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ABSTRACT. Much evidence suggests that lactate may 
play a relevant role as a metabolic substrate for the brain 
immediately after delivery. In this work, the rate of lactate, 
glucose, and 3-hydroxybutyrate incorporation into COz, 
phospholipids, and sterols was studied in fetal rat brain 
slices during the last 3 d of gestation. Lactate was the best 
substrate for the brain during the late gestation, not only 
as a source of energy, but also as precursor of brain 
phospholipids and sterols. The rates of oxidation and 
lipogenesis from glucose and 3-hydroxybutyrate showed a 
progressive decrease during late gestation (10-15% reduc- 
tion on d 2 0 . 5 , ~  < 0.05, and 22-33% on d 21.5, p < 0.01, 
for oxidation; 14-18% on d 20.5, p < 0.05, and 20-22% 
on d 21.5, p < 0.05, for lipogenesis), whereas lactate 
maintained its rate of utilization in the same circumstances. 
The main phospholipid synthesized throughout the late 
gestation was phosphatidylcholine. The synthesis of phos- 
phatidylcholine and phosphatidylethanolamine from lac- 
tate, glucose, and 3-hydrokybutyrate decreased during late 
gestation. Under these circumstances. however. the rate of 
~h~s~hat idylser ine  synthesis from gl"cose was'un~han~ed; 
it decreased from 3-hydroxybutyrate and increased from 
lactate. The rate of desmosterol synthesis was about 3- to 
4-fold higher than those of cholesterol and lanosterol. Our 
results suggest that the capacity of fetal brain for lactate 
utilization remains high during late gestation, but the ca- 
pacities for the utilization of glucose and 3-hydroxybuty- 
rate decrease until term. This may indicate that lactate is 
an important substrate for brain development during late 
gestation. (Pediatr Res 33: 66-71, 1993) 

Abbreviations 

PC, pbosphatidylcholine 
PE, phosphatidylethanolamine 
PI, phosphatidylinositol 
PS, phosphatidylserine 

It is well established that ketone bodies (3-hydroxybutyrate 
and acetoacetate) are important substrates for the developing 
brain and that, together with glucose, they are able to meet most 
of the brain's metabolic requirements during the suckling period 
(1). However, just before the onset of lactation, i.e. during the 
presuckling period, there is a very low concentration of ketone 
bodies in rat blood (2). Moreover, the newborn rat shows a 
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profound hypoglycemia during the first postnatal hours (2, 3), 
and hence the supply of glucose is not enough to provide the 
brain's energy requirements. On the other hand, the large 
amounts of lactate accumulated in blood during late gestation 
are rapidly removed during early postnatal life (2-5). During the 
first 2 h of extrauterine life, most of this lactate is consumed 
through the tricarboxylic acid cycle (6), because gluconeogenesis 
is not still active during this period (3, 4). In fact, lactate is an 
excellent substrate for lipid synthesis in brain slices (7) or disso- 
ciated brain cells (8) in neonatal rats. 

Because lactate is accumulated in fetal blood and is the main 
fuel available to fetal tissues during late gestation (9), we at- 
tempted to evaluate the role played by lactate as a source of 
energy and carbon skeletons for the fetal brain during late 
gestation. Consequently, we investigated the time course of lac- 
tate incorporation into C02, phospholipids, and sterols during 
the last 3 d of the gestation. To evaluate the relative importance 
of lactate as a precursor of brain lipids, the contribution of 
glucose and 3-hydroxybutyrate as substrates for fetal rat brain 
lipid synthesis was also investigated. 

MATERIALS AND METHODS 

Reagents. L-[U-'4C]lactate (177 Ci/mol), D-[6-'4C]glucose 
(55.8 Ci/mol), ~-3-hydrox~[3-'~C]but~rate (44.3 Ci/mol), and 
RS-[2-14C]mevalonolactone (50.3 Ci/mol) were purchased from 
New England Nuclear (Boston, MA). L-Lactic acid was obtained 
from Serva Feinbiochemica (Heidelberg, Germany). D-Glucose 
and DL-3-hydroxybutyrate were obtained from the Sigma Chem- 
ical Co. (St. Louis, MO). RS-[2-14C]mevalonolactone was extem- 
porarily delactonized as described by Popjak et al. (10). HPLC- 
grade solvents were from Scharlau (Barcelona, Spain). Enzymes 
and coenzymes were obtained from Boehringer (Mannheim, 
Germany). 

Animals. Albino Wistar rats fed on stock laboratory diet (by 
wt/vol, 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 0 100 h and was confirmed the next morning by the presence 
of spermatozoa in vaginal smears. Fetuses weighing 2.4 + 0.02, 
3.6 -+ 0.03, or 5.2 + 0.1 g (mean + SEM) were delivered on d 
19.5, 20.5, or 21.5 of gestation (21.7 d for full gestation), respec- 
tively, by rapid hysterectomy after cervical dislocation of the 
mother. Newborns were carefully wiped, and their umbilical 
cords were tied and cut. Newborns were kept in an incubator at 
37°C in a continuous stream of water-saturated air without 
feeding. 

Incubation of brain slices. After 1 h 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 (50-70 mg wet weight) were incu- 
bated as previously described (7, 11). The incubation medium 
was 2 mL of PBS (1 1 mM sodium phosphate, 122 mM NaC1, 
3.1 mM KC1, 0.4 mM KHzP04, 1.2 mM MgS04, and 1.3 mM 
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CaC12) (12) at pH 7.4. Although the pH of the medium decreased 
during incubation to about 7.2, this is within the physiologic 
range in the newborn rat (1 3). The incubation medium contained 
2 pci  of ~-[U-'~C]lactate, 2 pci  of D-[6-'4C]glucose, 1 pCi of D- 
3-hydr0xy[3-'~C]butyrate or l pCi of RS-[2-'4C]mevalonate, and 
12.0 mM, 5.4 mM, 1 .O mM, or 10 pM of the unlabeled substrates, 
respectively. The concentrations of L-lactate, D-glucose, and D- 
3-hydroxybutyrate used in the experiments are close to the 
physiologic blood concentrations in the rat at this stage of the 
development (2), and they have been shown to be suitable in 
brain slices (7) and isolated brain cells (8). The concentration of 
R-mevalonate used was chosen within the range of its linear 
utilization (results not shown). The flasks were gassed for 30 s 
with pure O2 (this was enough to maintain high Poz in the 
incubation medium throughout the experiment), sealed with 
rubber caps, and incubated in a shaking water-bath at 37°C. 
Incubations were stopped after 2 h by injection of 0.2 mL of 
4.75 M HC104 through the rubber cap into the main well. 
Shaking was continued for an additional 20 min to facilitate the 
trapping of C02. The I4CO2 was trapped by 3.56 M KOH placed 
in the central well and was measured with a liquid-scintillation 
counter (LS 1800-Beckman, Beckman Instruments, Inc., Palo 
Alto, CA). Blanks without slices were carried out in parallel to 
measure background radioactivity, which was subtracted from 
the sample values. Preliminary experiments have shown that, 
under our experimental conditions, the I4CO2 evoked was pro- 
portional to the weight of tissue in the range of 40-100 mg/flask 
and was linear over 2 h (1 1). The width of the slice (approxi- 
mately 0.5 mm) has been shown to be sufficiently thin to allow 
an adequate oxygenation of the brain cells (14). 

Extraction of total lipids. At the end of the incubation, the 
slices were frozen under liquid nitrogen. Total lipids were ex- 
tracted from the powdered tissue with 2 mL of a mixture of 
chloroform:methanol (2: 1, vol/vol) as in the method described 
by Folch et al. (15) for 16 h at -20°C. The extract was washed 
twice with 0.8 mL of 0.3% (wt/vol) NaCl saturated with chloro- 
form. The organic phase was divided into two aliquots; 0.1 mL 
was used for the measurement of the radioactivity incorporated 
into total lipids, and 1.0 mL was gently dried under a stream of 
N2 and kept at -20°C until subjected to phospholipid separation 
by HPLC. 

Extraction o f  nonsaponifiables. Nonsaponifiable material 
(mainly sterols)"was extracted essentially as described by Edmond 
and PopjLk (16): brain slices were saponified at 70°C with 4 mL 
of 53.5 M K0H:ethanol (1:1, vol/vol) for 2 h; unsaponifiable 
material was extracted three times with 5 mL of petroleum ether 
(40-6O0C), and the combined petroleum extracts were concen- 
trated to dryness with a stream of N2. The extract was kept at 
-20°C until subjected to separation by HPLC. 

Separation of phospholipids by HPLC. Phospholipid species 
were separated by an HPLC isocratic method, essentially as 
described by Kaduce et al. (17), using a liquid chromatography 
pump system (1 14 M-Beckman, Beckman) on a normal-phase 
column of silica (4.6 mm x 25 cm, with a 5-pm-diameter silica 
particle, Ultrasphere, Beckman). The eluent was acetoni- 
trile:methanol:9.79 M H2S04 (100:3:0.052, vol/vol/vol) at a flow 
rate of I mL/min and a pressure of 600 psi. The dried lipid 
extracts were redissolved in 30 pL of chloroform:methanol (2: 1, 
vol/vol) and injected into the column. Elution was monitored at 
a wavelength of 205 nm ( 1  63-Beckman). Signals were channeled 
to an electronic integrator (SP 4293, Spectra Physics, San JosC, 
CA), and the retention times of PI (5.6), PS (7.8), PE (9.2), PC 
( 12.6), and sphingomyelin (2 1.5) were identified by the compar- 
ison with commercial standards (purity: r97%,  Sigma). Eluates 
(0.5-mL fractions) were collected into scintillation vials using a 
fraction collector (model 2 1 10, Bio-Rad, Richmond, CA) cou- 
pled to the detector output, and the radioactivity was counted. 
A typical chromatogram of the lipid extract is shown in Figure 
1 a. Figure 1 b shows a typical distribution of radioactivity from 
L-[U-'4C]lactate among the lipids. The recovery of the radioac- 
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Fig. 1. Isocratic separation by HPLC of fetal brain phospholipids. 
The brain total lipid extract was injected in a normal-phase column of 
silica with a eluent mixture of acetonitrile:methano1:9.79 M H2S0.4 
(100:3:0.052, vol/vol/vol) at a flow rate of 1 mL/min. a, Typical HPLC 
chromatogram of the fetal brain lipid extract; b, typical distribution of 
I4C from L-[U-14C]lactate among the lipids. SPH, sphingomyelin. 

tivity was 85-95%. A 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 ch1oroform:acetone (95:5, vol/vol) 
as the mobile phase. The radioactivity incorporated into sphyn- 
gomyelin was always undetectable. 

Separation of nonsaponifiables by HPLC. Nonsaponifiable 
species were separated by an HPLC isocratic method using a 
reversed-phase column of silica-C18 (4.6 mm x 25 cm, 5-pm 
particle diameter, Ultrasphere-ODs, Beckman) with acetoni- 
tri1e:methanol (10: 1, vol/vol) as eluent and a flow rate of 1 mL/ 
min and a pressure of 700 psi. The dried nonsaponifiable lipid 
extracts were redissolved in 30 pL 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), lanosterol (42.5 and 46.6), 
cholesterol (53.8), and squalene (62.5) were identified by the 
comparison with commercial standards (purity: 297%, Sigma). 



Fig. 2. Isocratic separation by HPLC of fetal brain nonsaponifiables. 
The brain nonsaponifiable lipid fraction containing lanosterol and squal- 
ene as internal standards was injected in a reversed-phase column of 
silica-C18 with an eluent mixture of acetonitrile:methano1(10:1, vollvol) 
at a flow rate of 1 mL/min. a, Typical HPLC chromatogram of the fetal 
brain nonsaponifiable extract containing lanosterol and squalene as 
internal standards; b, typical distribution of I4C from L-[U-'4C]lactate 
among the nonsaponifiable species. DES, desmosterol; LAN, lanosterol; 
CHO, cholesterol, and SQU, squalene. 
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Eluates (0.5-mL fractions) were collected into scintillation vials ifiables/h/g wet weight. Results are means a SEM. Statistically 
and the radioactivity counted. A typical chromatogram of the significant differences were tested by an analysis of variance. 
nonsaponifiable extract with lanosterol and squalene as internal 
standards is shown in Figure 2a. Figure 2b shows a typical 
distribution of radioactivity from L-[U-I4C]lactate among the 

RESULTS 

nonsaponifiable species. The recovery of the radioactivity was Substrate utilization by fetal brain during late gestation. Table 
70-80%. 1 shows the rate of incorporation of lactate, glucose, and 3- 

Analytical procedures. ~ - 3 - H ~ d r o x ~ b u t ~ r a t e  was determined hydroxybutyrate in C 0 2  or lipids in fetal brain slices during the 
as dwxibed by Williamson and Mellanb~ (18),  glucose as last 3 d of gestation. The rate of oxidation and lipogenesis from 
Bergme~er et 01. ( 19), and L-lactate as Gutn~ann and Wahlefeld lactate showed no changes during these last 3 d. However, glucose 
(20). The specific radioactivity of the substrates found in the utilization markedly decreased during the period studied. Thus, 
blanks was used for the calculations. The rates of substrate the rate of oxidation decreased by about 10 and 22% on the 
utilization by the brain slices were expressed as ~ m o l  (or nmol) penultimate and on the last day of gestation, respectively; lipo- 
of L-Iactate, D-glucose, ~-3-hydroxybut~rate, or R-mevalonate genesis decreased by about 18 and 22% on the penultimate and 
incorporated into CO2, total lipids, ~ h o s ~ h o l i ~ i d s ,  or nonsaPon- on the last d of the gestation, respectively (Table 1). 3-Hydroxy- 

butyrate utilization showed a pattern similar to that found for 
glucose. 3-Hydroxybutyrate oxidation decreased by about 15 and 
33% on the penultimate and on the last day of the gestation, 
respectively; lipogenesis decreased by about 14 and 20% on the 
penultimate and on the last day of the gestation, respectively 
(Table 1). 

The rate of lactate oxidation was the highest found for the 
three substrates assayed. Thus, lactate oxidation was 7.5-fold 
higher than glucose at 19.5 d, and this difference increased to 
9.8-fold at 2 1.5 d of gestation. Similarly, lactate oxidation was 
2.8-fold higher than 3-hydroxybutyrate at 19.5 d and increased 
to 4.7-fold at 2 1.5 d of gestation (Table 1). The rate of lipogenesis 
from lactate was also the highest found for the three substrates 
assayed. Thus, lipogenesis from lactate was 1.2-fold higher than 
glucose and this difference increased to 1.8-fold at 21.5 d of 
gestation. Similarly, lipogenesis from lactate was 5.2-fold higher 
than 3-hydroxybutyrate at 19.5 d and increased to 7.4-fold at 
2 1.5 d of gestation (Table I). 

Rate of substrate incorporation into phospholipid species in 
fetal brain during late gestation. Table 2 shows the incorporation 
of lactate, glucose, and 3-hydroxybutyrate into phospholipid 

o 15 30 45 60 75 species. Brain phospholipids were separated by HPLC, and the 

fetal brain during late gestation. Table 3 shows the rates of 
lactate, glucose, 3-hydroxybutyrate, and mevalonate incorpora- 
tion into fetal brain sterols during late gestation. Squalene ac- 
counted for 1-2% of the rate of total nonsaponifiables synthesis 
from lactate, glucose, and 3-hydroxybutyrate. The rates of lan- 
osterol and cholesterol syntheses were similar, each accounting 
for 20% of the rate of total nonsaponifiables synthesis. The rate 
of desmosterol synthesis from all the substrates assayed was the 
highest observed (Table 3), accounting for about 62% of the rate 

radioactivity incorporated in each phospholipid fraction was 
measured by liquid scintillation counting. PC was the main 
phospholipid synthesized from lactate, glucose, and 3-hydroxy- 
butyrate, accounting for about 75% of the rate of total phospho- 
lipid synthesis (Table 2). PC synthesis from lactate slightly de- 
creased during the last day of the gestation, but its synthesis from 
glucose and 3-hydroxybutyrate decreased markedly throughout 
the observation period (Table 2). The rate of PE synthesis was 
15-20% of the rate of total phospholipid synthesis in these 
circumstances. PE synthesis from lactate decreased on the last 
day of the gestation, but its synthesis from glucose and 3- 
hydroxybutyrate decreased markedly throughout the 3 d studied 
(Table 2). The rate of PS synthesis from lactate increased during 
the last day of gestation, although that from glucose was not 
modified and that from 3-hydroxybutyrate decreased throughout 
the period studied (Table 2). It should be noted that the ratio of 
PE/PS synthesis was about 2.5 at 21.5 d of gestation, but this 
ratio was 1.1 from 3-hydroxybutyrate (Table 2). The rate of PI 
synthesis was about 1.4-3.4% of the rate of total phospholipid 
synthesis from lactate and glucose and about 8% of that from 3- 
hydroxybutyrate (Table 2). During the last 3 d of gestation, total 
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Table I. Rate of lactate, glucose, and 3-hydroxybutyrate utilization to C02 and total lipids in fetal brain during late gestation* 
Substrate (pmol) incorporated/h/g wet wt 

Gestational 
period (d) Lactate Glucose 3-Hydroxybutyrate 

Oxidation 19.5 4.50 + 0.35 0.6 11 + 0.025 1.57 + 0.09 
20.5 4.29 t 0.5 1 0.549 + 0.005t 1.34 t 0.071- 
21.5 4.22 + 0.13 0.428 + 0.014$ 0.90 t 0.06$ 

Lipogenesis 19.5 1.51 t 0.10 1.29 + 0.07 0.29 + 0.02 
20.5 1.38 + 0.08 1.06 -t O.lt 0.25 + 0.011 
21.5 1.48 + 0.07 0.83 t 0.03t 0.20 t 0.01t 

* Fetal rat brain slices were incubated at 37°C in PBS (pH 7.4) containing the I4C-labeled substrates. Oxidation was determined from the measured 
I4CO2 evoked by the slice. Lipogenesis was determined from the total lipid fraction extracted with ch1oroform:methanol (2:1, vol/vol) as described 
in Materials and Methods. Results are means t SEM for seven to ten fetuses from three to six different litters. 

t p < 0.05 compared with previous gestational day. 
$ p < 0.001 compared with previous gestational day. 

Table 2. Incorporation of lactate, glucose, and 3-hydroxybutyrate into phospholipid species in fetal brain during late gestation* 
Substrate (nmol) incorporated/h/g wet wt 

Gestational 
Substrate period (d) PC PE PS PI Total 

Lactate 19.5 409 + 33 1 1 3 + 9  1 5 + 2  8.8 k 1.5 546 2 43 
20.5 439 + 18 1 1 4 + 8  15 + 1.3 8.1 + 1 576 + 29 
21.5 316 & 43t 70 t 11 27 + 6 t  7 + 1.4 420 + 22$ 

Glucose 19.5 339 + 25 90 + 7 1 5 +  1 8.7 k 0.9 453 + 32 
20.5 293 rt 24t 74 + 6 t  14 + 1.6 10.5 + 1 392 + 32 
21.5 200 + 211 37 +. 69 1 6 + 3  9 + 2 262 + 28 

3-HB 19.5 38.2 + 3 8 + 0.5 2.9 + 0.4 1.4 + 0.1 50.5 + 3.2 
20.5 27.3 + 2.11 5 + 0.6t 1.8 + 0.37 1.3 + 0.2 35.4 + 1.5$ 
21.5 12 + 0.75 1.9 -t 0.23 1.8 -t 0.3 1.4 + 0.2 17.1 + 0.95 

* Fetal rat brain slices were incubated at 37°C in PBS (pH 7.4) containing the I4C-labeled substrates. Lipids were extracted with chloroform:methanol 
(2: 1. vol/vol) and separated by HPLC as described in Materials and Methods. Results are means + SEM for six to seven fetuses from three to five . .  . .  
different litters. 3-HB, 3-hydroxybutyrate. 

t p < 0.05 compared with previous gestational day. 
$ p < 0.01 compared with previous gestational day. 
9 p < 0.001 compared with previous gestational day. 

Table 3. Incorporation of lactate, glucose, 3-hydroxybutyrate, and mevalonate into nonsaponlfiables in fetal brain during late 
gestation * 

Substrate (nmol) incorporated/h/g wet wt 
Gestational DES/SQU DESILAN DES/CHO 

Substrate period (d) Squalene Lanosterol Desmosterol Cholesterol Total ratio ratio ratio 

Lactate 19.5 6.1 -t 0.5 106 + 6 340 + 8 100 + 12 552 t 4 56 k 1.2 3.2 + 0.1 3.4 + 0.1 
20.5 5.4 + 0.8 95 + 10 330 + 28 78 -t 7 508 k 51 61 + 5.2 3.5 + 0.3 4.2 + 0.3 
21.5 7 + 0.6 99 + 9 328 + 32 93 + 8 527 + 50 47 + 4.6 3.3 + 0.3 3.5 + 0.3 

Glucose 19.5 8.6 + 0.23 82 + 8 318 + 3 92 + 8 500 + 19 37 + 0.35 3.9 + 0.1 3.5 + 0.1 
20.5 8.2 + 0.6 88 + 12 304 + 16 85 + 10 485 + 26 37 + 2.0 3.5 + 0.1 3.6 t 0.2 
2 1.5 7 + 0.8 63 -t 6 233 + 31 75 + 13 378 + 131 33 -t 4.4 3.7 + 0.4 3.1 + 0.4 

3-HE! 19.5 1.6 + 0.2 34 + 4 119+ 14 26 + 2 1 8 1 - t I 5  7 4 t 8 . 8  3.5-tO.4 4 .6k0 .5  
20.5 1.5 + 0.1 23 + 2 100 + 6 24 + 3 148 k 6 67 + 4.0 4.3 + 0.2 4.2 + 0.2 
21.5 1.7 + 0.2 26 + 2 86 + 7 24 + 2 138 + 13$ 50 + 4.1 3.3 k 0.2 3.6 + 0.2 

MVA 19.5 0.066 + 0.008 0.178 t 0.020 0.377 + 0.017 0.161 + 0.015 0.782 + 0.030 5.7 + 0.29 2.1 + 0.15 2.3 + 0.13 
20.5 0.091 + 0.013 0.177 + 0.020 0.390 + 0.048 0.216 + 0.027 0.874 -t 0.050 4.3 + 0.45 2.2 t 0.29 1.8 + 0.25 
21.5 0.044 + 0.003 0.194 + 0.019 0.320 + 0.019 0.167 + 0.020 0.725 +- 0.034 7.3 t 0.45 1.6 + 0.19 1.9 + 0.19 

* Fetal rat brain slices were incubated at 37°C in PBS (pH 7.4) containing the I4C-labeled substrates. The extraction and separation by HPLC of 
the nonsaponifiable species were carried out as described in Materials and Methods. Results are means + SEM for five to six fetuses from three to 
four different litters. DES, desmosterol; SQU, squalene; LAN, lanosterol: CHO, cholesterol; 3-HB, 3-hydroxybutyrate; and MVA, R-mevalonate. 

t p  < 0.05 compared with 19.5 and 20.5 d. 
$ p  < 0.05 compared with 19.5 d. 
5 p < 0.001 compared with lactate, glucose, and 3-hydroxybutyrate on the same gestational day. 

of total nonsaponifiables synthesis. When the intermediate of terol syntheses were significantly lower with mevalonate as sub- 
the cholesterol synthesis, mevalonate, was assayed as a substrate, strate as compared with lactate, glucose, and 3-hydroxybutyrate 
desmosterol only accounted for 44% of the rate of total nonsa- at all the gestational periods studied (Table 3). 
ponifiables synthesis, and the proportion of lanosterol and cho- 
lesterol syntheses increased to about 25%. No significant changes DISCUSSION 
in the time course of sterol synthesis during late gestation were 
observed (Table 3). It should be noted that the ratios of desmos- The importance of lactate as an alternative fuel for the brain 
terol/squalene, desmosterol/lanosterol, and desmosterol/choles- during the early postnatal period has been reported previously 
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(21, 22). In this sense, it has been shown that lactate is an 
important substrate for the brain, because it is preferred to 
glucose or 3-hydroxybutyrate as an energetic and lipogenic pre- 
cursor immediately after delivery in the rat (7, 8). The results 
shown in Table 1 suggest that lactate is also an important 
metabolic substrate for the fetal brain during late gestation. Thus, 
during the last 3 d of the gestation, fetal rat brain oxidates lactate 
at  a higher rate than those observed for glucose or 3-hydroxy- 
butyrate. In addition, lactate is incorporated into fetal brain 
phospholipids and sterols to a greater extent than glucose and 3- 
hydroxybutyrate throughout the last 3 d of the gestation (Tables 
2 and 3). Because the development of the brain occurs during 
late gestation and early neonatal life in the rat (23), the prolifer- 
ation and differentiation of brain cells takes place during an 
active period in which striking changes occur in the availability 
of the main metabolic fuels (2). Because lactate is available during 
the perinatal period in the rat (2, 3, 6, 22) and is actively utilized 
by the brain throughout this period (Table 1-3), it can be 
suggested that lactate plays a relevant role in brain energy ho- 
meostasis during development. In the present study, the rate of 
lactate utilization remained high during the last day of gestation, 
whereas the rates of glucose or 3-hydroxybutyrate utilization 
decreased (Table l), suggesting that lactate may be the main 
substrate utilized by the brain around birth. It should be noted 
that lactate may also support part of the energy requirements 
during the suckling period, as has been reported for rat (14, 24), 
mouse (25), and dog brain (26), because this substrate was 
preferred to glucose during hypoxia and recovery (2 1) and during 
hypoglycemia (25, 26). 

Similar patterns in the incorporation of glucose into COZ, 
phospholipids, or sterols during the late fetal period were ob- 
served (Tables 1 and 2), which suggests that a common step is 
limiting glucose utilization by the tricarboxylic acid cycle and 
lipogenesis. It is thus tempting to speculate that a putative 
decrease in pyruvate dehydrogenase (EC 1.2.4.1) may be respon- 
sible for the decrease in glucose utilization during the last 3 d of 
gestation. However, lactate oxidation did not decrease in the 
same circumstances (Table l), suggesting that the decrease in the 
flux through some glycolytic step rather than through pyruvate 
dehydrogenase may be responsible for blunting glucose utiliza- 
tion by the fetal brain during late gestation. In agreement with 
this, hexokinase (EC 2.7.1.1) has been shown to be the rate- 
limiting step for glucose utilization by perinatal brain (27). 
Whether a putative decrease in the activity of hexokinase is 
responsible for the decrease of glucose utilization observed in 
our experiments remains to be elucidated. 

3-Hydroxybutyrate was preferentially incorporated into sterols 
rather than phospholipids, as compared with lactate and glucose 
(Tables 2 and 3). This is not unexpected, because acetoacetate 
can be incorporated directly into sterols, unlike fatty acids, where 
acetoacetate must necessarily be cleaved into acetyl-CoA (28). 
The decrease in the rate of 3-hydroxybutyrate utilization by fetal 
brain during late gestation showed a similar pattern concerning 
the rate of oxidation, phospholipid, or sterol syntheses (Tables 
1-3), suggesting that a putative decrease in 3-hydroxybutyrate 
transport through the plasma membrane may be responsible for 
the observed decrease of 3-hydroxybutyrate utilization. In this 
sense, Tildon and Roeder (29) have suggested that the activity of 
the plasma membrane carrier limits 3-hydroxybutyrate utiliza- 
tion by brain cells. In fact, the Km of this camer for 3-hydrox- 
ybutyrate is very high (1-2 mM) (29), a fact that might suggest 
that 3-hydroxybutyrate utilization is limited by the activity of 
the plasma membrane camer under these circumstances. How- 
ever, this carrier is shared by lactate (30), whose rate of utilization 
was not decreased in the same circumstances (Table 1). Conse- 
quently, the activity of the plasma membrane monocarboxylate 
carrier may not be responsible for the decrease in 3-hydroxybu- 
tyrate utilization observed during late gestation. On the other 
hand, 3-hydroxybutyrate utilization may be limited by the activ- 

ity of 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) (8), which 
is very low during the perinatal period (3 1, 32). 

The high activity of lactate dehydrogenase (1.1.1.27) in fetal 
brain during late gestation, which is 10-fold greater than that of 
hexokinase (33) and 1000-fold greater than that of 3-hydroxy- 
butyrate dehydrogenase (32, 33), could explain the high rate of 
lactate utilization found as compared with glucose or 3-hydrox- 
ybutyrate (Table 1). Actually, lactate utilization in perinatal rat 
brain may be limited by lactate transport across the plasma 
membrane because the Km of lactate and 3-hydroxybutyrate 
utilization coincide in isolated neonatal brain cells (8), probably 
due to the fact that both substrates share a common monocar- 
boxylate carrier (30). 

PC and PE were the phospholipids most actively synthesized 
from all three substrates assayed, probably because the cytidine 
pathway (34, 35) is already functional in fetal rat brain after 19 
d of gestation (36). In addition, PC and PE syntheses decreased 
during the last 3 d of the gestation, although PS and PI syntheses 
were unchanged or decreased (Table 2). Consequently, it may be 
suggested that PC and PE syntheses are limited by the activity of 
the cytidine pathway, which presumably decreases during late 
gestation, unlike the exchange pathway, which remains un- 
changed under these circumstances (Table 2). The fact that PS 
synthesis, unlike PC and PE, was not decreased (Table 2), may 
also be due to the occurrence of a direct pathway in which serine 
is directly incorporated into PS, as has been recently reported in 
cultured glioma cells (37). The changes in the phospholipid 
synthesis observed in our experiments are probably responsible 
for the changes in brain membrane phospholipid composition 
occurring around birth. Thus, it has been suggested that PC is 
important in the regulation of oligodendroglial differentiation, 
particularly because it lowers membrane fluidity (38). Similarly, 
brain PS synthesis, which decreased from 3-hydroxybutyrate, 
was maintained from glucose and even increased from lactate 
during late gestation (Table 2), may play a physiologic role 
because phospholipids containing serine participate in a variety 
of intracellular brain functions, such as in supporting the activity 
of some membrane-bound enzymes (39) together with some 
physical membrane properties (34). 

The decreased ratios of desmosterol/squalene and desmos- 
terol/lanosterol syntheses observed from mevalonate as sub- 
strate, as compared with those from lactate, glucose, or 3-hy- 
droxybutyrate (Table 3), seem to suggest the occurrence of a 
common step limiting sterol synthesis from lactate, glucose, and 
3-hydroxybutyrate, which is avoided by mevalonate. Because 
lactate, glucose, and 3-hydroxybutyrate share a common path- 
way from acetyl-CoA, it may be suggested that some step between 
acetyl-CoA and mevalonate may be limiting the sterol synthesis 
during late gestation. Because of the low activity of brain 3- 
hydroxy-3-methylglutaryl-CoA reductase (EC 1.1.1.34) during 
this period (40), it is tempting to speculate that the rate of sterol 
synthesis in perinatal brain is controlled by the flux through the 
3-hydroxy-3-methyl-glutaryl-CoA reductase catalyzed reaction. 

During the neonatal period, high concentrations of desmos- 
terol are found in rodent (41, 42) and human brain (43). Our 
results show that desmosterol is indeed actively synthesized in 
fetal brain during the perinatal period (Table 3). This is in 
agreement with the pattern of desmosterol/cholesterol ratio 
found during brain development (42). The increased synthesis 
of desmosterol as compared with that of cholesterol could be a 
result of the decrease in the activity of sterol AZ4-reductase, which 
has been reported as a rate-limiting step in cholesterol synthesis 
(44). The preferential synthesis of desmosterol in fetal brain 
during late gestation is intriguing. However, it is tempting to 
speculate that the preservation of the double bond in the aliphatic 
chain of the sterol may be important for conferring brain mem- 
branes with those properties that are especially required during 
the early stages of brain development. 

In conclusion, our results suggest that lactate is the main 
metabolic substrate for the brain during late gestation as com- 
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pared with glucose or 3-hydroxybutyrate. The rate of lactate 
utilization remained high during late gestation, but the rates of 
glucose and 3-hydroxybutyrate utilization significantly de- 
creased. These results seem to suggest that fetal brain reaches its 
full capacity for lactate utilization during late gestation, foresee- 
ing that lactate will be the main metabolic substrate during the 
immediate postnatal period. 
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