
Reasonably good evidence exists that 
inborn enzymatic defects are the under- 
lying causes of nearly 150 metabolic dis- 
orders. Central and peripheral nervous 
system damage occurs in many of these 
situations. That still other heritable dis- 
orders will be discovered can be predict- 
ed with reasonable confidence; some of 
these possibilities are cited in this article. 
The known inherited neurological con- 
ditions, enzymatic defects, diagnostic 
procedures, detection of heterozygotes, 
or monitoring of pregnancies at risk 
have been summarized and tabulated 
in reviews (1) and textbooks (2). In 
this article I try to develop systematic 
approaches to understanding the under- 
lying pathological physiology and chem- 
istry by analyzing representative exam- 
ples of the various types of disorders. 
This approach seems useful since we 
now appear to be between the era of 
rapid discoveries of metabolic defects 
and the development of effective therapy 
for them. Elucidation of subtle biochemi- 
cal relationships should be helpful for 
devising rational bases for therapeutic 
attempts. The complexities and diffi- 
culties of such an undertaking have re- 
cently been discussed (3). 

Disorders of Amino Acid Metabolism 

It seems reasonable to begin by consid- 
ering abnormalities of amino acid metab- 
olism since one of these, phenylketo- 
nuria (PKU), is the commonest heritable 
metabolic disorder in which the central 
nervous system (CNS) is susceptible to 
damage. The incidence of the condition 
is approximately one in 11,000 births (4). 
Some of the original, correct conceptual- 
izations of metabolic abnormalities were 
made in the study of PKU (5), which is 
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the first disorder of amino acid metabo- 
lism where the specific enzymatic defect 
was established (Fig. 1) (6), and which is 
one of a small group of such conditions 
that is benefited by regulation of the 
diet (7). 

Many theories have been advanced 
and numerous experiments have been 
conducted to provide insight into the 
basis of the cerebral disorder in PKU (8). 
The alternative pathways of phenylala- 
nine metabolism, which are all greatly 
enhanced in PKU, permit numerous pos- 
sibilities for pathogenetic mechanisms in 
this disorder. Chief among these are the 
potential toxic effects of metabolites 
such as phenylpyruvic acid, phenyllactic 
acid, and phenylacetic acid, whose for- 
mation and excretion are elevated many- 
fold in PKU. 

Conceivably, a compound such as phe- 
nylpyruvic acid could interfere with 
pyruvate carboxylase or pyruvate decar- 
boxylase, thereby impairing carbohy- 
drate metabolism and interfering with 
the large energy requirement of the 
brain. Phenyllactic acid may impede the 
reversible reduction of pyruvate to lac- 
tate, an important reaction in the CNS. If 
phenylacetic acid can be activated to the 
corresponding coenzyme A (CoA) de- 
rivative, a multiplicity of metabolic ab- 
normalities could ensue. For example, 
the citric acid cycle may be impaired by 
competition of such a derivative with 
acetyl CoA for condensation with oxal- 
acetate. Fatty acid synthesis could be 
impaired by blocking the carboxylation 
of acetyl CoA to malonyl CoA or by 
direct competition for the acetyl CoA 
site on fatty acid synthetase. One would 
expect abnormalities of cholesterol, 
phospholipid, and sphingolipid anabo- 
lism to occur in patients with PKU. 

A number of years ago, Menkes postu- 
lated reduced synthesis of proteolipid, a 
major myelin component, and dimin- 
ished cholesterol and cerebrosides in 
PKU (9). However, the pitfalls of extrap- 
olations of this type were demonstrated 

by Silberberg, who examined the effects 
of phenylalanine metabolites on myelina- 
tion in explants of cerebellar culture (10). 
Much higher concentrations of phenyl- 
acetic acid and phenylpyruvic acid as 
compared to those present in the blood 
of PKU patients were required in vitro 
before defects in myelination were ob- 
served. One of the principal difficulties in 
interpreting experiments with such com- 
pounds is the uncertainty concerning the 
levels of these substances in the tissues 
of patients. The situation is further com- 
plicated by the observation that indole 
derivatives were comparatively much 
more toxic than phenylpyruvic or phenyl- 
acetic acids. An attempt was made to 
explain this effect by citing the observa- 
tion that phenylalanine competes for the 
absorption of tryptophan from the in- 
testine, resulting in microbial catabolism 
of the latter to indole, which is then 
absorbed in toxic quantities by PKU 
patients (11). 

These findings are in contrast with re- 
sults obtained in a similar study with a- 
ketoisocaproic acid. Excessive quan- 
tities of this metabolite are found in the 
urines of patients with maple syrup urine 
disease. This substance was highly my- 
elinotoxic in vitro (12). Thus, although I 
favor this kind of investigative approach 
for establishing the pathogenesis of brain 
damage in PKU, correct answers may 
not be forthcoming with such simple di- 
rect protocols. I think a fair analogy in 
support of this remark may be derived 
from the extensive investigations on the 
elucidation of the mechanism of action of 
clofibrate (Fig. 1), a compound used in 
humans to lower serum cholesterol. It is 
unlikely that direct inhibition of choles- 
terol or fatty acid synthesis by this com- 
pound adequately explains its physi- 
ological effect (13). Because of the struc- 
tural similarities of this substance and 
the phenylalanine derivatives, a similar 
multiplicity of factors might be involved 
in the pathogenesis of PKU. 

p-Chlorophenylalanine (Fig. 1) has 
been used in conjunction with high doses 
of phenylalanine to produce behavioral 
changes in a rat model of PKU (14). 
Some structural similarities to the human 
disorder are evident; however, the lack 
of a myelin defect in the experimental 
animals that is frequently seen in young 
patients with PKU is still unexplained. 

The altered behavior in PKU patients 
may be a consequence of abnormalities 
of catecholamine metabolism. Several 
factors may contribute to the decrease of 
catecholamine concentrations in various 
areas of the brains of these patients (15). 
High levels of phenylalanine could inter- 
fere with the hydroxylation of tyrosine 
derived from the diet and thereby impair 
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whatever catecholamine formation might 
occur from this source. Conceivably the 
orthohydroxylated derivatives of phenyl- 
alanine found in increased quantities in 
PKU patients (16) (Fig. 1, from left-hand 
arrow) also interfere with the multiplicity 
of reactions required for the conversion 
of catecholamines to physiologically ac- 
tive derivatives (17). 

Still other considerations have been 
advanced to account for some of the 
mental and neurological disturbances in 
PKU, including the possible biosyn- 
thesis of suboptimal or even abnormal 
proteins because of the altered ratio of 
phenylalanine to other amino acids. An 
experiment carried out by Copenhaver 
and associates showed that ribosomes in 
the brains of fetal rats were dis- 
aggregated when the pregnant females 
were injected with p-chlorophenylala- 
nine and large quantities of phenylala- 
nine (18). If protein synthesis is required 
for memory consolidation (19), such a 
lesion might result in the learning defect 
reported in PKU patients and animals 
treated with p-chlorophenylalanine (14). 

The biochemistry of PKU illustrates 
some of the attempts at elucidating the 
pathogenesis of the observed derange- 
ments in this disorder and the animal 
models that, in a number of respects, 
mimic the human situation. When defini- 
tive answers are found, such information 
may be applicable to other disorders of 

amino acid metabolism. Obviously, spe- 
cial situations are encountered, depend- 
ing on the amino acid involved. 

1) For example, increased quanti- 
ties of glycine are found in the blood, 
cerebrospinal fluid, and urine in various 
metabolic disorders such as methylma- 
lonic acidemia, isovaline acidemia, car- 
bamyl phosphate synthetase deficiency, 
and disorders of propionic acid carboxyl- 
ation. Glycine levels are also greatly 
increased in a primary disorder of gly- 
cine catabolism (20). The condition is 
associated with severe mental retarda- 
tion, listlessness, decreased spontaneous 
movements, respiratory difficulties, and 
seizures. There is good evidence that 
glycine may be a natural transmitter sub- 
stance for postsynaptic inhibition in the 
spinal cord and brainstem, a contention 
supported by the isolation of specific 
glycine-accumulating synaptosomes from 
these structures (21). It seems logical 
that the characteristic lethargy in these 

patients is a consequence of the exces- 
sive quantities of glycine; however, the 
correlation of this finding with the sei- 
zures some of these patients experience 
is in a less satisfactory state. 

2) In the metabolism of glutathione 
(GSH), two possible derangements war- 
rant discussion. The first of these is a 
deficiency of the enzyme required for the 
reduction of glutathione disulfide to two 
molecules of GSH (22). Such individuals 

have neurological involvement and a he- 
molytic anemia that may suddenly ap- 
pear after the administration of drugs 
such as primaquine, chloroquine, aspi- 
rin, and phenylbutazone. Most patients 
have some spasticity and show high-fre- 
quency electroencephalographic waves. 
The second is that abnormally low 
amounts of GSH are defects in the y- 
glutamyl cycle involved in GSH forma- 
tion (23). One patient had multiple neuro- 
logical difficulties while a second, who 
was younger, had normal mental devel- 
opment at the time of examination. The 
metabolism of glutathione is particularly 
interesting from a neurochemist's view- 
point since large quantities of the re- 
duced form of this material are present in 
the brain along with high activity of the 
enzymes involved in GSH metabolism. 

It seems reasonable to offer some 
thoughts concerning the possible role of 
GSH in the nervous system and how 
disturbances in its formation and mainte- 
nance of a proper proportion in the re- 
duced state may alter brain function. A 
pertinent observation was made several 
years ago when it was discovered that 
impulse conduction in isolated squid gi- 
ant axons was particularly susceptible to 
block by chemicals such as quinones 
with a redox potential greater than 0.5 
volt (24). If the agent is applied gradu- 
ally, the first observable effect is a slight 
decrease in the resting potential of the 
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nerve (Fig. 2). When the amount of the 
substance is increased, there is spon- 
taneous electrical discharge of the nerve. 
The critical concentration of oxidizing 
agents such as quinone, iodine, bromine, 
and hypochlorite appears to be about 0.2 
mM. A similar effect is produced by 
hydrogen peroxide although a higher con- 
centration is required. If the amount of 
oxidizing substance is increased still fur- 
ther, irreversible depolarization of the 
nerve occurs. These observations sug- 
gest that an electrophysiologically active 
component of the axonal membrane 
must be kept in a reduced state for physi- 
ological activity. Although the substance 
has not been identified, it is conceivable 
that GSH is the agent that participates in 
the maintenance of the reduced state, 
and therefore alterations of GSH metabo- 
lism result in neurological abnormalities. 

Still another of the amino acid dis- 
orders affecting mental function is the 
condition known as aspartylglycosami- 
nuria. Abnormally large quantities of 
aspartamido-N-acetylglucosamine are 
found in the urines of these patients be- 
cause of a lack of N-aspartyl-f3-glucos- 
aminidase, the enzyme that catalyzes the 
cleavage of the N-glycosidic bond be- 
tween aspartic acid and N-acetyl- 
glucosamine (25). Most patients with this 
metabolic disorder are mentally re- 
tarded, have facial dysmorphism, and 
other structural abnormalities (26). It 
seems likely that the glycosylated amino 
acid is a result of the faulty catabolism of 
glycoproteins since this type of linkage is 
common in these substances (27). Of 
particular interest is the possibility that 
there are patients with another type of 
glycosaminoaciduria who excrete abnor- 
mally large quantities of N-acetyl- 
galactosaminylthreonine and possibly N- 
acetylgalactosaminylserine in the urine. 
N-Acetylgalactosamine is linked to these 
amino acids in glycoproteins by O-glyco- 
sidic bonds that have an a-anomeric con- 
figuration. Thus patients deficient in this 
a-hexosaminidase presumably may be 
identified because human placental tis- 
sue has high activity of this enzyme (28). 
It is also present in other tissues, and, in 
fact, the enzyme has been partially puri- 
fied from human and pig liver (29). One 
would suspect that the incidence of 
patients with deficient a-hexosaminidase 
activity might be nearly as frequent as 
those with Tay-Sachs disease who lack 
/3-hexosaminidase activity (30). Cer- 
tainly investigators should be aware of 
this possibility when confronted with a 
mentally retarded patient whose signs 
and symptoms are incompatible with a 
diagnosis of known metabolic disorders. 
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Disorders of Carbohydrate Metabolism 

There are a number of disorders where 
carbohydrate metabolism is abnormal 
and where there is malfunction of the 
nervous system. For example, excessive 
quantities of glycogen are found in nerve 
cells in the brain, spinal cord, and sympa- 
thetic ganglia in Pompe's disease (31). 
Mental retardation is said to occur often 
in this condition (32). Here the metabolic 
defect is a deficiency of a-glucosidase 
activity (33). Particular interest has cen- 
tered about this disorder since several 
therapeutic trials were carried out in these 
patients with impure enzyme preparations 
obtained from the fungus Aspergillus ni- 
ger (34), and although there was evi- 
dence of decreased hepatic glycogen in 
the liver after the intravenous administra- 
tion of the enzyme preparation, severe 
pyrogenic reactions occurred in the re- 
cipients. There was no indication of a 
decrease in the quantity of glycogen in 
the brain or muscle and no clinical im- 
provement was observed. Similar results 
were obtained with a highly enriched a- 
glucosidase preparation obtained from 
human placental tissue (35). It seems 
reasonable to conclude that there was an 
insufficient uptake of the exogenous en- 
zyme in muscles and brain to exert a 
beneficial effect. Consequently, work 
along this line has been in abeyance for 
several years. However, recent devel- 
opments lend encouragement for further 
experimentation. Engel and co-workers 
have developed a technique for the prop- 
agation of human muscle cells in tissue 
culture (36), and these investigators have 

Fig. 2. Effect of quinone on the action poten- 
tial ofthe squid giant axon. (Top) Left, control; 
center, 5 x 10-5M quinone; right, 2 x 10-4M 
quinone. (Bottom) 1 x 10-3M quinone. 

shown that cells obtained from patients 
with Pompe's disease manifest the meta- 
bolic defect in vitro (37). This technique 
lends itself to the investigation of the 
effect of exogenous a-glucosidase on the 
glycogen accumulation in these cells. 
Since previous workers were unable to 
demonstrate an effect of a-glucosidase 
on muscle glycogen in vivo, it might be 
anticipated that it would be unlikely that 
the cultured muscle cells would take up 
the enzyme, particularly if it is isolated 
from tissues other than muscle. Accord- 
ingly, the feasibility of administering a- 
glucosidase encapsulated in liposomes, 
which are microspherules made from lipids 
such as lecithin, cholesterol, and phospha- 
tidic acid (38), should be examined in vitro. 
It seems likely that the lipid components of 
the liposomes may be varied so that up- 
take by muscle cells may be enhanced, 
and increased specificity for such a tar- 
get tissue might be provided in vivo. 

Disorders of Complex Carbohydrates 

Another group of heritable disorders is 
known as the mucopolysaccharidoses. 
Most patients with these diseases mani- 
fest diffuse nervous system dysfunction 
in addition to visceral and bone abnor- 
malities. There are increased quantities 
of polymeric carbohydrates such as der- 
matan sulfate and heparan sulfate (Fig. 
3) in the urine, spinal fluid, and various 
tissues including the brain in these patients. 
The metabolic disturbances have been 
identified in at least seven of these disorders 
as deficiencies of various sulfatases and 
glycosidases required for the stepwise ca- 
tabolism of these glycosaminoglycans (39). 
The principal aspect that warrants consid- 
eration concerns the pathogenesis of the 
CNS injury. It is generally agreed that 
these acidic mucopolysaccharides arise 
from proteoglycans whose turnover is 
rapid in the developing nervous system 
(40). One of the developmental process- 
es that probably contributes to this phe- 
nomenon seems likely to involve modifi- 
cations of the neural plasma membranes 
that occur in synaptogenesis (Fig. 4). A 
significant portion of the glycoproteins 
on the surfaces of cells that participate in 
synapse formation is probably catabo- 
lized in the region of the synapse in order 
to permit functional approximation of 
these cells to form excitable junctions. 
Synapse formation may therefore be con- 
ceived of as being initiated by the action 
of one or more specific extracellular or 
surface-bound glycosidases secreted by 
one or both of the cells involved. The 
catabolism of specific glycoproteins on 
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Fig. 3. Structures of dermatan sulfate and heparan sulfate which accumulate in patients with 
mucopolysaccharidoses. Specific enzymatic defects have been identified at the numbered sites. 

the surfaces of the involved cells is there- 
by initiated. This concept is reminiscent 
of the lock and key hypothesis involving 
surface glycosyltransferases (41); how- 
ever, in the present instance, catabolic 
enzymes and specialized glycoproteins 
are viewed as the primary determinants 
of synaptogenesis. A particularly impor- 
tant phenomenon that appears relevant 
to this process is that the formation of 
morphologically correct synapses occurs 
even though the target cells might have 
abnormal locations in the brain and the 
timing of the cell-cell contact has been 
significantly altered (42). Furthermore, 
this phenomenon has been reproduced in 
vitro. Thus, the development of sensitive 
histochemical assays should provide 
much needed information regarding the 
particular enzymes and reactants in- 
volved in synaptogenesis. 

In order to explain the intraneuronal 
accumulation in patients afflicted with 
mucopolysaccharidoses (43), it is pre- 
sumed that, once the catabolism of sur- 
face glycoproteins has been initiated, 
most of the reactions involved in the deg- 
radation of these materials occur after en- 
docytosis of the partially modified com- 
ponents. This concept is strengthened by 
the demonstration that the carbohydrate 
composition of the oligosaccharide por- 
tion of glycoproteins critically deter- 
mines whether such proteins will be pi- 
nocytized (44). One way to examine the 
validity of this speculation would be by 
comparing the intracellularly accumulat- 
ing mucopolysaccharides with those that 
are elevated in the cerebrospinal fluid in 
these patients (45). 

Disorders of Lipid Catabolism 

There are ten heritable disorders of 
lipid metabolism for which the abnormal 
enzymology is well established. Many of 
these diseases are named for the clini- 
cians who first described patients with 
specific signs, symptoms, and pathologi- 
cal features. Among the most frequent of 
these disorders are Gaucher's disease, 
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Niemann-Pick disease, Fabry's disease, 
and Tay-Sachs disease. Excessive quan- 
tities of the class of lipids known as 
sphingolipids accumulate in various tis- 
sues of patients with these disorders. 
These lipids have a portion of their struc- 
ture in common called ceramide. Cera- 
mide is a fatty N-acylamide of sphingo- 
sine [CH3-(CH2)t2-CH =CH-CH(OH)- 
CH(NHCOR)-CH2OH]. Various oligo- 
saccharides or phosphorylcholine are at- 
tached to carbon atom 1 of ceramide. 
For example, the lipid that accumulates 
in patients with Gaucher's disease is glu- 
cocerebroside (ceramideglucose) and 
that in Niemann-Pick disease is sphingo- 
myelin (ceramidephosphocholine). The 
rate of synthesis of the accumulating ma- 
terials is normal, and they arise from the 
normal turnover of cells in various tis- 
sues and the blood. The activity of an 
enzyme required for the hydrolytic cleav- 
age of the accumulating lipid is dimin- 
ished in each of the disorders. For ex- 
ample, in Gaucher's disease, the 3-glu- 
cosidase that cleaves glucose from glu- 
cocerebroside is lacking in the tissues of 
these patients (46). When the nature of 
the enzymatic abnormalities became 
known, tests were devised for the diag- 
nosis of the affected individuals (47) and 
the detection of heterozygous carriers 
(48). Now accurate prenatal diagnosis is 

readily available for each of these dis- 
eases (49). 

Some concepts that seem pertinent to 
the therapy of these disorders merit dis- 
cussion. The administration of purified 
enzymes obtained from normal human 
tissue such as the placenta has been 
shown to have a measurable effect on the 
accumulated lipids. When purified pla- 
cental ceramidetrihexosidase was in- 

jected intravenously into patients with 
Fabry's disease (in which this enzyme is 

lacking), there was a significant decrease 
in the level of plasma ceramidetrihexo- 
side (ceramide-glucose-galactose-galac- 
tose) that is considerably elevated in 

patients with this disorder (50). Observa- 
tions made in the course of this study in- 
dicated that the exogenous enzyme ap- 

peared to catabolize the accumulating lip- 
id after it had been taken up by tissues 
such as the liver, rather than acting di- 
rectly on the material in the blood- 
stream. Thus, the decreased ceramidetri- 
hexoside in the circulation was a con- 
sequence of the lowered level in the tis- 
sues and the subsequent redistribution of 
the lipid due to the equilibrium that ex- 
ists between this material in the tissues 
and in blood. There are several impor- 
tant consequences of this observation. 
The first is that lowering the blood ce- 
ramidetrihexoside by enzyme replace- 
ment would be expected to reduce the 
rate of accumulation of this lipid in vari- 
ous organs and tissues and thereby pre- 
vent or even reverse the renal damage 
that is a result of this disease. Second, 
there could also be a salutary effect on 
the neuralgia these patients experience 
due to a reduction of ceramidetrihexo- 
side in peripheral nerves. Third, it is pos- 
sible that the lipid accumulation in the 
walls of the blood vessels of the heart 
and brain that often results in myocardial 
infarctions and strokes in these individ- 
uals might also be reversed by the exoge- 
nous enzyme. If the quantity of lipid in 
the blood vessels proves to be suscep- 
tible to such reduction, an important 
principle will be established that in turn 
may serve as a model for the control of 
atherosclerosis through the use of still 
unidentified enzymes. 

Investigations of enzyme replacement 
in Gaucher's disease indicate that intra- 
venously administered glucocerebrosi- 
dase can reduce the quantity of lipid that 
has accumulated in the livers of afflicted 
individuals (51). There was also a long- 
term decrease in the quantity of circulat- 
ing glucocerebroside in these patients 
(52). Most patients with Gaucher's dis- 
ease have the "adult" form, in which 
there is lipid accumulation in the paren- 
chymal organs, but no signs of the ner- 
vous system involvement that occurs in 
the "infantile" and "juvenile" forms. In 
contrast to many lipid storage diseases 
that have cerebral involvement, such as 
Tay-Sachs where there is overt accumu- 
lation of lipid in the nerve cells, glucocer- 
ebroside in the brains of those Gaucher 
patients with the infantile and juvenile 
forms is found in perivascular cells in the 
Virchow-Robin spaces and there is only 
modest storage in the neurons of the brain- 
stem and basal ganglia. If a glucocere- 
brosidase were injected both intra- 
venously and intraventricularly, the 
quantity of lipid in the perivascular cells 
might be reduced, since the cells would 
be exposed to the enzyme in both blood 
and cerebrospinal fluid (53). However, 
prior to such an undertaking in humans, 
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investigators would prefer to carry out a 

comprehensive investigation with a suit- 
able animal model. It appears that a con- 

dition somewhat analogous to Gaucher's 
disease has been found in Sydney silky 
dogs (54). However, there are two no- 
table differences between the human and 
the canine forms. The first is the absence 
of lipid-laden "Gaucher cells" in the 

spleen of the dog whereas this organ may 
be filled with sheets of these cells in af- 
fected humans. Second, there was much 
more extensive neuronal involvement in 
the brain of the Gaucher dog than in hu- 
mans with the infantile or juvenile forms 
of Gaucher's disease. Thus, although en- 

zyme replacement studies with such a 
model might provide much valuable in- 

formation, extrapolation of the findings 
to the situation in humans may not be 

completely feasible. 
A potentially important development 

that should be mentioned here concerns 

enzyme replacement in disorders such as 

Tay-Sachs disease where the CNS is pri- 
marily involved. The effect of intravenous 
administration of hexosaminidase A was 
examined several years ago in a patient 
with the O-variant form of Tay-Sachs dis- 
ease (Sandhoff-Jatzkewitz disease) (55). 
These patients have a drastic deficiency of 
all hexosaminidase activity in their tissues 

(30). When the exogenous enzyme was in- 

jected, a normal level of hexosaminidase 
A was quickly produced in the blood. 
The enzyme was very rapidly cleared 
from the circulation, with a half-time of 8 
minutes. None of the injected enzyme ap- 
peared to reach the brain, probably be- 
cause it could not cross the blood-brain 
barrier. There was no evidence of im- 

provement of the patient's clinical con- 
dition. However, a 55 percent decrease 
in the amount of globoside (ceramide- 
glucose-galactose-galactose-N-acetyl- 
galactosamine) was observed in the 
blood 4 hours after injection of the en- 

zyme, again indicative of a physiological 
effect after the enzyme had been taken 

up by tissues. When the amount of hex- 
osaminidase activity was compared in a 
liver biopsy specimen taken before in- 
fusion with that in a similar sample ob- 
tained 45 minutes after injection of the 

enzyme, it was found that there was at 
least 2.4 times more total hex- 
osaminidase A activity in the liver that 
had actually been infused (56). This ef- 
fect was similar to an augmentation of a- 

galactosidase activity that was observed 
in liver biopsy specimens obtained from 
a patient with Fabry's disease when 
ceramidetrihexosidase, an a-galactosi- 
dase, was injected (50). These observa- 
tions (50, 56) prompted the hypothesis 
that the active exogenous enzymes had 
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Fig. 4. Hypothetical reduction of glycopro- 
teins on the surfaces of cells during synapse 
formation (lower right). 

caused a change in the configuration of 
the patients' mutated catalytically in- 
active enzymes and therefore conferred 

activity to the aberrant enzymes (56). 
Support for this hypothesis is derived 
from the following observations. 

1) It is well known that catalytically in- 
active Escherichia coli 3-galactosidase 
can be activated in many instances when 
it is mixed with an antibody prepared 
against the active, wild-type enzyme (57). 

2) Bakay and Nyhan observed that 

coelectrophoresis of hypoxanthine-guan- 
ine phosphoribosyltransferase (HGPRT), 
the enzyme lacking in patients with the 

Lesch-Nyhan syndrome (58), with a red 
blood cell hemolyzate from a patient with 
this disorder resulted in the recovery of 
more catalytic activity than had been ap- 
plied (59). 

3) Srivastava and Beutler have report- 
ed that patients with Sandhoff-Jatzke- 
witz disease have a protein in their tis- 
sues that cross reacts with antibodies 

developed against human placental hexos- 
aminidase A indicating the presence of 
the inactive enzyme (60). These findings 
provide considerable support for the 

hypothesized activation of the mutant 

enzyme by a subunit of the enzyme de- 
rived from normal tissues. 

The finding that intravenously injected 
hexosaminidase A did not reach the brain 
is discouraging for the treatment of Tay- 
Sachs and related diseases of the CNS by 
enzyme replacement therapy. Much inno- 
vative conceptualization and methodology 
is required in order to effectively reduce the 

pathological quantities of stored materi- 
als in such disorders. Thoughts along 
this line include modification of the natu- 
ral active enzyme to increase its hydro- 
phobicity, so that such an altered mole- 
cule will traverse the blood-brain barrier 
(61). So far, all attempts to effect such an 
alteration in hexosaminidase A have 
been accompanied by a loss of catalytic 
activity. 

Alternatively, much consideration is 

being given to the possibility of temporar- 
ily opening the blood-brain barrier by in- 
traarterial injection of hypertonic solu- 

tions (62). The rationality of this ap- 
proach seems in flux at present. It was 

suggested that an experiment be carried 
out with cultured neuronal cells to deter- 
mine whether the exogenous enzyme 
would actually be taken up by such cells 

(56). An experiment was recently carried 
out along this line in my laboratory. 
There was no indication that cultured N- 
18 mouse neuroblastoma cells took up 
placental hexosaminidase A (63). 

These negative results seem to make 

enzyme replacement therapy for meta- 
bolic disorders involving the CNS even 
more difficult. However, some recent in- 
formation compels concerned scientists 
to maintain an open mind toward this for- 
midable task. Feder has obtained good 
evidence of the exchange of /3-glucuroni- 
dase between cells in the brain and other 
tissues in tetraparental mice derived 
from high and low /3-glucuronidase 
strains (64). This important observation 

again raises the hope for enzyme replace- 
ment for heritable nervous system dis- 
orders. Several possibilities now seem 

apparent. The first is to attempt to devise 
a suitable procedure for obtaining the 

requisite enzyme from human brain. 
Since the logistic problems of such an un- 

dertaking appear enormous, recourse to 
other strategies to obtain an effective en- 

zyme seem necessary. One approach 
might be to examine the effect of modi- 

fying the carbohydrate portion of the 
molecule since hexosaminidase A has 
been shown to be a glycoprotein (65) and 
it is known that the uptake of enzymes 
can be influenced by the oligosaccharide 
portion of the molecule (44). This altera- 
tion might be accomplished through en- 

zymatic addition or removal of selected 
hexoses, hexosamines, or sialic acid 
residues. If an appropriate modifica- 
tion is discovered, it may be possible 
to screen enzymes from various sources 
for the proper carbohydrate composi- 
tion with the use of lectins of known 

carbohydrate affinities (66). Once an en- 

zyme with the requisite properties is ob- 
tained, it might then be useful to consid- 
er procedures to deliver the enzyme to 
the brain, such as incorporation of the 

missing enzyme into the patient's own 

polymorphonuclear leukocytes (56). 
This type of incorporation has been ele- 
gantly demonstrated by Cohen and co- 
workers (67). 

Disorders of Lipid Anabolism 

The scientific community should be 
aware of an entirely new type of heredi- 
tary abnormality of the nervous system 
that is caused by deficiencies of synthet- 
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Fig. 5. Postulated alteration in the synthesis of long-chain fatty acids in sudanophilic leuko- 
dystrophy. (Top right) Pathway in normal brain and adrenals; (lower right) pathway in patients 
with the disorder. 

ic enzymes. The mucopolysaccharidoses, 
sphingolipidoses, and most glycogen stor- 
age diseases are due to deficiencies of hy- 
drolytic catabolic enzymes. For years it 
was considered likely that mutations in- 
volving synthetic enzymes would be le- 
thal in utero. However, the prototype of 
anabolic disorders has now been identi- 
fied. The propositus was a male infant 
with respiratory difficulties and con- 
vulsions a few days after birth. Physical 
and motor development were poor, the 
skin was thickened and coarse, the liver 
and spleen were enlarged, and bilateral 
inguinal hernias were present (68). The 
child died at 3/2 months of age. The 
brain showed spongy degeneration and a 
severe lack of myelin in several major 
areas (69). The principal biochemical ab- 
normality was a dramatic alteration of 
the composition of sphingolipids known 
as gangliosides (70). Most gangliosides in 
normal human brain are comprised of 
ceramide linked to an oligosaccharide 
chain consisting of glucose, galactose, 
N-acetylgalactosamine, galactose along 
with one to four molecules of sialic acid 
joined to the internal and terminal mole- 
cules of galactose. The only gangliosides 
in the brain of the patient consisted of 
ceramide-glucose-galactose and one or 
two molecules of sialic acid linked to the 
galactose. These gangliosides are called 
GM:; and G):,, respectively. The enzymat- 
ic defect was shown to be a dramatic re- 
duction in the activity of the enzyme that 
catalyzes the addition of the molecule of 
N-acetylgalactosamine to GM:3 to form 
the trihexosylganglioside GM2 (71). [This 
metabolic defect is exactly the opposite 
of that in Tay-Sachs disease, where there 
is a deficiency of the hexosaminidase 
that catalyzes the cleavage of N-acetyl- 
galactosamine from GM2 to form GM3 

(72)]. Since ganglioside synthesis occurs 
in a stepwise fashion by the addition of 
molecules of hexoses, hexosamine, and 
sialic acid to the oligosaccharide moiety 
(41), the block in the conversion of GM3 
to GM2 prevented the formation of the tet- 
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rahexosyl gangliosides normally present 
in human brain. It seems likely that this 
metabolic defect was inherited as an X- 
chromosomal recessive characteristic 
since a maternal uncle of the child had 
exactly the same outward appearance 
and died at 2 months of age 30 years ear- 
lier. Recently a brother of the proposi- 
tus was born with features identical to 
those of the patient. A similar metabolic 
block has been observed in cells trans- 
formed with tumorigenic viruses (73). 
The pathophysiological consequences of 
the lack of higher ganglioside homologs 
in the brain is the subject of another ar- 
ticle (74). 

The etiology of another disease in- 

volving the CNS that might be thought of 
as a "mixed-function" disorder of anab- 
olism deserves mention. Patients with 
the hereditary form of sudanophilic leu- 
kodystrophy (Schilder's disease) have 
widespread demyelination, dementia, 
and neurological deficits along with at- 
rophy of the adrenal cortex (75). A poten- 
tially important observation concerning 
the abnormal biochemistry in this condi- 
tion was reported by Igarashi and co- 
workers (76). These investigators found 
that cholesterol esters in the brain and 
adrenal glands in these patients had an 
unusually high proportion of fatty acids 
with a chain length of 24 to as many as 30 
carbon atoms. The fatty acids in choles- 
terol esters from control tissue samples 
were mostly 20 carbon atoms in length. 
Fatty acid synthesis in the brain results 
in the formation of free fatty acids that 
have been cleaved from a sulfhydryl 
group on the synthetic enzyme (77). The 
liberation of free acids is probably cata- 
lyzed through the action of a deacylase 
that is present in high activity in brain 
and other tissues (Fig. 5). Attenuation of 
this function might promote further addi- 
tion of two-carbon fragments to the grow- 
ing fatty acid chain, resulting in the for- 
mation of the very long fatty acids. Ex- 
periments to determine whether there is 
diminished activity of this thiolase can 

be readily devised. However, several 
other perhaps equally plausible hypothe- 
ses can be advanced. These theories in- 
clude a mutation of the amino acid com- 
position of the fatty acid synthetase in 
the hydrophobic portion of the molecule 
so that the aliphatic portion of the fatty 
acid is bound more tightly to the enzyme 
than normal and the formation of longer 
hydrocarbon chains is favored. Another 
possibility involves substitution of amino 
acids in the esteratic site of the enzyme 
which decreases the way in which water 
can approach this portion of the enzyme. 
An impairment of fatty acid oxidation 
could result in the occurrence of very 
long chain fatty acids that occur in 
patients with this condition. Whatever 
the cause, it is likely that the exceptional- 
ly long chain cholesterol esters interfere 
with the function of the myelin-specific 
cholesterol ester hydrolase (78). Impair- 
ment of myelinogenesis may well be a 
consequence of such an impediment 
since it is well known that the proportion 
of cholesterol esters to free cholesterol 
decreases with normal brain devel- 
opment. One might imagine that such a 
metabolic impairment would also be in- 
volved in the abnormalities of steroido- 
genesis in the adrenal cortex of these 
patients. 

Summary 

This overview was designed primarily 
to provide examples of hereditary meta- 
bolic disorders that result in nervous sys- 
tem dysfunction. Some of the more fre- 
quently encountered pathological condi- 
tions were selected in order to illustrate 
the mechanisms and the consequences of 
the metabolic derangements. Therapeu- 
tic approaches for the correction of such 
disorders are discussed where it appears 
appropriate. In time the precise etiology 
for those eponymous genetic conditions 
with stereotyped pathologic and clinical 
manifestations such as Huntington's 
chorea (79) and Friedreich's ataxia (80) 
will be disclosed. It is possible that some 
forms of epilepsy (81) and perhaps cer- 
tain psychiatric disturbances (82) will be 
shown to be inherited metabolic dis- 
orders. As our knowledge and skill in- 
crease, this logic may eventually be ex- 
tended to biochemical explanations of 
variation in individual skills and talents. 
Certainly innovative extrapolation and 
novel research directions will be neces- 
sary to provide an understanding of 
these differences. However, it is ax- 
iomatic in research that each useful con- 
tribution serves largely as a point of de- 
parture for further accomplishments. 

SCIENCE, VOL. 193 



References and Notes 

1. H. L. Levy, P. M. Madigan, V. E. Shih, Pediat- 
rics 49, 825 (1972); E. F. Neufeld, T. W. Lim, L. 
J. Shapiro, Annu. Rev. Biochem. 44, 357 (1975); 
R. 0. Brady, Chem. Phys. Lipids 13,271 (1974). 

2. C. R. Scriver and L. E. Rosenberg, Amino Acid 
Metabolism and Its Disorders (Saunders, Phila- 
delphia, 1973); H. G. Hers and F. Van Hoof, 
Eds., Lysosomes and Storage Diseases (Aca- 
demic Press, New York, 1973); P. K. Bondy and 
L. E. Rosenberg, Eds., Duncan's Diseases of 
Metabolism (Saunders, Philadelphia, ed. 7, 
1974); J. B. Stanbury, J. B. Wyngaarden, D. S. 
Fredrickson, Eds., The Metabolic Basis of In- 
herited Disease (McGraw-Hill, New York, ed. 
4, in press). 

3. A. L. Prensky, in The Nervous System, D. B. 
Tower and T. N. Chase, Eds. (Raven, New 
York, 1975), vol. 2, pp. 205-217; H. W. Moser, 
in ibid., pp. 369-379. 

4. H. L. Levy, in Advances in Human Genetics, 
H. Harris and K. Hirschhorn, Eds. (Plenum, 
New York, 1973), vol. 4, pp. 1-104. 

5. A. F011ing, Z. Physiol. Chem. 227, 169 (1934). 
6. G. A. Jervis, Proc. Soc. Exp. Biol. Med. 82, 514 

(1953). 
7. W. E. Knox, in The Metabolic Basis of Inher- 

ited Disease, J. B. Stanbury, J. B. Wyngaarden, 
D. S. Fredrickson, Eds. (McGraw-Hill, New 
York, ed. 3, 1972), p. 266; Y. E. Hsia, in The 
Prevention of Genetic Disease and Mental Re- 
tardation, A. Milunsky, Ed. (Saunders, Phila- 
delphia, 1975), pp. 277-305. 

8. G. E. Gaull, H. H. Tallan, A. Lajtha, D. K. 
Rassin, in The Biology of Brain Dysfunction, G. 
E. Gaull, Ed. (Plenum, New York, 1975), vol. 3, 
p. 47. 

9. J. H. Menkes, Neurology 18, 1003 (1968); see 
also B. Gerstl, N. Malamud, L. F. Eng, B. B. 
Hayman, ibid. 17, 51 (1967). 

10. D. H. Silberberg, Arch. Neurol. (Chicago) 17, 
524 (1967). 

11. M. D. Armstrong and K. S. Robinson, Arch. 
Biochem. 51, 287 (1954); S. P. Bessman and K. 
Tada, Metabolism 9, 377 (1960); A. L. Latner, 
Cantarow-Trumper Clinical Biochemistry (Saun- 
ders, Philadelphia, ed. 7, 1975), p. 226. 

12. D. H. Silberberg, J. Neurochem. 16, 1141 
(1969). 

13. D. Steinberg, in Atherosclerosis: Proceedings of 
the Second International Symposium, R. J. 
Jones, Ed. (Springer-Verlag, New York, 1970), 
pp. 500-508; C. Ip, H. M. Tepperman, J. Tepper- 
man,J. LipidRes. 17, 68 (1976). 

14. A. E. Anderson and G. Guroff, Proc. Natl. 
Acad. Sci. U.S.A. 69, 863 (1972); A. E. Ander- 
son, V. Rowe, G. Guroff, ibid. 71, 21 (1974). 

15. C. M. McKean,Brain Res. 47,469(1972). 
16. M. D. Armstrong, K. N. F. Shaw, K. S. Robin- 

son, J. Biol. Chem. 123,797 (1955). 
17. S. H. Snyder, in Basic Neurochemistry, R. W. 

Albers, G. J. Siegel, R. Katzman, B. W. Agra- 
noff, Eds. (Little, Brown, Boston, 1972), pp. 89- 
104. 

18. J. H. Copenhaver, J. P. Vacanti, M. J. Carver, 
J. Neurochem. 21, 273 (1973). 

19. J. B. Flexner, L. B. Flexner, E. Stellar, Science 
141, 57 (1963); B. W. Agranoff and P. D. Klin- 
ger, ibid. 146,952 (1964). 

20. L. M. Corbeen, R. Eeckels, E. Eggermont, Ped- 
iatr. Res. 8, 721 (1974); T. L. Perry, N. Ur- 
quhart, J. MacLean, M. E. Evans, S. Hansen, A. 
G. F. Davidson, D. A. Applegarth, P. J. Mac- 
Leod, J. E. Lock, N. Engl. J. Med. 292, 1269 
(1975). 

21. A. Arrequi, W. J. Logan, J. P. Bennett, S. H. 
Snyder, Proc. Natl. Acad. Sci. U.S.A. 69, 3485 
(1972). 

22. H. D. Waller, in Hereditary Disorders of 
Erythrocyte Metabolism, E. Beutler, Ed. 
(Grune & Stratton, New York, 1968), pp. 185- 
204. 

23. V. P. Wellner, R. Sekura, A. Meister, A. Lars- 
son, Proc. Natl. Acad. Sci. U.S.A. 71, 2505 
(1974). 

24. R. 0. Brady, C. S. Spyropoulos, I. Tasaki, Am. 
J. Physiol. 194, 207 (1958). 

25. R. J. Pollit, F. A. Jenner, H. Merskey, Lancet 
1968-II, 253 (1968); J. Palo, P. Riekkinen, A. 
Aristla, S. Autio, Neurology 21, 1198 (1971). 

26. S. Autio,J. Ment. Defic. Res. 1, 1 (1972). 
27. P. W. Kent, Essays Biochem. 3, 105 (1967); R. 

G. Spiro, N. Engl. J. Med. 281, 1943 (1969). 
28. R. 0. Brady, Sci. Am. 229 (No. 2), 88 (1973). 
29. J. W. Callahan, E. L. Lassila, W. den Tandt, M. 

Philippart, Biochem. Med. 7,424 (1973); S.-S. J. 
Sung and C. C. Sweeley, Adv. Exp. Biol. Med. 
68, 323 (1976). 

30. S. Okada and J. S. O'Brien, Science 165, 698 
(1969); K. Sandhoff, U. Andreae, H. Jatzkewitz, 
Life Sci. 7, 283 (1968). 

31. G. R. Hogan, L. Gutman, R. Schmidt, E. Gil- 
bert, Neurology 19, 894 (1969). 

32. L. Crome and J. Stern, Pathology of Mental 
Retardation (Churchill Livingstone, Edinburgh, 
ed. 2, 1972), p. 408. 

33. H. G. Hers,Biochem. J. 86, 11 (1963). 
34. P. Baudhuin, H. G. Hers, H. Loeb, Lab. Invest. 

13, 1139 (1964); G. Hug and W. K. Schubert, J. 
Cell Biol. 35, Cl (1967); J. Clin. Invest. 46, 
1073 (1967). 

35. T. de Barsy, P. Jacquemin, F. Van Hoof, H. G. 
Hers, in Enzyme Therapy in Genetic Diseases, 
vol. 9 of Birth Defects Original Article Series, 
R. J. Desnick, R. W. Bernlohr, W. Krivit, Eds. 
(Williams & Wilkins, Baltimore, 1973), pp. 184- 
190. 

36. V. Askanas and W. K. Engel, Neurology 25, 58 
(1975). 

37. ___ , S. DiMauro, B. R. Brooks, M. Mehler, 
N. Engl. J. Med. 294, 573 (1976). 

38. G. Gregoriadis and B. E. Ryman, Biochem. J. 
129, 123 (1972). 

39. E. F. Neufeld and R. W. Barton, in Biology of 
Brain Dysfunction, G. E. Gaull, Ed. (Plenum, 
New York, 1973), vol. 1, pp. 1-30; A. Dorfman 
and R. Matalon, Proc. Natl. Acad. Sci. U.S.A. 
73, 630 (1976); R. J. Desnick, S. R. Thorpe, M. 
B. Fiddler, Physiol. Rev. 56, 57 (1976). 

40. R. H. Quarles and R. 0. Brady, J. Neurochem. 
18, 1809 (1971); J.-M. Matthieu, R. H. Quarles, 
J. F. Poduslo, R. 0. Brady, Biochim. Biophys. 
Acta 392, 159 (1975). 

41. S. Roseman, Chem. Phys. Lipids 5, 270 (1970). 
42. R. L. Sidman, in The Nervous System, D. B. 

Tower and R. 0. Brady, Eds. (Raven, New 
York, 1975), vol. 1, p. 608. 

43. F. P. Aleu, R. D. Terry, H. Zellweger, J. Neu- 
ropathol. Exp. Neurol. 24, 304 (1965); B. J. 
Wallace, D. Kaplan, M. Adachi, L. Schneck, B. 
W. Volk, Arch. Pathol. 82,462 (1966). 

44. A. G. Morell, G. Gregoriadis, I. H. Scheinberg, 
J. Hickman, G. Ashwell, J. Biol. Chem. 246, 
1461 (1971); S. Hickman, L. J. Shapiro, E. F. 
Neufeld, Biochem. Biophys. Res. Commun. 57, 
55 (1974); R. J. Stockert, A. G. Morell, I. H. 
Scheinberg, ibid. 68,988 (1976). 

45. G. Constantopoulos and A. S. Dekaban, J. 
Neurochem. 17, 117 (1970). 

46. R. 0. Brady, J. N. Kanfer, D. Shapiro, Bio- 
chem. Biophys. Res. Commun. 18, 221 (1965); 
R. 0. Brady, J. N. Kanfer, R. M. Bradley, D. 
Shapiro, J. Clin. Invest. 45, 1112 (1966). 

47. J. P. Kampine, R. 0. Brady, J. N. Kanfer, M. 
Feld, D. Shapiro, Science 155, 86 (1967). 

48. R. 0. Brady, W. G. Johnson, B. W. Uhlendorf, 
Am. J. Med. 51,423 (1971). 

49. R. 0. Brady, Clin. Chem. (N.Y.) 16,811 (1970). 
50. ___ , J. F. Tallman, W. G. Johnson, A. E. 

Gal, S. R. Hibbert, W. R. Leahy, J. M. Quirk, 
A. S. Dekaban, N. Engl. J. Med. 289, 9 (1973). 

51. R. 0. Brady, P. G. Pentchev, A. E. Gal, S. R. 
Hibbert, A. S. Dekaban, ibid. 291,989 (1974). 

52. P. G. Pentchev, R. 0. Brady, A. E. Gal, S. R. 
Hibbert,J. Mol. Med. 1,73 (1975). 

53. R. 0. Brady, Arch. Neurol. (Chicago) 33, 145 
(1976). 

54. W. J. Hartley and W. F. Blakemore, Vet. Path- 
ol. 10, 191 (1973). 

55. W. G. Johnson, R. J. Desnick, D. M. Long, H. 
L. Sharp, W. Krivit, B. Brady, R. 0. Brady, in 
Enzyme Therapy in Genetic Diseases, vol. 9 of 
Birth Defects Original Article Series, R. J. 
Desnick, R. W. Bernlohr, W. Krivit, Eds. (Wil- 
liams & Wilkins, Baltimore, 1973), pp. 120-124. 

56. R. 0. Brady, P. G. Pentchev, A. E. Gal. Fed. 
Proc. Fed. Am. Soc. Exp. Biol. 34, 1310 (1975). 

57. B. Rotman and F. Celada, Proc. Natl. Acad. 
Sci. U.S.A. 60, 660 (1968); F. Melchers and W. 
Messer, Eur. J. Biochem. 17,267 (1970). 

58. J. E. Seegmiller, F. M. Rosenbloom, W. N. 
Kelley, Science 155, 1682 (1967). 

59. B. Bakay and W. L. Nyhan, Proc. Natl. Acad. 
Sci. U.S.A. 69, 2523 (1972). 

60. S. K. Srivastava and E. Beutler, J. Biol. Chem. 
249, 2054 (1974). 

61. R. 0. Brady,Angew. Chem. 85, 28 (1973). 
62. S. I. Rapoport and H. K. Thompson, Science 

180,971 (1973). 
63. P. G. Pentchev, J. W. Kusiak, C. J. Lauter, 

unpublished observations. 
64. N. Feder, Nature (London), in press. 
65. E. Beutler, E. Guinto, W. Kuhl, J. Lab. Clin. 

Med. 85,672 (1975). 
66. H. Lis and N. Sharon, Annu. Rev. Biochem. 42, 

541 (1973). 
67. C. M. Cohen, G. Weissman, S. Hoffstein, Y. C. 

Awasthi, S. K. Srivastava, Biochemistry 15,452 
(1976). 

68. N. K. Maclaren, S. R. Max, M. Cornblath, R. 
0. Brady, P. T. Ozand, J. Campbell, M. Ren- 
nels, W. J. Mergner, J. H. Garcia, Pediatrics 57, 
106 (1976). 

69. J. Tanaka, J. H. Garcia, S. R. Max, J. E. Vi- 
loria, Y. Kamijyo, N. K. Maclaren, M. Com- 
blath, R. O. Brady, J. Neuropathol. Exp. Neu- 
rol. 34,249 (1975). 

70. S. R. Max, N. K. Maclaren, R. 0. Brady, R. M. 
Bradley, M. B. Rennels, J. Tanaka, J. H. Gar- 
cia, M. Cornblath, N. Engl. J. Med. 291, 929 
(1974). 

71. P. H. Fishman, S. R. Max, J. F. Tallman, R. 0. 
Brady, N. K. Maclaren, M. Cornblath, Science 
187, 68 (1975). 

72. E. H. Kolodny, R. 0. Brady, B. W. Volk, 
Biochem. Biophys. Res. Commun: 37, 526 
(1969); J. F. Tallman, W. G. Johnson, R. 0. 
Brady, J. Clin. Invest. 51, 2339 (1972). 

73. F. A. Cumar, R. 0. Brady, E. H. Kolodny, V. 
W. McFarland, P. T. Mora, Proc. Natl. Acad. 
Sci. U.S.A. 67, 757 (1970); P. T. Mora, P. H. 
Fishman, R. H. Bassin, R. 0. Brady, V. W. 
McFarland, Nature (London) New Biol. 245, 
226 (1973). 

74. P. H. Fishman and R. 0. Brady, in preparation. 
75. J. E. Sanchez and V. F. Lopez, Neurology 26, 

261 (1976). 
76. M. Igarashi, H. H. Schaumburg, J. Powers, Y. 

Kishimoto, E. H. Kolodny, K. Suzuki, J. 
Neurochem. 26,851 (1976). 

77. R. 0. Brady, J. Biol. Chem. 235, 3099 (1960). 
78. Y. Eto and K. Suzuki, ibid. 248, 1986 (1973). 
79. T. L. Perry, S. Hansen, M. Kloster, N. Engl. J. 

Med. 288, 337 (1973);. E. D. Bird, A. V. P. 
Mackay, C. N. Rayner, L. L. Iversen, Lancet 
1973-1, 1090 (1973); E. D. Bird and L. L. Iver- 
son, Brain 97, 457 (1974); W. L. Stahl and P. D. 
Swanson, Neurology 24, 813 (1974); I. Shoul- 
son, R. Kartzinel, T. N. Chase, ibid. 26, 65 
(1976). 

80. R. A. P. Kark, J. P. Blass, W. K. Engel, Neurol- 
ogy 24, 964 (1974). 

81. H. Gastaut, Epilepsia 10, 3 (1969); P. Vercel- 
letto, Int. J. Ment. Health 1,207 (1972). 

82. D. Rosenthal, Genetic Theory and Abnormal 
Behavior (McGraw-Hill, New York, 1970). 

83. I thank R. M. Eiben for extensive help and 
comments. 

27 AUGUST 1976 739 


	Cit r129_c177: 
	Cit r82_c115: 


