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Since the pioneering studies of Thudichum (l), a number of 
investigations have been undertaken to elucidate the composi- 
tion and to determine the quantity of the sugar-containing 
lipides in animal tissues. A number of glycolipides have been 
described, e.g. cerebrosides (l), cerebron sulfate (2), polycere- 
brosides (3), gangliosides (4, 5), and strandin (6-8). Within 
the last few years studies of the metabolism of these lipides have 
been successfully undertaken. Meltzer (9) and Weiss (10) 
showed that the perfusion of brain with radioactive fatty acids 
causes the incorporation of labeled carbon into cerebral lipides. 
Recently, Radin et al. (11) Moser and Karnovsky (12, 13), 
and Burton et al. (14-16) have demonstrated that the adminis- 
tration of C?4-labeled hexoses to the rat and mouse results in the 
radioactive labeling of brain glycolipides. 

The present communication reports the details of experiments 
which show that the incorporation in viva of glucose and galac- 
tose into brain lipides of the rat is a function of age, occurring 
most rapidly between 10 and 20 days post partum. Further 
experiments conducted in vitro indicate that uridine diphospho- 
galactose is involved in the incorporation of galactose into 
neutral glycolipides (probably cerebrosides), and the reaction is 
catalyzed by enzymes present in microsomal preparations of rat 
brain tissue. 

EXPERIMENTAL 

Male albino rats raised in the National Institutes of Health 
colony of the Holtzman strain were used in all the experiments 
reported. The labeled hexoses were administered as aqueous 
solutions intraperitoneally. The animals were killed by cer- 
vical fracture, the whole brains rapidly removed and immedi- 
ately processed by either Procedure I or II described below. 

Procedure I-The tissue was homogenized in cold 1 M glucose 
or galactose solution and then centrifuged. The supernatant 
fluid was decanted and the residue washed with 1 M glucose or 
galactose. The supernatant layers were combined and desig- 
nated as the aqueous fraction. The precipitate was homog- 
enized twice in acetone and centrifuged. The acetone super- 
natant fluids were combined and called the acetone fractions. 
The precipitate was then homogenized in chloroform-methanol, 
2 : 1, and centrifuged. The residue was discarded. The neutral 
glycolipide fraction was obtained in the manner described in 
Procedure II by use of the chloroform-methanol, 2 : 1, solution. 

Procedure II-The excised tissue was rapidly weighed and 
immediately homogenized in 20 volumes of CM.1 The mixture 

* Present address, Department of Pharmacology, Washington 
University School of Medicine, St. Louis, Missouri. 

1 The abbreviation used is: CM, solvent mixture of chloroform- 
methanol (2:1, volume for volume). 

was heated to boiling and then allowed to cool to room tempera- 
ture. The CM mixture, including the precipitate, was passed 
over a column composed of a mixed-bed of Nalcite SBR-8 
(Dowex 1) (National Aluminate Corporation) and Nalcite 
HCR-8 (Dowex 50) (National Aluminate Corporation) layered 
with Florisil (Floridin Company) essentially as described by 
Radin et al. (17). The precipitate and column were washed with 
50 ml. of CM. The combined eluates were taken to dryness by 
passing an air stream across the receiving beaker. The lipide 
residue was dissolved in 5 ml. of CM and transferred with 5 ml. 
of CM washings to a glass-stoppered, tapered 50 ml. centrifuge 
tube. An equal volume (10 ml.) of chloroform-saturated meth- 
anol-water, 1: 1, solution was added to the tube; the tube was 
stoppered and shaken mechanically for 30 minutes. The two 
phases were separated by low-speed centrifugation. The aque- 
ous layer was carefully removed and replaced with another 10 
ml. of the methanol-water solution. The tubes were again 
shaken and centrifuged. During the washing procedure, the 
volume of the chloroform phase decreased as a result of the 
greater solubility of methanol in water. As the methanol con- 
centration decreased in the chloroform phase, a white precipitate 
developed. In removal of the aqueous phase all of the precipi- 
tate at the interface was retained with the chloroform phase, 
The chloroform phase and precipitate were washed five times at 
which time the aqueous phase contained no radioactivity. This 
step was found to be necessary, particularly in the experiments 
conducted in vitro with galactose-l-Cl4 and glucose-U-Ci4, since 
the hexoses are not retained by the components of the mixed-bed 
column. After the final wash, the precipitate was dissolved by 
adding methanol. An aliquot of the CM solution was plated on 
metal planchets and the radioactivity determined. 

After chromatography on the mixed-bed column, the glyco- 
lipide fraction (5 pmoles) was dissolved in 5 ml. of CM and 
decolorized with 5 to 10 mg. of Norit A (American Norit Com- 
pany). This step was necessary particularly when Procedure 
II was used; apparently some neutral lipides, which were re- 
moved by the acetone step in Procedure I, caused the appear- 
ance of an interfering brown color in the calorimetric determi- 
nation. The glycolipide content of a 1 ml. aliquot of the CM 
solution was estimated by the method described by Radin et 
al. (17). 

Glucose-U-Cl4 (1 mc. per mmole) was obtained from either 
the National Bureau of Standards or the Volk Radio Chemical 
Company. Galactose-l-Cl4 (0.3 mc. per mmole or 0.25 mc. per 
mmole) was prepared by the National Bureau of Standards. 
Galactose(-1-C”)-l-phosphate was prepared from galactose-l- 
04 by phosphorylation with ATP and galactokinase (18). The 
galactose(-l-Ci4)-l-phosphate was isolated as the barium salt. 
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UDP-galactose-l-Cl4 was prepared from galactose(-I-C?d)-l- 
phosphate by the exchange reaction with UDP-glucose cata- 
lyzed by galactose-l-phosphate uridyl transferase. The excess 
UDP-glucose was oxidized with UDP-glucose dehydrogenase 
and the UDP glucuronic acid was separated from the UDP- 
galactose by paper chromatography (19, 20) .2 

Methanolysis of Glycolipides-The glycolipides were refluxed 
(88-92”) for 100 minutes in chloroform-methanol, 2: 1, which 
contained hydrochloric acid at a final concentration of 0.6 M. 

After cooling, the cleavage products were partitioned between 
water and chloroform. The emulsion formed by shaking the 
aqueous and organic phases was broken by centrifugation. The 
two phases were separated and the radioactivity and hexose 
content of each phase was determined. 

RESULTS 

Incorporation of Galactose-C1cThe distribution in vivo, of 
the radioactivity recovered in the water-soluble, acetone-soluble, 
and neutral glycolipide fractions of rat brain and liver tissue is 
illustrated by the data presented in Table I. Even though the 
total radioactivity in the liver decreased with time, the relative 
activity of the three fractions remained essentially constant for 
liver tissue. More than 90 per cent of the radioactivity was 
present in the aqueous fraction, a few per cent in the acetone- 
soluble fraction, and less than 1 per cent in the neutral gly- 
colipide fraction. A different pattern was found for the dis- 
tribution of the Cl4 in brain tissue. The proportion of the 
radioactivity of the aqueous fraction obtained from brain tissue 
decreased from about 96 to 98 per cent at 2 hours to 83 to 87 
per cent at 6 to 8 hours after the injection of the labeled sugar. 
The most striking change is noted in the neutral glycolipide 
fraction where the incorporated radioactivity increased from 1 
to 2 per cent at 2 hours to 10 to 13 per cent at 8 hours after the 
administration of galactoseXY. 

Similar results were obtained with the intraperitoneal injec- 
tion of glucose-U-Cl4 (Table II). The amount of the radio- 
activity in the aqueous fraction decreased with time whereas 
that of the acetone fraction increased. The proportion of the 
radioactivity in the chloroform-methanol fraction, which con- 
tained lipides in addition to the neutral glycolipides, increased 
from about 10 to about 30 per cent, and the neutral glycolipide 
fraction increased from 2 to about 8 per cent during the interval 
from 2 to 8 hours after administration of the labeled glucose. 
There is, therefore, considerable incorporation of radioactivity 
from both glucose-U-C14 and galactose-l-C14 into the neutral 
glycolipide fraction of brain tissue and only negligible incorpo- 
ration of radioactivity into the neutral glycolipide fraction of 
liver tissue. 

Time Course of Incorporation in Viva of Glucose-U-Cl4 into 
Brain Tissue Neutral Glycolipide-Glucose-U-Cl4 was admin- 
istered to young male rats which were killed at intervals up to 
24 hours after the injection of glucose-C14. The incorporation 
of radioactivity into the neutral glycolipide (cerebroside) frac- 
tion of rat brain tissue increased with time until a maximum 
occurred at about 6 hours. Thereafter, the radioactivity in 
this fraction decreased and the value observed 24 hours after 
the administration of the labeled hexose was about one-third of 

2 The authors wish to thankDr. E. S. Maxwell, Dr. E. Anderson, 
and Dr. H. M. Kalckar for their help in preparing the UDP-galac- 
tose-1-W. 

TABLE I 
Incorporation in vivo of galactose-l-C14 

Male rats, 15 days old, were given galactose-l-Cl4 (0.3 mc./ 
mmole), 250 PC. per kg. of body weight, by intraperitoneal injec- 
tion. Animals were killed at the indicated time intervals, the 
brains and livers were excised, and the various fractions prepared 
according to Procedure I (see “Experimental”). 

Galactose-1-P distribution of incorporated radioactivity 

Time after 
injection 

hrs. 

2 

Brain fractions 

-r 
Aqueous Acetone 

Neutral 
glycolipide Aqueou s ‘ 4cetone Neutral 

glycolipide 

% % % % % % 

96.0 1.9 2.1 99.5 0.4 0.1 

98.2 1.5 1.3 91.5 7.7 0.8 

90.2 3.7 6.1 96.8 3.2 0.1 
87.8 4.0 8.2 97.8 2.0 0.1 

87.6 4.4 8.0 98.8 1.0 0.2 

83.0 4.4 12.6 98.2 1.7 0.1 

83.3 3.6 13.1 97.0 2.9 0.1 

87.2 2.8 10.1 98.1 1.8 0.1 

- 
I Liver fractions 

TABLE II 
Incorporation in vivo of glucose-U-C’4 

Experimental details are the same as those given in Table I 
and in the text. The methanolysis procedure is described in the 
“Experimental” section. 

Glucose-U-C” radioactivity incorporation 
I 

I Brain fraction 

bus. 

2 
4 

8 

% % % % 
75.6 13.8 10.6 2.1 
76.5 13.2 10.3 4.4 
75.8 10.3 13.9 4.9 
46.3 19.5 34.2 7.6 
43.3 24.0 32.7 4.9 

- 

P-glycolipide 
methanolysis’ 

2.5 
7.1 
5.9 

6.2 
2.0 

* Ratio equals counts per minute of aqueous phase divided by 
counts per minute of organic phase. Random distribution would 

yield the theoretical ratio: $ = 0.14. 
42 

the maximal level (Fig. 1). Experiments with galactose-l-C14 
gave identical results. 

Effect of Age upon Incorporation of Galactose-i-C’cMale rats 
were killed 8 hours after the intraperitoneal administration of 
galactose-1-C14. It may be seen that animals younger than 7 
days post partum incorporated very little of the C14-hexoses into 
the cerebroside fraction of brain tissue (Fig. 2). Animals older 
than 20 to 25 days showed a markedly reduced ability to incor- 
porate radioactive galactose. The optimal age of rats for the 
incorporation of galactose-l-C14 into the cerebroside fraction 
was between 10 and 18 days. All subsequent experiments were 
therefore performed with male rats within the age range of 14 
to 16 days post partum. It has been observed by Moser and 
Karnovsky (12, 13) that newborn mice can incorporate glucose- 
04 into a cerebroside fraction. However, extensive experiments 
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in our laboratory have shown that rats younger than 6 days do 
not incorporate sugars into the neutral glycolipide fraction. 

Incorporation in Vivo of Galactose-l-Q4 into Glycolipides of 
Subcellular Particles of Brain Tissue-Young male rats were 
given galactose-l-Cl4 intraperitoneally, killed after 8 hours, and 
the brain tissue homogenized in sucrose solution and separated 
into fractions by differential centrifugation after the manner of 
Brody and Bain (21). The neutral glycolipide fraction was pre- 
pared from each fraction by Procedure II. It may be seen that 
half of the Cr4-activity is present in the microsomal fraction 
(R4), the mitochondrial fraction (R3) accounts for about 4 to 15 
per cent, the nuclear fraction (Rz) makes up about 11 to 16 

I I 1 I 

0” ’ 
I I I I I 

0 I 5 IO 15 20 25 

TIME INTERVAL FOLLOWING GLUCOSE-U-Cl4 ADMINISTRATION 

(HOURS) 

FIG. 1. Time course of the incorporation in vivo of glucose-l- 
Cl4 into brain tissue neutral glycolipides. In general, the experi- 
mental details are the same as those described in Tables I and 
II. Each point represents the average of data from at least three 
14.day-old rats. The range of the cerebroside specific activity is 
indicated by the line through each point. 

E 1000 
iii 
if2 
z 

z 
0 OL I I I I I 

01 5 IO 15 20 25 30 

AGE IN DAYS 

7 

FIG.. 2. Effect of age upon the incorporation of galactose-1-C’” 
into brain tissue neutral glycolipides. In general, the experi- 
mental details are the same as those described in Tables I and II 
and Fig. 1. The rats received an injection of an aqueous solution 
of galactose-l-CY4 and were killed 8 hours later. 

TABLE III 
Incorporation in vivo of galactose-l-C14 radioactivity into 

subcellular particles of rat brain 
The experimental details are the same as those described in 

Table I. The 15-day-old mice were killed 8 hours after the injec- 
tion of hexose. The brain tissue was homogenized and separated 
into fractions by the procedure of Brody and Bain (21). Each 
experimental point represents the average of three 15-day-old 
male rats. 

Galactose-1-P radio- 
activity incorporated 

04 Glycolipide 
methanolysis’ 

Brain particulate fraction 

I I 

Experi- 
merit 1 

“,“,“,“:i 

RI, cell debris, nuclei and un- 
broken cells.. 19.9 29.4 4.8 

Rz, nuclei.. 11.3 16.0 5.6 
Ra, mitochondria.. 15.8 4.3 11.0 
R~,microsomes................... 53.1 50.3 2.7 

% % 

Experiment 2 

* Ratio equals counts per minute of aqueous phase divided by 
counts per minute of organic phase. Random distribution would 

C6 
yield the theoretical ratio, - = 0.14. 

CL2 

per cent, the R1 or cellular debris fraction contains 19 to 29 per 
cent of the radioactivity (Table III). It will be shown later in 
this paper that the microsomal fraction is the most active, in 
vitro, for catalyzing the incorporation of the sugar into the 
glycolipide. 

Methanolysis of Glycolipide-The glycolipide fraction was re- 
fluxed with a chloroform-methanol-hydrochloric acid mixture. 
The products of the reaction were partitioned between chloro- 
form and methanol-water. I f  the Cl4 from the hexose were 
metabolized and incorporated in a random manner into the gly- 
colipide, the anticipated ratio of the radioactivity in the aqueous 
phase to that in the organic phase would be 

&(hexose fragment) 
= 0.14. 

C&ceramide fragment) 

A ratio larger than 0.14 indicates preferential incorporation of 
the labeled carbon into the hexose moiety. The data presented 
in Tables II and III show that the ratio obtained for both glu- 
case-U-Cl4 and galactose-l-Cl* exceed the theoretical (for ran- 
dom distribution) ratio by a factor in excess of 20-fold, suggest- 
ing that a pathway exists for a rather direct incorporation of 
hexose into the neutral glycolipides which probably does not 
involve degradation of the sugar. 

Incorporation of Glucose- U4F4 and Galactose-i-C14 into Rat 
Brain Neutral Glycolipides in Vitro-Glucose-WY4 and galac- 
tose-l-C14 were incubated with a cell-free preparation of young 
male rat brain tissue supplemented with ATP and magnesium 
ions. The reaction mixture contained 5.5 X 1O-3 M ATP, 
5.5 X lo-$ M MgCls, 5.5 X 1O-3 M uridine, 5.5 X 1O-2 M nico- 
tinamide, and 5.5 X 1O-2 M potassium bicarbonate. The tissue 
homogenate added to each reaction mixture represented 1200 
mg. of brain tissue from 19-day-old rats. Glucose-U-Cl4 (8.3 X 

1O-4 M; 0.33 mc./mmole) and galactose-l-Cl4 (1.1 X 1O-3 M; 

0.25 mc./mmole) were added as indicated. The incubation time 
was 2 hours at 37” under 5 per cent COS, Nz and O2 as indi- 
cated. The neutral glycolipides were isolated by Procedure I 
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(See “Experimental” section). Under aerobic conditions (95 
per cent 02-5 per cent C0.J the glucose-U-Cl4 yielded 10 c.p.m. 
per pmole of glycolipide-galactose, and the galactose-l-Cl4 
yielded 13 c.p.m. Under aerobic conditions (95 per cent NY5 
per cent COJ the glucose-U-C4 yielded 57 c.p.m. per pmole 
of glycolipide-galactose, and the galactose-l-CY4 yielded 237 
c.p.m. Little incorporation of either hexose into the neutral 
glycolipide fraction occurred under aerobic conditions. Under 
anaerobic conditions the incorporation of glucose-U-C4 in- 
creased 5-fold and that of galactose-l-Cl4 increased some 1% 
fold over the aerobic level. 

Effect of Heat on Hexose Incorporation-The brain control 
preparation, stored in ice until used, catalyzed the incorporation 
of both glucose-U-Cl4 and galactose-l-Cl4 into the cerebroside 
fraction. Galactose was incorporated to a greater extent than 
glucose. When the brain enzyme system was heated to 50” for 
2 minutes, the incorporation of glucose was almost totally sup- 
pressed, whereas galactose incorporation was depressed only 22 
per cent. In general, the experimental details are described in 
the preceding paragraph. The reaction mixture was incubated 
under anaerobic conditions (95 per cent N-5 per cent Cot) at 
37” for 3 hours. Homogenates were prepared from the brains of 
rats 13 days old. (a) One-half of the homogenate was kept 
chilled in ice until used. The glucose-U-C14 yielded 147 c.p.m., 
and the galactose-l-Cl4 yielded 450. (b) One-half of the ho- 
mogenate was rapidly heated and maintained at 50” for 2 min- 
utes then chilled in ice until used. The glucose-U-C14 yielded 
22 c.p.m., and the galactose-l-CY4 yielded 350. These data 
suggest that the pathway by which galactose can be incorpo- 
rated into the cerebroside fraction is different from the glucose 
pathway, and further, it may be that the glucose must be con- 
verted to galactose for incorporation. The conversion of glu- 
cose to galactose may be catalyzed by the heat-sensitive enzyme 
UDP-galactose-4-epimerase (20, 22). 

Subcellular Particle Localization of Enzyme Systim Incorporat- 
ing Gala&se into Neutral GlycolipidesThe subcellular particles 
of brain tissue were prepared by the procedure of Brody and 
Bain (21). Each fraction and a recombination of all fractions 
were incubated with galactose-l-C14, ATP, and magnesium ions. 
The glycolipide fraction was isolated by Procedure II and parti- 

TABLE IV 

Distribution of enzyme activity in subcellular particles 

The experimental details are similar to those described in 
“Results.” The neutral glycolipide portion was partitioned five 
times between chloroform and water-methanol. The interphase 

precipitate was retained with the organic layer. 

Galactose-1-P incorporated 

Subcellular particulate fraction* 
Chloro;rm Aqueous 

phase 
- 

c.p.m. c.p.m. 

R1, cell debris fraction.. 24 4 
Rz, nuclei fraction.. 31 2 
Rs, mitochondria fraction.. 23 2 
Rq, microsome fraction.. 86 3 
S, supernatant fraction. 

(1~~) 
2 

(Total). . . . 
Rl,Rz,Ra,Rq,S .___._......._....... 166 3 

* Prepared by the procedure of Brody and Bain (21). 

TABLE V 

Incorporation of uridine diphosphogalactose-i-C14 
into rat brain galactolipide 

The reaction mixtures all contained 7.7 X 1O-2 M potassium 

phosphate, 7.7 X 10m3 M MgC12, and microsomal preparations 
(Ra) equivalent to 1 gm. wet weight of rat whole-brain tissue. 
The total volume was 1.3 ml., pH 8. The incubation period was 

3 hours at 37” under 95 per cent nitrogen-5 per cent carbon diox- 
ide. Other additions were made as indicated to give the follow- 
ing concentrations: 7.7 X 10F3 M ATP, 1.5 X 1OF M UTP, 1.5 X 
lo+ M UDP-glucose, 6.1 X low4 M galactose-l-C14 (0.25 mc. per 

mmole), 7.7 X lo-* M galactose(-l-C14)-l-phosphate (0.25 mc. 
per mmole), 7.7 X 10e4 M UDP galactose-l-C14 (0.25 mc. per 
mmole). The neutral glycolipides were isolated from the reac- 
tion mixture by Procedure II. Experiment 3 demonstrates the 

magnitude of radioactivity in the zero-time controls. Imme- 
diately following the last reagent addition, an unincubated ali- 
quot was removed and added to 20 volumes of CM. The remain- 
ing reaction mixture was incubated at 37” before an aliquot was 

added to CM. 

Galactose radioactivity incorporated 

Galactose-l-Cl4 + ATP.. 
Galactose-l-Cl4 + UDP-glucose.. 

Galactose (-l-C14)-l-phosphate. 
Galactose-l-Cl4 + ATP + UTP.. 
Galactose-l-C4 + ATP + UDP 

glucose........................ 

Galactose (-1-CY4-)l-phosphate + 
UDP-glucose 

Galactose-l-Q4 + ATP + UDP 

glucose (heat inactivated con 
trol) . . 

UDP-Galactose-l-04. 

Experi- 
ment 1 

IIKU- 
bated 

c.p.m. 

21 

18 
15 

205 

183 

IIlCU- 
bated 

‘.p.nZ. 

9 

5 
4 

84 

106 

i 

-L- 

Experiment 3 

Jnincu- IIICU- 
bated bated 

c.pm. 
9 

4 

C.).?n. 

16 

77 

tioned between chloroform and methanol-water. The data in 
Table IV show that all of the subcellular particles prepared 
incorporated some galactose-l-C14 into the neutral glycolipide 
fraction. The microsomal fraction (R4) was the most active 
fraction accounting for about 50 per cent of the total activity 
obtained upon recombination of fractions Rl, Rz, Rl, R4, and S. 

Requirement for Uridine Nucleotides-The role of uridine nu- 
cleotides in the incorporation of galactose into the cerebroside 
fraction of rat brain tissue is illustrated by the data from three 
typical experiments which are presented in Table V. Washed 

microsomes catalyze the incorporation of little, if any, galactose- 
IO4 into the neutral glycolipides with the supplemental addi- 

tions of (a) galactose and ATP, (b) galactose-l-phosphate, (c) 
galactose and UDP-glucose, and (d) galactose and ATP plus 
UTP as substrates. The combination of (a) galactose and ATP 
with UDP-glucose and (b) galactose-l-phosphate with UDP- 
glucose resulted in the incorporation of a significant amount of 
radioactivity. These combinations could be replaced by UDP- 
galactose-lXY4. The appropriate heat-inactivated controls 
showed no incorporation. 

The results of the methanolysis of the neutral glycolipide 
fractions obtained from typical experiments, i.e. glucose-U-CY4, 
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galactose-l-C?*, and UDP-galactose-l-C14 used as the Cl4 donor, 
are summarized by the data presented in Table VI. 

IdentQication of Radioactivt? Glycolipide-Properties of the ma- 
terial obtained by the extraction procedures and the mixed-bed 
column (Nalcite-SBR, and -HCR, and Florisil) indicate that the 
radioactivity was incorporated into the neutral glycolipide frac- 
tion (17). This fraction has been shown, by Radin (17) and in 
the experiments reported in this paper, to contain a sugar by 
either the anthrone (17) or carbazole (23) color tests. Glyco- 
lipide fractions, carefully removed from planchets with CM, 
were taken to dryness and suspended in chloroform and their 
infrared spectra determined. Major peaks were observed which 
corresponded to that of an authentic cerebroside sample (24). 
In addition, strong absorption at 5.76 p (probably a result of an 
ester carbonyl group) was seen. After the methanolysis pro- 
cedure, the chloroform-soluble material was treated as described 
by Brady and Burton (25) for the purification of sphingosine. 
The resultant heptane-soluble fraction gave an infrared spec- 
trum which was identical with that of sphingosine base. The 
aqueous fraction, obtained by methanolysis, was recovered from 
the counting planchet with pyridine. Subsequent crystalliza- 
tion from ethanol yielded a product which gave an infrared 
spectrum in pyridine similar to that of methyl galactoside but 
differing from that of methyl glucoside by a moderate absorp- 
tion peak at 8.79 p (26). The major portion of the radioactiv- 
ity was associated with this water soluble fraction. 

The neutral glycolipide fraction prepared from rat brain tis- 
sue after the injection of galactose-l-C4 in vjvo, was isolated by 
the use of the mixed-bed column. The neutral lipide fraction 
was subsequently chromatographed on silicic acid using a pro- 
cedure similar to that of Weiss (10). Elution from the column 
was performed by changing solvents rather than by the gradient 
elution procedure described by Weiss. Typical results are 
presented in Fig. 3. A radioactive lipide was eluted with 
chloroform and was shown to be a glycolipide. Elution with 
chloroform-methanol, 10 : 1, gave a second radioactive peak 
which gave a positive anthrone sugar test. Purified beef brain 
cerebroside (phrenosin) labeled with tritium was eluted from the 
silicic acid column with chloroform-methanol 10 : 1. It is there- 
fore probable that the second radioactive glycolipide eluted 
from the column is phrenosin. The first glycolipide is probably 
similar to the compound that was mentioned by Weiss (lo), i.e. 
N-lignoceryl-O*-galactosyl sphingosine. That portion of Fig. 

TABLE VI 

Cl4 Galactolipide methanolysis 

The galactolipide fractions were subjected to methanolysis as 
described in “Experimental.” 

Glucose-U-Cl4. 
Galactose-1-04.. . . 
Galactose-1-Ci4.. 
UDP-Galactose-1-C14. 
UDPYGalactose-1-C14. 

c.p.m. 

81 

123 

30 
41 
39 

C.#.nz. 

13 
37 

16 
10 

I 8 

6.2 
3.3 

2.0 
4.1 
4.9 

* Random incorporation would yield a theoretical ratio of 

C6 
- = 0.14. 
CL2 

I I I I .I n I 

EXPERI ME 

I - .T--+ Chloroform 

200 Chloroform Methanol 
50-I -_ 

t 

/N v/m0 
50 

‘\ 
EXPERIMENT 

L;I; L cIG=li ’ I 
0 5 IO I5 20 25 30 

TUBE NUMBER 
FIG. 3. Silicic acid chromatography of brain tissue glycolipides. 

A slurry of silicic acid in chloroform-methanol, 2:1, was used to 

prepare a column of silicic acid 90 X 13 mm. The column was 
washed with chloroform (about 50 ml.) until the silicic acid was 
translucent. The neutral glycolipid (Procedure II) was placed 
on the top of the silicic acid in 0.2 ml. of CM and washed into the 

column with 0.4 ml. of CM. The glycolipides were eluted from 
the column with (a) chloroform, 100 ml., (b) chloroform-methanol, 
50:1, 100 ml., and (c) chloroform-methanol, lO:l, 100 ml. An 

aliquot from each tube was analyzed for hexose by the anthrone 
method. Radioactivity in each tube is indicated as follows: n , 
purified cerebroside (phrenosin) labeled with tritium; 0, neutral 

glycolipides from rat brain tissue after an intraperitoneal injec- 
tion of galactose-1-Ci4, and 0 neutral glycolipide from the incu- 
bation in vitro of a rat brain microsomal preparation with UDP- 

galactose-l-C14. 

3 labeled “in vitro experiment” represents the results of chroma- 
tographing the radioactive glycolipide fraction obtained from an 
incubation experiment in vitro on a silicic acid column. Only 
one radioactive peak was detected and the position of this peak 
corresponded to that of phrenosin. 

DISCUSSION 

The chemical composition of the developing brain undergoes 
very rapid and extensive changes during the first few weeks post 
parturn in the rat and mouse (27-29). No myelination is dis- 
cernible by histological techniques before the age of about 8 
days in the mouse and is probably complete by the age of 50 
days (27). Cerebrosides are a constituent of the myelin sheath 
and begin to accumulate in brain tissue at about the 8th day 
(27). It is not surprising that the incorporation of galactose 
and glucose into the glycolipide fraction of brain in viva cor- 
relates both with the histological demonstration of myelination 
occurring after the 8th day and with the data of Folch (27) 

showing that cerebrosides are present in very low amounts be- 

fore 8 days of age and accumulate largely between the 8th and, 
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22nd days of age. The experiments, presented in this paper, 
have shown that incorporation of radioactivity from the labeled 
hexose into the neutral glycolipide fraction of brain occurs 
mainly between the interval of 7 to 28 days post parturn. Max- 
imal incorporation is found to occur in the group between 11 
to 18 days of age. When radioactive glucose or galactose was 
administered to rats in the 11 to 18 day age group, an increasing 
amount of radioactivity was incorporated into the neutral gly- 
colipide fraction of brain with increasing amounts of time, and 
maximal incorporation occurred 6 to 8 hours after the injection. 
It is of considerable interest that after the maximal incorpora- 
tion of radioactivity had occurred, there was a decrease in the 
radioactivity in the neutral glycolipides and after 24 hours it 
had dropped to one-third of the maximal value. Under the 
present experimental conditions, rats younger than 11 and older 
than 18 days did not incorporate sufficient radioactivity into the 
brain neutral glycolipide to indicate if the cerebroside fraction 
thus labeled lost radioactivity in viva. This loss in radioactivity 
in the neutral glycolipide fraction suggests that these compounds 
are indeed metabolized. If  so, then this turnover appears to 
occur to an appreciable extent only in this age group. Metab- 
olism of the cerebroside fraction in older rats occurs to a very 
small extent, if at all, since the quantity of brain cerebrosides 
increases throughout life and since only very limited incorpora- 
tion of hexose into neutral glycolipides can be demonstrated in 
older animals. Another possibility is that “turnover” of the 
cerebroside fraction itself is very limited but that in addition 
to the synthesis of neutral glycolipides by young animals, the 
formation of other glycolipids, e.g. gangliosides and cerebroside 
sulfate, occurs via neutral glycolipid precursors. 

Glucose 
Or 4 

galactose 

CHZ(CH&-CH 
II 

HC-CH-CH-CH.x--0 
I I I cerebroside- 

OH NH hexose 6’sulfatide 

I 7 
c=o -+ gangliosides 
I L 
CwdLw polycerebro- 

side, and 
other related 
glycolipides 

SCHEME I 

Thus the neutral glycolipide fraction would become labeled 
from the radioactive hexose and after about 8 hours the labeled 
hexose will have been metabolized and the circulating sugar will 
be unlabeled (or very low), therefore additional neutral gly- 
colipides synthesized will be essentially unlabeled. Part of 
the cerebrosides in the brain could be constantly removed by 
being incorporated into more complex structures and would be 
replaced by glycolipides formed from unlabeled hexose. The 
specific activity of the cerebral neutral glycolipide would de- 
crease. 

The investigations of Leloir (30, 31), and Kalckar et al. (32, 
33) have shown that the uridine nucleotides are frequently 
involved in glycosyl transfer reactions, e.g. UDP-glucose donates 
glucose to fructose to form sucrose, to fructose-6-phosphate to 
form sucrose phosphate, and to a primer to form glycogen 

(34-36). Uridine is also involved in the interconversion of glu- 
cose and galactose (20, 30). It is therefore proposed that the 
following series of equations may describe the step-wise reaction 
sequence for the incorporation of glucose and galactose into the 
neutral glycolipide. 

Glucose Pathway 

Glucose + ATP = glucose-6-phosphate + ADP 

Glucose-g-phosphate ti glucose-l-phosphate 

Glucose-l-phosphate + UTP = 

(1) 

(2) 

(3) 
UDP-glucose + pyrophosphate 

UDP-glucose + UDP-galactose (4) 

UDP-galactose + acceptor + neutral glycolipide + UDP (5) 

Galactose Pathway 

Galactose + ATP ti galactose-l-phosphate + ADP (6) 

Galactose-l-phosphate + UDP-glucose * 
(7) 

UDP-galactose + glucose-l-phosphate 

UDP-galactose + acceptor + neutral glycolipide + UDP (5) 

The evidence in support of these reactions may be summarized 
as follows: (a) Both glucose and galactose will give rise to neutral 
glycolipides in viva, and both hexoses will be incorporated if 
the enzyme system from brain is supplemented with ATP and 
if the incubation is carried out under anaerobic conditions in 
vitro. The glycolipide synthesizing enzyme system is relatively 
slow in comparison with many other pathways of hexose utiliza- 
tion and competes very poorly with these other pathways. 
(a) Heating the enzyme system to 50” for 2 minutes leaves the 
system incapable of the incorporation of glucose; galactose, 
however, may still be incorporated into the neutral glycolipide. 
It is known that UDP-galactose-4-epimerase is sensitive to 
heat and may be inactivated under these conditions (20). Ac- 
cording to the proposed sequence (Equations 1 to 5), if the epi- 
merase (Equation 4) were inactivated and if UDP-galactose is 
the more effective donor to the lipide, then glucose would not be 
incorporated into the neutral glycolipide. The possibility that 
one of the enzymes required before the epimerase (i.e. Equations 
1 to 3) was inactivated by the heat treatment has not been 
excluded. (c) It has been shown by the data in this paper that 
galactose-l-phosphate can be used in place of galactose plus 
ATP. (d) Washed microsomal preparations of young rat brain 
often failed to incorporate galactose plus ATP or galactose-l- 
phosphate unless the reaction mixture was supplemented with 
UDP-glucose. UTP would not replace the UDP-glucose re- 
quirement. However, it was found that UDP-galactose could 
replace the mixture of galactose plus ATP supplemented with 
UDP-glucose Since UDP-galactose is apparently the immediate 
galactosyl donor to the lipide acceptor, it is obvious that galac- 
tose-l-phosphate is incorporated into the nucleotide form via 
the reaction represented by Equation 7 and not by a reaction 
analogous to the UTP-glucose-l-phosphate transfer (Equation 
3). Hexokinase (Equation l), phosphoglucomutase (Equation 
2), UDP-glucose pyrophosphorylase (Equation 3), and UDP- 
galactose-4-epimerase (Equation 4) have all been demonstrated 
in brain tissue (19,37,38). Galactose utilization has been shown 
to occur in brain homogenates (39). Leloir has reported the 
presence of galactokinase in brain tissue (31). Recently, 
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Kurahash? has obtained evidence for the presence of galactose-l- 
phosphate uridyl transferase (Equation 7) activity in brain tis- 
sue. The data presented in the present experiments support 
the reaction indicated by Equation 5. 

The radioactivity has been found to be incorporated mainly 
into the hexose moiety of the neutral glycolipide fraction. 
This result is to be expected in the experiments studied in vitro 
if the enzyme system operates via the proposed series of reac- 
tions. It is interesting to note that preferential incorporation 
is also observed in the studies conducted in viva. These results 
must mean that either the lipide acceptor, which is presumed to 
be either sphingosine base or N-acyl sphingosine (ceramide), 
is already present in sufficient quantity or that the formation 
of the lipide acceptor occurs by processes reasonably removed, 
in time, from the immediate metabolic products of the hexoses. 
The C14-hexoses evidently must have sufficient opportunity to 
be incorporated per se before metabolism and random distribu- 
tion can occur. The data of Moser and Karnovsky (13) clearly 
indicate that a direct incorporation of hexose does occur. 

The infrared spectrum of the lipide fraction isolated from the 
mixed-bed resin column and partitioned between water and the 
organic solvent was quite similar to that of cerebroside isolated 
and purified from beef spinal cord lipide. An additional ab- 
sorption maximum was observed at 5.76 /J, probably due to an 
ester carbonyl group, which may indicate that the cerebroside 
fraction contains a neutral lipid, perhaps a simple ester. The 
radioactivity was found to be in the water-soluble product 
obtained by methanolysis of the cerebroside fraction. This 
product is probably methyl galactoside. It is interesting to 
observe that the experiments in vivo yielded a neutral glycolipide 
fraction which produced two radioactive fractions when chro- 
matographed on silicic acid. One of these peaks corresponded 
to that of a purified phrenosin standard and was chromatographi- 
tally similar to the radioactive peak obtained from the experi- 

ments in vitro. From the data reported by Weiss (lo), by Radin 
et al. (II), and by comparison with our cerebroside standard, 
it is probable that these fractions contain N-cerebronyl-01- 
galactosyl sphinogsine, whereas the first radioactive glycolipide 
eluted from the silicic acid in the experiment in vivo is probably 
comparable with the glycolipide reported by Weiss (lo), i.e. 
N-lignoceryl-01-galactosyl sphingosine. It was of considerable 
interest to learn that the cerebroside containing an oc-hydroxy 
fatty acid was preferentially formed in vitro. This finding may 
prove to be significant for the elucidation of the detailed se- 
quence of reactions for the biosynthesis of glycosphingolipides. 

SUMMARY 

Both glucose-U-Cl4 and galactose-l-C14 have been shown to be 
readily incorporated into the neutral glycolipide fraction of 
rat brain tissue in vivo. The rate of incorporation of the hexoses 
was correlated with the ages of the animals and maximal specific 
activity of the glycolipide fraction was found in rats which were 
10 to 20 days post p&urn. Maximal specific activity of the 
neutral glycolipides was observed 8 hours after a single intraperi- 
toneal injection of glucose or of galactose. 24 hours after the 
injection of the radioactive hexose, the specific activity of the 
glycolipide fraction had decreased to about one-third that of 
the maximal value observed (at 8 hours). 

The experiments conducted in vitro showed that the micro- 
somal fraction of young rat brain contains the enzymes neces- 
sary for the incorporation of glucose and galactose into neutral 
glycolipides. It was found that uridine diphosphogalactose 
was the primary hexose donor to a lipide acceptor endogenous 
to the microsomal fraction. Chromatographic and infrared 
spectral studies indicate that the radioactive glycolipide iso- 
lated from the experiments in vitro is a cerebroside, probably 
N-cerebronyl-01-galactosyl sphingosine. 
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