
BBA 51775 

TOACETATE 
IN OLIGODE 

JAN W. KOPER, ELLY C. ZEINSTk4. MATTHIJS LOPES-CARDOZO and LAMBERT M.G. VAN GO&DE 

Laboratory of Veterinary Biochemists, State University of Ut.recht. P. 0. Box 80171, 3508 TD Utrechr (The Neiherkand.~airi 

(Received May 28th. 1984) 

Key words: Acetoacetate; Lipid synthesis; Gakxtocerebmoside; (Rat brain) 

e have compared glucose and acetoacetate as 
oligodendrocytes and astrocytes, using mixe glial cultures enriebed in 
differentiate between met lit processes in oiigodendrocytes qd those in 

type present in the mix culture, we carried out parallel incubations 
cdigodendrocytes had been removed by treatment with anti-galactocerebroside se 
ment. The following results were obtained: 1. Both oligodendrocytes and astr 
acetoacetate as a precursor for lipogenesis and cholesterogenesis. 2. Xn both 
acetoacetate into fatty acids and cholesterol exceeds that of glucose by a factor 
are present at concentrations of 1 mM and higher. 3. Glucose stimulates acetoae~tate 

acids and cholesterol, whereas acetoacetate reduces the entry of glucose into tbese li 
glucose is necessary for NADPH generation, but that otherwise 
acetyl-CoA pool. 4. Both with acetoacetate and with glucose as precursors 01 
cholesterol synthesis than astrocytes. 5. Using incorporation of 3N,0 as an 
we estimated that acetoacetate contributes one third of the ace 
saturating concentrations of both substrates are 

ntroduction 

Oligodendrocytes synthesize and maintain 

myelin in the central nervous system. In view of 

the composition of myelin [l], oligodendrocytes 

must have the potential of synthesizing very large 

quantities of lipids. This potential is particularly 

expressed in the period that myelination is most 

active, which is, in the suckling rat, the third 
postnatal week. It has been estimated that in this 

period oligodendroeytes daily synthesize an 

amount of lipid equivalent to 3-times the weight of 

their cell body [2]. 

Abbreviations: PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis(2- 
(5-phenyloxazolyl))benzene. 
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epatic ketogenesis is very active in suckling 

sf rat milk. This leads 

mM) of acetoacetate 

brain for lipogenesis an 

that convert acetoacetate to acetoacetyl-CoA 

(acetoacetyl-CoA synthetase, EC 6.2.%.-) an 

acetyl-Co.4 (acetyl-CsA ~~~ty~tra~s~e~as~~ 

2.3.1.9) are present in the cytosol of 

[KL-141. The existence of th cytosolic enzymes 

explains why acetoacetate glucose are ntjt 

metabolically equivalent as donors of acetyl groups 

for the synthesis of fatty acids an 
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[9,10,14]. Experiments with brain slices 1151 and 
whole brain homogenates 1161 have shown that 
ketone bodies are better lipogenic precursors than 
glucose, particularly for the synthesis of cholesterol. 
However, it should be emphasized that these stud- 
ies have been carried out with whole brain 
preparations and that the results do not neces- 
sarily apply to oligodendrocytes. Pleasure et al. 
1171 reported a 20-fold enrichment of cytosolic 
acetoacetyl-CoA synthetase in bovine oligo- 
dendrocytes, when compared to whole brain. This 
led to the suggestion that during the suckling 
period ketone bodies may be more important as 
lipid precursors for o~godendrocytes than for other 
cell types in the brain. 

In the present study we have investigated the 
contributions of glucose and acetoacetate to lipo- 
genesis and cholesterogenesis in a primary culture 
system of oligodendrocytes and astrocytes main- 
tained in a serum-free medium [18]. The metabolic 
processes occurring in oligodendrocytes and astro- 
cytes could be distinguished by developing a 
method for complement-mediated cytolysis of the 
oligodendrocyte popula~on in these mixed glial 
cultures. The following questions were addressed. 
(i) Do oligodendrocytes and astrocytes both utilize 
ketone bodies for lipid synthesis? (ii) Are there 
quantitative differences in this respect between 
these two glial cell types? (iii) What are the relative 
contributions of glucose and acetoacetate to lipo- 
genesis and cholesterogenesis in both cell types (iv) 
Is the preferential use of acetoacetate for the 
synthesis of cholesterol also expressed in glial cells 
maintained in culture? 

Materials and Methods 

Animals. Wistar rats, 13 days pregnant, were 
obtained from the Central Institute for the Breed- 
ing of Laboratory Animals (Zeist, The Nether- 
lands). Pups were used for the isolation of oligo- 
dendrocytes at 7 days of age. 

Cell cultures. Cells were isolated and maintained 
in culture as described previously [I81 with the 
following modifications: the cells were seeded at 
6 . 10d cells per cm* in poly(L-lysine)-fated tissue 
culture flasks (25 cm*, Nunc, Denmark) in 5 ml of 
Dulbecco’s h4odified Eagle’s Medium with 10% 
newborn calf serum. After 24 h the medium was 

replaced by 5 ml of a serum-free medium 1181, 
with final ~n~entrations of 5 mM glucose, 1 mM 
pyruvate and 1 mM glutamine. After 48 h in vitro, 
lo-’ M cytosine I-j?-D-arabinofuranoside was ad- 
ded to inhibit the proliferation of astrocytes. The 
medium was replaced by fresh medium after 5 
days in vitro. The cultures were used for experi- 
ments after 7 days in vitro. At this stage the 
cultures contained 60-75% oligodendrocytes as 
estimated from galactocerebroside or myelin basic 
protein immunofluorescence [lS] and sensitivity to 
anti-galactocerebroside and complement~me~at~ 
cytolysis (see below). At least 90% of the other 
cells present in the cultures were astrocytes, as 
estimated from glial fibrillary acidic protein im- 
munofluorescence [ 181. 

Complement-mediated cytolysis of oligodendro- 
cytes. Antibodies against galactocerebrosides were 
raised in rabbits as described by Bologa et al. [19]. 
Guinea-pig blood was obtained by cardiac punc- 
ture. Serum was obtained by centrifugation and 
stored at - 20 OC. The complement system re- 
mained active for at least 1 month. To remove 
o~godendrocytes, cultures were incubated with 
heat~inactivated (30 min, 56 ‘C> anti-galac- 
tocerebroside serum and guinea-pig serum for one 
h. The cultures were then washed with culture 
medium and were maintained in fresh medium for 
12-24 h. Optimal concentrations of anti-galac- 
tocerebroside serum and guinea-pig serum were 
tested for each batch. Addition of 100-200 ,ul of 
each serum was usually sufficient to lyse com- 
pletely the population of oligodendrocytes. 

Incubations with radioactive precursors. After 7 
days the cultures were incubated with various ra- 
dioactive precursors in 2 ml of serum-free medium. 
Parallel incubations were carried out with cultures 
from which the oligodendrocytes had been re- 
moved by treatment with anti-galactocerebroside 
serum and guinea-pig serum. After incubation the 
cultures were placed on ice. Subsequently, the 
medium was removed and the cultures were washed 
twice with ice-cold Hanks balanced salts solution 
and the cells were harvested with a rubber police- 
man. An aliquot of lipid isolated from rat brain 
was added as carrier and total lipids were isolated 
according to Bligh and Dyer [20]. The incorpora- 
tion of label into different lipid classes was 
analysed by thin-layer chromatography [21]. The 
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r plates to iodine vapour, t 

extracted [X3]. The extracts were t 
radioactivity iu xyPene/O.3% 

The incorporation of r 
fatty acids and cholesterol was d 
scribed earlier [IO]. Radioactivit 
corrected for quenching using the &muds ratio 

ethod. All data are presented as pmol or dpm 
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~~d~o~he~~~a~~. D-[6-3H]Galactose, Nayso,, 

, D-[U-‘4C]glucose and ethyl [3-“4C] 
etate were bought from Amersham Interna- 

tional U.K., or from New England Nuclear, 
A. Ethyl [3-14C]acetoacetate was hydro- 

described before 193. 
Chemicals. Potassium acetoacetate was 

pared by hydrolysis of thylacetoacetate ( 
Poole, U.K.) in I M 0I-I for 1 h at 

y neutralization and freeze-drying to 
ethanol. Cultme media were pre 

fro113 their components (Sigma, St. Louis, 
because of the high glucose content of commer- 
cially available media (5-E n-M). Newb calf 
serum was obtained from Flow @vine, U. 

Incubationa of oligedemdrocyte-en~~~~~ c-6 
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observed by phase-contrast microscopy during t&s 
incubation were: ~rag~e~t~t~~ of the oligo- 
dendrscyte recesses, then co ensation of the 
nucleus to a very smia 1 volume, and extensive 
swelling of the cell body, followed by CytoBysis. 
The first effects were visible within IO tin ?oi 

and imtreated cultures with D-{6- 
andysing the in- 

TABLE I 

INCORPORATION OF n-[6-3H]GALACTOSE AND Na\‘SO, INTO LIPIDS BY ~LIG~DENDR~C~T~-~N~IC~E~ CUL- 
TIJRES BEFORE AND AFTER TREATMENT WITH ANTI-GALACTOCEREBROSIDE SERUM AND COMPLEMENT 

Cuhures were incubated with serum-free medium (untreated) or with anti-galactocerebroside serum and guinea-pig serum (treated). 
After washing and a 24 h recuperation period. the cultures were incubated in 2 ml cf serum-free medium with 10 pCi 
D-[6-3H]gaIactose (119 Ci/mol) or with 20 pCi Na\‘SO, (30 Ci/moI) for 24 h. Incorporation of the Iabeled precursors into lipids is 
presented in dpm per culture (means of duplicates). n.d., not detectable. 

Cerebrosides 
Sulfatides 
Neutral lipids 
Phosphohpids 

Incorporation of [6-3W]galactose 

Untreated Treated 
cultures cultures 

7136 290 
767 66 

3 568 709 
6 207 4291 

___- 
Incorporation of Nai5 SO, 

IJntreated Treated 
cultures cultures 

_ 
60 n.d. 

351 n. 1. 1 
nd. nd. 
n.d. nd. 



[35S]sulfate into sulfatides was no longer detecta- 
ble after this treatment. On the other hand, in- 
corporation of galactose into neutral lipids and 
phospholipids was less affected, indicating that the 
astrocytes did contribute to the synthesis of these 
lipid classes. Treatment of cultures with 
anti-galactocerebroside serum alone, or in com- 
bination with heat-inactivated guinea-pig serum 
(30 min, 56 o C), had no effect on the incorpora- 
tion of [6-‘Hlgalactose and [35S]sulfate (data not 
shown). Treatment of cultures with guinea-pig 
serum alone induced damage to oligodendrocytes 
and reduced the incorporation of [6-3H]galactose 
and [ 35S]sulfate by approx. 50%. Complement can 
attack myelin even in the absence of specific anti- 
bodies against myelin, probably because myelin 
activates the complement cascade via the alterna- 
tive pathway [23]. We assume that the effect of 
complement on oligodendrocytes is also due to 
such a mechanism because the plasma membrane 
of oligodendrocytes is continuous with myelin in 
vivo. 

Acetoacetate and glucose as precursors for the 

synthesis of fatty acids and cholesterol 

To compare the utilization of acetoacetate and 
of glucose as lipid precursors, we incubated cul- 
tures with D-[U-r4C]glucose or with [3- 
“C]acetoacetate at various concentrations of these 
substrates. Parallel incubations were carried out 
with cultures from which oligodendrocytes had 
been removed. 

Fig. 1 shows a time-course experiment carried 
out with 0.75 mM D-[U-r4C]glucose and 1 mM 
[3-14C]acetoacetate. At these concentrations both 
[U-r4 Clglucose and [ 3-14 Clacetoacetate were incor- 
porated linearly up to 4 h. Both in oligodendro- 
cytes and in astrocytes the incorporation of [3- 
14C]acetoacetate into fatty acids and into 
cholesterol was approx. 5-times higher than the 
incorporation of [U-14C]glucose. 

We found that increasing acetoacetate con- 
centrations reduced the incorporation of [U- 
14C]glucose into fatty acids and cholesterol but 
that increasing glucose concentrations stimulated 
the incorporation of [3-‘4C]acetoacetate (Fig. 2). 
This stimulation of the incorporation of [3- 
“C]acetoacetate by glucose is probably due to the 
fact that glucose is necessary for the generation of 

Fig. 1. Incorporation of [U-14C]glucose and [3-‘4C]acetoace- 

tate into lipids: contribution of astrocytes and of oligodendro- 

cytes. Panels A and C show the incorporation of 14C into fatty 

acids and panels B and D that into cholesterol. Oligodendro- 

cyte-enriched glial cultures (0) were compared with cultures 

(0) from which oligodendrocytes had been removed by prein- 

cubation with anti-galactocerebroside serum and guinea-pig 

serum. Cultures were incubated in 2 ml of serum-free medium 

with 0.75 mM glucose and 1.0 mM acetoacetate and either 5 

PCi D-[U-14C]ghCOSe (3.3 Ci/mol) (panels A and B) or 5 PCi 

[3-r4C]acetoacetate (2.5 Ci/mol) (panels C and D). 

NADPH for lipid synthesis. Other experiments 
with still higher substrate concentrations ( > 1 mM; 
data not shown) demonstrated that the incorpora- 
tion rates did not increase any further and that the 
incorporation of label from [3-r4C]acetoacetate 
into lipids remained 5-lo-times higher than from 
[U-14C]glucose. 

The smaller contribution by astrocytes to total 
lipid synthesis in the experiment shown in Fig. 2 
as compared to Fig. 1 can be explained by a lower 
percentage of astrocytes (30 vs. 40%, respectively). 

From the data of Fig. 2 we have calculated, for 
both substrates, the ratio between incorporation 
into cholesterol and into fatty acids (Table II). 
This ratio indicates the distribution of the labeled 
substrate between the synthesis of cholesterol and 
of fatty acids. Ratios obtained from incubations 
with various substrate concentrations (Fig. 2) did 
not differ significantly. The ratios were about 2- 
fold higher for oligodendrocytes than for astro- 
cytes, indicating a relatively high rate of 
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Fig. 2. Relationship between acetoacetate and glucose as pre- 
cursors for lipid synthesis by astrocytes and by oligodendro 
cytes. t4C incorporation into fatty acids (0) and into cholesterol 
(e) from 0.41 mM [U-t4C]glucose (18 Ci/mol) with varying 
concentrations of acetoacetate (panels A-C) and from 0.47 
mM [3-‘4C]acetoacetate (5 Ci/mol) with varying concentra- 
tions of glucose (panels D-F). A and D. untreated cultures; C 
and F, cultures from which oligodendrocytes had been removed 
by treatment with anti-galactocerebroside serum and guinea-pig 
serum, representing the contribution of astrocytes; B and E, A 
minus C and D minus F, respectively, representing the contri- 
bution of oligodendrocytes. Triplicate cultures were incubated 
for 4 h. Data are means + SE. expressed as percentage of the 
maximal incorporation. Absolute values for maximal incorpo- 
ration into fatty acids were (pmol/h per culture) (A) 168.0 i 5.0; 
(B) 141.0+5.3; (C) 27.0+0.3; (D) 37.4+_1.4; (E) 28.8i1.7; (F) 
9.9+ 1.3; and into cholesterol (A) 126.Oi4.0; (B) 116.0~-4.1; 
(C) 9.0+0.1; (D) 32.2f3.2: (E) 27.7i3.5; (F) 4.5+0.3. 
Changes in the substrate concentrations during the incubation 
period were less than 10%. 

cholesterogenesis in oligodendrocytes. The ratios 
for [3-r”G]acetoacetate and for [tJ-14G]glucose were 
very similar. Hence, preferential use of acetoace- 
tate for cholesterogenesis was not observe 

Absolute rates of lipogenesis and cholesterogenesis 

In order to estimate the absolute contributions 

ESHS OF C‘?IOLESTE OL AND OF FATTY AClDS 

Data are derived from the experiments shown in Fig. 2. R82i0s 
were c&dated for the various substrate concentraticsns. sig- 
n&cant differences were not found; means f S.E. are presented 
in the table. 

dpm in cholesterol/dpm in fatty acids after 
incorporation of label from 

[U-W]glucose [3-‘4C]acetoacetate 

Total cultures 0.80 i 0.05 0.85 + 0.07 
Bhgodendrocytes 0.89 i: 0.05 0.87 * 0.07 
Astrocytes 0.48 + 0.03 037i6.04 

____--- 

of acetoacetate and glucose to the synthesis of 
fatty acids and cholesterol we incubated cultures 

(see Ref. 24) in cornb~~~ti~~ with 
case or ~~-~4~]ace~oacetatc. Ass 

into fatty acids and 
ox. 1 mol per moi oi 
at [3-‘4e]acetoaceta”re 

contributed 38 f 7 and 32 5 2% of the ace@ 
roups to hpogenesis and cb~~~sterogc~e§~s~ re- 

spectively. [U-l”C]Glucose contributed 4 & 1% to 
iipogenesis and 7 + 2% to c~ole$t~roge~es~s Omis- 
sion of pyruvate from the medium only slights 
enhanced the co~t~b~t~o~ of [U-‘“C]glucose to 
the synthesis of these lipids. 

iseussis 

of g~actocerebroside-positive cells (oB 
cytes) quantitatively by complement-mediated cy- 
tolysis [25] and hence to measure the metabolic 
‘background’. This method allows us to gather 
information on the ~etabo~c co~tr~b~tio~ of as- 
trocytes and of oligod~~drocytcs in mixed &al cdl 
cultures. 
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The data in Table I support the conclusion that 
treatment with anti-galactocerebroside serum and 
complement completely removes the population of 
oligodendrocytes from the cultures. The incorpora- 
tion of [6- 3 Hlgalactose into galactocerebrosides 
was greatly reduced by this treatment and the 
synthesis of sulfatides was no longer detectable. 
On the other hand, the incorporation of [6- 
3H]galactose into neutral lipids and phospholipids 
was less affected, indicating that the astrocytes in 
the culture remained metabolically active. The ob- 
servation that guinea-pig serum alone damages 
oligodendrocytes is interesting in view of the re- 
ported effect of complement on myelin (Ref. 23 
and references therein). Parenthetically, it may be 
noted that some galactocerebroside-positive cells 
developed again after complement treatment and 
prolonged culture in serum-free medium (cf. Refs. 
26 and 27). 

Our results show that both oligodendrocytes 
and astrocytes actively utilize acetoacetate for lipid 
synthesis: maximal rates of incorporation of [3- 
“C]acetoacetate into fatty acids and into cho- 
lesterol are approx. 5-times higher than the rates 
found with [U-‘4C]glucose as substrate (Figs. 1 
and 2). The incorporation of label from [3-14C]hy- 
droxybutyrate into lipids was similar but slightly 
lower than the incorporation of label from [3- 
“C]acetoacetate (J.E.C. Sykes, unpublished data). 

Oligodendrocytes synthesize relatively more 
cholesterol than astrocytes do, both from 
acetoacetate and from glucose (Table II). This 
conclusion is also supported by the observation 
that incorporation of [6-3H]galactose into neutral 
lipids (mainly cholesterol) is inhibited more by 
treatment with complement than the incorporation 
of [6- 3 Hlgalactose into phospholipids (Table I). 
The cultures, used to collect the data shown in Fig. 
2 and Table II, contained 70 + 10% oligodendro- 
cytes. Calculations of the contribution per oligo- 
dendrocyte and per astrocyte indicate that oligo- 
dendrocytes synthesize more fatty acids than 
astrocytes: 2- and 1.25-times as much from 
acetoacetate and glucose, respectively. oligo- 
dendrocytes synthesize more cholesterol as well: 
5.5times more from acetoacetate and 2.7-times 
more from glucose. This corroborates the concept 
that oligodendrocytes have a high capacity for 
lipogenesis and, especially, for cholesterogenesis 
WI. 

We expected to find that acetoacetate was more 
cholesterogenic than glucose, especially in oligo- 
dendrocytes, because of a cytosolic acetoacetyl- 
CoA synthetase [12-141 and its enrichment in 
oligodendrocytes [17]. However, to our surprise, 
we did not find preferential incorporation of [3- 
“C]acetoacetate into cholesterol, when compared 
to [U-‘4C]glucose as substrate. Possible explana- 
tions for the discrepancy between these results and 
conclusions derived from in vivo experiments 
[7,9,10] are: (i) the presence of a blood-brain bar- 
rier in vivo and the possible modification of cir- 
culating substrates by cells that constitute this 
barrier before these substrates are used as lipid 
precursors by oligodendrocytes; (ii) the activity of 
acetoacetyl-CoA synthetase may be reduced in or 
even be absent from our culture system; (iii) the 
actual acetoacetate concentration in the brain may 
be outside the range of acetoacetate concentra- 
tions that we have tested. 

The present results show that [3-14C]acetoace- 
tate and [U-14C]glucose were incorporated into 
cholesterol and fatty acids in the same proportion, 
regardless of the concentration of these substrates. 
Therefore, we conclude that acetoacetyl-CoA syn- 
thetase does not play an important role in rat-brain 
oligodendrocytes and astrocytes in vitro, and that 
the discrepancy with observations in vivo [7,9,10] 
warrants further investigation. 

We used the incorporation of 3H,0 into fatty 
acids and cholesterol to estimate total rates of 
lipid synthesis [24] and measured the contribution 
of acetoacetate and glucose in parallel incubations. 
We calculated that acetoacetate contributes 
30-40% to lipogenesis and cholesterogenesis, 
whereas glucose contributes only 5% at saturating 
concentrations of both substrates. This shows that 
acetoacetate is indeed an important precursor for 
lipid synthesis in glial cells. It also indicates that 
other components in our culture medium such as 
glutamine, other amino acids and pyruvate con- 
tribute substantially to the synthesis of fatty acids 
and cholesterol and that endogenous substrates 
may also serve as lipid precursors. 

The incorporation of [U-14C]glucose is reduced 
by 60% by the addition of 0.8 mM acetoacetate 
(Fig. 2; panels A-C), an observation that is com- 
patible with the finding that acetoacetate contrib- 
utes many more acetyl groups to lipid synthesis 
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than glucose. on the other ha 
cme to the medium stimulates t 
[?-‘“C]acetoacetate into lipids (Fig. 2; panels 

D-F). Apparently, ghume is necessary for the 
reduction of NADP 

glucose. Consistent this explanation is the 

tar of the pentose phosphate pathway, blocks the 

slim&tory effect of glucose on lipid synthesis 

from acetoacetate by mixe gllal cultures (J.E.C. 

$JJkkX, 

Hna experiments with 

oligodendrocyte-enriched cultures that: (i) both 

astrocytes and oligodendrocytes actively use 

acetoacetate for hpogenesis and c~olester~ge~esis~ 

(ii) ohgodendrocytes synthesize more cholesterol 

than as ytes; (iii) acetoacetate contributes one 

third of acetyl groups to lipid synthesis, whereas 
glucose contributes only about 595, at o 
cQ~ce~trations of both substrates; (iv) the di 

tion between fatty acid synthesis and chol 
genesis is the same for acetyl groups derived from 

acetoacetate as for those from glucose. 
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