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Lipid changes in the brain in phenylketonuria
J. N. CUMINGS, I. K. GRUNDT, AND T. YANAGIHARA

Department of Chemical Pathology, Institute of Neurology,
The National Hospital, Queen Square, London,

Histological changes, particularly those of apparent
demyelination, are known to be present in the brains
of subjects with phenylketonuria (Poser and van
Bogaert, 1959; Crome, Tymms, and Woolf, 1962),
and this has been found in association with a loss of
cerebrosides (Crome et al., 1962). Recently in a
few cases of this condition a disturbance of the fatty
acid composition of cerebrosides and sulphatides
has been described (Foote, Allen, and Agranoff,
1965; Menkes, 1966).
We have examined the lipid content of the brain

in four cases of phenylketonuria, one being the case
described by Poser and van Bogaert (1959), and
in one case the fatty acid distribution in cerebroside
and sulphatide together with the phospholipid
plasmalogens have also been determined and the
findings that have been obtained are reported here.

MATERIALS AND METHODS

Portions of four brains have been examined, three from
Dr. L. Crome and Dr. M. Erdohazi, aged 11, 18, and
29 years, and one from Dr. C. M. Poser, aged 18 years.
Three brains had been formalin fixed, for two years,
five weeks, and 12 weeks respectively. The portion of
brain from Case 4 was preserved at -20° before
examination and the three control fresh brains were
treated in an identical manner at -200.
White matter and cortex were separated and in a

portion of each the water content was determined.
Lipid extracts were prepared and the lipid content of
both white matter and cortex estimated as previously
(Cumings and Rozdilsky, 1965) except that total cerebro-
sides were determined following the techniques of
Radin, Brown, and Lavin (1956) and Svennerholm
(1956). Thin-layer chromatography (TLC) was per-
formed (Mildner, Wherrett, and Cumings, 1962). On the
fresh material plasmalogens were determined by a
modification of the two dimensional TLC method of
Owens (1966), when the solvent systems used were,
firstly, chloroform-methanol-5 % aqueous ammonia
(17 : 7: 1 v/v/v) and, secondly, chloroform-methanol-
water (60: 35: 8 v/v/v).

GAS LIQUID CHROMATOGRAPHY This was performed
using a Pye Panchromatograph on a column of 3 %
apiezon L on celite and with a Macro Argon ionization
detector. A lipid extract of fresh white matter and

cortex of Case 4 was prepared by the method of Folch,
Lees, and Sloane-Stanley (1957) as for the lipid analysis
and the lipoprotein present denatured with methanol.
Cerebrosides and sulphatides were separated from
other lipids on 1-cm columns of 3 g Florosil for every
400 mg wet white matter and 15 g for every 6 g wet
cortex, employing the method of Kishimoto and Radin
(1959).

All the cholesterol in the extract was eluted from the
column with chloroform (70 ml. for white and 300 ml.
for cortex), ceramides with chloroform-methanol 19 :1
v/v (10 ml. for white and 40 ml. for cortex), and cerebro-
side and sulphatide with chloroform-methanol 2: 1 v/v
(120 ml. for white and 300 ml. for cortex) (Rouser,
Bauman, Kritchevsky, Heller, and O'Brien, 1961). The
purity of each fraction was determined by TLC.

Cerebroside and sulphatide were separated on DEAE
cellulose as described by Rouser, Kritchevsky, Heller,
and Lieber (1963) and each column (1 cm wide) contained
2 g DEAE cellulose for up to every 30 mg cerebroside
applied. Cerebroside was eluted from the column with
90 ml. 2: 1 v/v chloroform-methanol, and sulphatide with
80 ml. chloroform-methanol-concentrated ammonium
solution-5M ammonium acetate (4: 1: 0-1 : 0 05 v/v/v/v)
(Menkes, Duncan, and Moossy, 1966) and the purity of
each eluate containing either sulphatide or cerebroside
determined by TLC. The sulphatide eluate was dried,
dissolved in chloroform-methanol 4: 1 v/v, and dialysed
for 24 hr against distilled water (O'Brien, Fillerup, and
Mead, 1964). The content of both cerebroside and sulpha-
tide was estimated in all eluates.

Hydrolysis was performed according to Hajra and
Radin (1962) with 2 ml. methanol and 0-4 ml. con-
centrated HCI and refluxing for 7 to 8 hr under nitrogen
in closed tubes. After cooling the fatty acids were
extracted three times with 2 ml. hexane and methylated
by diazomethane (Baker, 1961).
The hydroxy fatty acid methyl esters were separated

from the non-hydroxy fatty acid methyl esters on a
column of Florosil (Menkes, Philippart, and Fiol, 1965).
The latter were eluted with 30 ml. hexane and 20 ml.
hexane-diethyl ether (99 :1 v/v) and the former with
50 ml. hexane-diethyl ether (9 :1 v/v). The hydroxy
fatty acid methyl esters were acetylated by refluxing
with acetic anhydride for 1 hr in a sand bath, excess of
the reagent being evaporated in vacuo at 70° (Tulloch,
1964). The non-hydroxy and the acetylated hydroxy
fatty acid methyl esters were then applied to the
panchromatograph, using a temperature programme of
200 to 2300 for the former and 220 to 2400 for the latter.
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RESULTS

Table I shows the analysis of the major lipids in the
four cases. The white matter in Case 1 shows a loss
of phospholipid but is not otherwise significantly
abnormal. The level of cerebroside in the cortex is
slightly lower than was previously found in both
fresh brain and after two weeks fixation in formalin
(Cumings, 1953) but corresponds to the level found
after five years' fixation in our experience. It should
be emphasized that the level of cerebroside in the
white matter does not appear to have been affected
by formalin fixation. Levels of cerebrosides have
been determined in more than 60 normal brains
examined over the past 15 years, both fresh and
after one to three months in formalin. The mean
figures for fresh white matter and cortex are l l- %
and 4-1 % and for formalin-fixed tissue 11 2% and
3-9%. There is a slight loss of cerebroside in the
cortex in each of the other three cases. This lowered
concentration of cerebroside in the cortex is
easily seen in TLC, as shown in Fig. 1 where two
separate samples taken from Case 4 are compared
with a normal control using equivalent amounts of
brain in all lipid samples applied to the plate.

Plasmalogens were estimated in Case 4 and the
findings are recorded in Table II together with
normal figures.
The results of the analysis of the distribution of

fatty acids in cerebroside and sulphatide of Case 4
are given in Tables III and IV, and compared with
results of similar examinations made from three
adult brains of control subjects. All the results are
given as the means of duplicates in the patient and
from means of duplicates of all the control brains.
The variation between each pair of duplicates was
less than 5 %.

DISCUSSION

It is generally agreed that there are areas of a form
of demyelination seen microscopically in the brains
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FIG. 1. A thin-layer chromatogram ofnormal cortex and
white matter, and of two areas of brain from Case 4,
cortex and white matter of each respectively, from left
to right. Note reduction of cerebroside (C) particularly in
the abnormal cortex. The amount of lipid extract applied
represented 4 mg brain tissue in each case.

of phenylketonuric patients (Poser and van Bogaert,
1959; Crome et al., 1962; Gerstl, Malamud, Eng,
and Hayman, 1967). These areas are not uniformly
distributed throughout the brain and Poser and
van Bogaert (1959) considered that the condition
belongs to the group which Poser (1961) termed a
dysmyelinating disorder. Relatively few biochemical
studies have been presented but Crome et al. (1962)

Case 4 M. 18i (P.R.S.)

White Cortex

Total phospholipid
Total cholesterol
Ester cholesterol
Total cerebroside
Total hexosamine
N.A.N.A.5
Water %

13-2 9-2
12-8 6-0
03 0-2
17-1 51
026 056

0-15
68 0 82-4

222 21-0
119 9*4
1-0 0

11-5 25
03 0-6

021
704 81-0

Results in g/100 g dry weight.
Brain of Case 4 was fresh and unfixed, the other three had been in formalin.

'N-Acetyl neuraminic acid.

21 1 16-9
105 4.7
07 0-27
125 2-1
0 5 0-67

0 13
80 5 85 1

TABLE I
LIPID CONTENT OF BRAINS IN PHENYLKETONURIA

Case I M.18 Case 2 M.29 (J.M.M.) Case 3 M.1I (P.N.)

White Cortex White Cortex White Cortex

27-4
149
09
13 5
026
0-06

70 3

23-0
7-2
0 8
1-8
0-65
0-31

84-3
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TABLE II

DISTRIBUTION OF PHOSPHOLIPIDS INCLUDING PLASMALOGENS
IN CASE 4

Patient Normal

White Cortex White Cortex

Total phospholipid g/100 g dry tissue 27-4 23-0
Ethanolamine

phosphatide 35 1 35.7
Choline phosphatide as Y. of total 23-7 38-0
Inositide phospholipid

phosphatide phosphorus 2-2 2-9
Serine phosphatide 20-3 10-5
Sphingomyelin J 18-4 10-2

Ethanolamine I
plasmalogen

Choline plasmalogen r
Serine plasmalogen

as molar Y7 of
each corres- 60 3 34-2
ponding 1-8 -
phospholipid 1-2 -

25 8 21-8

36-7 36-2
24-0 354
2-1 2-7
18-7 13-1
17-9 9.4

66-1 43-4
3-1 -
2-7 -

found a loss in cerebrosides which was greater than
the loss in cholesterol. Foote et al. (1965) found no

quantitative abnormalities in cholesterol, cerebroside,
or sulphatide, but it is possible that the areas

examined were those less affected or even perhaps
quite unaffected, for it is well known that there is a
lack of uniformity of the lesions (Poser and van
Bogaert, 1959). Menkes (1966) found a reduced
level of cerebrosides, as is true in three of our four
cases examined and especially noticeable in Case 4.
Foote et al. (1965) regarded the abnormalities as
perhaps related to an arrested development, while
Gerstl et al. (1967) discuss a number of possible
aetiological factors, although the evidence for most
is slight. It might be stressed that, with an absence
of esterified cholesterol, the views of Poser and
van Bogaert (1959) and of Foote et al. (1965)-
are strengthened. It is at least possible that the
accumulation of abnormal levels of various
metabolites in the early stages of the disease may
affect enzymic processes involved in the laying
down of normal myelin in infancy, and thus be
associated with the loss of cerebrosides found
biochemically.

Recent studies have been largely concerned with

TABLE III
NON-HYDROXY FATTY ACIDS IN CEROBROSIDES AND SULPHATIDES

RESULTS EXPRESSED IN WT PERCENTAGES OF METHYL ESTERS

Cerebroside Sulphatide

Phenylketonuria Normal Phenylketonuria

White Cortex White Cortex White Cortex

03 2-0 04 09 0-2
4-2 13-0 50 10-0 1-6
2-7 14-3 3-3 8-5 1-3
58 144 111 15-7 2-3
04 05 0-6 0.7 05
25 25 25 2-0 2-3
0-8 10 1.1 07 07
3-7 3-1 3-2 1-8 4-1

41-4 24-2 44-4 30-2 36-0
16-4 9-2 10 0 53 18-6
8-7 6-8 8-9 13-1 11-9
4-8 3-7 2-9 4-2 7-0
8-2 5-1 59 7-1 140

Normal

White Cortex

1-3 0-2 1.1
8-3 15 7-3
75 1 1 4-2
6-2 30 6-6
0-4 0 4 0-6
2-8 1 9 2-9
07 1 0 07
3-7 3-3 2-8

36-5 49-6 39-8
119 12-2 10-0
9-6 11-6 12-4
5-2 7-6 3-8
90 9-4 72

All in duplicate; normals means of three brains. S

TABLE IV
HYDROXY FATTY ACIDS IN CEREBROSIDES AND SULPHATIDES

RESULTS EXPRESSED AS WT PERCENTAGES OF ACETOXY AND METHYL ESTERS

Cerebroside Sulphatide

Phenylketonuria (1) Normal (3) Phenylketonuria (1) Normal (3)

White Cortex White Cortex White Cortex White Cortex

8-9 7-2 8-2 7-8 5-2
16-5 17-7 16-5 14-1 12-8
20-2 17-9 26-9 23-8 15-0
42-5 46-1 36-6 37-1 50 2
1.9 3-0 4-2 4-2 2-4
6-5 6-5 5-2 5-8 7.9
3-7 4-3 3-6 6-5 6-6

9-2
12-6
17-6
38-0
4-1
8-5
9.7

6-0 7-4
13-7 11-8
21-8 26-3
40 3 34 9
3-3 7-8
8-3 7-4
6-2 4.4

All results in means of duplicate.
Figures in parentheses indicate number of brains examined.
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Fatty acid

16 :1
16: 0
18 :1
18 :0
22: 1
22 : 0
23 :1
23: 0
24: 1
24:0
25 : 1
25 : 0
26 : I

Fatty acid

22 : 0
23 : 0
24 : 1
24:0
25 : I
25 : 0
26: 1
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the distribution of fatty acid in some lipids of the
brain. Gerstl et al. (1967), who estimated the
unsubstituted and the 2-hydroxy fatty acids in
whole white matter, showed a loss of mono- and
polyunsaturated acids in the extensively damaged
areas. They suggest that there may be a disturbance
in the build-up of long chain fatty acids from the
shorter chain fatty acids. Menkes as well as Foote
et al. (1965) have studied, as we have, both the
hydroxy and the non-hydroxy fatty acids in cerebro-
sides and sulphatides. All three groups of workers
have found a slight reduction in 24 :1 non-
hydroxy acids in both these lipids with only minor
variations from the normal in the hydroxy fatty
acids. Menkes (1966) in one case found only a
branched chain fatty acid (BrA) forming 63-1 % of
the total fatty acids, but no other worker has
obtained a similar finding. Our results reported
here closely follow those of Foote et al. (1965)
except that 24: 0 was raised at the same time as
24: 1 was reduced. This was also true in the cerebral
cortex in our case as far as the non-hydroxy fatty
acid in cerebroside was concerned. The hydroxy
acids also showed a slight reduction of 24 :1 and
an increase of 24: 0 in the cerebroside and sulphatide
in the white matter. It should be mentioned that all
values of 24: 1 and 24: 0 obtained in the patho-
logical material were outside the range of all the
three normals.
There is as yet insufficient evidence to indicate

the aetiology of the demyelination or of the
abnormality in fatty acid composition and further
most of the material examined thus far has been
from patients who have survived for some years.
It is perhaps of some interest that, together with this
loss of cerebroside and altered fatty acid pattern,
there was a slightly decreased level of ethanolamine
plasmalogen as compared with figures obtained
from normal cerebral tissue in both the white
matter and the cortex-even though the total
concentration of ethanolamine did not differ from
our normal range obtained from over 25 brains.
This aspect requires further study in the brains of
patients with a shorter survival time.

SUMMARY

The lipid composition of four brains from patients
with phenylketonuria has been studied and a slight
loss of cerebroside in three cases shown together
with decreased levels of ethanolamine plasmalogen
in one case.

Fatty acid analysis of cerebroside and sulphatide

has shown a reduction of 24: 1 and a slight increase
of 24: 0 acids.
These results are discussed in relation to other

reported findings.

Our thanks are due to Dr. C. M. Poser, Dr. L. Crome,
and Dr. M. Erdohazi for the material. T.Y. was a
Special Research Fellow, Mayo Foundation, Rochester,
Minnesota, and I.K.G. a British Council Scholar.
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