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Developmental changes in lactate dehydrogenase (LDH), enolase, hexokinase
(HK), malate dehydrogenase (MDH), and glutamate dehydrogenase (GDH) ac-
tivities were measured in cultures of pure neurons and glial cells prepared from
brains of chick embryos (8 day-old for neurons, 14 day-old for glial cells) as a
function of cellular development with time in culture. The modifications observed
in culture were compared to those measured in brain extracts during the devel-
opment of the nervous tissue in the chick embryo and during the post-hatching
period. A significant increase of MDH, GDH, LDH, and enolase activities are
observed in neurons between 3 and 6 days of culture, whereas simultaneously a
decrease of HK values occurs. In the embryonic brain between 11 and 14 days
of incubation, which would correspond for the neuronal cultures to day 3 through
6, modifications of MDH, GDH, HK, and enolase levels are similar to those
observed in neurons in culture. Only the increase of LDH activity is less pro-
nounced in vivo than in cultivated cells. The evolution of the tested enzymatic
activities in the brain of the chick during the period between 7 days before and
10 days after hatching is quite similar to that observed in cultivated glial cells
(prepared from 14 day-old embryos) between 6 and 18 days of culture. All tested
activities increased in comparable proportions. The modifications of the enzymatic
profile indicate that some maturation phenomena affecting energy metabolism of
neuronal and glial elements in culture, are quite similar to those occuring in the
total nervous tissue. A relationship between the development of the energy me-
tabolism of the brain and differentiation processes affecting neuroblasts and the
glial-forming cells is discussed.

INTRODUCTION

Most of our information concerning energy metabolism during brain de-
velopment is based on observations on mixed cell populations of neurons
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and glial cells, either in vivo or in vitro. The availability of clonal cell
lines of neuronal origin has made it possible to compare the energy me-
tabolism of these cells with that of the mixed cell population in the brain
(5, 12, 21, 22). Since the cells used in these studies are of tumoral origin,
they may be aberrant in some aspects of their metabolism, especially with
regard to the importance of the glycolytic pathway in their metabolism
(12, 19, 20).

The progress in technics of primary cultures (12) has facilitated bio-
chemical investigations of specific cerebral cell types. Technics for cul-
turing glial cells are well established (18). Recently, it has also become
possible to grow neurons from the brains of 8 day-old chick embryos in
culture (14) and to obtain neuronal cells with morphological character-
istics of mature cells.

The purpose of the present study is to characterize different aspects
of the energy metabolism of glial cells and neurons in culture, during their
maturation. The levels of LDH, MDH, GDH, HK, and enolase activities
were determined at different times of growth of the cells in culture, and
compared to the values. measured in whole chick brains at different times
of the incubation period or after hatching.

The modifications of the enzymatic profiles observed in the brain are
discussed with respect to the results obtained in cultivated cells. A re-
lationship between the development of the energy metabolism of the brain
and differentiation processes affecting the neuroblastes and the glial-form-
ing cells is suggested.

EXPERIMENTAL PROCEDURE

Cell Culture Conditions. The neuronal cultures were prepared from the brains of 8 day-
old, the glial cell cultures from 14 day-old chick embryos according to the method of
Pettmann et al. (14) and Sensenbrenner et al. (18), respectively. They were maintained in
DMEM supplemented by 20% fetal calf serum at 37°C and in 5% CO, and 95% air atmos-
phere. The medium was changed every 3 days for the neurons and every 4 days for the glial
cells.

Enzymatic Activities. Lactate dehydrogenase (LDH), malate dehydrogenase (MDH), glu-
tamate dehydrogenase (GDH), and hexokinase (HK) activities were determined in a crude
cell extract prepared from cultivated neurons or glial cells as described previously (15) or
in brain homogenates. For the latter, cerebral hemispheres from chick embryos were dis-
sected, cleaned of their meningeal membranes and homogenized for 2 min with 2 ml of an
ice-cold 1 mM EDTA (pH 7.0) solution, in a cooled Potter Elvejhem homogenizer with a
teflon pestle. The resultant crude homogenate was treated 3 times with 20 sec sonications
separated by 20 sec cooling periods in an ultrasonic disintegrator (power 150 W). The son-
icate was then centrifuged at 27,000 g for 15 min at 4°C. The supernatant was used as a
crude extract.

For enolase activity the cultivated cells were disrupted using a Kontes minibombe and
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the brain hemispheres with a Potter Elvejhem homogenizer. The crude suspension obtained
in both cases was centrifuged for 1 hr at 100,000 g and the cytosol was used for the enzymatic
assay.

Enolase activity was determined by monitoring initial velocity measurement at 240 nm
spectrophotometrically according to the method of Marangos et al. (13). LDH activity was
measured by the method of Bergmeyer and Bernt (3), GDH was determined by the method
of Schmidt (17), hexokinase as described previously (16).

One unit of enzymatic activity was defined as the amount of enzyme which transformed
1 pmol substrate/min at 25°C. Specific activity is expressed as units/mg protein. Protein was
measured according to the method of Lowry et al. (10).

RESULTS

Changes in LDH, HK, Enolase, MDH, and GDH Activities in Culti-
vated Neurons, Glial Cells, and in Chick Brains. Figure 1 shows the
developmental pattern of LDH, HK, enolase, and Figure 2 that of MDH
and GDH activities of neurons and glioblasts determined at various times
of culture and that of chick brain between the 8th day of incubation and
the 15th day after hatching.

During the pre-hatching period, between 8 and 20 days of incubation,
significant increases of MDH, GDH, and enolase activities are observed
in extracts of chick embryo brain. The magnitude of the increase during
this period is 2—5 fold. The increase of LDH activity during the same
period is considerably less. A decrease of HK activity by about 30% is
observed simultaneously.

In cultivated neurons, a progressive increase of the activities of LDH,
MDH, GDH, enolase and a decrease of HK activities are observed be-
tween 3 and 6 days of culture (time periods equivalent to embryonic ages
of 11 through 14 days). The magnitude of the increase during this period
is 2—4 fold and the decrease of HK activity approximately 30%.

During the post-hatching period, two phases in the levels of the tested
enzymatic activities can be observed. Between the Ist and the 8th day
after hatching, the following evolution of the tested enzymatic activities
is observed: MDH and enolase are high on the day of hatching, and
thereafter these activities decrease sharply. Simultaneously, LDH, GDH,
and HK activities are not significantly modified.

A second phase starting 8 days after hatching seems apparent. It is
characterized by a drastic increase of all tested enzymatic activities:
LDH, enolase, HK, MDH, and GDH. From 8 through 15 days after
hatching, the magnitude of the increase of the tested enzymatic activities
is between 50 and 100%, that of HK amounting to more than 200%.

Cultivated glioblasts (day 7 through 18) also present 2 phases in their
evolution of the enzymatic activities. This time period could be considered
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Fi1G. 2. Developmental profile of MDH (malate dehydrogenase) and GDH (glutamate de-
hydrogenase) activity in cultivated neurons (O), glial cells (J), and chick brains (@). The
neurons were cultivated for periods between 3 and 6 days and the glial cells for periods
between 7 and 18 days. The periods are equivalent to embryonic ages of 11 and 14 days and
to chick ages of the day of hatching and 11 days post-hatching respectively. Each point is
a mean of 5 to 9 determinations = SEM.

equivalent in the chick brain to a period between the day of hatching and
11 days post-hatching. Between the 7th and the 11th day of culture,
corresponding to the logarithmic growth phase of the cell, only the ac-
tivities of LDH and GDH are significantly increased; the levels of the
other enzymes are not modified. From 11 through 18 days of culture
(stationary phase of growth) LDH, MDH, HK, and enolase activities are
significantly increased; only the level of GDH is not modified during this
period.
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At different times of culture or of brain development, the ratios of
MDH/HK, GDH/HK, and enolase/HK activities were calculated for neu-
rons, glial cells, and brain (Table I). A progressive increase of the ratios
is observed in neurons during the entire culture period and in brains until
hatching. In the post-hatching chick brain, a decrease of the calculated
values occurs during the supposedly corresponding period of growth.
Glial cells in culture present an increase of the values until 10 days of
culture, with a decline of the values thereafter.

DISCUSSION

An increase of different enzyme activities linked to brain energy me-
tabolism has already been observed during maturation of primary cultures
of rat glial cells (21). In the present study, we compared the modifications
of the levels of different enzymes involved in the energy metabolism
during the maturation of chick neurons and glial cells in culture. Isolated
neurons and glial cells express in culture several distinct features also
observed in the developing brain tissue (6). If we accept the view that
the relative levels of the tested enzymes reflect the metabolic importance
of these enzymes, modifications of the energy metabolism occuring in
parallel with cell differentiation in culture can be evaluated by this ap-
proach. Furthermore, any modifications observed in culture can be com-
pared to those occuring during the development of nervous tissue in vivo.

An approximately 2-fold increase of enolase, MDH, GDH, and LDH
was observed in neurons between 3 and 6 days of culture; a decrease of
HK activity of about 30% occured simultaneously. Neurons in culture
still divide on the 3rd day, but have a complete neuronal network by the
6th day (14). The observed modifications of the enzymatic profile certainly
reflect metabolic aspects of maturation of the neurons. We have already
observed that cultured neurons contain predominantly the aerobic isoen-
zymatic form of LDH, indicating probably a more aerobic metabolism
in these cells (22). The net increase of the values of the MDH/HK and
GDH/HK ratios in the neurons between 3 and 6 days culture reflect a
shift of the energy metabolism towards a more aerobic form. The lowering
of the HK activity levels during this period seems more intriguing, con-
sidering that metabolism of glucose is impossible without hexokinase,
and a lowering in the level of hexokinase activity could indicate a reduc-
tion in glucose consumption. A possible explanation of a such relative
deficiency in hexokinase activity of differentiated neurons is that the
relative levels of hexokinase in the neurites of the mature cells are lower
than in the perikarya, as observed in rat cerebellar cortex celis (9).
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The modifications of the MDH, GDH, and HK values in the embryonic
brain between 11 and 14 days of incubation are comparable to those
observed in neurons in culture for day 3 through 6, i.e. ages equivalent
to the embryonic ages. Only the increases of LDH and enolase activities
are less pronounced in vivo than in cultivated cells. The high values
observed in this case may be related to the partially hypoxic conditions
present in culture which induce enzymatic activities involved in the an-
aerobic glycolytic metabolism. The increase of MDH, GDH, and enolase,
and the decrease of HK activities observed in the brain continue until
20-21 days of incubation. Immediately after hatching a significant de-
crease of MDH and enolase occurs, the lowest values are observed in
5-7 day-old chicks, HK, and GDH activities do not change significantly
during this period.

The evolution of the tested enzymatic activities in the brain of the chick
between 7 days before and 10 days after hatching has to be compared to
those observed in cultivated glial cells (derived from 14 days old embryos)
between 6 and 18 days culture. All the tested activities were increased
to the same extent (2—4-fold) in the glial cells during the logarithmic phase
(6-11 days) and the stationary phase (18 days) of growth. Thus, we can
postulate that the speed of evolution of the glial cells is similar in vivo
and in culture.

This would mean that the majority of the glial cells in the brain of the
20 day-old embryo is still in a proliferating state, with low values of MDH,
GDH, enolase, and HK. This compares favorably with the activities of
differentiated neurons also observed in the brain just after hatching. The
parallelism in the increase of HK and enolase observed in the brain of
2 to 8 days old chicks, and in glial cells between 10 and 18 days culture
probably express a maturation phenomenon affecting specifically this
type of cells. A similar observation of glial maturation during the same
period has been made by Cicero et al. (4) in the avian optic tectum by
following the evolution of the glial specific protein S-100.

The variations of the MDH/HK, GDH/HK, and enolase/HK ratios dur-
ing the post-hatching period, the increase of the GDH/HK and enolase/
HK values (also observed during the maturation of neurons in culture)
and the decrease of the MDH/HK ratio (similar to the decrease observed
in cultivated glial cells) indicate that differential modifications of the en-
ergy metabolism occur in neuronal and glial elements.

Some aspects of these maturations phenomena can be observed in
primary cultures of neurons and glial cells. Whether a such differential
distribution of enzymatic activities involved in the energy metabolism of
neurons and glial cells during nervous tissue maturation is of any func-
tional significance in the metabolic relationship between neurons and glial
cells remains to be determined.
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