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Abnormal Behavior Associated with a
Point Mutation in the Structural Gene for
Monoamine Oxidase A

H. G. Brunner,* M. Nelen, X. O. Breakefield, H. H. Ropers,
B. A. van Oost

Genetic and metabolic studies have been done on a large kindred in which several males
are affected by a syndrome of borderline mental retardation and abnormal behavior. The
types of behavior that occurred include impulsive aggression, arson, attempted rape, and
exhibitionism. Analysis of 24-hour urine samples indicated markedly disturbed monoamine
metabolism. This syndrome was associated with a complete and selective deficiency of
enzymatic activity of monoamine oxidase A (MAOA). In each of five affected males, a point
mutation was identified in the eighth exon of the MAOA structural gene, which changes a
glutamine to a termination codon. Thus, isolated complete MAOA deficiency in this family
is associated with a recognizable behavioral phenotype that includes disturbed regulation

of impulsive aggression.

Studies of aggressive behavior in animals
and humans have implicated altered metab-
olism of serotonin (I-7), and to a lesser
extent dopamine (4, 8, 9), and noradrena-
line (3-5, 10-12). These observations sug-
gest that genetic defects in the metabolism
of these neurotransmitters may affect ag-
gressive behavior, but such mutations have
not yet been reported.

We have described a large kindred in
which several males are affected by a syn-
drome of borderline mental retardation and
exhibit abnormal behavior, including dis-
turbed regulation of impulsive aggression
(13). Obligate female carriers in this family
have normal intelligence and behavior.
The genetic defect for this condition was
assigned to the pl1-p21 region of the X
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chromosome, in the vicinity of the genes
for MAOA and monoamine oxidase B
(MAOB). Because MAOA and MAOB are
known to metabolize serotonin, dopamine,
and noradrenaline, we evaluated these pa-
tients for MAO deficiency. The MAOB
activity is normal in affected males from
this family (13).

To test the hypothesis that affected males
in this family have selective MAOA deficien-
cy, we established skin fibroblast cultures from
three clinically affected males, two carrier
females, and one noncarrier female (14). Cul-
tured human skin fibroblasts from normal
individuals express both MAOA and MAOB
activity in a ratio of about 80 to 90% to 10 to
20%, respectively, and the amounts of activ-
ity are stable from passage to passage during
the proliferative growth phase (15). Treat-
ment of fibroblast cultures with dexametha-
sone produces a 6- to 14-fold increase in
MAOQOA activity and a 2- to 3-fold increase in
MAOB activity (16). We assessed MAO
activity in homogenates from skin fibroblast
strains with a common substrate, tryptamine,
at a concentration that favors MAOA mea-




surement (17). Strains from two normal con-
trols were used that represent very low (strain
GM2037) and moderately high (strain HF24)
amounts of activity, on the basis of previous
analyses of more than 30 control strains with
activity amounts that spanned a range of 1 to
100 pmol/min per milligram of protein (14,
18). These controls were grown in parallel
with fibroblasts from family members to min-
imize activity differences due to serum com-
ponents (19). Negligible amounts of apparent
MAO activity were found in strains from
three affected males in the presence or ab-
sence of dexamethasone (Table 1). The
amounts of activity in two carrier females and
in one noncarrier female from the same family
were in the low to moderate control range
and, as in control strains, were increased by
treatment with dexamethasone and inhibited
by more than 90% by the selective MAOA
inhibitor, clorgyline.

To establish whether the lack of MAOA
activity was caused by a mutation in the
MAOA structural gene, we determined the
coding sequence of the mRNA for MAOA
by first-strand complementary DNA (cDNA)
synthesis, polymerase chain reaction (PCR)
amplification, and direct sequencing (20).
Four base substitutions were detected, three
of which were neutral polymorphisms (G to
T at position 941, T to A at position 1077,
and T to C at position 1460). However, a
nonconservative C to T mutation was found
at position 936. This mutation changes a
glutamine (CAG) codon to a termination
(TAG) codon at position 296 of the de-
duced amino acid sequence (21) (Fig. 1).
Amplification and sequencing of the eighth
exon (22), which contains nucleotides 846
to 1005, confirmed the presence of the C to
T mutation at nucleotide 936 in each of five
clinically affected males and in two obliga-
tory heterozygotes. In contrast, the mutation
could be excluded in 12 unaffected males in
this family (Fig. 1). Two-point linkage cal-
culations (23) between the clinical pheno-
type and the mutation in the MAOA gene
reported here yield a lod score (logarithm of
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Fig. 1. Segregation of a mutation in the MAOA
structural gene in a family with X-linked border-
line mental retardation and prominent behavior-
al disturbance. All affected males and obligate
carriers have a C to T mutation at nucleotide
position 936. In 12 normal males, only the
normal C is present.

the likelihood ratio for linkage) of 3.55
without recombination.

These results document complete and
selective deficiency of MAOA in affected
males. Interestingly, MAOA activity in
two carrier females was not different from
that of a noncarrier female and two unre-
lated controls. Therefore, carrier females
are not detectable by enzymatic activity in
cultured fibroblasts. Whether this is due to
high activity of the normal allele, incom-
plete X-inactivation, or other factors is
unknown. Selective MAOA deficiency in
this family results in a marked disturbance
of monoamine metabolism. Increased uri-
nary excretion of normetanephrine and
tyramine and decreased concentrations of
5-hydroxyindole-3-acetic acid (5-HIAA),
homovanillic acid (HVA), and vanillyl-
mandelic acid (VMA) have been docu-
mented by analysis of 24-hour urine samples
(13). Although measurements of cerebro-
spinal fluid metabolites are not available for
this family, the urinary findings presumably
reflect altered central neurotransmitter me-
tabolism. Selective inhibition of MAOA in
male rats has been shown to increase con-
centrations of noradrenaline, dopamine,
and serotonin in the brain (24).

Five patients with X chromosomal dele-
tions including MAOA and MAOB as well
as the Norrie disease gene have been de-
scribed that had severe mental retardation
(25). The relatively mild symptoms in
males with selective MAQA deficiency,
and the absence of psychiatric symptoms or
mental retardation in two brothers with a

Table 1. MAO activity in cultured skin fibro-
blasts. For the detection of MAOA activity, cells
were harvested at confluency (—DEX) or after
an additonal 7 to 9 days of exposure to 50 nM
dexamethasone (+ DEX) as described (15).
Activity amounts for the affected males were all
below detection limits (<30% above a blank
that had no homogenate). All values are given
as the average * SD with the number of assays
in parentheses.

Treatment
Subjects —DEX +DEX
(picomoles per minute
per milligram of protein)
Affected males
BB <1 <1
AW <1 <1
AX <1 <1
Carrier females
AY 10+3 (4) 114 = 35 (7)
AZ 32+9 (4 122 + 43 (5)
Noncarrier female
BA 27 £ 16 (4) 189 + 32 (5)
Normal controls
GM2037 3+3 (4 24 + 11 (7)
HF24 36 + 10 (4) 317 + 42 (5)
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complex deletion involving the Norrie dis-
ease gene and part of the MAOB structural
gene that leaves MAOA intact (26), may
reflect the overlapping substrate specificities
and tissue distribution of the MAOA and
MAOB isozymes. The behavioral pheno-
type in this family is characterized by bor-
derline mental retardation and a tendency
toward aggressive outbursts, often in re-
sponse to anger, fear, or frustration. These
behavioral responses have been noted in
each of eight affected males for whom clin-
ical data are available and have occurred in
affected subjects living in different parts of
the country at different times (13). It
should be stressed that the aggressive be-
havior varied markedly in severity and over
time, even within this single pedigree. Oth-
er types of impulsive behavior that occurred
in individual cases included arson, attempt-
ed rape, and exhibitionism.

It has been postulated that aggression in
animals can be subdivided into several sub-
types (1). In humans, impulsive aggression
rather than premeditated aggression and
violence has been linked to low concentra-
tions of 5-HIAA in cerebrospinal fluid (2).
This observation is usually taken to indicate
a reduction in central serotonergic function
in impulsive aggression. Our data suggest
that reduced 5-HIAA concentrations may
also be caused by absent MAOA activity in
these subjects.

Further studies are required to determine
whether complete isolated MAOA deficiency
is associated with similar behavioral patterns
in other families, or even in animal models.
Also, it is presently unclear whether all of the
biochemical alterations caused by the MAOA
deficiency state are required to cause the
apparent increase in liability to impulsive
aggressive behavior. The inhibition of MAO
has not been reported to cause aggressive
behavior in adult humans (27) but deficien-
cies throughout life might have different con-
sequences. Only limited data are available on
MAQ activity and aggression regulation in
animals. MAO inhibition increased shock-
induced aggression in male rats in one study
(28). Other studies of aggressive behavior
have stressed the importance of reduced sero-
tonergic transmission (I1-7), increased dopa-
minergic transmission (4, 8, 9), or increased
noradrenergic transmission (3-5, 11, 12) in
animals as well as in humans.

Another factor that could be involved in
causing increased impulsive aggression is
rapid eye movement (REM) sleep depriva-
tion. MAOA inhibitors have been shown
to suppress REM sleep in human subjects
(29), whereas REM sleep deprivation in-
creases shock-induced fighting in rats, espe-
cially in combination with dopaminergic
stimulation (9).

Taken together, data obtained in this
family suggest a relation between isolated
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complete deficiency of MAOA activity and
abnormal aggressive behavior in affected
males. This observation raises a number of
important questions. First, the frequency of
MAOQOA deficiency in the population has to
be determined. Second, given the wide
range of variation of MAQOA activity in the
normal population (18), one could ask
whether aggressive behavior is confined to
complete MAOA deficiency. Third, animal
models could help to determine the various
neurochemical alterations that are induced
by selective MAOA deficiency and their
secondary effects on the organism. Such
studies might also suggest possibilities for
treatment of the metabolic disturbance
caused by the MAOA deficiency state. Fi-
nally, the possibility of hypertensive crises in
selective MAOA deficiency through in-
creased sensitivity to dietary and pharmaco-
logic amines has not yet been investigated.
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Mutations in the Glucose-6-Phosphatase Gene
That Cause Glycogen Storage Disease Type 1a

Ke-Jian Lei,* Leslie L. Shelly,* Chi-Jiunn Pan, James B. Sidbury,
Janice Yang Chout

Glycogen storage disease (GSD) type 1a is caused by the deficiency of b-glucose-6-
phosphatase (G6Pase), the key enzyme in glucose homeostasis. Despite both a high
incidence and morbidity, the molecular mechanisms underlying this deficiency have
eluded characterization. In the present study, the molecular and biochemical charac-
terization of the human G6Pase complementary DNA, its gene, and the expressed
protein, which is indistinguishable from human microsomal G6Pase, are reported. Sev-
eral mutations in the G6Pase gene of affected individuals that completely inactivate the
enzyme have been identified. These results establish the molecular basis of this disease

and open the way for future gene therapy.

Glucose-6-phosphatase (E.C. 3.1.3.9),
the key enzyme in the homeostatic regula-
tion of blood glucose concentrations, cata-
lyzes the terminal step in gluconeogenesis
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and glycogenolysis (1-3). Deficiency of
G6Pase causes GSD type la (von Gierke
disease), an autosomal recessive disorder
with an incidence of one in 100,000 to
300,000 (1, 2). This metabolic disease typ-
ically manifests during the first year of life
with severe hypoglycemia and hepatomeg-
aly caused by the accumulation of glycogen.
Individuals with GSD type la exhibit



