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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. 0. 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 sggression, 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 (1-7). 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 mav affect ae- 
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 
(1 3). Obligate female carriers in this family 
have normal intelligence and behavior. 
The genetic defect for this condition was 
assigned to the pll-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 MA0 deficiency. The MAOB 
activity is normal in affected males from 
this family (1 3). 

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 (1 4). Cul- 
tured human skin fibroblasts from normal 
individuals express both MAOA and MAOB 
activiw in a ratio of about 80 to 90% to 10 to 
20%, ;espectively, and the amounts of activ- 
ity are stable from passage to passage during 
the proliferative growth phase (1 5). Treat- 
ment of fibroblast cultures with dexametha- 
sone produces a 6- to 14-fold increase in 
MAOA activity and a 2- to 3-fold increase in 
MAOB activity (16). We assessed MA0 
activity in homogenates from skin fibroblast 
strains with a conlmon substrate, tryptamine, 
at a concentration that favors MAOA mea- 



surement (1 7). 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 pmollmin 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 (1 9). Negligible amounts of apparent 
M A 0  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 

Flg. 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 
(1 3). 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 MAOA deficiency, 
and the absence of psychiatric symptoms or 
mental retardation in two brothers with a 

Table 1. MA0 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 
< 1 < 1 
< 1 < 1 
< 1 < 1 

Carrier females 
10 -+ 3 (4) 114 2 35 (7) 
3 2 ? 9  (4) 122 * 43 (5) 

Noncarrier female 
27 -+ 16 (4) 189 -+ 32 (5) 

Normal controls 
3 ? 3 (4) 24 ? 11 (7) 

36 2 10 (4) 31 7 2 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 tendencv 
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 raDe. 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 subiects. 

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 bv the MAOA 
deficiency state are required ;o cause the 
apparent increase in liability to impulsive 
aggressive behavior. The inhibition of M A 0  
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 
M A 0  activity and aggression regulation in 
animals. M A 0  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 (1 -3, increased dopa- 
minergic transmission (4, 8, 9), or increased 
noradrenergic transmission (3-5, 1 1, 12) in 
animals as well as in humans. 

Another factor that could be involved jp 
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 combinatibn with dopaminergic 
stimulation (9). 

Taken together, data obtained in this 
family suggest a relation between isolated 



complete deficiency of MAOA activity and 
abnormal aggressive behavior in affected 
males. This observation raises a number of 
important questions. First, the frequency of 
MAOA deficiency in the population has to 
be determined. Second, given the wide 
range of variation of MAOA 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. 

REFERENCES AND NOTES 

1. L. Valzelli, Pharmacol. Res. Commun. 14, 1 
(1982); Psychobiology of Aggression and Vio­
lence (Raven, New York, 1981). 

2. E. F. Coccaro, Br. J. Psychiatry 155 (suppl. 8), 52 
(1989). 

3. J. D. Higley et al., Arch. Gen. Psychiatry 49, 436 
(1992). 

4. L. R. P. Troncone and S. Tufik, Physiol. Behav. 50, 
173 (1991). 

5. G. L Brown, F. K. Goodwin, J. C. Ballenger, F. P. 
Goyer, L F. Major, Psychiatry Res. 1, 131 (1979). 

6. M. Linnoila et al., Life Sci. 33, 2609 (1983); K. M. 
Kantak, L. R. Hegstrand, J. Whitman, B. Eichel-
man, Pharmacol. Biochem. Behav. 12, 173 
(1980); M. J. P. Kruesi et al., Arch. Gen. Psychi­
atry 47,419 (1990). 

7. N. K. Popova, A. V. Kulikov, E. M. Nikulina, E. Y. 
Kozlachkova, G. B. Maslova, Aggressive Behav. 
17, 207(1991). 

8. E. M. Nikulina, D. F. Avgustinovich, N. K. Popova, 
ibid. 18, 65 (1992). 

9. S. Tufik, C. J. Lindsey, E. A. Carlini, Pharmacology 
16,98(1978). 

10. D. J. Reis, Assoc. Res. Nerv. Ment. Disord. 50, 
266(1972). 

11. B. Eichelman and N. B. Thoa, Biol. Psychiatry 6, 
143 (1973). 

12. J. T. Winslow and K. A. Miczek, Psychopharma-
cologyQ-l, 286 (1983). 

13. H. G. Brunner et al., Am. J. Hum. Genet. 52, 1032 
(1993). 

14. After informed consent was obtained, skin fibro­
blasts were established from punch biopsies of 
family members. Normal control cell lines were 
chosen on the basis of very low activity (GM2037) 
and moderately high activity (HF24) (18). All 
strains were in the proliferative stage of growth and 
were grown in parallel in Dulbecco's modified 
essential medium with 10% fetal calf serum, peni­
cillin, and streptomycin (Gibco, Paisley, Scotland). 
For measurement of MAO activity, cells were har­
vested at confluency or after an additional 7 to 9 
days of exposure to 50 nM dexamethasone, as 
described (15). Cell homogenates from two or 
more harvests were sonicated, and the protein was 
determined by the method of Bradford (30). 

15. S. B. Edelstein, C. M. Castiglione, X. O. Breake-
field, J. Neurochem. 31,1247 (1978); X. O. Breake-
field, S. B. Edelstein, M. H. Grossman, J. P. 
Schwartz, in Genetic Research Strategies in Psy­
chobiology and Psychiatry, E. S. Gershon, S. Mat-
thysse, X. O. Breakefield, R. D. Ciaranello, Eds. 
(Boxwood, Pacific Grove, CA, 1981), pp. 129-142. 

16. S. B. Edelstein and X. O. Breakefield, Cell. Mol. 
Neurobiol.6, 121 (1986). 

17. We measured MAO activity by the toluene extrac­
tion procedure in fibroblast homogenates with 100 
ixg of protein per assay (16). All assays were done 
in triplicate within the range of linearity for time. A 
buffer blank was used routinely, but in some cases 
additional blanks of 10~6 M clorgyline (Sigma, St. 
Louis, MO) or 10~6 M deprenyl were included. For 
a common substrate we used 30 IJLM [ethyl-
3H]tryptamine (35 Ci/mmol, New England Nuclear, 
Boston, MA) for both MAOA and MAOB activity, 
although at this concentration MAOA is favored by 
its higher substrate affinity. Values obtained in 
these experiments for control cell strains were 
about sevenfold those of previous studies (14,31). 
This is probably because of the different lots of 
serum used and the effects of hormones contained 
in serum on MAO activity (19). 

18. G. S. Hotamisligil and X. O. Breakefield, Am. J. 
Hum. Genet. 49, 383 (1991). 

19. S. B. Edelstein and X. O. Breakefield, Biochem. 
Biophys. Res. Commun. 98, 836 (1981). 

20. We isolated RNA from fibroblasts by acid guani-
dinium thiocyanate-phenol-chloroform extraction 
(32) with a commercially available kit (Campro 
Scientific, Elst, the Netherlands). First-strand cDNA 
was synthesized from 2.5 ^g of RNA with oligo-
(dT) and random primers with the GeneAmp kit 
(Perkin-Elmer, Branchburg, NJ). Two overlapping 
PCR fragments were prepared essentially as de­
scribed (18). Both strands from the 5' 867-base 
pair (bp) PCR fragment were sequenced as de­
scribed (33), with the PCR primers and two inter­
nal primers, corresponding to nucleotide posi­
tions (np) 483 to 502 of the MAOA cDNA se­
quence (21) in both directions. The 1010-bp 3' 
PCR fragment was sequenced with the PCR prim­
ers and four internal primers [np 1177 to 1206 in 
both the 5'-3' and the 3'-5' directions, np 1382 to 
1401 (forward), and np 1485 to 1505 (reverse)]. 
The sequence was determined on both strands 
except for the 300 3' base pairs of the 1010-bp 
PCR fragment. 

21. Y.-P. P. Hsu et al., Neurochemistry 51, 1321 
(1988); A. W. J. Bach et al., Proc. Natl. Acad. Sci. 
U.S.A. 85, 4934 (1988); Z.-Y. Chen et al., Nucleic 
Acids Res. 19, 4537 (1992). 

22. Genomic DNA was amplified with primers corre-

Gi ucose-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 

Human Genetics Branch, National Institute of Child 
Health and Human Development, National Institutes of 
Health, Bethesda, MD 20892. 

*Both authors contributed equally to the manuscript. 
tTo whom correspondence should be addressed. 

sponding to np 874 to 892 (forward) and 987 to 
1004 (reverse). Both primer sequences are de­
rived from exon 8 (21), and both strands were 
sequenced. 

23. We calculated the genetic linkages with the 
MLINK program from the Linkage program pack­
age (version 5.03) (34). 

24. A. J. Sleight, C. A. Marsden, K. F. Martin, M. G. 
Palfreyman, Br. J. Pharmacol. 93, 303 (1988); P. 
Blier, C. De Montigny, A. J. Azzaro, J. Pharmacol. 
Exp. Ther. 237, 987 (1986); A. J. Greenshaw, T. S. 
Rao, A. J. Nazarali, G. B. Baker, R. T. Coutts, Biol. 
Psychiatry 25, 1014 (1989); B. Morden et al., 
Physiol. Behav. 3, 425 (1968). 

25. A. de la Chapelle, E. M. Sankila, M. Lindlof, P. Aula, 
R. Norio, Clin. Genet. 28, 317 (1985); E. M. Bleeker-
Wagemakers, I. Zweije-Hofman, A. Gal, Ophthalmic 
Paediatr. Genet. 9, 137 (1988); D. Donnai, R. C. 
Mountford, A. P. Read, J. Med. Genet. 25, 73 (1988); 
D. Zhu et al., Am. J. Med. Genet. 33, 485 (1989); F. 
C. Collins et al., ibid. 42, 127 (1992). 

26. W. Berger et al., Nat. Genet. 1, 199 (1992). 
27. D. L. Murphy, N. A. Garrick, R. M. Cohen, in 

Antidepressants, G. D. Burrows, T. R. Norman, B. 
Davies, Eds. (Elsevier Science, New York, 1983), 
pp. 209-227; D. Pickar, D. L. Murphy, R. M. 
Cohen, I. C. Campbell, S. Upper, Arch. Gen. 
Psychiatry 39, 535 (1982). 

28. B. Eichelman and J. Barchas, Pharmacol. Bio­
chem. Behav. 3, 601 (1975). 

29. R. M. Cohen et al., Psychopharmacology 78, 137 
(1982). 

30. M. M. Bradford, Anal. Biochem. 72, 248 (1976). 
31. K. B. Sims et al., Neuron 2, 1069 (1989). 
32. P. Chomczynski and N. Sacchi, Anal. Biochem. 

162, 156 (1987). 
33. A. M. W. van den Ouweland et al., Nat. Genet. 2, 

99(1992). 
34. C. M. Lathrop and J. M. Lalouel, Am. J. Hum. 

Genet. 36, 460 (1984). 
35. We are grateful to J. Knoll for supplying deprenyl 

and B. Jansen and C. Fleet for technical assis­
tance. We also thank Z. Y. Chen, C. Shalish, and 
B. Tivol of X.O.B.'s laboratory. Supported by NIH 
grant NS 21921 (X.O.B.).' 

16 August 1993; accepted 31 August 1993 

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 

Mutations in the Glucose-6-Phosphatase Gene 
That Cause Glycogen Storage Disease Type 1 a 

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

Glycogen storage disease (GSD) type 1a is caused by the deficiency of D-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. 
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