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TABLE X
Brain Lecithin Fatty Acids

Fatty 1 : 4 5 6 7 8
Acid NAM NAF CAAF AlzAF NI NP TS MLD
12:0 o, 078 e,

14:0 0.80 0.88 0.82 1.09

i5:0 L. 0.21 L e 0.18

16:0 44.38 41.59 52.85 51.57

i6e.r . 2.47 3.48 3.59

i7:0 G.51 L e .

18:0 13.88 11.88 8.65 7.16

18:1 41.74 35.88 29.47 81.94

18:2 L 29 OT4 223 L. 1.06

20:0 L 0587 L

20:1 1.06 0.98 0.68

21:0 G.86 . aia e

22:0 0.46 3.18 1.83

22:1 2.836 s s s s
%y 0.82 . e 0.89

& Values expressed as relative percent.

Blank spaces indicate the failure to detect a fatty acid or detection of a trace amt only.

NAM, norma! adult male; NAF, normal adulf female; CAAF, senile cerebral atrophy, adult female; AlzAF, Alzheimer’s diseass, adult femals; NI,
normal infant (5 months of age); NP, Niemann-Pick disease; T8, Tay-Sachs disease; MLD, metachromatic leucodystrophy.

TABLE I
Brain Sphingomyelin Fatty Acids ®

Fatty 1 3 4 5 8 7 8
acid NAM CAAT AlzAF NI NP TS MLD
12:0 295 . L s

14:0 0.34 0.67 0.75 0.79

15:0 L. e 062 ... L

16:0 7.62 6.82 7.30 5.89 11.93

i:r 13 045 . 061 0.37 SR

18:0 42.78 42.40 70.33 85.63 64.84

18:1 3.81 2.26 ey 3.21

18:2 059 .

20:0 1.91 1.83 2.62 3.70 3.47

22:0 2.11 2.58 3.65 4.24 3.88

22:1 e e e

23:0 1.89 4.87 267 L L

24:0 7.63 9.89 4.46 4.12

2;4& 28.55 27.14 839 L. 7.78

a4 Values expressed as relative percents.

Abbreviations as for Table 1.

tween those of normal infant and normal adult brain
in some respects. The C,4 fatty acids charaecteristic
of the normal brain are present only in the sample

from Tay-Sachs disease.

This large change in Cgy

acids is not a specific feature of one disease. Svenner-
holm (6) has reported a decrease in longer chain fatty
acids of sphingomyelin in metachromatic leucodys-

trophy.
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Abstract

It is concluded that the defect in Tay-Sachs
disease is for an enzyme degrading a monosialo-
ganglioside, in Niemann-Pick disease for an en-
zyme degrading sphingomyelin or possibly ceram-
ide, in chronie Gaucher’s disease for an enzyme
degrading a glucocerebroside, and in metachro-
matie leucodystrophy for an enzyme for degrada-
tion of sulfatide. Alzheimer’s disease does not
appear o involve any specific changes in lipid
composition. An hypothesis to explain the find-
ings in Alzheimer’s disease is presented.

Introduction

P ATHOLOGICAL PROCESSES affecting lipids can be
classified as primary or secondary events. See-
ondary changes in lipids brought about by some
other primary event suech as an infectious disease,
a disturbance in carbohydrate or amino acid me-
tabolism, or a structural defect of the vasecular
system are important, but the primary changes in-
volving lipids directly are particularly interesting.
‘We have sought. to avoid the inadvertent. study of
lipid changes secondary to other processes by study-
ing hereditary metabolic diesases where histological
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and/or chemiecal evidence exists to link the condition
with lipid metabolism. Genetic analysis can indicate
a single enzyme defect.

The primary defects of lipid metabolism can be
on the biosynthetic or degradative enzyme pathways.
A biosynthetic defect leads to a decreased amt of
the lipid class or classes synthesized through the
affected pathway, and a degradative enzyme de-
ficieney or lack leads to an increase in amt of the
lipid class or eclasses dependent upon the affected
pathway. The major difficulty is, however, that sec-
ondary changes may be present and tend to obscure
the primary defect. The most pronounced defects
are to be expected in the stillborn and in children,
Enzyme deficiencies that are less complete or involve
less critical changes may be expected, however, in
adults.

We believe that data should be presented along
with suitable working hypotheses to stimulate and
guide research. Bold and imaginative hypotheses
are permissible if they do not conflict with reliable
data and can be checked, preferably in some rel-
atively simple manner. In this report some of the
observations on several hereditary metabolic diseases
are brought together and an effort is made to derive
working hypotheses with regard to specifie enzyme
defects and methods for checking the hypotheses.

Assumptions and General Procedure

It is necessary to make some assumptions with
regard to biosynthetic and degradative enzyme path-
ways for the sphingolipids since the data are in-
adequate, particularly with regard to significant in
vivo pathways in humans.

Although turnover studies demonstrate the exist-
ence of various degradative enzymes, good in vitro
demonstrations of these enzymatic activities have not
been reported. It is therefore assumed that active
degradative enzymes exist, particularly in the de-
veloping brain, for amide, ester, and acetal bonds
of the sphingolipids. The available data indicate
that cerebrosides are synthesized either through the
ceramide or psychosine pathways and this is also
assumed for sulfatide. Tt seems probable that gang-
liosides and sphingomyelin are synthesized via the
ceramide pathway, although a pathway involving
transfer of one or more polar groups prior to forma-
tion of the amide bond between sphingosine (or
related base) and fatty acid cannot be excluded. Tt
is assumed that there is essentially no turnover of
myelin lipids in adult brain and that lipids of the
cells of adult brain do turnover. Discussions of
sphingolipid metabolie pathways and chemical find-
ings in the sphingolipidoses were reviewed reeently
(1).

It must be assumed that the enzymes of sphingo-
lipid metabolism are relatively nonspecific. The vari-
ous phospholipases are not specific for one lipid
class or for fatty acid composition. O’Brien and
Rouser (2) demonstrated that ceramide, cerebroside,
sulfatide and sphingomyelin of beef brain have very
similar fatty acid compositions and this strongly
indicates common precursors and relatively non-
specific enzymes for sphingolipid biosynthesis and
degradation. Additional evidence of the relatively
nonspecific nature of sphingolipid metabolism enzymes
in human brain from studies of pathological spec-
imens is summarized below. Generally it is found
that changes in fatty acid composition may be large
in pathological states, but the same large changes can
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be found in more than one disease and in raore than
one lipid class.

The simplest hypothesis, one involving the smallest
number of assumptions, must be selected and only
hypotheses that can be checked in some relatively
simple manner are considered.

Lipid Class Distributions in Sphingolipidoses

Niemann-Pick disease, Tay-Sachs disease, chronic
Gaucher’s disease, and metachromatic leucodystrophy
are well-defined conditions that have been widely
studied from the genetic, clinical, pathological, and
chemical standpoints and in each case have been
linked by extensive data to abnormalities of lipid
metabolism. The literature on these conditions has
been reviewed recently in detail (1). The classieal
clinical features of each disease were present in the
cases studied and pathological examinations con-
firmed clinical observations in each case. These
conditions present interesting variations. Niemann-
Pick disease was first linked to sphingomyelin metab-
olism by Klenk (3) who also linked Tay-Sachs disease
with ganglioside metabolism (4). Gaucher’s disease
(ehronic form) has long been linked with cerebro-
side metabolism (5) and metachromatic leucody-
strophy has recently been linked with cerebroside
sulfate (sulfatide) metabolism (6).

These disorders present interesting variations in
terms of the affeeted organs. Niemann-Pick disease
affects brain and other organs, and metachromatie
leucodystrophy affeets brain with changes in other
organs also apparent. Tay-Sachs disease is localized
to the brain. In classical chronic (aucher’s disease
the brain is not involved but neurological involve-
ment in the acute form is encountered.

The method of approach is clear. The lipid compo-
sition of brain in each pathological state must be
compared with the composition of mature normal
brain and immature normal brain specimens at dif-
ferent ages to test the goodness-of-fit so to speak, ie.,
to determine what differences can be observed. This
can be accomplished by two-dimensional thin-layer
chromatography (TLC) and the findings confirmed
by the eolumn-TLC approach to quantitative analysis
(7).

The two-dimensional TLC comparison of the lipids
of a mature brain and brain specimens from meta-
chromatic leucodystrophy, Tay-Sachs disease, and
Niemann-Pick disease (7) clearly show that there
are marked alterations in disease. Sulfatide is in-
creased in metachromatic leucodystrophy, one type
of ganglioside is inereased in Tay-Sachs disease, and
sphingomyelin is incereased in Niemann-Pick disease.
Other differences are also apparent and the major
conclusion from comparisons with adult brain is that
the specimens from the disease states differ in many
ways from the normal mature brain.

Since the specimens from these disease states have
an abnormal myelin content, they are clearly not
like mature brains and comparison with a normal
but immature brain from an infant (before myelin-
ation is complete) is suggested. Comparison of a
brain specimen from a 5-month-old child with a
mature normal adult brain specimen shows that the
brain contains less cerebroside and sulfatide in par-
ticular than does the mature brain (7). This is
expected since these are ‘‘myelin’’ lipids.

Comparison of brain lipids of metachromatic leu-
codystrophy, Tay-Sachs, and Niemann-Pick diseases
with those of the normal adult and 5-month-old in-
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fant (7) shows that the lipid class distribution of
each pathological state is much more similar to that
of the normal infant than normal adult and that
one sphingolipid is greatly increased in each path-
ological state. Many differences that might be at-
tributed to a pathological process when the sphingo-
lipidoses are compared with mature brain are less
impressive when comparison is made to immature
brain. These are the findings expected for diseases
caused by a deficiency (or absence) of a degradative
enzyme for either the particular lipid class that ac-
cumulates or its immediate precursor. The three
diseases present a uniform picture in a general way.
It appears that brain development and the myelin-
ation process in particular have not proceeded in
the normal manner. The data are not compatible
with biosynthetic defects as causes of the diseases
since no specific decrease of one lipid class is ob-
served for eaeh disease. Definite conclusions on the
nature of the enzymatic defects in the sphingo-
lipidoses can be drawn from the chemical data.

Secondary Changes in the Sphingolipidoses

Two major problems requiring consideration are
the means for differentiation of primary from seec-
ondary changes, and the means for arriving at ex-
planations for the organ specificities in the diseases.
Relatively reliable conclusions can be drawn from a
comparison of the results of brain and other organs
from the different diseases with each other and with
results from normal organs.

Some features of the lipid eclass distributions in
the sphingolipidoses appear to be secondary changes.
A very low level of cerebroside characteristic of in-
fant brain is seen in the three sphingolipidoses where
the brain is affected (but not in classical, ehronie
Gaucher’s disease where the brain is not affected)
(7). The uniformity of this finding when the brain
is affected indicates that this decrease of cerebro-
side does not represent a primary defect of cerebro-
side biosynthesis in any of the diseases. In keeping
with this interpretation, Jatzkewitz (8) has reported
nearly mormal cerebroside values for several cases
of metachromatic leucodystrophy.

The slight elevation of gangliosides in Niemann-
Pick disease and metachromatic leucodystrophy is
probably a secondary change not only because it is
seen in two different diseases, but because the large
elevation of ganglioside in Tay-Sachs disease is not
accompanied by an elevation of sphingomyelin or
sulfatide as would be expected if the slight elevation
of ganglioside in Niemann-Pick disease and meta-
chromatic leucodystrophy were to be assigned the
role of a primary defect leading to even larger sec-
ondary increases in the other lipid classes.

There are several reasons why the increase of one
type of ganglioside in Tay-Sachs disease must be
considered the primary defect and not secondary to
a blosynthetic defeet for another type of ganglioside.
First, it seems improbable that a biosynthetic defect
for all but one type of ganglioside could exist since
the ganglioside in Tay-Sachs disease appears to be
of a type present in normal brain in small amt (17).
Second, we have observed an inecrease of ganglioside
in erythroeytes in Tay-Sachs disease (9) where there
appears to be only one type of ganglioside, i.e., the
Tay-Sachs disease type (10). While most of the
ganglioside of the Tay-Sachs brain is one type, we
have seen other types after cellulese ecolumn chro-
matographic recovery of total gangliosides and TLC,
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and Svennerholm and Raal (11) reported the pres-
ence of other gangliosides. Finally, a general bio-
synthetic defect should be apparent in other organs
where gangliosides oceur, but this has not been re-
ported. The only coneclusion in keeping with all of
the findings is that the elevation of one ganglioside
is related to the deficiency or absence of a degradative
enzyme for one type of ganglioside.

There is no apparent alternative to the coneclusion
that in chronic Gaucher’s disease a deficiency of a
degradative enzyme for glucocerebroside exists.

It is not difficult to visualize how secondary changes
can oceur. The accumulation of one sphingolipid
probably disrupts normal cellular structures with
displacement of enzymes and substrates from their
normal relationships. Such displacement could lead
to decreases in biosynthetic and degradative rates
for some lipid classes and can account for the rela-
tively small increases and decreases in some lipid
classes.

Specific Enzyme Defects in the Sphingolipidoses

The specific nature of the degradative enzyme de-
feets in each of the sphingolipidoses can be judged
with some certainty. The deficiency appears to be
speecific for sulfatide in metachromatic leucodystrophy
since cerebroside is not increased. This suggests a
defect in the removal of sulfate. Biosynthetic defects
involving sphingosine, fatty acids, or ceramide can-
not aceount for the observed changes in any simple
manner since increased or decreased biosynthesis of
any of these substances should result in large increases
or decreases in more than one sphingolipid. The pos-
sibility that the basic defect is one of biosynthesis of
cerebrosides resulting in an increase in sulfatide as
postulated by Svennerholm (12) is unlikely because,
as pointed out above, low cerebroside is seen in several
diseases associated with the aceumulation of different
sphingolipids. Jatzkewitz (8) has reported higher
cerebroside levels in several cases of metachromatic
leucodystrophy.

The low content of longer chain fatty acids in
cerebrosides in metachromatic leucodystrophy has
been postulated to be the basie defect in this disease
(13), but since decrease of longer chain fatty acids
is also found in sphingomyelin in metachromatie
leucodystrophy (12,19) and Niemann-Pick disease
{19) the hypothesis seems unjustified. Berry et al.
{14) have found that longer chain fatty acids de-
crease in cerebrosides and sphingomyelin of degenerat-
ing nerve, and Jatzkewitz and Mehl (15) have shown
a decrease of Coy acids in adult demyelinating disease.
These findings indicate that as long as sphingolipid
is not a part of a stable myelin or other membrane
structure and undergoes turnover that shorter chain
fatty acids will predominate. This is an adequate
explanation for the fatty acid composition of cerebro-
sides and sphingomyelins in metachromatic leucody-
strophy, Niemann-Pick disease and Tay-Sachs disease.

The most obvious hypothesis to aceount for the ac-
cumulation of sphingomyelin in Niemann-Pick disease
is failure of degradation of sphingomyelin to ceramide
or ceramide phosphate since it would seem that
either ceramide or ceramide phosphate should ac-
cumulate if either were not degraded in a normal
manner. It is possible, however, that the defect could
be in degradation of ceramide and that a rapid
conversion of ceramide to sphingomyelin prevents
accumulation of ceramide and results in the aec-
cumulation of sphingomyelin. The elevation of gang-
liosides in this disease could be explained by this
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hypothesis, but it is difficult to see why cerebroside
is not increased as well if this hypothesis is correct.
A decision between these two hypotheses should be
possible by study of other cell types and organs. It
may be that the lower sphingomyelin content ob-
served in erythrocytes of Niemann-Pick disease (9)
is best explained by failure to degrade ceramide
rather than sphingomyelin.

The defect in chronic Gaucher’s disease is most
probably for an enzyme for the degradation of glu-
eocerebroside to ceramide or psychosine since one of
these two lipids should aceumulate rather than glu-
cocerebroside if the defect were for another enzyme
unless a rapid synthesis to cerebroside occurs. The
latter seems unlikely since sphingolipids do not ac-
cumulate in the brain in chronic Gaucher’s disease
and such an accumulation would be expected if a
failure to degrade ceramide (or psychosine) were
the basic defect.

The defect in Tay-Sachs disease appears to be for
the removal of carbohydrate from a monosialogang-
lioside. Other types of gangliosides can be degraded
to the Tay-Sachs type with neuraminidase and it is
clear that a deficiency of a degradative enzyme in
Tay-Sachs disease could lead to the accumulation of
ganglioside produced by degradation of other gang-
liosides as well as by direet biosynthesis. The isola-
tion and characterization of a glycolipid (16,17) from
Tay-Sachs brain with the structure of Tay-Sachs
ganglioside without neuraminic acid indicates that
the defective enzyme is for cleavage of the galactose-
galactosamine linkage.

The organ specificities of the sphingolipidoses pre-
sent interesting problems, but some rather definite
conclusions can be drawn from general comparisons
of the features of brain and other organs. The ac-
cumulation of sphingomyelin in other organs as well
as brain in Niemann-Pick disease and an accumulation
of sulfatide in other organs in metachromatic leuco-
dystrophy has been reported. These findings are ex-
pected sinee sphingomyelin is present in all organs
and sulfatide appears to occur in small amts in
other organs (18), The simplest assumption for Tay-
Sachs disease 1s that the degradative enzyme deficiency
is most apparent for brain either because more enzyme
is present in cells of other organs or because ganglio-
sides, being less abundant in other tissues, do not
accumulate to such an extent that obvious changes
are evident. The choice here can be made when
more data on the ganglioside content of organs other
than brain are available.

The glucocerebroside of chronic Gaucher’s disease
could be formed by direct biosynthesis or by in-
complete degradation of gangliosides or related glyco-
lipids. The uniform findings of increased cerebroside
in spleen in the acute (infantile) and chronic forms
of Gaucher’s disease and a decrease of cerebroside
in brain in the chronic form demonstrates a marked
difference in brain and spleen metabolism. A reason-
able interpretation of the findings is that a failure
to degrade glucocerebroside results in depression of
galactocerebroside biosynthesis in brain and that glu-
cocerebroside is converted in part to other lipids,
presumably to gangliosides in brain. The spleen nor-
mally contains only a minute trace of cerebroside
and a low level of ganglioside. The major difference
in spleen and brain may then be that brain converts
glucocerebroside to some other glycolipid (probably
ganglioside) and spleen does not (or that the con-
version is less extensive). Quantitative differences
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in the decrease of degradative enzyme are indicated
by the findings in the acute and chronic forms of
Gaucher’s disease. The chronic form does not show
brain involvement, but the acute form does. A slight
reduction in cerebroside is noted in the chronic form.
These findings can be explained if it is assumed
that the same enzyme is involved but to a different
extent. Thus, if there is a greater reduction of the
enzyme degrading glucocerebroside in the acute form
it would be expected that conversion to ganglioside
would not be as extensive and inhibition of galacto-
cerebroside biosynthesis would be more extensive. The
presence of some glucocerebroside in brain in the
acute form of Gaucher’s disease may be expected.
The ganglioside levels in the various forms of Gauch-
er’s disease in spleen and brain must also be deter-
mined carefully.

Fatty Acid Composition of Lipids in the Sphingolipidoses

Several important conclusions can be drawn from
the analysis of the fatty acid composition of the lipids
in the sphingolipideses. Sphingomyelin in Niemann-
Pick disease lacks Co4 fatty acids, but this is also seen
in metachromatic leucodystrophy and hence the change
cannot be assigned a specific role in either disease
(19). Failure to degrade sphingomyelin cannot thus
be attributed to an altered fatty acid composition.
Similarly, Table I shows that the fatty acid compo-
sition of gangliosides of normal infant brain and
Tay-Sachs brain are similar and thus failure to de-
grade ganglioside cannot be attributed to an abnormal
fatty acid composition. Data reported for sulfatide
in metachromatic leucodystrophy (13) also demon-
state that failure to degrade sulfatide in this disease
cannot be attributed to abnormal fatty acid compo-
sition,

Brain Lipid Class Distributions in
Senile Cerebral Cortical Atrophy
and Alzheimer’s Disease

The study of senile cerebral cortical atrophy and
the type of presenile atrophy known as Alzheimer’s
disease is of particular interest since the role of
lipids in these conditions has not been investigated.
Comparison with normal adult brain and the sphin-
golipidoses is instructive.

The data obtained from the brains of two cases of
Alzheimer’s disease, normal adult brains, and a brain
showing senile cerebral cortical atrophy demonstrate
that both fresh weight and total lipid are greatly
reduced in Alzheimer’s disease (7). This is not
characteristic of cerebral atrophy per se since these
changes are not seen in senile cerebral cortical atrophy.

Although the amts of grey and white matter of
the brain in Alzheimer’s disease are reduced, as is
total lipid, the lipid class distributions of whole
brain and grey and white matter are very similar
to normal brain (7). The brain specimen showing
senile cerebral atrophy differed from the mnormal
specimens in several respects, but the reduction in
sulfatide was most striking. No characteristic lipid

TABLE I

Fatty Acid Compogition of Normal Infant
and Tay-Sachs Brain Gangliosides

Fatty acid

16:0  18:0 18:1 18:2 20:0 21:1 220 24:0 24:1
Yo Yo Yo Do o o Do % Yo

Normal

infant ... 590 74,18 9.27 0.93 2.37 109 417 2.28
Tay-Sachs

disease ... 2,10 78.31 6,26 0.79 6.91 ... 1.83 ... 38.80




416 Tae JOURNAL OF THE AMERICAN O CHEMISTS' SOCIETY

class distribution changes are apparent for the two
cases of Alzheimer’s disease.

The reduction of sulfatide in the two atrophic
brains from females (one senile cortical atrophy and
one case of Alzheimer’s disease) meets the criteria
for a biosynthetic defect. Perhaps these lower sul-
fatide levels reflect a predisposition to cerebral cor-
tical atrophy. Additional data from other specimens
are required, however, to determine if this is the
case.

Fatty Acids of Lecithin and Sphingomyelin in Senile
Cercbral Cortical Atrophy and Alzheimer’s Disease

The fatty acid compositions of whole brain lecithin
and sphingomyelin in cerebral cortical atrophy and
Alzheimer’s disease (19) are essentially normal ex-
cept that a greater variety of fatty acids is evident
for lecithins in both pathological states,

Interpretation of the Findings in Algheimer’s Disease

The large loss of brain weight and total lipid
must be explained. 1t is clear that with suech large
weight reduction, a large loss of water must have
taken place. Whether or not water loss is accomn-
panied by loss of other components including salts,
proteins, lipids, ete. is not known. A general loss
of water and other cellular components would be
essentially a generalized autolysis. This is difficuit
to imagine from the lipid class distribution data
that is very similar to the findings in the normal
brain. It is difficult to visualize an autolytic process
affecting all lipids classes to almost exactly the same
extent in both grey and white matter, particularly
when the amt of grey matter is greatly reduced. It
is also difficult to understand why intermediate de-
gradation products such as lysophosphatides are not
present if autolysis is the main feature. Chromato-
graphic techniques demonstrate the presence of many
minor components, apparently intermediates of bio-
synthesis and degradation of major lipid classes, in the
brain in the sphingolipidoses and the absence of these
substances in Alzheimer’s disease is thus particularly
significant. Since the lipid class composition can be
essentially normal in both grey and white matter in
Alzheimer’s disease and the ratio of lipid to brain
weight is normal, it may very well be that generalized
lipid degradation did not take place. If this is the
case, it is evident that the brain in Alzheimer’s
disease prior to onset of symptoms and degradation
must have had an abnormally high water content and
an abnormally low total lipid content. This is the
state characteristic of the brain in early life.

The fatty acid ecomposition data of brain lipids in
Alzheimer’s disease does not disclose any abnormality.
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Degradation of myelin lipids does not appear to have
taken place because the decrease of long chain fatty
acids of demyelinating diseases (15) is not seen in
Alzheimer’s disease.

The defect in Alzheimer’s disease, although present
at birth, clearly does not prevent formation of myelin
and development of normal brain funection. If the
brain fails to develop normally, total solids including
lipids might remain abnormally low and water con-
tent remain abnormally high in brain before onset
of the symptoms of the disease. Some trigger mech-
anism, e.g., change in hormonal balance, could initiate
a process leading to water loss with weight reduction.
This concept could explain the frequently used
term ‘‘shrunken’’ in descriptions of the brain and
its cellular elements in this disease. A reduction in
whole brain water content from 85% to the measured
value of 76% without loss of solids aceounts for the
weight loss observed in the two cases studied assum-
ing an adult brain weight of about 1200 g.

A clear distinction between the general autolytie
and water loss hypotheses can be drawn when speci-
mens of brain early in the course of Alzheimer’s
disease are obtained. Determination of water and
lipid in such specimens can be decisive.
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