death in
vivo (Lees, 1991). Inhibition of this activity is found in various neuropathological conditions,
including cerebral ischemia (Wyse et al., 2000), epilepsy (Grisar, 1984), neurodegenerative
disorders (Yu, 2003), in secondary spinal cord edema (Yang and Piao, 2003) and in some
inborn errors of metabolism (Wyse et al., 1998; Kolker et al., 2002; Streck et al., 2002;
Sgaravatti et al., 2003; Bavaresco et al., 2004).

Maple syrup urine disease (MSUD; branched-chain keto aciduria) is an inborn error
of metabolism with encephalopathic presentation caused by deficiency of the activity of
the mitochondrial enzyme complex branched-chain L-2-ketoacid dehydrogenase (BCKD).
Due to BCKD deficiency, high concentrations of the branched-chain amino acids (BCAA)
L-leucine (Leu), L-isoleucine (Ile) and L-valine (Val) and their corresponding branched-
chain α-keto acids (BCKA) α-ketoisocaproic acid (KIC), α-keto-β-methylvaleric acid
(KMV) and α-ketoisovaleric acid (KTV) accumulate in patients on an unrestricted diet or
during episodes of catabolic stress (Chuang and Shih, 2001). Clinically, and according to its
responsiveness to thiamine administration, MSUD can be classified into five groups (Chuang
and Shih, 2001). Patients with the classical form (approximately 80% of MSUD patients)
show their first signs during the neonatal period, presenting severe neurological deterioration
and convulsions, and generally die within months if treatment is not instituted. A marked
increase of serum and urine concentrations of BCAA and BCKA is the biochemical hallmark
of the classical disorder. The other variants are characterized by a milder phenotype, with
lesser accumulation of the characteristic metabolites, but the affected patients usually
present a variable degree of psychomotor delay or mental retardation (Chuang and Shih,
2001). Neurological sequelae are present in most patients, but the mechanisms underlying
the neurotoxicity of this disorder are yet unclear. However, Leu and mainly its keto acid
KIC are considered to be the main neurotoxic metabolites in MSUD, since increased plasma
concentrations of these compounds are associated with the appearance of neurological
symptoms (Snyderman et al., 1964; Chuang and Shih, 2001). Neuroradiological studies in
untreated encephalopathic newborns with MSUD show, in addition to a generalized cerebral
edema, myelin deficiency and spongy degeneration of the white matter (Chuang and Shih,
2001; Schonberger et al., 2004). Although the mechanisms of brain damage in MSUD are
still unclear, it has been demonstrated that the accumulating metabolites may affect energy
metabolism in rat brain (Halestrap et al., 1974; Land et al., 1976; Yudkoff et al., 1994; Zielke
et al., 2002; Pilla et al., 2003, 2003a) and cause significant alterations of the concentrations
of the neurotransmitters glutamate, aspartate and γ -aminobutyric acid (GABA) in the brain
(Yudkoff et al., 1994; Prensky and Moser, 1967; Dodd et al., 1992; Tavares et al., 2001). On
the other hand, brain injury in this disorder may also be related to reduction of brain uptake
of essential amino acids (Araujo et al., 2001), apoptosis of neural cells (Jouvet et al., 2000)
and oxidative stress (Fontella et al., 2002; Bridi et al., 2003, 2005, 2005a).

In the present work we focused on the effects of the BCKA accumulating in MSUD,
namely KIC, KMV and KIV on the activity of Na+, K+-ATPase in synaptic plasma mem-
branes from rat cerebral cortex. We also investigated the role of Ala on the effects elicited by
these α-keto acids since this amino acid has been previously demonstrated to prevent in vitro
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and in vivo the inhibitory effect of phenylalanine towards the activity of Na+, K+-ATPase
in synaptic plasma membranes from rat cerebral cortex by competition at the same binding
site (Wyse et al., 1995, 1998, 1999).

Material and methods

Animals and reagents

Forty 21-day-old Wistar rats bred in the Departmento de Bioquı́mica, Universidade Federal
do Rio Grande do Sul, were used in the experiments. At this age, Wistar rat development
of the brain is equivalent to the brain development of 10-month-old child. The animals
were kept with dams until they were sacrificed. The dams had free access to water and to
a standard commercial chow (Supra, Porto Alegre, RS, Brazil) containing 20.5% protein
(predominantly soybean supplemented with methionine), 54% carbohydrate, 4.5% fiber, 4%
lipids, 7% ash and 10% moisture. Temperature was maintained at 24 ± 1◦C, with a 12–
12 h light-dark cycle. The “Principles of Laboratory Animal Care” (NIH publication 85-23,
revised 1985) were followed in all the experiments, and the Ethics Committee for Animal
Research of the Federal University of Rio Grande do Sul approved the experimental protocol.
All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, USA.

Tissue preparation and isolation of synaptic plasma membrane from cerebral cortex

The animals were sacrificed by decapitation without anesthesia. The brain was rapidly
removed and dissected on an ice-cold glass plate. Pons, medulla, and cerebellum were
discarded, and the cerebral cortex was separated and homogenized in 10 vol of 0.32 mM
sucrose solution containing 5.0 mM HEPES and 1.0 mM EDTA.at 900 rpm (10 strokes)
using an ice-chilled ground glass Potter-Elvejhem homogenizer.

Membranes were prepared from the cortical homogenates according to the method of
Jones and Matus (1974) using a discontinuous sucrose density gradient consisting of suc-
cessive layers of 0.3, 0.8 and 1.0 mM. After centrifugation at 69,000 g for 2 h, the fraction
at the 0.8–1.0 mM sucrose interface was taken as the membrane enzyme preparation.

The BCKA and Ala were dissolved in Tris-HCl 400 mM buffer, pH 7.4 on the same day of
the enzymatic assays and added to the assays at varying concentrations (BCKA: 0.1–1 mM;
alanine: 1 mM). Controls did not contain the BCKA or alanine.

Na+, K+-ATPase activity assay

Na+, K+-ATPase activity were assayed according to Tsakiris and Deliconstantinos (1984).
Briefly, the reaction mixture for the Na+, K+-ATPase assay contained 5 mM MgCl2, 80 mM
NaCl, 20 mM KC1 and 40 mM Tris-HCl buffer, pH 7.4, in a final volume of 200 µL.
Total ATPase activities was measured at 37◦C. The reaction was initiated by the addition of
ATP (disodium salt, vanadium free) to a final concentration of 3 mM and was stopped after
5 min incubation by the addition of 200 µL of 10% trichloroacetic acid. ATPases ouabain-
insensitive were assayed under the same conditions with the addition of 1 mM ouabain.
Na+, K+-ATPase activity was calculated by the difference between the two assays. Released
inorganic phosphate (Pi) was colorimetrically measured at 630 nm by the method of Chan
et al. (1986). Na+, K+-ATPase activity of these preparations ranged from 800 to 1500 nmol
Pi · mg protein per min. The enzyme activity was determined after a 20 min pre-incubation
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with various concentrations of each tested substance, whereas control groups did not contain
any of the metabolites in the incubation medium. Some experiments were pre-incubated in
the presence of Ala and the BCAA. None of the substances added to the assay medium
interfered with the color development or spectrophotometric readings.

Protein determination

Protein concentration was determined by the method of Lowry et al. (1951) using bovine
serum albumin as standard.

Statistical analysis

Unless otherwise stated, results are presented as mean ± standard deviation of four to eleven
animals in each group and expressed as nmol Pi · mg protein−1 · min−1. All assays were
performed in triplicate and the median was used for the calculations. Data were analyzed
using the one-way analysis of variance (ANOVA) followed by the post-hoc Tukey test when F
was significant. The statistical analyses were performed using the SPSS (Statistical Package
for the Social Sciences) software. Differences between the groups were rated significant at
P < 0.05.

Results

We observed that KIC significantly inhibited Na+, K+-ATPase activity (up to 31% inhibition)
[F(4,25) = 3.4; P < 0.05] only at 1 mM concentration (Fig. 1), whereas KMV [F(4,25) =
3.22; P < 0.05] (up to 31% inhibition) and KIV [F(4,25) = 2.57; P < 0.05] (up to 20%
inhibition) inhibited this enzyme activity at 0.5 mM and higher doses (Figs. 2 and 3).

It was previously shown that Ala totally prevented the inhibitory property of phenylalanine
and its derivative keto acids phenylpyruvate, phenyllactate and phenylacetate on Na+, K+-
ATPase activity from rat cerebral cortex in vitro and in vivo by competition at the same
binding site (Wyse et al., 1995, 1998, 1999). Therefore, we next tested whether 1.0 mM Ala
could prevent the inhibitory effect of the BCKA (1.0 mM) on synaptic membrane Na+, K+-
ATPase activity. In these experiments we also added 1.0 mM of Leu, Ile and Val, which are
the corresponding transaminated products of the BCKA. We observed that Ala by itself had
not effect on Na+, K+-ATPase activity but totally prevented the enzyme activity reduction
caused by KIC and KIV and partially by KMV (Figs. 4–6). Furthermore, it can be seen in
the figures that the BCAA similarly inhibited Na+, K+-ATPase activity and that Ala was
able to fully prevent this inhibition.

Discussion

BCAA and BCKA accumulate in plasma and tissues of MSUD affected patients. Leu and
KIC are thought to be the most neurotoxic agents in this disease. However, some studies have
demonstrated that IQ do not correlate with average blood concentrations of Leu (Rousson
and Guibaud, 1984), neither to Leu concentrations on presentation nor to the time taken for
Leu plasma levels to fall following treatment (Naughten et al., 1982). Therefore, it may be
presumed that KIC is the main neurotoxin in MSUD because of its high tissue concentra-
tions. Furthermore, although neurological dysfunction is the hallmark of this disease, the
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mechanisms underlying the pathophysiology of this disorder seem to be multiple and poorly
known. However, brain energy deficit may represent an important factor contributing to brain
injury in MSUD. It has been demonstrated that KIC and KIV strongly reduce respiration in
rat brain slices (Howell and Lee, 1963; de Castro Vasques et al., 2004) and that KIC inhibits
pyruvate dehydrogenase and α-ketoglutarate dehydrogenase activities, as well as the trans-
port of pyruvate into mitochondria in rat and human brain (Halestrap et al., 1974; Coitinho
et al., 2001). In this context, we have recently reported that the keto acids accumulating in
MSUD significantly compromised the respiratory chain function (Sgaravatti et al., 2003).
In the present study, we evaluated the influence of these metabolites on Na+, K+-ATPase
activity from synaptic membrane of cerebral cortex of young rats. We observed that all
BCKA significantly inhibited (20–30% inhibition) this enzyme activity at concentrations of
0.5 mM and/or higher and that Ala supplementation to the medium completely prevented
the inhibitory effects of KIC and KIV and partially of KMV. Since it has been reported a
competition between Ala and the keto acids of phenylalanine phenylpyruvate, phenyllactate
and phenylacetate at the same binding site of the enzyme (Wyse et al., 1995, 1998, 1999),
it is possible that Ala prevented the inhibition caused by the BCKA through competition
with these keto acids for a critical site in the enzyme. Interestingly, we also found that Leu,
Ile and Val also inhibited Na+, K+-ATPase activity to a similar degree as that seen for the
BCKA and that Ala also prevented these effects.

Our present results may be of pathophysiological significance since the concentrations of
KIC and KIV provoking significant inhibitions of Na+, K+-ATPase activity (0.5–1.0 mM)
were within the pathological values found in blood and CSF of MSUD patients (Snyderman
et al., 1984; Chuang and Shih, 2001). KIC accumulates in MSUD, reaching concentrations

Fig. 1 In vitro effect of α-ketoisocaproic acid on Na+, K+-ATPase activity in synaptic plasma membrane
from cerebral cortex of young rats. Data are means ± SD of six independent experiments (animals) performed
in triplicate. ∗P < 0.05, compared to control (Tukey test)
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Fig. 2 In vitro effect of the α-keto-β-methylvaleric acid on Na+, K+-ATPase activity in synaptic plasma
membrane from cerebral cortex of young rats. Data are means ± SD of six independent experiments (animals)
performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, compared to control (Tukey test)

Fig. 3 In vitro effect of α-ketoisovaleric acid on Na+, K+-ATPase activity in synaptic plasma membrane
from cerebral cortex of young rats. Data are means ± SD of six independent experiments (animals) performed
in triplicate. ∗P < 0.05, compared to control (Tukey test)
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Fig. 4 In vitro effect of alanine (Ala) on the inhibition provoked by α-ketoisocaproic acid (KIC) and leucine
(Leu) on Na+, K+-ATPase activity in synaptic plasma membrane from cerebral cortex of young rats. All
substances were added at 1 mM final concentrations. Data are means ± SD of six independent experiments
(animals) performed in triplicate. ∗P < 0.05 compared to control (Tukey test)

Fig. 5 In vitro effect of alanine (Ala) on the inhibition provoked by α-keto-β-methylvaleric acid (KMV) and
isoleucine (Ileu) on Na+, K+-ATPase activity in synaptic plasma membrane from cerebral cortex of young
rats. All substances were added at 1 mM final concentrations. Data are means ± SD of eight independent
experiments (animals) performed in triplicate. ∗P < 0.05 compared to control (Tukey test)
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Fig. 6 In vitro effect of alanine (Ala) on the inhibition provoked by α-ketoisovaleric acid (KIV) and valine
(Val) on Na+, K+-ATPase activity in synaptic plasma membrane from cerebral cortex of young rats. All
substances were added at 1 mM final concentrations. Data are means ± SD of eight independent experiments
(animals) performed in triplicate. ∗P < 0.05 compared to control (Tukey test)

of about 3 to 5 mM in plasma, while plasma levels of KMV and KIV, have been reported
to range from 0.2 to 1.5 mM (KMV) and from 0.2 to 0.35 mM (KIV), respectively (Steele,
1984). Furthermore, although the concentrations of these metabolites within the neuronal
cells are unknown, it has been postulated that during crises of metabolic decompensation
they may reach brain levels equal to or higher than plasma levels (Hoffmann et al., 1993).
In this scenario, transport of branched-chain amino acids and keto acids into brain through
the blood-brain barrier seems to be effective and quick (Oldendorf, 1973; Steele, 1986). On
the other hand, inhibitions of Na+, K+-ATPase activity of the order of 20% may lead to
an imbalance of intra and extracellular concentrations of Na+ and K+ because of the high
amount of this enzyme present in the brain (Henver et al., 1992). This imbalance may alter
the membrane potential, cell volume and fluxes of organic molecules whose transport is
associated with Na+, such as glucose, amino acids and neurotransmitters, therefore altering
neurotransmission (Geering, 1990).

As regards to the mechanisms underlying the inhibitory effect of the metabolites accumu-
lating in MSUD on Na+, K+-ATPase activity, increasing evidence is emerging demonstrating
that Na+, K+-ATPase is highly vulnerable to free radical attack (Lees, 1993; Kurella et al.,
1997; Yousef et al., 2002). Therefore, considering that it has been well documented that
KIC, KMV and KIV significantly increase lipid peroxidation and decrease the antioxidant
defenses in the brain (Fontella et al., 2000; Bridi et al., 2005, 2005a), it might be presumed
that Na+, K+-ATPase inhibition was caused, at least in part, by lipid peroxidation of the
synaptic membrane in which the enzyme is embedded. However, this is unlikely since puri-
fied plasma synaptic membranes were used in the enzymatic assays and these membranes do
not have the whole cell machinery necessary to free radical production. We cannot therefore
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exclude that the hydrophobicity of the compounds tested may also be responsible for some
of our results, as it has been shown for phenylalanine (Wyse et al., 1998, 1999).

As regards to the possible consequences of the inhibition of Na+, K+-ATPase activity
to neural cellular metabolism and function, it should be stressed that there is increasing
evidence suggesting that alterations in Na+, K+-ATPase activity may be a link between
many common neurotoxic mechanisms in neurons (Bavaresco et al., 2004; Wyse et al.,
1998, 1998). In this context, blockage of the Na+, K+-ATPase activity secondary to energy
depletion and free radical attack may be a common event in the apoptotic cascade (Wang
et al., 2003). Furthermore, neuronal death associated with failure of the Na+, K+ pump may
lead to apoptosis and necrosis mediated by depletion of K+ and accumulation of Na+ and
Ca2+, respectively (Xiao et al., 2002). On the other hand, a reduction of Na+, K+-ATPase
activity in the cerebral cortex of a neonate was considered to be directly involved in its status
convulsivus and spongiform encephalopathy (Renkawek et al., 1992). Inhibition of Na+, K+-
ATPase has been also associated with excitotoxicity and epilepsy (Grisar, 1984; Ben-Ari,
1985; Choi and Rothman, 1990; Hilliges et al., 1993; Cousin et al., 1995). We cannot
therefore rule out a possible link between our present findings of an inhibition of Na+,
K+-ATPase activity caused by the BCKA and the convulsions presented by MSUD patients
during crises when the levels of the accumulating metabolites dramatically increase. We
cannot also exclude a synergistic action of KIC, KMV and KIV and also of the BCAA since
they are simultaneously accumulated in the disorder and can easily cross the blood-brain
barrier. In fact, transport of BCAA and their keto acids into brain through the blood-brain
barrier seems to be effective and quick (Steele, 1986).

Treatment of MSUD patients has been directed to reduce plasma BCAA levels, but
despite dietary amino acid and protein restriction, which results in normal plasma BCAA
concentrations, “well treated” MSUD patients have a variable degree of psychomotor delay
(Hilliges et al., 1993). Thus, we propose that the plasma, urine and CSF concentrations of the
BCKA, which primarily accumulate in this disorder, should be also measured and correlated
with the clinical symptoms and brain abnormalities of these patients, in order to verify which
metabolites (BCAA or BCKA) give the best correlation and should be measured at regular
intervals for the follow up of the affected patients.

Finally, it should be emphasized that various pathomechanisms are probably responsible
for the neurologic damage in MSUD. Inhibition of Na+, K+-ATPase activity by the metabo-
lites that accumulate in this disorder is possibly one of them, so that preventing this inhibition
by Ala may not prevent all abnormalities. Additional biochemical and behavioral studies on
the effects of oral administration of Ala to MSUD patients are therefore necessary before
pharmacokinetics and clinical trials are applied to human MSUD.

In conclusion, the present study demonstrated for the first time that the BCKA strongly
inhibit a crucial enzyme of energy metabolism which is necessary for maintaining the basal
membrane potential necessary for a normal neurotransmission and that uses 40–60% of the
ATP generated in the brain. It is difficult to extrapolate our in vitro data to the human in
vivo condition. However, if this is the case, it is feasible that inhibition of Na+, K+-ATPase
activity might contribute, at least in part, to the encephalopathy of MSUD, especially during
crises when the concentrations of these toxic metabolites dramatically increase.
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