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Abstract—The effect of valproate on lipogenesis in brain slices from early neonatal rats was studied.
The rate of lipid synthesis from lactate and 3-hydroxybutyrate, but not from glucose, was decreased
significantly by 1 mM valproate. Separation by high performance liquid chromatography of brain
lipids showed that valproate inhibited the synthesis of major phospholipids (phosphatidyicholine,
phosphatidylethanolamine and phosphatidylserine) from lactate and major sterols (desmosterol, chol-
esterol and lanosterol) from lactate and 3-hydroxybutyrate. Valproate did not affect sterol synthesis but
slightly enhanced phospholipid synthesis from glucose. However, the ratio of phosphatidylserine/
phosphatidylethanolamine synthesis was decreased from lactate, glucose and 3-hydroxybutyrate, sug-
gesting that valproate changes phospholipid composition of brain structures. These changes may
contribute to the pharmacological action of the drug.

Valproic acid is a broad-spectrum antiepileptic drug
whose mechanism of action is still unknown.
Briefly, valproate inhibits brain a-ketoglutarate
dehydrogenase (EC 1.2.4.2) [1], y-aminobutyric acid
aminotransferase (EC 2.6.1.19) [2] and/or stimulates
glutamic acid decarboxylase (EC 4.1.1.15) [3]. These
effects may increase brain concentrations of the
inhibitory neurotransmitter y-aminobutyric acid,
which may explain its pharmacological effect.
However, the effects of valproate on the properties
of brain membranes also may be relevant in the
pharmacological mode of action of the drug. In this
sense, it has been reported that valproate inhibits
phospholipid synthesis in neuroblastoma cells [4], it
decreases the fluidity of brain mitochondrial
membranes [5], and it inhibits the monocarboxylate
carrier of blood-brain barrier [6] and/or of brain
mitochondrial membrane [7]. Thus, the possible
changes occurring in brain membrane lipid com-
position brought about by valproate could be relevant
during the postnatal period in which the synthesis
of lipids is enhanced temporarily [8). Prompted by
these considerations, we investigated the possible
effect caused by valproate on brain lipogenesis
during the neonatal period. Since lactate seems to
be the best substrate for the brain during this period
[9-12], we studied the effect of the drug on
lipogenesis from lactate. Lipogenesis from other
relevant substrates of the brain during the neonatal
period, such as glucose and 3-hydroxybutyrate, was
also investigated.

MATERIALS AND METHODS

Chemicals. L-[U-'*C]Lactate (specific radioactivity
177 Ci/mol), p-[6-1*C]glucose (specific radioactivity
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Salamanca, Aptdo. 449, E37080 Salamanca, Spain. Tel:
34-23-294526; FAX 34-23-294564.

BP 45:6-H

55.8Ci/mol) and  D-3-hydroxy-[3-'*C]butyrate
(specific radioactivity 44.3 Ci/mol) were purchased
from New England Nuclear (Boston, MA, U.S.A.).
L-Lactic acid was obtained from Serva Fein-
biochemica (Heidelberg, Germany). D-Glucose, DL-
3-hydroxybutyrate and sodium valproate were
obtained from the Sigma Chemical Co. (St.
Louis, MO, U.S.A.). High performance liquid
chromatography (HPLC)-grade solvents were from
Scharlau (Barcelona, Spain). Enzymes and coen-
zymes were obtained from Boéhringer (Mannheim,
Germany).

Animals. Albino Wistar rats fed on stock
laboratory diet (by w/v: carbohydrate 58.7%, protein
17.0%, fat 3.0% and added salts and vitamins) and
of known gestational age were used for the
experiments. Virgin females with a weight of 225~
250 g were caged overnight with males. Conception
was considered to occur at 1:00 a.m. and was
confirmed the next morning by the presence of
spermatozoa in vaginal smears. Fetuses weighing
5.2+0. 1g (mean = SEM) were delivered on day
21.5 of gestation (21.7 days for full gestation) by
rapid hysterectomy after cervical dislocation of the
mother. Newborns were carefully wiped and the
umbilical cords were tied and cut. Newborns were
kept in an incubator at 37° in a continuous stream
of water-saturated air without feeding.

Brain incubations. After 1 hr of extrauterine life,
the newborns were decapitated and the right
hemispheres of the forebrain were removed and
immediately sliced in a water-saturated cabin. Brain
slices (70mg of wet weight) were incubated as
previously described [9, 11]. The incubation medium
was 2mL of phosphate-buffered saline (11 mM
sodium phosphate, 122mM NaCl, 3.1mM KCl,
0.4mM KH,PO,, 1.2mM MgSO,, and 1.3mM
CaCl,, pH 7.4) containing 2 uCi of L-[U-"“C]lactate
(specific radioactivity 0.08 Ci/mol), 2uCi of
D-[6-!*C]glucose (specific radioactivity 0.1 Ci/mol)
or 1uCi of D-3-hydroxy-[3-1*Clbutyrate (specific

1283



1284

radioactivity 1.0Ci/mol) and the desired con-
centration of the unlabeled substrates with or without
1 mM sodium valproate. This concentration has been
shown to be close to that reached in blood after the
administration of therapeutic doses of valproate,
which protects against experimentally induced
convulsions in the rat [13]. The atmosphere of the
flasks was gassed with O,; the flasks were then sealed
with rubber caps and incubated in a shaken water-
bath at 37°. Incubations were stopped after 2 hr by
injection of 0.2mL of 4.75M HCIO, through the
rubber cap into the well.

Extraction of total lipids. At the end of the
incubation, the slices were frozen under liquid
nitrogen. Total lipids were extracted from the
powdered tissue with 2mL of a mixture of
chioroform/methanol (2:1, v/v) by the method of
Folch ez al. [14] for 16 hr at —~20°. The extract was
washed twice with 0.8mL of 0.3% (w/v) NaCl
saturated with chloroform. The organic phase was
divided into two aliquots; 0.1 mL was used for the
measurement of the radioactivity incorporated into
total lipids, and 1.0mL was gently dried under a
stream of N, and was kept at ~20° until being
subjected to phospholipid separation by HPLC.

Extraction of non-saponifiables. Non-saponifiable
material (mainly sterols) was extracted essentially as
described by Edmond and Popjik [15]: brain slices
were saponified at 70° with 4 mL of 53.5M KOH/
ethanol (1:1, v/v) for 2 hr; unsaponifiable material
was extracted three times with 5mL of petroleum
ether (b.p. 40-60°) and the combined petroleum
extracts were concentrated to dryness with a stream
of N,. The extract was kept at —20° until being
subjected to separation by HPLC.

Separation of phospholipids by HPLC. Phospho-
lipid species were separated by an HPLC isocratic
method, essentially as described by Kaduce et al.
[16] using a liquid chromatography pump system
(114 M-Beckman, Beckman Instruments, Inc., Palo
Alto, CA, U.S.A)) on a normal-phase column of
silica (4.6 mm X 25 cm, with silica particle diameter
of 5um, Ultrasphere, Beckman). The eluent was
acetonitrile:methanol:9.79 M sulfuric acid
(100:3:0.052, by vol.) at a flow rate of 1 mL/min
and a pressure of 600 psi. The dried lipid extracts
were redissolved in 30 uL of chloroform:methanol
(2:1, v/v) and injected into the column. Elution was
monitored at a wavelength of 205 nm (163-Beckman).
Signals were channeled to an electronic integrator
(SP 4293, Spectra Physics, San José, CA, U.S.A.)
and the retention times of phosphatidylinositol
(PI*, 5.6 min), phosphatidylserine (PS, 7.8 min),
phosphatidylethanolamine (PE, 9.2 min), phospha-
tidylcholine (PC, 12.6min) and sphyngomyelin
(21.5min) were identified by comparison with
commercial standards (purity: =97%, Sigma Chemi-
cal Co.). Eluates (0.5-mL fractions) were collected
into scintillation vials using a fraction collector
(model 2110, Bio-Rad, Richmond, CA, U.S.A.)
coupled to the detector output, and the radioactivity
was counted. The recovery of radioactivity was 85—

*Abbreviations: PC, phosphatidyicholine; PE, phos-
phatidylethanolamine; PI, phosphatidylinositol; and PS,
phosphatidylserine.
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95%. One fraction eluted together with the solvent
front contained sterols and sterol esters, which was
verified by thin-layer chromatography (Silicagel G-
200, Merck, Darmstad, Germany) using a system of
chloroform:acetone (95:5, v/v) as the mobile phase
(results not shown). The radioactivity incorporated
into sphyngomyelin was always undetectable.

Separation of non-saponifiables by HPLC. Non-
saponifiable species were separated by an HPLC
isocratic method using a reversed-phase column of
silica-C;g (4.6 mm X 25 cm, 5 um particle diameter,
Ultrasphere-ODS,  Beckman)  with  aceto-
nitrile:methanol (10:1, v/v) as eluent and a flow
rate of 1 mL/min and a pressure of 700 psi. The
dried non-saponifiable extract was redissolved in
30 uL of chloroform and injected into the column.
Elution was monitored at a wavelength of 205 nm.
Signals were channeled to an integrator and the
retention times of desmosterol (30.8 and 34.0 min),
lanosterol (42.5 and 46.6 min), cholesterol (53.8 min)
and squalene (62.5min) were identified by com-
parison with commercial standards (purity: 97-
100%, Sigma Chemical Co.). Eluates (0.5mL
fractions) were collected into scintillation vials and
the radioactivity was counted. The recovery of
radioactivity was 70~80%.

Metabolite determinations and data analysis. D-3-
Hydroxybutyrate was determined as described by
Williamson and Mellanby [17], b-glucose as described
by Bergmeyer et al. {18] and L-lactate after Gutmann
and Wahlefeld [19]. The specific radioactivity of the
substrates found in the blanks was used for the
calculations. The rates of substrate utilization by the
brain slices were expressed as micromoles (or
nanomoles) of L-lactate, D-glucose or D-3-hyd-
roxybutyrate incorporated into total lipids, phospho-
lipids or non-saponifiables per hour per gram of wet
weight. Results are presented as means + SEM.
Statistically significant differences were tested by
Student’s ¢-test.

RESULTS

Effect of valproate on lipid synthesis. Table 1
shows that lactate is the main precursor of lipids in
the neonatal rat brain, since the incorporation of
this substrate into phospholipids, non-saponifiables
and total lipids was higher than the incorporation of
glucose or 3-hydroxybutyrate into these lipids.
Lactate, glucose and 3-hydroxybutyrate were mainly
incorporated into the non-saponifiable fraction, the
phospholipid fraction being 28 and 31% of the total
amount of lipids synthesized from lactate and
glucose, respectively, and 10% of those synthesized
from 3-hydroxybutyrate. The presence in the
incubation medium of valproate significantly
decreased the rate of lipid synthesis from lactate.
This inhibition was due to the decrease in the rate
of synthesis of both phospholipids and non-
saponifiables (Table 1). The synthesis of phospho-
lipids from glucose was enhanced significantly by
valproate but the synthesis of non-saponifiables was
not modified in these circumstances (Table 1). The
rate of total lipid synthesis from 3-hydroxybutyrate
was decreased significantly by valproate (Table
1). The ratio of non-saponifiables/phospholipids



Table 1. Effect of valproate on the incorporation of lactate, glucose and 3-hydroxybutyrate into lipids in neonatal rat brain*

Substrate incorporated (umol/hr/g wet wt)

N-Sap/Phospholipid

Total

Phospholipids N-Sapt ratio

lipids

Additions

28 +0.12
41 +£0.08

+0.19
03 +0.02

2
4
44

1
1
1
1.
6.79 + 0.58
4

7
.29 +0.38

0.531 + 0.050 (100)
0.426 + 0.024§ (80)
0.375 + 0.050 (100)
0.372 * 0.009 (99)

0.129 * 0.011 (100)

0.103 * 0.009§ (80)

0.416 = 0.038 (100)
0.303 + 0.023§ (73)
0.261 + 0.032 (100)
0.361 = 0.0248 (138)
0.019 = 0.002 (100)
0.024 + 0.004 (126)

1.48 + 0.07 (100)
1.09 + 0.03% (74)
0.83 = 0.03 (100)
0.97 % 0.05 (117)
0.20 + 0.01 (100)
0.15 = 0.01 (75)

+ valproate (1 mM)
1 uCi p-3-hydroxy-[3-*C]Butyrate (1 mM)
+ valproate (1 mM)

+ valproate (1 mM)
2 uCi p-[6-“C}Glucose (5 mM)

2 uCi L-[U-"“C]Lactate (12 mM)

Valproate and brain lipogenesis

* Brain slices were incubated in phosphate-buffered saline as described in Materials and Methods. Results are means * SEM for 4-7 newborns. The

percentages are indicated in parentheses.

f valproate.

absence of valproate.
| P < 0.001 vs the values obtained from lactate and glucose.

§ P < 0.05 vs the values obtained in the absence o

1 P <0.01 vs the values obtained in the

+ N-Sap, non-saponifiables.
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synthesis was significantly greater from 3-hyd-
roxybutyrate than that from lactate and glucose
(Table 1).

Effect of valproate on phospholipid synthesis.
Table 2 shows the incorporation of lactate, glucose
and 3-hydroxybutyrate into phospholipid species.
Brain phospholipids were separated by HPLC and
the radioactivity incorporated into each phospholipid
was measured by liquid scintillation counting. PC
was the main phospholipid synthesized from lactate,
glucose and 3-hydroxybutyrate, accounting for about
70-76% of the rate of total phospholipid synthesis
(Table 2). The rate of PE synthesis was about 12—
17% of the rate of total phospholipid synthesis in
these circumstances. The rate of PS synthesis was
about 6-11% from all the substrates assayed. The
rate of PI synthesis was 1.9 and 4.2% from lactate
and glucose, respectively, and 7% from 3-
hydroxybutyrate (Table 2). The presence of valproate
in the incubation medium decreased the rate of
lactate incorporation into PC, PE and PS (Table 2).
However, valproate increased the rate of glucose
incorporation into PC, PE and PI (Table 2). In the
presence of valproate the ratio of PS/PE synthesis
was decreased significantly from all the substrates
assayed (Table 2).

Effect of valproate on sterol synthesis. Table 3
shows the rates of incorporation of lactate, glucose
and 3-hydroxybutyrate into neonatal brain sterols.
Squalene accounted for about 1.2-1.7% of the rate
of total non-saponifiables synthesis from lactate,
glucose and 3-hydroxybutyrate. Lanosterol and
cholesterol were synthesized to a similar extent, each
accounting for about 18% of the rate of total non-
saponifiables synthesis. The rate of desmosterol
synthesis from all the substrates assayed was the
highest observed (Table 3), accounting for about
62% of the rate of total non-saponifiables synthesis
from lactate, glucose and 3-hydroxybutyrate (Table
3). The presence of valproate significantly decreased
the synthesis of lanosterol, desmosterol and
cholesterol without affecting squalene synthesis from
lactate (Table 3). Valproate inhibited the synthesis
of squalene, lanosterol, desmosterol and cholesterol
from 3-hydroxybutyrate (Table 3). However, the
presence of valproate in the incubation medium did
not change the rate of the synthesis of sterol species
from glucose (Table 3).

DISCUSSION

During the early neonatal period, the very low
blood glucose concentration is insufficient to satisfy
the energy requirements of the newborn’s tissues
[20]. Likewise, ketone bodies, which are produced
in liver from milk fatty acids, are not available until
the onset of suckling, which occurs 2 hr after birth
in the rat [21]. Therefore, it has been suggested that
lactate, whose blood concentrations are very high
immediately after birth [10, 20], plays a relevant role
as an alternative energy substrate for the brain
during the presuckling period [9-12]. The results
obtained in this work reinforce this suggestion since
lactate proved to be the main lipid precursor in the
neonatal rat brain as compared to glucose and 3-
hydroxybutyrate. In addition, lactate was the major
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Valproate and brain lipogenesis

substrate for the synthesis of brain sterols and
phospholipids (Table 1). Under these circumstances,
valproate significantly inhibited lipid synthesis from
lactate, the effect being observed on the rate of
synthesis of the main phospholipid and sterol species
(Tables 1-3). These results may be of pharmacological
relevance because lactate could be the main substrate
during the early postnatal period and hence valproate
would interfere with lipid synthesis in these
circumstances. In addition, we have reported
previously that the administration of valproate to
the rat during development decreased the rate of
3H,0 incorporation into brain sterols in vivo [22].
This effect was explained by the fact that valproate
inhibits ketogenesis in the liver [23], resulting in a
reduced supply of ketone bodies to the brain.
However, the results reported in this paper suggest
that valproate also inhibits the incorporation of
ketone bodies into brain sterols (Table 1).
Consequently, valproate may inhibit both ketone
body supply and utilization by the neonatal brain,
which may result in the inhibition of lipogenesis
during the suckling period. Thus, ketone bodies are
important substrates for the lactating brain, and
meet most of the metabolic requirements of the
brain during the suckling period [21]. Moreover, 3-
hydroxybutyrate and acetoacetate are precursors for
the synthesis of sterols and fatty acids in the central
nervous system (Tables 2 and 3) [24]. Nevertheless,
conversion to sterols rather than to fatty acids is the
main anabolic fate of ketone bodies in the brain
(Table 1) [25]. Thus, cytosolic acetoacetate is not
necessarily cleaved into acetyl-CoA for cholesterol
synthesis in the neonatal brain [25, 26] because of
the occurrence of acetoacetyl-CoA synthetase (EC
6.2.1.16) activity in the developing brain [27].

The effect of valproate on the rate of non-
saponifiables synthesis from lactate and 3-hyd-
roxybutyrate differed substantially from that from
glucose (Table 1). Thus, valproate inhibited sterol
synthesis from lactate and 3-hydroxybutyrate but
not from glucose (Tables 1 and 3). In addition,
valproate decreased the rate of phospholipid
synthesis from lactate, did not affect that from 3-
hydroxybutyrate, and increased that from glucose
(Table 2). These results are not consistent with
the suggestion [7] that valproate inhibits the
mitochondrial pyruvate carrier because pyruvate
from both lactate and glucose obviously uses the
same mitochondrial carrier. If valproate inhibits the
mitochondrial pyruvate carrier, an inhibition of
lipogenesis from glucose should be expected. In fact,
a~cyano-4-hydroxycinnamate, a well-characterized
inhibitor of the mitochondrial pyruvate carrier [28],
inhibited sterol and phospholipid syntheses from
glucose together with those from lactate and 3-
hydroxybutyrate (results not shown), suggesting that
the effect of valproate on lipogenesis (Tables 1-3)
is not related to an inhibition of the mitochondrial
pyruvate carrier. On the other hand, valproate is
transported to the central nervous system by the
monocarboxylate carrier [6], which is shared by
lactate and 3-hydroxybutyrate [29], but not by
glucose, which uses its own transport system [30].
In agreement with this, valproate inhibited to a
similar extent sterol synthesis from lactate and 3-
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hydroxybutyrate but not from glucose, which was
unaffected (Table 1). It should be mentioned that
phospholipid synthesis from lactate was similarly
affected by valproate. In addition, the effect of
the drug on phospholipid synthesis from 3-
hydroxybutyrate was not observed, possibly because
3-hydroxybutyrate incorporation into phospholipids
(Table 1) was below the sensitivity limit of the
method. Consequently, valproate may interfere in
the transport of lactate and 3-hydroxybutyrate, but
not that of glucose, into brain cells by inhibiting the
monocarboxylate carrier. In agreement with this,
the transport of pyruvate, which also uses the
monocarboxylate carrier [28,29], is competitively
inhibited by valproate in brain capillary endothelial
cells, although the drug does not affect glucose
transport [31]. Consequently, it may be suggested
that the inhibition of the plasma membrane
monocarboxylate carrier by valproate is responsible
for the inhibition of lactate and 3-hydroxybutyrate
incorporation into lipids (Table 1).

Under our experimental conditions, the phospho-
lipid most actively synthesized was PC followed by
PE, PS and PI. This coincided with the pattern of
phospholipids concentrations found in the brain
during this period [32]. This is probably a
consequence of the low degree of myelination
occurring during the early neonatal period [8] when
the brain phospholipid composition [32] highly
correlates with the rate of newly synthesized
phospholipids (Table 2). The inhibition of lactate
incorporation into brain phospholipids caused by
valproate (Table 2) may be of pharmacological
relevance. Roberti et al. [4] have reported the ability
of valproate to overcome the inhibition of PC and
PE synthesis caused by pyridoxal 5'-phosphate.
However, no effect of valproate on the rate of
choline or ethanolamine incorporation into PC
or PE, respectively, was observed under these
circumstances [4]. Our results (Table 2) are consistent
with the notion of a direct effect of valproate on
phospholipid synthesis from lactate rather than on
the uptake of phospholipid-borne amines because
the effect of valproate on phospholipid synthesis was
not observed when glucose was used as a substrate.
Likewise, it has been reported [33] that valproate
does not change the rate of glycerol incorporation
into glycerolipids. In agreement with this, our results
suggest that the inhibition of lactate incorporation
into PC, PE or PS (Table 2) would not be due to a
decrease in the rate of glycerol incorporation into
glycerolipids because under our experimental
conditions valproate did not inhibit glycerol-borne
phospholipid synthesis from glucose (Table 2).
Moreover, valproate did not affect the incorporation
of [3,4-C]glucose into brain lipids (results not
shown), suggesting that glycerogenesis is not affected
by the presence of valproate. Consequently, it may
be suggested that valproate inhibits fatty acid-borne
phospholipid synthesis from lactate. It should be
mentioned that Sklenovsky and Chmela [34] have
shown that valproate can reverse the enhanced fatty
acid synthesis caused by a convulsive state in the
rat, an effect that may be explained by the inhibition
of fatty acid synthesis observed in our experiments
(Table 2).



1288

Acknowledgements—This

work was supported by

C.ILC.Y.T., FILS.S.8., and Fundacién Ramon Areces,
Spain. We are grateful to Dr. E. Fernandez for helpful
discussions. The technical assistance of J. Villoria is
gratefully acknowledged. J.P.B. was a recipient of a
fellowship from the F.1.8.8.S., Ministerio de Sanidad y
Consumo, Spain.

10.

11,

12,

13.

14.

15.

16.

REFERENCES

. Luder AS, Parks JK, Frerman F and Parker WD Jr,

Inactivation of beef brain a-ketoglutarate dehydro-
genase complex by valproic acid and valproic acid
metabolites. J Clin Invest 86: 1574-1581, 1990.

. Loscher W, Effect of inhibitors of GABA amino-

transferase on the metabolism of GABA in brain tissue
and synaptosomal fractions. J Neurochem 36: 1521-
1527, 1981,

. Silverman RB, Andruszkiewicz R, Nanavati SM, Taylor

CP and Vartanian MG, 3-Alkyl-4-aminobutyric acids:
The first class of anticonvuisant agents that activates
L-glutamic acid decarboxylase. J Med Chem 34: 2295~
2298, 1991.

. Roberti R, Bocchini V, Freysz L, Vecchini A, Corazzi

L, Arienti G, Porcellati F and Binaglia L, Effect
of pyridoxal 5'-phosphate and valproic acid on
phospholipid synthesis in neuroblastoma NA. Biochem
Pharmacol 38: 3407-3413, 1989.

. Dellantonio R, Curatola G, Angeleri F, Paladini D,

Recchioni MA, Sirocchi G, Angeleri VA and Giannini
L, Effect of valproic acid on fluidity of brain
mitochondrial membranes. In: Advances in Epilep-
tology (Eds. Menelis I, Bental E, Loeber IN and
Dreifuss FE), Vol. 17, pp. 101-104. Raven Press, New
York, 1989.

. Cornford EM, Diep CP and Pardridge WM, Blood-

brain transport of valproic acid. J Neurochem 44: 1541~
1550, 1985.

. Benavides J, Martin A, Ugarte M and Valdivieso F,

Inhibition by valproic acid of pyruvate uptake by brain
mitochondria. Biochem Pharmaco! 31:. 1633-1636,
1982.

. Cuzner ML and Davison AN, The lipid composition of

rat brain and subcellular fractions during development.
Biochem J 106: 2934, 1968.

. Arizmendi C and Medina JM, Lactate as an oxidizable

substrate for rat brain in vitro during the perinatal
period. Biochem J 214: 633-635, 1983.

Medina JM, The role of lactate as an energy substrate
for the brain during the early neonatal period. Biol
Neonate 48: 237-244, 1985.

Ferndndez E and Medina JM, Lactate utilization by
the neonatal rat brain in vitro. Competition with
glucose and 3-hydroxybutyrate. Biochem J 234: 489~
492, 1986.

Vicario C, Arizmendi C, Malloch G, Clark JB and
Medina JM, Lactate utilization by isolated cells from
early neonatal rat brain. J Neurochem §7: 1700-1707,
1991.

Semmes RLO and Shen DD, Comparative phar-
macodynamics and brain distribution of E-AZ-valproate
and valproate in rats. Epilepsia 32: 232-241, 1991.
Folch J, Lees M and Sloane Stanley GH, A simple
method for the isolation and purification of total lipides
from animal tissues. J Biol Chem 226: 497-509, 1957.
Edmond J and Popjdk G, Transfer of carbons atoms
from mevalonate to n-fatty acids. J Biol Chem 249:
66-71, 1974.

Kaduce TL, Norton KC and Spector AA, A rapid,
isocratic method for phospholipid separation by high-
performance liquid chromatography. J Lipid Res 24:
1398-1403, 1983.

J. P. BoLARoOS and J,

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

34,

M. MEDINA

Williamson DH and Mellanby J, D-(-)-3-Hydroxy-
butyrate. In: Methods of Enzymatic Analysis (Ed.
Bergmeyer HU), Vol. 4, pp. 1836-1839. Verlag Chemie
GmbH, Weinheim, 1974.

Bergmeyer HU, Bernt E, Schmidt F and Stork H, -
Glucose. Determination with hexokinase and glucose-
6-phosphate dehydrogenase. In: Methods of Enzymatic
Analysis (Ed. Bergmeyer HU), Vol. 3, pp. 1196-1201.
Verlag Chemie GmbH, Weinheim, 1974.

Gutmann I and Wahlefeld AW, L-(+)-Lactate.
Determination with lactate dehydrogenase and NAD,
In: Methods of Enzymatic Analysis (Ed. Bergmeyer
HU), Vol. 3, pp. 1464-1468. Verlag Chemie GmbH,
Weinheim, 1974.

Girard JR, Cuendet GS, Marliss EB, Kervran A,
Rieutort M and Assan R, Fuels, hormones and liver
metabolism at term during the early postnatal period
in the rat. J Clin Invest 53: 3190-3200, 1973.
Robinson AM and Williamson DH, Physiological roles
of ketone bodies as substrates and signals in mammalian
tissues. Physiol Rev 60: 143-187, 1980.

Bolafios JP, Medina JM and Williamson DH, Inhibition
of sterol but not fatty acid synthesis by valproate in
developing rat brain in vivoe. Biochem J 272: 251-253,
1990.

Becker CM and Harris RA, Influence of valproic acid
on hepatic carbohydrate and lipid metabolism. Arch
Biochem Biophys 223: 381-392, 1983.

Edmond J, Ketone bodies as precursors of sterols and
fatty acids in the developing rat. J Biol Chem 249: 72~
80, 1974.

Miziorko HM. Laib FE and Behnke CE, Evidence
for substrate channeling in the early steps of
cholesterogenesis. J Biol Chem 265: 9606-9609, 1990.
Webber RJ and Edmond 1, The in vivo utilization of
acetoacetate, D-(-)-3-hydroxybutyrate and glucose for
lipid synthesis in brain in the 18-day-old rat. Evidence
for an acetyl-CoA bypass for sterol synthesis. J Biol
Chem 254: 3912-3920, 1979.

Buckley BM and Williamson DH, Acetoacetate
and brain lipogenesis: Developmental pattern of
acetoacetyl-Coenzyme A synthetase in the soluble
fraction of rat brain. Biochem J 132: 653-656, 1973.
Halestrap AP, The mitochondrial pyruvate carrier.
Kinetics and specificity for substrates and inhibitors.
Biochem J 148: 85-96, 1975.

Halestrap AP, Poole RC and Cranmer SL, Mechanism
and regulation of lactate, pyruvate and ketone body
transport across the plasma membrane of mammalian
cells and their metabolic consequences. Biochem Soc
Trans 18: 1132-1135, 1990.

Silverman M, Structure and function of hexose
transporters. Annu Rev Biochem 60: 757-794, 1991.
Cremer JE, Sarna GS, Teal HM and Cunningham VJ,
Amino acid precursors: their transport into brain and
initial metabolism. In: Amino Acids as Chemical
Transmitters (Ed. Fonum F), pp. 669-689. Plenum
Press, New York, 1978.

Sun GY and Foudin LL, Phospholipid composition and
metabolism in the developing and aging nervous
system. In: Phospholipids in Nervous Tissues (Ed.
Eichberg 1), pp. 79-134. Wiley-Interscience, New
York, 1985.

Arienti G, Fratto G, Ramacci MT, Pacifici L, Piccinin
GL and Corazzi L., Cerebellar lipid metabolism is
affected by bicuculline-induced seizures and by some
anticonvulsive drugs. Neurosci Res Commun §: 135~
139, 1989.

Sklenovsky A and Chmela Z, The effect of antiepileptic
drugs I1. (Valproate, methosuximide) on nonesterified
fatty acids in the brain structures during convulsive
state. Acta Univ Palacki Olomuc (Olomouc) Fac Med
117: 125-135, 1987.



