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ABSTRACT: Glutamate dehydrogenase (GDH), an enzyme central to glutamate metabolism, is significantly reduced 
in patients with heterogenous neurological disorders characterized by multiple system atrophy (MSA) and predominant 
involvement of the cerebellum and its connections. In human brain, GDH exists in multiple isoforms differing in their 
isoelectric point and molecular mass. These are differentially reduced in quantity and altered in catalytic activity in 
patients with clinically distinct forms of MSA, thus suggesting that these GDH isoproteins are under different genetic 
control. Dysregulation of glutamate metabolism occurs in patients with GDH deficiency and is thought to mediate the 
disease's neurodegeneration via neuroexcitotoxic mechanisms. This possibility is supported by additional data showing 
that glutamate binding sites are significantly decreased in cerebellar tissue obtained at autopsy from MSA patients. At 
the molecular biological level, several cDNAs specific for human GDH have been isolated recently and cloned. 
Northern blot analysis of various human tissues, including brain, has revealed the presence of multiple GDH-specific 
mRNAs. In addition, multiple GDH-specific genes are present in humans and these data are consistent with the possi
bility that the various GDH isoproteins are encoded by different genes. These advances have laid the groundwork for 
characterizing the human GDH genes and their products in health and disease. 

RESUME: Deficit en glutamate dehydrogenase dans les degenerescences cerebelleuses: aspects cliniques, 
biochimiques et de genetique moleculaire. La glutamate dehydrogenase (GDH), un enzyme important du 
metabolisme du glutamate, est diminuee de facon significative chez les patients souffrant de maladies neurologiques 
heterogenes caracterisees par une atrophie multi-systemique (AMS) et une atteinte principalement localisee au cervelet 
et a ses voies de communication. Dans le cerveau humain, la GDH existe sous de multiples isoformes, qui different par 
leur point isoelectrique et leur masse moleculaire, dont la quantite est diminuee differentiellement et dont l'activite cat-
alytique est alteree, chez les patients qui ont des formes d'AMS cliniquement distinctes, suggerant que ces isoproteines 
sont sous un controle genetique different. Un dereglement du metabolisme du glutamate survient chez les patients qui 
ont un deficit en GDH et Ton pense qu'il est a l'origine de la neurodegenerescence presente dans cette maladie via des 
mecanismes neuro-excitotoxiques. Des donnees additionnelles supportent cette possibilite: les sites de liaison du gluta
mate sont diminues de facon significative dans le tissu cerebelleux provenant d'autopsies de patients atteints d'AMS. 
Au niveau de la biologie moleculaire, plusieurs ADN complementaires specifiques pour la GDH humaine ont ete isoles 
et clones recemment. L'analyse par Northern blot de differents tissus humains incluant le cerveau, a revele la presence 
de multiples ARN messagers specifiques de la GDH. De plus, plusieurs genes specifiques a la GDH sont presents chez 
l'humain. Ces donnees supportent la possibilite que differentes isoproteines de la GDH sont codees par des genes dif
ferents. Ces travaux vont servir de base a la caracterisation des genes de la GDH humaine et de leurs produits chez les 
sujets sains comme chez les sujets malades. 
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An impressive body of evidence has accumulated over the 
past decade suggesting that glutamate dysfunction may play a 
role in human degenerative disorders. Although much of this 
evidence is based on experimental work, of which relevance to 
human disorders remains largely speculative, detection of gluta
mate dehydrogenase (GDH) deficiency in patients with cerebel
lar disorders was one of the original observations that linked 
defective glutamate metabolism to neurodegenerat ive 
processes.1-2 

Clues to the presence of GDH abnormalities in human 
degenerative disorders were provided by the mode of action of 
the selective neurotoxin 3-acetylpyridine (3AP), an analog of 
nicotinamide. The systemic administration of the toxic agent to 
rats has resulted in selective lesioning of the inferior olives, 
olivocerebellar fibers, lower cranial nerve nuclei, and areas of 
the pons and nigra3 thus providing an experimental model for 
olivopontocerebellar atrophy (OPCA).'-2 3AP, acting as nicoti
namide antagonist, is incorporated into the nicotinamide-ade-
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nine dinucleotide phosphate (NADP) system forming substantial 
amounts of 3APADP in the brain of experimental animals.4 

Inhibition of NADP-dependent oxidoreductases, by 3APADP, is 
thought to mediate the neurotoxic effects of 3AP. It was then 
considered1-2 that the neuronal systems that degenerate both in 
3AP toxicity and in OPCA, may be selectively sensitive to the 
malfunction of one of these oxidoreductases. 

To investigate this possibility, four NADP(H)-dependent 
dehydrogenases were measured in the cultured skin fibroblasts 
of a 19-year-old patient affected since age 11 by a progressive 
neurological disorder thought to represent a form of OPCA and 
characterized by juvenile parkinsonism, bulbar palsy, cerebellar 
ataxia, amyotrophy, and peripheral neuropathy.2 Results 
revealed that GDH activity was selectively reduced (to 22% of 
control) while other oxidoreductases such as glucoses-phos
phate dehydrogenase, isocitrate dehydrogenase and glutathione 
reductase were not significantly altered.2 GDH activity was also 
reduced in leukocytes isolated from peripheral blood of this 
patient. 

Following these initial results, more extensive investigations 
were undertaken in our laboratory using primarily leukocytes 
isolated from peripheral blood.5"7 Eighty-eight patients with vari
ous types of degenerative neurological disorders affecting pri
marily the cerebellum and/or the basal ganglia were investi
gated. Twelve patients with slowly progressive multiple-system 
atrophic disorders not associated with autonomic dystrophy 
were found to have a partial deficiency of this enzyme (about 
50% of control level).6 The age range of the GDH-deficient 
patients was 43 - 73 years (mean age, 64 years). Most of these 
patients showed a constellation of clinical findings (cerebellar, 
bulbar, oculomotor, corticospinal and extrapyramidal deficits) 
that was consistent with the diagnosis of OPCA, but others were 
atypical. Thus, GDH-deficient cases were encountered with pre
dominantly extrapyramidal manifestations (atypical Parkinson's 
disease), bulbar palsy, motor neuronal degeneration or cerebellar 
ataxia with peripheral neuropathy. Five of the GDH deficient 
cases were sporadic and seven were familial with siblings but 
not parents or offsprings found to be neurologically affected, 
thus raising the possibility of recessive inheritance.6 Also, the 
possibility of dominant transmission with incomplete penetrance 
has been considered.7 

With respect to other types of motor sytem disorders, GDH 
activity was found to be normal in patients affected by multi
system atrophy (MSA) with progressive autonomic failure. This 
clinically and radiologically distinct form of OPCA accounts for 
about 30% of the late onset sporadic cerebellar cases in our 
series.8 Leukocytic GDH was also normal in patients with 
Huntington's chorea, typical Parkinson's disease, amyotrophic 
lateral sclerosis, Charcot-Marie-Tooth disease, familial spastic 
paraplegia, Friedreich's ataxia and cerebello-olivary atrophy. 
However, patients with atypical, parkinsonism and progressive 
supranuclear palsy showed small but significant decreases in 
their leukocytic GDH (about 85% of control).9 

GDH activity was normal in all but one dominant OPCA 
pedigrees studied by us.6 This was true for dominant OPCA kin
dreds linked to the HLA locus on the 6th chromosome (Schut-
Haymaker type),10 as well as for kindreds that do not map to this 
chromosomal locus (dominant OPCA with slowed saccades and 
spino-pontine atrophy).8 In these pedigrees, onset of disease 
occurred in early adult life (2nd - 3rd decade) and a complete 

penetrance of the mutant gene(s) has been established. In the 
single dominant pedigree in which GDH abnormalities were 
detected (see below), multisystemic involvement and childhood 
onset occurred. Affected patients evidenced a combination of 
cerebellar dysfunction; neuroretinal degeneration with blind
ness; peripheral neuropathy and bulbar, oculomotor, corti
cospinal, extrapyramidal, and anterior horn cell deficits.8 

Evidence for Selective Deficiency of GDH Isoforms in OPCA 

Although GDH in mammalian tissues is thought to be local
ized in the mitochondrial matrix and to be easily released in a 
soluble form by tissue homogenization," our investigations 
revealed evidence for the cellular presence of two distinct 
enzyme fractions: one that is bound to membranes (particulate 
GDH) and another that is readily solubilized (soluble GDH).612 

Studies on leukocyte homogenates isolated from OPCA patients 
revealed that the decrease in enzyme activity was limited to the 
membrane-bound component of the enzyme6-713 thus raising the 
possibility that the two GDH activities are under different gene
tic control. Further studies on partially purified leukocytic 
preparations from control subjects showed that the two enzyme 
activities differed in their relative resistance to heat denaturation 
with the soluble enzyme being thermostable and the particulate 
GDH thermolabile.6 

In view of these findings, heat-stable and heat-labile forms of 
GDH were measured in whole homogenates of leukocytes from 
patients and controls. Results revealed that the majority of 
patients with late onset sporadic OPCA associated with partial 
deficiency of total GDH activity, showed a selective reduction 
in the particulate (30% of control) and heat-labile (about 10% of 
control) GDH activities.6-714 Whole homogenates of cultured 
skin fibroblasts from such patients showed a selective reduction 
in the fraction of the enzyme that is activated by Triton X-100 
(25% of control),13 thus further suggesting a defect in mem
brane-bound GDH. Deficiency, however, of the particulate, heat 
labile GDH has not been a consistent finding in OPCA 
patients.1516 In the childhood onset dominant OPCA that is 
characterized by multi-systemic involvement and neuroretinal 
degeneration, a selective reduction in the soluble-thermostable 
GDH component has been found.17 

Recently, GDH was purified to homogeneity from cerebellar 
tissue obtained at autopsy from normal controls and neurologic 
patients.17 Two dimensional nonequilibrium pH gradient gel 
electrophoresis revealed that the normal human brain enzyme 
consists of four major isoproteins which have been designated 
GDH 1,2,3 and 4 (Figure l).17 These were found to be differen
tially expressed in the catalytically active soluble-thermostable 
and particulate-thermolabile fractions. In a patient with the 
childhood onset OPCA that is associated with retinal degenera
tion, GDH isoprotein 1, which in controls is more abundant than 
the other GDH isoproteins, was markedly and selectively 
reduced17 (Figure 1). 

Over the past 10 years, other investigators have also reported 
abnormalities in GDH activity in patients with cerebellar disor
ders and other multi-system atrophies. Yamaguchi et al.18 reported 
reduced GDH activities in five patients with late onset (40 - 50 
years of age) sporadic OPCA of the Dejerine-Thomas type 
(79% of control p < 0.001) and two patients with late (age at 
onset: 45 - 70 years) cortical cerebellar atrophy (71% of control; 
p < 0.001). 
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Figure I — Isoproteins of glutamate dehydrogenase purified to homo
geneity from cerebellar autopsy tissue and analyzed by two dimen
sional nonequilibrium pH gradient electrophoresis.17 A: 
Neurologically normal subject who died of an acute myocardial 
infarction. B: Patient with non-HLA-linked form of dominant OPCA 
associated with retinal degeneration, slowed saccades, myoclonus, 
amyotrophy and peripheral neuropathy. C and F: Patient from the 
HLA-linked Schut-Haymaker kindred (non-GDH-deficient). D: 
Patient with amyotrophic lateral sclerosis. E: Patient with 
Parkinson's disease. Asterisk indicates 35S-labeled GDH synthesized 
by Hep G2 cells. The labeled enzyme was immunoprecipitated from 
cell lysates and mixed (in trace amounts) with the purified human 
brain GDH. Its position, in relation to the 4 brain GDH isoproteins 
(co-migration with the GDH isoprotein 2) was revealed by autora
diography of the slab gel. GDH isoprotein I, which is more abun
dant than other GDH isoproteins in the cerebellum of normal and 
disease controls, is markedly reduced in the patient with the variant 
of dominant OPCA with retinal degeneration. Data are from ref17. 

Duvoisin et al.19 described a partial deficiency in leukocytic 
GDH of nine OPCA patients out of 106 cases with different 
types of degenerative neurological disorders studied. The GDH 
deficient cases (ages 48 - 82 years; mean: 71 years) evidenced a 
late-onset sporadic degenerative disorder characterized by 
parkinsonian features, bulbar dysfunction (dysarthria, dyspha
gia), dysdiadochokinesia, intention tremor and oculomotor 
deficits (nystagmus, impaired pursuit, fixation instability and/or 
supranuclear palsy). All patients, but one, showed a type of gait 
disturbance that was thought to reflect a combination of 
extrapyramidal and cerebellar dysfunction. Corticospinal 
deficits were found in five and peripheral neuropathy in seven 
patients.20 The authors suggested that GDH deficiency is specifi
cally associated with late onset sporadic OPCA. Additional 
studies, however, by Duvoisin et al.15 showed a much greater 
clinical heterogeneity than had been originally appreciated, 
necessitating the conclusion that partial GDH deficiency does 
not identify a particular type of multiple system atrophy. 

Sorbi et al.21 found GDH activity to be partially deficient in 
platelets of four patients with non-dominant OPCA (ages 47 -

60 years) and two patients from a family affected by a domi-
nantly inherited form of the disease. GDH assays were per
formed in whole platelet homogenates in the presence of Triton 
X-100 and with the presence or absence of the enzyme activator 
ADP. Stimulation of enzyme activity by ADP in these six 
patients was the same as it was in controls. However, in another 
dominant OPCA family, GDH activity was normal when 
assayed in the absence of ADP and Triton X-100 but partially 
deficient (about 50% of control) when assayed in the presence 
of these agents. Based on these findings, Sorbi et al.21 suggested 
that there may be at least two possible alterations of GDH in 
OPCA patients: one which decreases its catalytic activity and 
another which impairs its activation by ADP. However, the data 
presented by Sorbi et al.21 appear to suggest defective activation 
of the patient GDH by Triton X-100 and, as such, these results 
may be pertinent to our data showing impaired Triton X-100 
activation of fibroblast GDH.13 

In more recent studies, Sorbi et al.22 reported that, besides 
GDH, several mitochondrial enzymes were reduced in patients 
with Friedreich's ataxia and non-dominant OPCA. However, in 
the non-dominant OPCA patients, the decrease in GDH activity 
(by about 50%, p < 0.01) was greater than that of other mito
chondrial enzymes (pyruvate dehydrogenase by 20%, p < 0.01; 
valine dehydrogenase by 15%, p < 0.05; succinate dehydroge
nase by 10%, p < 0.05 and citrate synthase by 7%, p < 0.05). In 
contrast to these results, patients with dominant OPCA showed 
a selective reduction in GDH activity only (50% of control). 

Finocchiaro et al.23 determined GDH activity in leukocytes, 
fibroblasts and muscle mitochondria from 13 patients with domi-
nantly inherited OPCA and from five patients with the recessive 
or sporadic forms of the disease. In patients with dominantly 
inherited disorders, GDH activity was significantly reduced in 
leukocytes (68% of control; N = 11) and muscle mitochondria 
(46% of control; N = 4). GDH activity was also decreased (65 -
85% of control) in leukocytes, fibroblasts and muscle mitochon
dria from the non-dominant OPCA patients. The reduction in 
GDH activity reported by Finocchiaro et al.,23 was found when 
NADPH, but not NADH, was used together with ADP during 
assay. 

Kanagaya et al.14 reported low GDH values in 12 patients 
classified as OPCA. Their ages ranged from 4 7 - 7 1 years 
(mean: 56 years) and their clinical picture was characterized by 
a combination of extrapyramidal, cerebellar and corticospinal 
dysfunction. Some patients also exhibited abnormal eye move
ments and/or peripheral neuropathy. Total GDH activities were 
decreased to 77% of the mean control values; however, the heat-
labile GDH component showed greater decreases (26% of con
trol values) with no reduction in the thermostable enzyme frac
tion. 

Aubby et al.,16 studied leukocytic GDH of 158 patients with 
cerebellar and/or extrapyramidal disorders of various types and 
compared them to 71 normal and neurologic controls. Fourteen 
patients had GDH levels which were less than 50% of the mean 
control value. Of these five had ataxic disorders, three MSA, 
one juvenile Parkinson's disease, one dystonia-parkinsonism 
and four typical Parkinson's disease. The ataxic patients evi
denced a late adult-onset (ages 54 - 82; mean: 66 years) progres
sive cerebellar syndrome associated with dementia, corti
cospinal deficits, oculomotor abnormalities and/or dystonic 
phenomena. All, but one were sporadic occurrences. The 
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patients with multiple system atrophy (ages 43 - 54; mean: 51 
years) evidenced parkinsonism, oculomotor abnormalities, 
peripheral neuropathy or autonomic dystrophy. The patient with 
juvenile parkinsonism had two sisters and one brother who were 
also similarly afflicted. The mean GDH activity of the various 
types of cerebellar and extrapyramidal disorders was signifi
cantly lower than that of controls, including patients with 
Parkinson's disease (85% of controls; p < 0.01; N = 40) and pro
gressive supranuclear palsy (72%; p < 0.02; N = 8). Leukocyte 
GDH activity was fractionated by heat inactivation into thermo-
labile and thermostable components for the patients with total 
activity of less than 50% of the mean control value only. Results 
revealed significant reductions in both components. 

The results of Aubby et al.15 are in general accord with those 
of our previous studies6-9 which showed that partial GDH defi
ciency occurs in clinically heterogenous disorders within the 
spectrum of multiple system atrophy. However, in contrast to 
our data6 as well as those of Duvoisin et al.19 and Kostic et al.,24 

Aubby et al.16 found GDH activity to be partially deficient in 
four patients with "typical" Parkinson's disease. However, all 
but one, of these "typical" Parkinson's patients experienced the 
onset of their disease during the second or third decade of life 
which is atypical for idiopathic Parkinson's disease and which 
has been considered as a criterion for classifying these cases 
under juvenile parkinsonism. 

Orsi et al.25 found leukocytic GDH activity to be significantly 
decreased (2 SD below the mean control value) in 8 out of 29 
patients (ages 12-78 years; mean: 45 years) affected by pro
gressive ataxia. There was a significant correlation between 
GDH deficiency and the presence of additional neurologic fea
tures such as extrapyramidal signs, supranuclear palsy and 
peripheral neuropathy, thus also suggesting the multi-systemic 
nature of the disorder. 

Kajiyama et al.26 recently reported three patients with cere
bellar disorders (ages: 31,56 and 60 years) and one with juve
nile Parkinsonism (age: 45 years) who had GDH activity that 
was lower than 2 SD from mean control value. The heat-labile 
GDH component was predominantly decreased. In these four 
patients the protein content of leukocyte GDH, as determined by 
a radioimmunoassay method, was significantly reduced with the 
ratio of GDH activity to protein content being the same in 
patients and controls. It was concluded that the reduced GDH 
activity was due (at least in part) to a decreased level of enzyme 
protein. The same group recently reported27 that 4 of 5 of their 
patients with decreased leukocytic GDH activity also showed 
reduced GDH activity in cultured skin fibroblasts. The viability 
of these cells was significantly decreased in the presence of 
toxic levels of L-glutamate as compared to that of controls, thus 
suggesting that abnormal sensitivity to glutamate toxicity may 
be involved in the neurodegeneration of GDH deficiency. 

Kostic et al.24 measured GDH activity in platelets of 85 
patients with degenerative cerebellar and/or basal ganglia disor
ders of various types. Significant reductions in GDH activity 
(38% of control) were found in seven patients (ages 21 -51 
years) with slowly progressive multi-system atrophy character
ized by a combination of cerebellar, extrapyramidal and corti
cospinal deficits. Some patients also showed dementia, supranu
clear oculomotor deficits, amyotrophy and peripheral 
neuropathy. Normal GDH activity was found in seven MSA 
patients with autonomic failure, 20 with Parkinson's disease, 10 

with Huntington's chorea, five with essential tremor, five with 
Friedreich's ataxia, seven with Charcot-Marie-Tooth disease, 12 
with dominantly inherited spinocerebellar degeneration and 10 
with multiple sclerosis. 

Iwatsuji et al.28 found that total and heat stable GDH activity 
in lymphocytes of normal controls increased significantly with 
aging. In contrast, patients with various types of primary system 
degeneration showed small but significant decreases in total and 
heat stable GDH activities as compared to age-matched con
trols. The heat-labile GDH decreased significantly in patients 
with OPCA only. Hence, these results raise important questions 
related to the expression of human GDH as a function of aging 
and invites further research to better understand the role of this 
enzyme in late onset neurodegenerations and the aging process. 

Kaakola et al.29 measured GDH and hexosaminidase activity 
in 12 patients with dominant late onset ataxia, 15 patients with 
sporadic late onset ataxia and eight with alcoholic cerebellar 
degeneration. Results showed that the total GDH activity was 
significantly decreased in the sporadic (p < 0.01) and the domi
nant (p < 0.05) forms of ataxia with the heat labile fraction of 
GDH being reduced in the sporadic ataxia only. GDH activities 
were normal in the patients with alcoholic cerebellar degenera
tion. The serum hexosaminidase activities were also normal in 
all patients groups. 

Abe et al.29a recently measured heat-stable and heat-labile 
forms of GDH in 22 patients with spinocerebellar degeneration 
evaluated ophthalmologically and electrophysiologically. A 
selective reduction in the heat-labile GDH (20% of normal; p < 
0.001) was found in seven patients, all of whom showed attenu
ated oscillatory potentials on electroretinography. In contrast, 
patients with normal oscillatory potentials had heat-labile GDH 
activity which was similar to that found in normal controls. 
These data provide additional evidence supporting an important 
role for GDH in human retina, particularly for the functions of 
neural elements responsible for the generation of oscillatory 
potentials.293 

Glutamate Metabolism in GDH-deficient OPCA 
To determine whether the above described GDH abnormali

ties result in metabolic alterations, the enzyme's substrates glu
tamate, a-ketoglutarate and ammonia, were measured in the 
fasting plasma of GDH deficient patients and controls. Results 
revealed significant increases in plasma glutamate (by 137 -
150%) and decreases in a-ketoglutarate (by 21 - 22%)5-30 thus 
indicating a partial metabolic block at the oxidative deamination 
of glutamate to a-ketoglutarate (GDH catalyzed reaction). 

This possibility was further tested by performing glutamate 
loading tests (60mg/kg body weight taken orally after overnight 
fasting). Results revealed that glutamate levels increased exces
sively in the plasma of the patients as compared to controls. 
This was associated with proportional increases in the plasma 
aspartate levels, thus indicating an intact transamination path
way. Similar observations have been made by other investiga
tors in patients with dominant and sporadic OPCA associated 
with reduced GDH activity.23-27 In a recent report, Sawada et 
al.31 described that glutamate levels were elevated in the plasma 
and urine and decreased in the CSF of a patient with spinocere
bellar degeneration. In addition, the levels of cysteine were ele
vated only in the urine. 
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Biochemical Changes in Brain 

Studies on brain tissue obtained at autopsy revealed that glu-
tamate levels were reduced in the cerebellum both in the child
hood-onset dominant OPCA (to 25% of control)17 as well as the 
late-onset sporadic disease (to 40% of control) (Plaitakis, 
unpublished data). The levels of other amino acids were not sig
nificantly altered with the exception of aspartate which was 
decreased (to 40% of control) in the dominant case.17 

Pathophysiology of Brain Topographic Lesions 
Because GDH plays a central role in the metabolism of the 

neuroexcitatory amino acid glutamate, detection of this enzyme 
deficiency has uncovered a direct link between a genetic molecu
lar defect and neuroexcitotoxic mechanisms. As such, the study 
of GDH-deficient OPCA, a disorder characterized by classic 
system atrophy, has permitted us to gain insights into the mech
anisms involved in the phenomenon of neuronal degeneration 
and the factors determining the topographically characteristic 
brain lesions that occur in these disorders. 

Immunocytochemical investigations by Aoki et al.32 have 
shown that, under conditions expected to reveal the membrane-
bound GDH, enzyme immunoreactivity was markedly enriched 
in CNS regions that receive putative glutamatergic innervation. 
In these regions GDH seems to be localized primarily in astro
cytic processes associated with glutamatergic terminals. These 
astrocytes are thought to be responsible for removing synaptic 
glutamate by an energy-dependent high affinity uptake sys
tem.33-34 Glutamate, taken up by these cells, seems to be catabo-
lized mainly via GDH35 to oc-ketoglutarate which may be trans
ported back to the nerve terminals to serve as precursor of 
transmitter glutamate.36 

A defect in GDH may therefore impair the ability of the glial 
cells to metabolize glutamate, leading to excessive accumulation 
of the transmitter at the synaptic cleft and neuroexcitotoxic 
degeneration of post-synaptic neurons. The study of morphologi
cal changes of brain in living patients with the use of neuro-
imaging techniques,37 as well as the examination of brain at 
autopsy,38 has indeed revealed a characteristic topography of 
brain lesions that can be attributed to degeneration of CNS 
structures which receive putative glutamatergic innervation 
(Figure 2) and which are rich in GDH activity.32 

How this neuroexcitotoxic hypothesis can be reconciled with 
data obtained on autopsy brain tissue which revealed significant 
decreases in the tissue content of glutamate17 remains unclear. It 
should be noted, however, that glutamate measured in brain 
samples represents primarily the intracellular compartment (the 
extracellular levels are very low). Decreased glutamate degrada
tion by synaptic astrocytes due to GDH deficiency may disrupt 
the recycling of the transmitter (due to decreased supply of pre
cursors to the nerve terminals) with resultant depletion of the 
intracellular glutamate content. 

Some authors have suggested that GDH in the CNS is 
involved primarily in the synthesis of glutamate from glucose39 

rather than in the breakdown of the amino acid. If this is so, 
malfunction of GDH is expected to lead to reduced formation of 
glutamate and this could account for the depletion of this amino 
acid occurring in the brain of patients with GDH deficiency. 
These considerations, taken along with recent observations indi
cating that glutamate receptors may have a neurotrophic func
tion promoting normal growth and development of cerebellar 

Figure 2 —Diagram showing putative glutamatergic fiber systems of 
the brain in relation to morphologic alterations occurring in GDH 
deficient OPCA. Dotted areas are thought to receive glutamatergic 
innervation as described by Huang and Plaitakis.37 These gluta
matergic receptive regions correspond to rat brain areas shown by 
Aoki et a I.32 to be particularly rich in GDH immuonreactivity. 
Degenerative changes involving many of these regions have been 
revealed by CT and MRI in GDH deficient OPCA patients.37 

Putative glutamatergic tracks labeled: CN: Corticonigral; CP: 
Corticopontine: CR: Corticorubral; Cst: Corticostriatal: CT: 
Corticothalamic: OC: Olivocerebellar; and PC: Pontocerebellar. 
This Figure is from reference 3S. 

cells,40-41 raise the possibility that decreased synthesis of gluta
mate in nerve tissue may lead to premature degeneration by 
attenuating a neurotrophic support essential for nerve cells. 
Further studies are needed to address these exciting issues 
which may have implications for understanding human neurode-
generations in general. 

L-glutamate Receptors in OPCA 
If the above neuroexcitotoxic hypothesis for the pathogenesis 

of OPCA is correct, one would expect to find in this disorder a 
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selective disappearance of glutamatergic post-synaptic neurons 
bearing glutamate receptors. To test this possibility, L-glutamate 
binding was measured in cerebellar cortical tissue of four OPCA 
patients. Two of these were associated with GDH deficiency as 
described above whereas the other two were members of the 
Schut-Haymaker dominant OPCA kindred (non-GDH defi
cient).10 Results revealed the L-glutamate binding was signifi
cantly decreased (to 30% of control) in all these patients without 
a change in the affinities and the pharmacologic properties of 
the binding sites.42 Additional autoradiographic studies43 

showed significant decreases in quisqualate-sensitive L-gluta
mate binding in the molecular layer of the cerebellum. In some 
patients, particularly those associated with GDH abnormalities, 
L-glutamate binding was decreased in the granule layer as well. 
Similar results have also been obtained in these patients by 
Albin et al.44 who reported significant reductions in quisqualate 
and non-quisqualate/non-NMDA glutamate binding in the 
molecular layer, and in the NMDA receptor in the granule layer. 
Moreover, these authors45 showed that the ionotropic and 
metabotropic quisqualate receptors were significantly decreased 
in the OPCA cerebellum. 

Genetics of GDH-Deficient Disorders 

In studies which evaluated a rather large number of patients 
suffering from degenerative neurological disorders of various 
types, GDH deficiency was found in 20 - 50% of cases in which 
a clinical diagnosis of OPCA appeared tenable.61619-24 At pres
ent, there are no reliable clinical criteria that can distinguish 
between the GDH-deficient and the GDH-normal cases, 
although the frequent association of neuropathy20 in the former, 
and of progressive autonomic failure with orthostatic hypoten
sion in the latter6-24 have been suggested. 

The majority of cases with partial GDH deficiency were spo
radic occurrences. However, others had similarly affected sib
lings (but no parents nor offsprings) thus suggesting a possible 
recessive inheritance pattern in these cases. In seven pedigrees 
of our series, affected members were all males; a genetic trans
mission pattern compatible with an X-linked recessive disorder 
in these families. It is of particular interest in this regard that an 
intronless GDH-specific gene has been assigned to human chro
mosome X.46-47 We have recently isolated and characterized a 
cDNA from human retinal cDNA library (Shashidharan and 
Plaitakis, unpublished data) the sequence of which was found to 
be identical to an intronless gene isolated from a human genomic 
library (Michaelidis et al., unpublished data). 

Several GDH-deficient cases have been reported by Italian 
investigators in which the mode of genetic inheritance was 
clearly dominant.21-23-25 In these, as in our dominant case, onset 
of the disease was often in childhood.21-25 Kaakola et al.,29 how
ever, reported reduced GDH activity in a group of 12 Finnish 
patients with late onset dominant cerebellar degeneration but 
only three patients had GDH activities which were below the 
lower control values. All but one of our dominant OPCA kin
dreds (16 dominant OPCA cases from five families of our 
series) had normal GDH activity in their leukocytes.6-7 Also, 
GDH activity was normal in the brain of patients from the 
Schut-Haymaker dominant OPCA pedigree who came to 
autopsy.17 Aubby et al.16 also found no GDH-deficient cases 
among 19 patients from 15 families with autosomal dominant 
cerebellar ataxia. Similar conclusions were drawn by Kostic et 

al.24 who reported normal GDH activity in all five patients (from 
three families) with dominant OPCA. 

Molecular Genetics of Human GDH 

Substantial progress has been made recently in understanding 
the genetics of human GDH following the cloning of cDNAs 
encoding for human GDH.49-50 This has permitted the detection 
of four different-sized GDH-specific mRNAs in human tissues 
and has provided evidence for the presence of a multigene family 
(probably 3 - 5 genes) in the human.50 Two chromosomal loci 
have been demonstrated for human GDH: one mapping on the 
long arm of chromosome 10 (bands: q21.1 - 21.2 or q23) and 
another, lacking introns, on the long arm of chromosome X 
(bands: q26 - 28 or q24).46-47 Jung et al.46 pointed out that the 
GDH locus in human chromosome 10 is near the rare fragile 
site, folic acid sensitive, fra (10)(q23.3).46 An additional DNA 
band has also been detected showing no concordance with either 
chromosome 10 or X;47 its chromosomal localization is currently 
under investigation. Recent studies on genomic DNA have con
firmed the presence of two GDH-specific split genes showing 
marked differences in the size of their introns.52 

As described above, partial GDH deficiency occurs in clini
cally and genetically heterogeneous forms of OPCA and other 
multi-system atrophies. It is presently unclear whether the 
decrease in enzyme activity results from mutation(s) of the 
GDH gene(s) or reflect mitochondrial damage.38 Defective 
mitochondrial function has been recently suggested for certain 
primary degenerations such as Parkinson's disease. Therefore, 
mitochondrial damage may account for the small reductions in 
GDH activity shown in patients with atypical parkinsonism and 
progressive supranuclear palsy.9 In disorders, however, in which 
selective defects in GDH isoforms have been shown, GDH defi
ciency may constitute the primary genetic defect. 

To establish whether GDH deficiency is primary to the dis
ease process, demonstration of abnormal amino acid sequence 
of a GDH isoprotein and/or abnormal DNA sequence of a GDH-
specific gene is required. The presently available protein chem
istry techniques permit the characterization of GDH at the pri
mary structure level. Mutations that can be uncovered by these 
techniques are those which alter either the quantity (Figure 1) or 
the electrophoretic mobility of the different GDH isoproteins. At 
present, this method is suitable for studying brain autopsy mate
rial. Application of these techniques in more readily available 
non-neural tissues such as leukocytes, platelets or fibroblasts 
remains problematic because these cells are usually not avail
able in amounts sufficient for purification and analysis of GDH. 
However, the use of the Western blotting technique in conjunc
tion with the electrophoretic analysis method, may permit the 
visualization of the different GDH isoproteins in crude tissue 
extracts thus providing a suitable method for testing for GDH 
polymorphism in the neurologic patients. 

The Use of the PCR Method for Detection of GDH Gene(s) 
Mutations 

Sequencing of DNA has been markedly facilitated by the 
recent development of a DNA amplification method which uses 
the polymerase chain reaction (PCR).53 This is an in vitro 
method of nucleic acid synthesis by which a particular segment 
of DNA can be specifically replicated in amounts sufficient to 
permit direct sequencing. The procedure involves the use of two 
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oligonucleotide primers constructed on the basis of known DNA 
sequences that flank the fragment of DNA which is to be ampli
fied. During the PCR, the target DNA strands are separated by 
heat denaturation which then allows the primers to anneal to 
opposite strands of the DNA template at the sites of comple
mentary sequences. A heat-stable DNA polymerase is then used 
to synthesize (extension) the DNA segment that lies between the 
two primers replicating faithfully the DNA used as template. 
Repeated cycles of heat denaturation-annealing-extension are 
used for producing millions of molecules from a few used as 
templates. Since the extension products themselves are also 
complementary to and capable of binding primers, successive 
cycles of amplification essentially double the amount of the tar
get DNA synthesized in the previous cycle. The result is an 
exponential accumulation of the specific target fragment, 
approximately 2", where n is the number of cycles of amplifica
tion performed.54 An important feature of this procedure is that 
the original template DNA is double stranded and the amplifica
tion products are also double stranded DNA fragments which 
include the sequences between the two PCR primers.55 Several 
kinds of template DNA, such as genomic DNA and cDNA, are 
suitable for PCR amplification. 

Amplification of genomic DNA with the use of the PCR 
method requires knowledge of the organization and structure of 
the gene to be amplified. It is well known that most mammalian 
genes are composed of coding regions that are called exons 
which are interrupted by non-coding intervening sequences 
which are called introns. The size of such introns can be quite 
large, spanning several kilobases. Amplification of an entire 
intron-exon-containing gene (also called split gene) by one PCR 
reaction is not possible for most mammalian genes because they 
usually span many kilobases. The maximum size of DNA that 
can be amplified by PCR is usually not larger than 2 kilobases. 
As such, a common practice has been the amplification of each 
exon using primers that correspond to adjacent intron 
sequences. 

As detailed above, there is evidence for the existence of sev
eral GDH-specific genes in the human. The organization and 
structure of one split gene that encodes for the published liver 
cDNA has been characterized.56 The gene is composed of 13 
exons interrupted by introns of variable length. The sequence of 
these introns at the exon/intron junctions have been determined. 
Based on this information, we have synthesized sets of PCR 
primers that correspond to intron sequences that flank each of 
these exons. Using human genomic DNA we have been able to 
amplify most of these exons. Uneven concentrations of primers 
were also used to synthesize single stranded DNA for performing 
direct sequencing. 

Results obtained thus far revealed that the sequence of the 
amplified GDH gene exons is in accord with that of the corre
sponding regions of the published cDNA.50 In addition, 
amplification of exons corresponding to the second GDH-spe
cific split gene,52 was also detected. Additional studies are now 
in progress which involve amplification and direct sequencing 
of exons using genomic DNA from patients with reduced GDH 
activity. 
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