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Abstract 

A series of biochemical determinations was performed on five cellular fractions obtained from the 
cerebellum of 8- to 14-day-old mice. Cerebellar tissue was dissociated by mild trypsinization and 
mechanical agitation. The dissociated cellular material was separated into five fractions using a 
series of continuous density gradients formed with Percoll. Three of the fractions were comprised 
primarily of cell bodies. One of these was dominated by cells having the size and morphological 
appearance of granule cells, and based on several criteria the other two were enriched in astrocyte 
cell bodies. Morphological analysis indicated that the remaining two fractions were enriched, 
respectively, in nerve terminals and large nucleated cell bodies. 

The uptake of 12 amino acids and 4 other metabolites by these cellular fractions was examined, 
and Km and V,,,,, values were determined for 10 of the compounds studied. High affinity transport 
carriers (Km - 1 to 20 PM) for most of the compounds studied were evident in neuronal and 
astrocyte-enriched fractions; however, for glutamate and y-aminobutyric acid (GABA) additional 
carriers with higher substrate affinities (Km - 0.1 to 0.3 PM) were evident in the astrocyte-enriched 
fraction. The fraction enriched in granule cell bodies was distinguished by an exceptionally low 
uptake of GABA and citrate, and a comparatively low uptake of P-alanine, taurine, a-ketoglutarate, 
and glutamate. 

An analysis of the content of nine amino acids in the five fractions revealed that only glutamate, 
aspartate, and GABA were concentrated in the fraction enriched in nerve terminals. GABA was 
concentrated also in the fraction enriched in large cell bodies and was present at a low concentration 
in the fraction enriched in granule cell bodies. The other amino acids measured were distributed 
nearly evenly among the five fractions. Several differences in metabolic activity among the five 
fractions were observed. Radiolabel from several precursors was incorporated into GABA prefer- 
entially in the fractions enriched in large cell bodies and nerve terminals. In contrast, the accumu- 
lation of label in glutamine occurred preferentially in the fractions enriched in astrocytes and 
granule cell bodies. Labeling of alanine from [14C]pyruvate and of proline from [i4C]ornithine was 
most prominent in the fractions enriched in astrocytes and granule cell bodies. 

Glutamate, y-aminobutyric acid (GABA), glycine, and 
possibly several other amino acids function as either 
neurotransmitters or neuromodulators in the CNS of 
vertebrates (Curtis and Johnson, 1974; Krnjevic, 1974; 
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Aprison et al., 1976; Davidson, 1976). At the present time 
only a few types of neurons have been shown with 
certainty to utilize a particular amino acid as a neuro- 
transmitter, and current knowledge of the biochemical 
processes that underlie the transmitter function of these 
amino acids is rudimentary. Many questions relevant to 
the transmitter function of amino acids are difficult to 
answer from data obtained on structurally intact tissue. 
One way of circumventing some of the problems inherent 
with intact tissue preparations is to fractionate the tissue 
into cellular and subcellular components representative 
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of specific types of cells. Taking this approach we have 
conducted a series of biochemical experiments on five 
fractions of cellular material obtained from the cerebel- 
lum of 8 to 14-day-old mice. The cerebellum was chosen 
in part because of the evidence that amino acid neuro- 
transmitters are predominant in this tissue. Eight- to 14 
day-old mice were selected because the cerebellum at this 
age provided an optimal yield of different populations of 
viable nucleated cell bodies as well as a sufficient amount 
of synaptosomal material for biochemical analyses. 

In this study we have obtained information relevant 
to five issues: (1) which amino acids function as neuro- 
transmitters in the cerebellum, (2) the involvement of 
astrocytes in the inactivation of amino acid neurotrans- 
mitters, (3) the metabolic precursors of the neurotrans- 
mitter pools of glutamate and GABA, (4) the basis for 
the metabolic compartmentation of glutamate and re- 
lated amino acids that is characteristic of CNS tissues, 
and (5) the relative contribution of amino acid transport 
in cell bodies and their corresponding nerve terminals. 

Materials and Methods 

Method for obtaining cerebellar material enriched in 
cell bodies and nerve terminals. The animals were ICR 
mice ranging in age from 8 to 14 days. In preliminary 
experiments mice ranging in age from newborn to adult 
were used for biochemical analysis. For any single exper- 
iment the cerebellum of 2 to 20 mice was excised and 
immersed in Roswell Park Memorial Institute Medium 
(RPMI) 1640 (Grand Island Biological Co. (GIBCO), 
Grand Island, NY) containing DNase (0.0025% w/v). 
The tissue then was treated by a method similar to that 
described by Campbell et al. (1977) to disrupt the tissue 
and disperse the cells. Briefly, each cerebellum was cut 
into several pieces and incubated for 10 min at 21 to 
23°C in an RPM1 medium containing 0.025% trypsin 
(w/v) and 0.025% DNase (w/v) (Sigma Chemical Co., St. 
Louis, MO). The minced tissue was transferred to an 
RPM1 medium containing one-tenth the previous con- 
centrations of trypsin and DNase, and was mechanically 
agitated by a trituration process described previously 
(Campbell et al., 1977). This resulted in a suspension of 
cell bodies and subcellular material, which was decanted 
into 4 vol of a solution comprised of Hanks’ balanced 
salt solution (GIBCO no. 310-4170) and fetal calf serum 
(80:20) to inactivate the trypsin. The cellular material 
was then pelleted by centrifugation (500 X g for 10 min) 
at 6°C. The pelleted material was resuspended in 5 ml of 
the Hanks’ solution containing DNase (0.0025% w/v) 
and was layered onto a preformed 40% Percoll (Phar- 
macia, Uppsala) gradient. Centrifugation for 15 min at 
4300 x g resulted in two bands of material. These bands 
of material were removed, diluted with Hanks’ solution, 
pelleted by centrifugation, and resuspended in 5 ml of 
Hanks’ solution containing 0.0025% DNase. The mate- 
rial in the upper and lower bands was layered onto 20% 
and 60% preformed Percoll gradients, respectively, and 
centrifuged as described for the 40% Percoll gradient. 
This resulted in a total of five regions where the cellular 
material was concentrated. Each band of material was 

removed from the gradient, diluted with Hanks’ solution, 
pelleted by centrifugation, and resuspended in 2 to 20 ml 
of Hanks’ solution. The cellular material in these five 
fractions was maintained at 2 to 4°C until subjected to 
experimental analysis. 

To preform the Percoll continuous density gradients, 
9 vol of Percoll were mixed with 1 vol of 10X Hanks’ 
solution (GIBCO, no. 318 4180). This was then mixed 
with an appropriate amount of 1X Hanks’ solution so 
that the final amount of Percoll was either 20%, 40%, or 
60%. The continuous density gradients were then pre- 
formed by centrifugation for 30 min at 27,000 x g using 
a fixed angle rotor. 

Determination of the initial rate of uptake of amino 
acids and some related metabolites. In these experiments 
50-~1 samples of cellular material containing the equiv- 
alent of 5 to 30 wg of protein were added to 150 ~1 of an 
incubation medium containing 0.02 to 0.05 &i of a 14C- 
labeled compound or 0.1 to 0.2 &i of a “H-labeled 
compound. The compounds tested included [ U-‘“Cl-a- 
ketoglutarate (299 mCi/mmol), [I-14C]-cu-ketoglutarate 
(249 mCi/mmol), [1-14C]-L-leucine (57.4 mCi/mmol), 
[ring-3,5-“HI-L-tyrosine (50.1 Ci/mmol), [ U-'4C]-~-a- 
alanine (172 mCi/mmol), [1-14C]pyruvate (8 mCi/mmol), 
[2-14C]pyruvate (8.2 mCi/mmol), [ U-14C]-L-glutamate 
(276 mCi/mmol), [ U-‘4C]-y-aminobutyrate (203 mCi/ 
mmol), [4-“HI-L-proline (15.6 Ci/mmol), [3-“HI-fl-alan- 
ine (38 Ci/mmol), [2-14C]acetate (44 mCi/mmol), [1,2- 
14C]taurine (56 mCi/mmol), [ U-14C]glycine (12.9 mCi/ 
mmol), [3-“HI-L-lysine, all purchased from New England 
Nuclear (NEN, Boston, MA), and [ U-‘4C]-L-ornithine 
(200 to 300 mCi/mmol) which was purchased from NEN 
and Amersham Corp. (Arlington Heights, IL). 

Unless specified otherwise, the incubation medium was 
comprised of NaCl (120 mM), KHPPO, (3 mM), MgClz (2 
mM), CaC& (2 mM), glucose (5 mM), and was buffered 
with NaHCOll (24 mM). Prior to incubation, the medium 
was aerated with a mixture of O,:CO, gas (95:5). The pH 
of the medium was 7.3 to 7.4. Specific concentrations of 
each compound studied was achieved by adding appro- 
priate amounts of the nonlabeled form (Sigma). 

The samples were incubated in polyethylene micro 
centrifuge tubes (400 ~1) at 35°C. The period of incuba- 
tion was usually 2, 4, 6, or 10 min, but in preliminary 
experiments samples were incubated as long as 20 min 
in order to establish the time interval over which the 
accumulation of radiolabel was linear. For blanks, sam- 
ples were incubated at 0 to 2”C, or an amount of the 
nonradiolabeled form of the test compound was added to 
the medium to make a total concentration of 10 mM. 

Incubation was terminated by transferring the samples 
to an ice bath. The suspension of cellular material was 
then pelleted by centrifugation, the supernatant was 
removed by suction, and the surface of the pellet was 
washed twice with cold medium. The bottom 2 to 4 mm 
of the micro centrifuge tube which contained the pellet 
was cut off, blotted and placed into a scintillation vial 
for determination of radioactivity. Radioactivity was de- 
termined by scintillation counting at approximately 90% 
and 35% efficiency for 14C and ‘H, respectively. 

Analysis of amino acid content in the five cellular frac- 
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tions and cerebellar tissue. A portion (usually 100 ~1) of 
the suspended cellular material, or a tissue homogenate 
containing 10 to 40 pg of protein, was added to 200 ~1 of 
an acetone, ethanol, 5% aqueous sulfosalicylic acid 
(40:40:20) solution and mixed vigorously to extract sol- 
uble amino acids. Particulate material was pelleted by 
centrifugation, and one-half of the sample supernatant 
was transferred to a test tube and dried. To each dried 
extract 1 yCi of [“H]DNFB (dinitrofluorobenzene, 24 Ci/ 
mmol; NEN) together with 50 nmol of nonlabeled DNFB 
(Sigma) dissolved in 20 ~1 of heptane:bromobenzene 
(80:20), and 200 ~1 of K+ borate buffer (0.3 M, pH = 9.0) 
were added. Each tube was capped and incubated for 90 
min at 60°C in a covered shaking water bath. After the 
samples were allowed to cool to room temperature 10 
nmol of standard dinitrophenyl amino acids dissolved in 
20 ~1 of H20, then 200 ~1 of 1 N HCl were added and 
mixed into each sample. Subsequently, the ether-soluble 
dinitrophenyl amino acid derivatives were extracted. The 
ether (400 ~1) was added, mixed, then removed a total of 
three times. The combined ether extract was dried, re- 
suspended in 20 ~1 of acetone ethanol (50:50), and spotted 
on Analtech (Newark, DE) Uniplates. The solvent sys- 
tems used to develop the chromatograms were comprised 
of ether, ethanol, methanol, and ammonia (50:10:10:4), 
and ether, chloroform, benzyl alcohol, and acetic acid 
(50:20:10:4). The chromatograms were developed first in 
the basic solvent, and for optimal separation the plates 
were exposed to the vapor for 15 min before immersing 
them into the solvent. After development, the portion of 
the chromatogram containing each amino acid derivative 
was removed and transferred to a scintillation vial. The 
amount of “H and 14C in each sample was determined by 
scintillation counting. An external standard curve ob- 
tained from known amounts of 14C-labeled and nonla- 
beled amino acids, and an internal standard (DL-cu-ami- 
noadipate) were used to quantify the amounts of each 
amino acid present in the extract. 

Incubation procedure used to examine metabolic activity 
in the cellular fractions. In these experiments 100 ~1 of 
the cellular material were mixed with 200 ~1 of incubation 
medium containing 0.05 to 0.2 j&i of 14C-labeled gluta- 
mate, glutamine, ornithine, pyruvate or a-ketoglutarate, 
then incubated for either 4 or 10 min at 35°C in a shaking 
water bath. After incubation the cellular material was 
pelleted and washed, and subsequently the acid-soluble 
amino acids were extracted as described above. A portion 
of the extract from each sample was transferred to a 
scintillation vial in order to determine the total 14C 
present. The amount of 14C present in various amino 
acids was determined by the thin layer chromatographic 
procedure described above. 

Protein determination. Protein was assayed by the Bio- 
Rad procedure (Technical Bulletin 1051). Bovine -y-glob- 
ulin was used as a standard. 

Morphological examination of the cellular fractions. The 
cellular fractions were routinely examined by light mi- 
croscopy in order to calculate the total number of cell 
bodies in each fraction. For electron microscopic analy- 
sis, samples of the cellular material were pelleted, then 
resuspended in phosphate-buffered saline (PBS) (pH 7.4, 
330 milliosmoles) containing 2% glutaraldehyde. The 

fixed material was pelleted, washed three times with 
PBS, and postfixed with 1% 0~0, in 0.2 M sym-collidine 
buffer (pH 7.4, 330 milliosmol) for 1 hr. After staining 
overnight with 1% uranyl acetate, the material was de- 
hydrated with graded ethanol solutions, cleared with 
propylene oxide, and embedded in Epon 812. Silver sec- 
tions were made and stained with uranyl acetate and 
lead citrate. 

Calculation of transport kinetic constants. The K, and 
V,,,,, values were calculated using a weighted nonlinear 
regression analysis. This analysis was achieved by use of 
the Pennzyme computer program (Kohn et al., 1979). 
Eadie-Hofstee plots of the data indicated that in several 
instances uptake could have been mediated by two trans- 
port systems. In these instances a regression analysis 
was performed using rate law equations appropriate for 
uptake mediated by a single system, and by two carrier 
systems functioning independently. Uptake was judged 
to be mediated by one carrier or two carriers based on 
the criteria specified by Kohn et al. (1979). 

Results 

Morphological characterization of the five cellular frac- 
tions. The approximate percentage of total protein, num- 
ber of nucleated cells, and prominent morphological fea- 
tures of each fraction are listed in Table I. The cellular 

TABLE I 

Comparison of cellular material present in the five fractions obtained 
from the cerebellum of 8- to 14.day-old mice 

Fraction 
Number 

Gradient 
Location 

Protein 
Nucleated Prominent 

(% of’total)a C,“,“,e;;;b 
Morphological 
Characteristics 

1 20% top 5 0.2 x lo6 Myelin and other 
membranes, 
large neuron 

cell bodies 
2 20% middle 50 1 x 10” Synaptosomes 

and other “cy- 
tosomes”’ and 
cell bodies of 

several cell 
types 

3 20% bottom 5 1 x lo6 Cell bodies from 

astrocytes and 
several other 
cell types 

4 60% top 10 2 x lo6 Cell bodies from 
astrocytes and 
several other 

cell types 
5 60% bottom 30 8 x lo6 Cell bodies de- 

rived primarily 
from granule 

cells 

s Protein values represent the approximate percentage of the amount 
accounted for in all five fractions. In mice less than 10 days old the 

percentage in fraction 2 was less then 50%, whereas in mice more than 
12 days old the percentage was higher than 50%. 

b The number of nucleated cell bodies is reported as the approximate 
number present in each fraction per cerebellum. 

‘The term “cytosome” refers collectively to membrane-bound enti- 
ties containing identifiable subcellular organelles such as mitochondria 
and vesicles. These entities presumably are derived from dendrites, 

axons, and glial processes in addition to nerve terminals. 
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material located in the upper band of the 20% gradient other “cytosomes” (Fig. 1B). The amount of material in 
(fraction 1) was heterogeneous and not dominated by fraction 2 increased considerably during the 2nd post- 
any single entity. Myelin-like membrane and large nu- natal week, accounting for less than 10% of the protein 
cleated cell bodies were prevalent in this fraction (Fig. at 8 days of age, but more than 50% at 14 days. This 
lA), but synaptosomes and other “cytosomes” were also presumably reflects the rapid proliferation of synapses 
present in this fraction, particularly in mice older than occurring at this time (Altman, 1972). The cellular ma- 
12 days. The most prevalent entities in the middle band terial that banded in the most dense region of the 20% 
of the 20% gradient (fraction 2) were synaptosomes and Percoll gradient (fraction 3) was comprised primarily of 

I 

I 

i 

Figure 1. Electron micrographs of cellular material in the five cerebellar fractions. The micrographs are listed alphabetically 
correspondence with fractions 1 through 5 in Table I. Each length bar is 5 pm except for fraction 2 (B), which is 1 pm. 



62 Shank and Campbell Vol. 4, No. 1, Jan. 1984 

nucleated cell bodies (Fig. 1C). This population of cells 
exhibited a heterogeneous size and morphology, indicat- 
ing that several cell types were present. 

The top band of the 60% gradient (fraction 4) was 
comprised almost entirely of nucleated cell bodies (Fig. 
10). As with fraction 3, several types of cells were present 
in this fraction, but in both of these fractions many of 
the cells exhibited a nuclear morphology characteristic 
of the Bergmann glial cells. The cellular material in the 
bottom band of the 60% gradient (fraction 5) was com- 
prised of a nearly homogeneous population of nucleated 
cell bodies, the size and nuclear morphology of which 
were characteristic of granule cells. This fraction con- 
tained approximately two-thirds of the total number of 
cells obtained in all five fractions, a result consistent 
with the prevalent occurrence of granule cells in the 
cerebellum. The number of cells in this fraction was 
nearly constant in mice ranging from 8 to 14 days old. 
Beyond this age the number of cells was appreciably 
smaller, indicatir: that fewer cells survived the process 
used to isolate the cells. 

Based upon an analysis of glial fibrillary acidic protein 
in cells grown in uitro, 40 to 50% of the cell bodies in 
fractions 3 and 4 were astrocytes, whereas in fraction 5 
approximately 2% of the cells were astrocytes (Campbell 
et al., 1977; unpublished observations). Although astro- 
cytes were the most prominent cell type in fractions 3 
and 4, these fractions also contained some granule cell 
bodies, ciliated ependymal cells, oligodendrocytes, and 
probably microglial, endothelial cells and fibroblasts. 
Some cell bodies of inhibitory neurons were also presum- 
ably present in these fractions; however, the content and 
synthesis of GABA from various substrates were com- 
paratively low (see below). These observations indicate 
that fractions 3 and 4 were neuron depleted in addition 
to being astrocyte enriched. 

Uptake of various compounds by the five cellular frac- 
tions. In preliminary experiments the uptake of most 
compounds was linear for at least 4 min. Leucine and 
tyrosine were exceptions in that the rate of uptake of 
these amino acids became nonlinear within a 2-min 
incubation period. Preliminary experiments also revealed 
that incubation at 2 to 4°C affected the uptake of com- 
pounds differently. The uptake rate for glutamate, 
GABA, and cu-ketoglutarate was reduced to less than 
10% of the rate at 35”C, whereas the rate of uptake of 
most other compounds was reduced to 15 to 30% of that 
at 35°C. 

In a preliminary study, the effect of trypsin on the rate 
of uptake was determined. For these experiments the 
cerebellum of 6- to &day-old mice was used because it 
was possible to dissociate this tissue without using tryp- 
sin. Under the conditions of our experiments, glutamate, 
GABA, and a-ketoglutarate were accumulated at a rate 
that was 25 to 50% slower by the trypsin-treated cellular 
material than by comparable non-trypsin-treated mate- 
rial. However, the uptake of most other compounds was 
not affected appreciably by trypsin. In agreement with 
the observation of Wang et al. (1975), trypsin was found 
to reduce the V,,, of glutamate uptake without altering 
the K,,. In other preliminary experiments biochemical 

data were obtained on cerebellar cellular material of mice 
ranging in age from newborn to adult. Our results indi- 
cated that for mice between 8 and 14 days of age there 
were no appreciable differences in the uptake of amino 
acids in each cellular fraction and the nerve terminal 
fraction when the data were expresed on a milligrams of 
protein basis. Unless specified otherwise the reported 
data were obtained from mice between 8 and 14 days of 
age. 

When uptake velocities were determined at a substrate 
concentration of 8 pM, most of the compounds studied 
were taken up at a faster rate by the fraction enriched in 
synaptosomes (fraction 2) than by the other four frac- 
tions (Fig. 2). Based on calculated K, and V,,, values 
this was due primarily to a higher V,,, rather than to 
differences in substrate affinities (Table II). A factor 
that may have contributed appreciably to the higher 
uptake capacity by the synaptosome-enriched fraction is 
the smaller average size of the cellular material in this 
fraction and the concomitantly higher ratio of cell mem- 
brane protein (surface area) to total protein (volume) in 
this fraction. 

Of the four fractions enriched in cell bodies the most 
obvious comparative differences were the very low rela- 
tive uptake velocities of GABA and citrate by the fraction 
enriched in granule cells (fraction 5). For GABA this can 
be attributed to a very low V,,, (Fig. 3, Table II). The 
small amount of GABA that was accumulated by fraction 
5 may have been due almost entirely to the small pro- 
portion of astrocytes present in this fraction. The com- 
paratively low uptake of taurine, /3-alanine, glutamate, 
and ar-ketoglutarate by the fraction enriched in granule 
cells (Fig. 2) can also be attributed to a low V,,, rather 
than to differences in K, values (Table II). A kinetic 
analysis of the uptake of GABA (Fig. 3) and glutamate 
(Fig. 4) indicated that carriers with exceptionally high 
substrate affinities were present in the fraction enriched 
in astrocyte cell bodies (fractions 3 plus 4). Since frac- 
tions 3 and 4 contained several types of non-neuronal 
cells it is possible that cells other than astrocytes con- 
tributed to the high affinity uptake of glutamate and 
GABA; however, data obtained from experiments using 
a variety of procedures to study uptake indicate that the 
uptake of glutamate and GABA by astrocytes exceeds 
that of other types of non-neuronal cells (Ehinger, 1977; 
Wilkin et al., 1982). 

Amino acid content in the five cerebellar fractions and 
fresh tissue. Of the nine amino acids measured, only 
glutamate, aspartate, and GABA exhibited any apprecia- 
ble differences in content among the five fractions (Fig. 
5). Glutamate and aspartate were selectively concen- 
trated in the fraction enriched in nerve terminals (frac- 
tion 2), whereas GABA was concentrated in fractions 1 
and 2. Another noteworthy result was the presence of 
some GABA in the fraction enriched in granule cells. 

A comparison of the content of amino acids in the five 
fractions to that in whole cerebellar tissue revealed that 
the glutamine content decreased considerably during the 
cellular isolation and fractionation process. Furthermore, 
there was an apparent decline in the total amount of 
glutamate and an increase in the total amount of aspar- 
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GLUTAMATE GABA TYROSINE LEUCINE GLUTAMINE ALANINE GLYCINE 

1.88 * 0.20 0.63 k 0.085 0.46 2 0.089 0.45 2 0.094 0.16 + 0.017 0.16 e 0.016 0.16 5 0.040 

3 

63 

a /?-ALANINE PYRUVATE a-KETOGLUT. ORNITHINE PROLINE TAURINE ACETATE CITRATE 

0.13 f 0.024 0.10 iz 0.010 0.080 2 0.011 0.069 2 0.006 0.058 + 0.009 0.041 z 0.008 0.013 IO.002 0.014 2 0.002 
T  

CEREBELLAR CELLULAR FRACTION 

II 2 3m 40 5a 

Figure 2. Uptake of 11 amino acids and 4 intermediary metabolites by the five cerebellar fractions. The numbers listed under 
the name of each compound represent the averaged (&EM) uptake values of the five fractions in pmol min-’ pg of protein’. 
The relative rate of uptake for each fraction is the ratio of uptake values of the fraction specified to the average uptake by the 
five fractions. These values represent the mean + SEM of 6 to 10 experiments, each performed in triplicate. For each compound 
the initial concentration in the medium was 8 PM. The incubation period was 4, 6, or 10 min except for leucine and tyrosine 
which were incubated 1 or 2 min. 

tate. These changes in amino acid content cannot be 
attributed solely to a lack of energy substrate because all 
of the media in which the cellular material was bathed 
contained glucose at a concentration of 5 mM. The con- 
tent of other amino acids did not differ appreciably from 
that in whole tissue. 

Metabolism of various compounds by the five cerebellar 
fractions. As a means of studying some aspects of meta- 
bolic activity, we incubated samples of the five cerebellar 
fractions with several **C-labeled compounds and meas- 
ured the incorporation of label into various amino acids 
(Fig. 6). Of particular interest to us was the relative 
incorporation of label into glutamate and GABA from 
potential metabolic precursors of these neurotransmit- 
ters. Glutamate was labeled extensively in all five frac- 
tions when [ U-14C]-a-ketoglutarate, [ U-‘*C]glutamine, 
and [2-14C]pyruvate were supplied as precursors. 

Label was incorporated into GABA more readily in the 
fractions enriched in large cell bodies and nerve termi- 
nals than in the remaining three fractions. A comparison 
of the extent to which label was incorporated into GABA 
from [ U-14C]-a-ketoglutarate, [ U-‘*C]glutamine, [ U-‘“Cl 

glutamate, and [2-l*C]pyruvate revealed that GABA re- 
ceived label selectively from glutamine and, possibly, 
from pyruvate. For example, in fraction 2 the 14C dpm in 
GABA was 8.9% (SD = +1.3%, N = 4) of that in 
glutamate when [ U-14C]glutamine was supplied as the 
source of label, but only 1.2% (SD = 0.2%, N = 4) and 
1.4% (SD = 0.5%, N = 4) of that present in glutamate 
when [ U-14C]glutamate and [ U-‘4C]-a-ketoglutarate, re- 
spectively, were the source of the label. Statistically, the 
ratio obtained with glutamine is significantly higher at p 
< 0.01. Since the incubation period for pyruvate was 10 
min rather than 4 min, the high ratio obtained with this 
substrate (7.7% + 0.6%, N = 3) may be due in part to 
the longer incubation period. When [ U-14C]-L-ornithine 
was supplied as a precursor, the amount of label incor- 
porated into GABA was not sufficient to quantitate. 

The incorporation of label into glutamine from radio- 
labeled glutamate, pyruvate, oc-ketoglutarate, and orni- 
thine was most prominent in the fractions enriched in 
astrocyte and granule cell bodies (fractions 3, 4, and 5). 
The accumulation of label in alanine from pyruvate was 
also most prominent in these fractions. 
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TABLE II 

Kinetic constants for the uptake of nine amino acids and a-ketoglutarate by cerebellar cellular fractions enriched in synaptosomes, astrocytes, and 
granule cell bodies 

The rate at which each compound was accumulated in fraction 2 (synaptosome), fraction 3 plus 4 combined (astrocyte), and fraction 5 was 
determined over the concentration range specified. The kinetic constants were calculated using the Pennzyme computer program (Kohn et al., 

1979). For most compounds Eadie-Hofstee plots of the uptake data appeared to be nonlinear, indicating the uptake may have been mediated by 
more than one transport system. The asterisk (*) signifies that Eadie-Hofstee plots suggest the possible existence of a transport system that was 
not verified on the basis of a statistical analysis of the residual errors obtained from the regression analysis. The values represent the mean + 

SD of data from three to six experiments except where noted. 

Km (PM) V,.. (nmol/min/mg of protein) 
Transport Substrate Cellular Fraction 

1 2 1 2 

Glutamate Synaptosome 6.7 f 0.3 5.10 + 0.2 
0.15-20” Astrocyte 0.14 + 0.04 7.2 * 1.3 0.20 3~ 0.06 1.60 k 0.1 

Granule Cell 4.7 f 0.3 0.63 k 0.04 

GABA Synaptosome 
0.21 5: 0.06 

4.3 + 0.2 
: 

3.70 XL 0.1 
0.15-20 Astrocyte 8.6 + 0.8 0.06 0.01 0.52 k 0.04 

Granule Cell 0.30 f 0.05 8.4 3~ 2.0 0.008 f 0.001 0.03 -c 0.01 
fl-Alanine Synaptosome * 17.3 c 0.9 * 1.40 f 0.1 

0.01-20 Astrocyte * 19.6 & 7.1 * 0.25 + 0.06 
Granule Cell 12.2 t- 1.3 0.10 + 0.01 

Taurine Synaptosome * 22.2 f 1.8 * 0.33 -t 0.02 

0.5-20 Astrocyte 13.5 f 1.3 0.05 & 0.01 
Granule Cell 7.2 + 0.4 0.01 1 0.001 

Lysine Synaptosome 1.1 + 0.2 134 Ifr 6 0.016 f 0.003 2.78 -c 0.08 

0.01-200 Astrocyte * 85 + 12 * 1.17 + 0.12 
Granule Cell * 102 + 14 * 1.01 k 0.10 

Ornithine Synaptosome * 161 + 6 * 2.34 -t 0.11 

0.2-400 Astrocyte * 120 + 8 * 1.01 f 0.05 
Granule Cell 109 c 4 0.70 -c 0.02 

Glutamine Synaptosome 11.0 + 1.4 232 zk 19 0.27 f 0.05 6.58 + 0.19 
0.5-500 Granule Cell * 130 * 20 1.72 C_ 0.11 

Leucine Synaptosomeb 10.0 f 1.3 814 + 239 0.62 ; 0.07 8.47 f 1.46 
5-500 Astrocyte* 53.6 k 6.7 * 2.13 + 0.14 

Granule Cell 11.6 31 4.2 937 + 517 0.75 k 0.20 8.06 ; 2.58 
Tyrosine Synaptosome* 10.4 + 2.8 * 0.77 + 0.14 * 

5-1000 Granule Cellb 13.2 + 3.0 * 0.60 -+ 0.09 * 

a-Ketoglutarate Synaptosome * 12.3 + 1.0 * 0.42 -t 0.03 
0.4-20 Astrocyte 8.0 k 0.7 0.03 + 0.002 

Granule Cell * 10.2 f 0.9 * 0.01 k 0.001 

a These numbers refer to the concentration range studied in micromolar units. 
*These values were obtained from two experiments. 

Astrocyte Enriched 

Synaptosome Enriched 

-1 
0 0.01 0.02 0 0.4 0.8 

VELOCITY/GABA Cont. IJIMI 

Figure 3. Graphic representation (Eadie-Hofstee plot) of GABA uptake as a function 
of concentration. Fractions 3 and 4 were combined together to form the astrocyte- 
enriched fraction. The data are the mean -t SEM of three or four experiments. The 
lines were drawn based on visual inspection of the data. The calculated K,,, and V,,,,, 

values are reported in Table II. 



The Journal of Neuroscience Amino Acids in Cerebellar Cellular Fractions 65 

,,I, r\, Astrocyte Enriched b 

Synaptosome Enriched 

Granule Cell Enriched 

0 I I 1 I I 
0 0.05 

0 
0.1 0 0.4 0.8 

VELOCITY/GLUTAMATE Cont. IuMI 

Figure 4. Graphic representation (Eadie-Hofstee plot) of glutamate uptake as a 
function of concentration. The data are the mean f  SEM of three to five experiments. 
The lines were drawn based on visual inspection of the data. The calculated Km and 
V lnax values are reported in Table II. 

ASPARTATE GLUTAMATE 

SERINE THREONINE ALANINE 

GABA GLUTAMINE GYLCINE 

r 

PROLINE 

Tissue q 

CEREBELLAR CELLULAR FRACTION 
Figure 5. The content of nine amino acids in the five cerebellar fractions and whole cerebellar tissue of lo- to 14-day-old mice. 

The data are the mean (+SEM) of 8 to 10 experiments except for tissue which is the mean content of four cerebella. 

Discussion tively synthesized and concentrated in the neurons from 
which it is released. Our observation that GABA was 

Amino acids as neurotransmitters in the cerebellum. concentrated in the fraction enriched in nerve terminals 
Several of the amino acids investigated in this study are and large cell bodies is consistent with a selective con- 
putative neurotransmitters. One criterion of transmitter centration of this amino acid in Purkinje cells and other 
function stipulates that the candidate should be selec- inhibitory neurons in the cerebellar cortex, all of which 
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(U-l%) L-Glutamine (lb’%) L-Glutamate 

1 2 3 4 5 

(I-‘%) Pyruvate (U-“(Z) L-Ornithine 

Pro Glut 

1 2 3 4 5 

CEREBELLAR CELLULAR FRACTION 
Figure 6. Incorporation of radiolabel into glutamate, GABA, aspartate, and several other amino acids from some possible 

metabolic precursors of these neurotransmitters. The data are reported as the percentage of total 14C present in the cellular 
material. Each point is the mean f  range of two experiments, or the mean + SEM of three or four experiments, except the data 
for fraction 1 using [‘%]pyruvate, which are the results of single experiments. In this series of experiments 0.1 &i of [ U-‘“Cl- 
a-ketoglutarate, glutamate, or glutamine was added to the medium and the concentration of each was approximately 1 pM. For 
the radiolabeled pyruvate and ornithine, 0.2 FCi was added to the medium and their respective concentrations were 10 pM and 2 
PM. The incubation period was 4 min for the experiments with cu-ketoglutarate, glutamate, and glutamine, and 10 min for 
pyruvate and ornithine. 

probably use GABA as a neurotransmitter (Roberts, 
1975). 

Glutamate is generally considered to be the best can- 
didate for the transmitter released by granule cells in the 
cerebellum (Young et al., 1974; Hudson et al., 1976; 
McBride et al., 1976). Our data indicate that glutamate 
is not selectively concentrated in the granule cell bodies. 
However, glutamate is concentrated in the nerve termi- 
nal-enriched fraction. Since it is likely that a large por- 
tion of the material in the nerve terminal-enriched frac- 
tion is derived from granule cells, our findings are con- 
sistent with the notion that granule cells selectively 
concentrate glutamate only in the presynaptic terminal. 
In this same vein is the observation that a population of 
neurons originating in the dorsal root ganglion, which 
may utilize glutamate as its neurotransmitter, selectively 
concentrates this amino acid in the portion of the cell 
near the central terminals (Johnson and Aprison, 1970). 

Our observation that aspartate is concentrated in the 
nerve terminal-enriched fraction suggests that this 
amino acid may also function as a neurotransmitter in 
the cerebellum. Aspartate may function as the transmit- 
ter released by climbing fibers (Rea et al., 1978), but 
another possibility is that aspartate is co-released with 
glutamate from granule cell terminals. In support of this 
is the compelling evidence that these amino acids are co- 
released from the terminals of excitatory motor neurons 
in some arthropods (Freeman et al., 1979, 1981). In this 
context it is of interest that changes in the metabolic 
and functional state of CNS tissues frequently result in 
reciprocal alterations in the content of glutamate and 
aspartate (Siesjo, 1978). Therefore, these amino acids 
may be co-released in amounts that vary in response to 
changes in the physiological state of the cells. 

Glycine, taurine, proline, and P-alanine exhibit neu- 
roinhibitory properties when applied to cerebellar neu- 
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rons (Kawamura and Provini, 1970; Geller and Wood- 
ward, 1974; Felix and Kunzle, 1976; McBride and Fred- 
erickson, 1978) and therefore may function as inhibitory 
neurotransmitters or modulators in the cerebellum. The 
nearly uniform distribution of proline and glycine among 
the five fractions does not support a major neurotrans- 
mitter role for these amino acids in the cerebellum. The 
content of /3-alanine was not sufficient for an accurate 
determination, but in each fraction the amount was 
about one-tenth that of GABA. Taurine was selectively 
taken up by the fraction enriched in nerve terminals, but 
as has been reported previously (Rohde et al., 1979), the 
rate of uptake was slow in comparison to that of other 
putative neurotransmitters. Therefore, assuming that 
the rate of uptake reflects the rate of release from nerve 
terminals, our data are not supportive of a prominent 
transmitter function for taurine in the cerebellum. 

Metabolic precursors of the neurotransmitter pools of 
glutamate, aspartate, and GABA. The metabolic precur- 
sors utilized to replenish the neurotransmitter pools of 
glutamate and GABA have not been established. Our 
observation that comparatively little of the label from 
[ U-‘4C]glutamate was incorporated into GABA is con- 
sistent with previous evidence that glutamate is not 
readily taken up by GABAergic neurons (Storm-Math- 
isen, 1978) and supports the concept that GABA is 
derived primarily from a pool of glutamate that is syn- 
thesized de novo within GABAergic neurons (Shank and 
Aprison, 1977; Tapia and Gonzalez, 1978; Roberts, 1981). 
Current evidence indicates that glutamine, derived at 
least primarily from astrocytes, serves as a significant 
metabolic precursor of both the transmitter pool of glu- 
tamate and the pool of glutamate converted to GABA 
(Shank and Aprison, 1981). However, a-ketoglutarate, 
possibly derived from astrocytes (Shank and Campbell, 
1981), and ornithine (or arginine) derived from the blood- 
stream (Roberts, 1981) may also serve as metabolic pre- 
cursors of these two pools of glutamate. The transport 
and metabolic data obtained in this study are consistent 
with the possibility that all three of these metabolites 
serve as precursors of the transmitter pool of glutamate; 
however, the pattern of labeling obtained in this study 
indicates that glutamate is synthesized in nerve termi- 
nals more readily from a-ketoglutarate and glutamine 
than from ornithine. Our data further indicate that 
GABA is synthesized more readily from glutamine than 
from cu-ketoglutarate, and that ornithine is metabolized 
to GABA quite slowly. In contrast to our ornithine data, 
Yoneda et al. (1982) reported data indicating that orni- 
thine is converted to GABA fairly rapidly under some 
conditions. 

Reuptake into the nerve terminals versus uptake in 
astrocytes as the mechanism of inactivation for neuro- 
transmitter amino acids. Current evidence indicates that 
amino acid transmitters are removed from the interstitial 
fluid either by uptake back into the nerve terminal or 
uptake into nearby astrocytic elements. Data reported 
by Young et al. (1974) suggest that glutamate (and as- 
partate) is transported primarily by carriers located in 
granule cell nerve terminals, whereas data reported by 
East et al. (1980), Gordon et al. (1981), and Wilkin et al. 
(1982) indicate that uptake is mediated primarily by 

carriers in the membrane of astrocytes. The apparent 
existence of a transport carrier in the membrane of 
astrocytes that possesses an exceptionally high affinity 
for glutamate suggests that these glial cells are ideally 
suited for maintaining very low extracellular levels of 
glutamate. The high rate of glutamate uptake by the 
synaptosome-enriched fraction suggests that the trans- 
port carriers in glutamatergic terminals may serve to 
rapidly remove extracellular glutamate when the concen- 
tration exceeds 1 pM. Hence, the relative uptake by nerve 
terminals as compared to astrocytes may depend on the 
experimental conditions used. The vigorous uptake of 
glutamate by the astrocyte- and nerve terminal-enriched 
fractions suggests that both of these cellular entities are 
instrumental in clearing glutamate (and aspartate) from 
the extracellular fluid. Our results do not provide defin- 
itive information regarding the quantitative contribution 
made by astrocytes to the inactivation of glutamate; 
however, the high V,,, of uptake by the nerve terminal- 
enriched fraction does not support the concept that 
glutamate is inactivated primarily by uptake into astro- 
cytes. 

Evidence regarding the role of astrocytes in the inac- 
tivation of GABA is also somewhat conflicting. Meta- 
bolic studies indicate that exogenously supplied GABA 
is selectively metabolized to glutamine in CNS tissue 
(Berl and Clarke, 1969). Because the synthesis of gluta- 
mine appears to be localized primarily to astrocytes 
(Norenberg, 1979) these metabolic data suggest that in 
intact tissue, exogenous GABA may be selectively taken 
up by these cells. Furthermore, studies using astrocyte- 
enriched preparations have generally indicated that these 
cells take up GABA vigorously (Henn and Hamberger, 
1971; Burry and Lasher, 1975; Lasher, 1975). In contrast, 
the results of autoradiographic studies indicate that in 
most CNS regions GABA is accumulated predominantly 
in GABAergic nerve terminals (Iversen, 1972; Kelly and 
Dick, 1975; Sterling and David, 1980), although some 
exceptions to this have been reported (Schon and Kelly, 
1974). The apparent discrepancy in these observations 
may be due to a difference in the turnover rate of GABA 
in astrocytes as compared to GABAergic nerve terminals. 
The content of GABA in astrocytes is low, but the 
activity of GABA transaminase is high (Roberts, 1975); 
hence, the turnover of GABA in these cells should be 
quite fast. Therefore, in a pulse label experiment using 
[3H]GABA the “H should be rapidly incorporated into 
water and lost from these cells, whereas the GABA 
accumulated by GABAergic nerve terminals may enter 
into a large endogenous pool of GABA that has a com- 
paratively long metabolic half-life. In most reported au- 
toradiographic studies the elapsed time between the pre- 
sentation of [3H ] GABA and tissue fixation was relatively 
long (>30 mm); hence, most of the label accumu- 
lated by astrocytes may have been lost due to metabolic 
turnover. As noted previously for glutamate the apparent 
existence of a carrier in the membrane of astrocytes with 
an exceptionally high affinity for GABA indicates that 
the primary function of these carriers may be to maintain 
this neurotransmitter at very low steady-state levels in 
the extracellular fluid. 

Metabolic compartmentation in CNS tissues. An unu- 
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sual metabolic characteristic of CNS tissues is that 
many, but not all, metabolically active compounds are 
preferentially converted to glutamine as compared to 
glutamate (Berl and Clarke, 1969). Conceptually this 
implies that cellular compartments with distinctly dif- 
ferent biochemical properties exist in CNS tissues (Berl 
and Clarke, 1969; Van den Berg, 1970). The biochemical 
basis and physiological significance of this compartmen- 
tation are not fully understood, but one important bio- 
chemical factor may be the cellular localization of glu- 
tamine synthetase. Immunocytochemical studies by No- 
renberg (1979) indicate that this enzyme is localized 
almost exclusively in astrocytes. This appears to be in 
partial conflict with our results, since we found glutamine 
labeling to be comparatively high in the fraction enriched 
in granule cell bodies. Other investigators have reported 
previously that fractions enriched in neuron cell bodies 
contain a comparatively high level of glutamine synthe- 
tase activity (Piddington, 1977; Ward and Bradford, 
1979; Weiler et al., 1979). The activity of glutamine 
synthetase increases 5- to lo-fold during maturation 
(Berl and Clarke, 1969). A possible explanation that can 
account for the apparent discrepancy between the im- 
munocytochemical and biochemical data is that the in- 
crease in activity may occur only in astrocytes, and the 
glutamine synthetase within neurons may be restricted 
to the cell nucleus. 

One possible reason that certain metabolic substrates 
are selectively metabolized to glutamine in CNS tissues 
is that they are transported only into the compartments 
containing glutamine synthetase. Of the compounds we 
studied, several are known to be selectively metabolized 
to glutamine by intact CNS tissues. These include cit- 
rate, acetate, proline, cr-ketoglutarate, leucine, GABA, 
and glutamate. Although the apparent existence of very 
high affinity carriers for GABA and glutamate in the 
membrane of astrocytes suggests that these compounds 
could be selectively transported into astrocytes at very 
low substrate concentrations, our data provide no evi- 
dence that most of the other metabolites that are pref- 
erentially metabolized to glutamine are selectively accu- 
mulated by astrocytes. Our data therefore indicate that 
metabolic compartmentation cannot be due primarily to 
a localization of transport carriers in the membrane of 
astrocytes. Our data cannot exclude the possibility that 
intact CNS tissues are structurally arranged in a way 
that promotes a selective uptake by astrocytes when 
these substrates are supplied exogenously. 
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