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Abstract- The glutamate immunoreactivity of different cell populations was compared quantitatively in 
the cerebellar cortex of cat, using an an tiserum raised against glutamate coupled to bovine serum albumin 
by glutaraldehyde. Neuronal and glial processes were identified on serial electron microscopic secl ions 
which were processed by a postembedding immunogold procedure. The surface density of colloidal gold 
particles was used for statistical comparison of the relative levels of glutamate in cell populations. or in 
different parts of the same population. 

The terminals of mossy and parallel fi bres had significantly higher levels of glutamate immunoreactivity 
than Golgi cell terminals, granule cell dendritic digits, Purkinje cell dendrites or dendritic spines. Golgi 
cell terminals were identified by their position and GABA immunoreactivity as revealed by immunogold 
in serial sections. The dendritic digits of the putative glutamatergic granule cells had significantly higher 
glutamate immunoreactivity than did Purkinje cell dendrites and dendritic spines. Glial cell processes in 
the molecular layer had lower level of glutamate immunoreactivity than any of the neuronal processes. 

The results demonstrate that the highest levels of glutamate immunoreactivity occur in mossy and 
parallel fibre presynaptic terminals that are known to have an excitatory effect. This supports previous 
suggestions that glutamate may be a transmitter at these synapses. The measurement of the levels of 
putative amino acid transmitters in identified neuronal populations, or in different parts of the same 
population, could have wide applications in studies on the chemical neuroanatomy of the nervous system. 

The development of a ntisera recognizing amino acids 
fixed in tissue sections" opened the way to revealing 
the localization of amino acids in specific pathways 
a nd neurons that may use them as neurotrans
mitters. I' This a pproach was particula rly important 
for the loca lization of the acidic amino acid glu
tama te . Although the majority of neurons probably 
have receptors for this substance,' before the devel
opment of antisera to conjugated glutamate it was 
not possible to localize glutamate-rich nerve termi
nals, due to the lack of suitable markers. Glutamate 
is an essential component of intermedia ry meta b
o lism and so, together with its meta bolic enzymes, it 
can be expected to be present in a ll cells of the bra in . 
However, several neurochemical indicators, including 
the level of glutamate, appear to be enriched in 
pathways that a re thought to use acidic amino acids 
as tra nsmitter (for reviews see,·,· I' ). Therefore it was 
expected that the higher levels of glutamate would 
make it possi ble to localize selectively the transmitter 
pool of glutamate in histo logical sections." In sup
port of this prediction the first immunocytochemical 
studies certainly revealed an uneven distribution of 
glutamate in the brain, 16.17 in agreement with the 
biochemical results.'" Because all cells will react with 
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Abbreviations: EM, electron microscopic; GLU, glutamate; 
GA BA, y-aminobutyrate. 

a ntiserum to glutamate to some extent, qua ntita tive 
methods are required for the evaluation of different 
levels of reactivity. The most probable site where a 
difference in glutamate levels between neurons that 
use glutama te as transmitter and neurons usi ng o ther 
transmitters would occur is in the nerve terminals 
that sto re and release the transmitters . 

To test this hypothesis, in the present study we 
qua ntified the glutama te immunoreactivity of 
identified cell populations in the cerebellum, where 
the different cells and processes can easily be recog
nized at the fine structura l level. 6.20 We compa red 
the glutamate immunoreactivity of mossy and 
para llel fibre termina ls, two popula tions of nerve 
termina ls with excita tory action6 and which have 
been suggested to use gluta ma te as trans
mi tter l.J.4.9.10. IJ. 14.21.22.".28." with the reactivity of Golgi 

cell termina ls, a GABAergic termi na l population (for 
review see 17 ), and with two populations of post
synaptic dendrites, those of granule cells a nd those of 
Purkinje cells, as well as with the processes of glia l 
cells. 

EXPERIMENTAL PROCEDURES 

Animals and specimens 
Two male adult cats were sedated wi th ketamine hydro

chloride (Vetalar, 25 mg/kg, i.m., Parke-Davis) and deeply 
anaesthetized wi th chloral hydrate (BDH, 35%, 350 mg/kg, 
i.p.) and perfused through the heart wi th saline. followed by 
a fixative at room temperature and containing 10

/0 para-
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Table I. Statistical comparison or glutamate immunoreactivity or different cellular elements in the cerebellar cortex 

Mean 

Cell process 

Glial c.p. 

surrace SEM (n) 
density Statistical comparison 

Mossy r.t. 
Golgi c.t. 
Parallel Ct. 
Purkinje d. and s. 
Granule c.d. 

12.27 ± 0.74 (125) 
63.54 ± 2.68 (25) 
25 .35 ± 1.34 (48) 
45 .96 ± 1.22 (156) 
26.58 ± l.l3 (171) 
38.85 ± 1.66 (110) 

Glial c.p. 
P < 0.005 
P < 0.005 
P < 0.005 
P < 0.005 
P < 0.005 

Mossy ct. 
P < 0.005 
P <0.005 
P < 0.005 
P <0.005 

Golgi C.t. 
P < 0.005 
P < 0.3 
P <0.005 

Parallel r.t. 
P < 0.005 
P <0.005 

Purkinje d. and s. 
P < 0.005 

Values represent the surrace density or gold particles expressed as the mean number/I'm' ± standard error or the mean 
(SEM). The number or measured profiles (n) is shown in parentheses in each case. The profiles or cellular processes 
were identified in electron micrographs or ultrathin sections immunoreacted by the postern bedding gold method . This 
measurement was made from an incubation using the antiserum to glutamate at a dilution of I :500. The means are 
ror the data shown in Fig. 3. The pattern or differences was identical when the antiserum was used at a dilution or I: 1000, 
or when the measurement was made in another animal, although the absolute values or the surrace density or gold were 
different. Student's I-test was used to ascertain the significance or otherwise of the differences between the mean values. 
Glial c.p. = glial cell processes in molecular layer; Golgi C.t. = Golgi cell terminals; Granule c.d. = granule cell dendritic 
digits; Mossy Ct. = mossy fibre terminals; Parallel r.t. = parallel fibre terminals; Purkinje d. and s. = Purkinje dendritic 
sharts and spines. 

rormaldehyde, 2.5% glutaraldehyde in 0.1 M sodium phos
phate buffer (pH 7.2). Blocks or tissue rrom lobulus V orthe 
vermis were dissecled, postfixed for 2 h in the same fixative, 
treated with I % osmium tetroxide ror I h, dehydrated 
routinely and embedded in Ourcupan ACM (Fluka) resin . 
The blocks were stained at the 70% ethanol stage ror 40 min 
in 1% uTanyl acetate. 

Postembedding immunocytochemistry 

Ultrathin sections were mounted on single slot Formvar
coated gold grids and reacted to reveal either glutamate or 
GABA immunoreactivity using the postern bedding 
immunogold method and procedure I or Somogyi and 
Hodgson .23 Following the reaction sections were stained 
with lead citrate. 

The production and characterization or rabbit antisera to 
conjugated glutamate (serum 13"·17.,,.19.27) and GABA 
(Code No. 9".24 ) have been described. The antiserum to 
glutamate was purified through a sequence orcolumns (1 - 2) 
or albumin-coupled Sepharose reacted with (I) glu
taraldehyde and (2) glutaraldehyde-GABA." To reveal the 
primary antibodies colloidal gold (15 nm) coated with goat 
antirabbit IgG (Janssen, Beerse, Belgium) was used . One 
folium was reacted from each animal at primary antiserum 
dilutions or both I: 500 and I: 1000 ror glutamate, and 
I : 2000 ror GABA. Each area was also reacted with antisera 
that were preincubated with one or the rollowing substances 
conjugated to polyacrylamide beads with glutaraldehyde as 
described earlier: I I L~glutamic acid, L·aspartic acid, 
L-glutamine, GABA and glycine (all AnalaR, BOH). Pre
incubation of the antiserum to glutamate with conjugated 
glutamate and preincubation or the antiserum to GABA 
with conjugated GABA resulted in the almost complete 
absence or gold particles rrom the sections, but none or the 
other substances affected the distribution of gold particles, 
except a slight attenuation of glutamate immunoreactivity 
by preincubation with conjugated glutamine. 

Measurement of glutamate immunoreactivity 

To see whether the differences in glutamate immuno· 
reactivity were statistically significant, the surface density 
of gold particles was measured over neuronal and glial 
processes identified on the basis of thei r fine structural 
features and their location in the cortex. 6.20 From each 
incubation 150 micrographs were taken systematically at a 
primary magnification or 21 ,000, along vertical stripes rrom 
the pia to the white matter. Areas were selected so that each 
rrame included maximal numbers or profiles or interest. The 
sample or glial processes was measured in the molecular 

layer. Using a Bioquant (R & M Biometrics, Inc., Nashville, 
U.S.A.) system, the area or 3209 cellular profiles was 
measured on micrographs at a final magnification or 54,000 
and all gold particles, including those over mitochondria, 
were counted over each profile. Aggregates or two or more 
gold particles were counted as one. Aggregates could be 
recognized rrom the unirorm small distance between the 
particles. Occasionally closely but independently attached 
particles may have been counted as one. This would occur 
mainly in densely labelled structures resulting in the under
estimation or particle density. Since, at the most, only a rew 
per cent 'or the particles were aggregates, this under
estimation would not affect the differences between cell 
populations in the present study. Particles over the plasma 
membrane may represent epitopes inside o r o utside the 
membrane. Therefore to prevent overestimation of gold 
density over the measured profile the circumrerence or the 
profiles was divided into two approximately equal lengths 
by a vertical line drawn by hand . Particles touching the mem
brane were included only on the left side or the vertical line. 

RESULTS AND DISCUSSION 

In sections reacted with antiserum to glutamate, 
gold particles were found over all neuronal and 
non-neuronal cells, but their surface density differed 
recognizably even upon visual inspection: the most 
conspicuous difference was the low surface density 
over glial cells and the high density over parallel and 
mossy fibre terminals (Figs lA , 2). Mitochondria 
were often the most densely labelled subcellular or
ganeBes both for glutamate and for GABA, but only 
in those processes that also had high density of gold 
over vesicles and other parts of the terminal. The 
mitochondrial labeBing could result ei ther rrom 
genuine differences in the amino acid content of 
mitochondria in terminals using different trans
mitters, or from the chemical coupling by glu
taraldehyde of transmitter amino acids to mito
chondria during fixation. 

Statistical comparison of the immunoreactivity of 
different processes, based on the density of gold 
particles, gave similar results in both animals and at 



Fig. I. Electron micrographs of serial sections through a glomerulus in the granular layer of the eat's 
cerebellar cortex. The section shown in (A) was reacted with antiserum to glutamate (GlU), the section 
in (B) with antiserum to GABA. The electron-dense gold particles show immunoreactive sites. For GlU 
the highest density of gold appears to be over the mossy fibre terminal (mt) and the lowest over glial 
processes and Golgi cell terminals (I 3). This was confirmed by statistical comparison of the populations 
(Table I). The same Golgi cell terminals are strongly reacting for GABA, while other processes have only 

a low surface density of gold . Scale: (A) and (B), same magnification , O.5I'm . 
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Fig. 2 Electron micrograph of a section through the molecular layer reacted for glutamate. Para llel fibre 
terminals (Pfl) react strongly for glutamate as evidenced by the high density of gold, while Purkinje cell 
dendritic spines that receive synapses from them (arrows) and glial processes react weakly. Scale: 0.51Im. 

Fig. 3. Distribution of glutamate immunoreactivity as measured by the density of gold particles over 
various cellular processes of immunoreacted sections of the eat's cerebellar cortex. The ordinate represents 
the proportion of measured cellular profiles in a bin. Note that glia had the lowest glutamate 
immunoreactivity, and mossy fibre terminals the highesl. Purkinje cell dendrites, spines and the 
GABAergic Golgi cell terminals had intermediate levels which were significantly higher than that of glia, 
but significantly lower than that of mossy terminals (Table I). The glutamate immunoreactivity of parallel 
fibre terminals (not shown here) was lower than that of the mossy fibres but still significantly higher than 

the level in any of the other populations of processes measured in this study. 
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both dilutions of the antiserum to glutamate in each 
animal. The results of a representa ti ve measurement 
are shown in Table I . The statistical analysis bore out 
the most conspicuous differences predicted from the 
visual inspection, but in addition provided further 
info rmation. 

Nerve terminals that are known to exert an ex
citatory action (see6

) , i.e. the terminals of mossy and 
parallel fibres, have significantly higher levels of 
glutamate-like immunoreactivity than the putative 
GABAergic Golgi cell terminals, or other neuronal 
processes. This is strong evidence that glutamate is 
indeed concentra ted in these excitatory terminals, as 
has previously been inferred from biochemical stud
ies,I4·2I ·22.,,·,. and strongly supports the suggested 
transmitter role of glutama te at paralleIJ.4·,o.'J.12.15 and 
mossy'O,.II . fibre synapses. All mossy terminals en
countered in the present study showed strong glu
tamate immunoreactivity, but it cannot be excluded 
that some mossy fibres use other transmitters as 
suggested earlier. '·12 The glutamate-like immuno
reactivity of mossy terminals in the cat in our study 
is in good agreement with that found by light micro
scopy in mossy terminals in rat cerebellar slices fixed 
by glutaraldehyde in vitro (0. P. Ottersen and J. 
Storm-Mathisen, unpublished) and or numerous 
neuronal perikarya in the pontine nuclei in rat and 
mouse." Pontine neurons are also stained by a mono
clonal antibody to y-glutamylglutamate in material 
fixed by carbodiimide and glutaraldehyde.' Many of 
the mossy fibres in the cerebellar cortex originate in 
the pons and our sample probably included some of 
them. 

The strong labelling of parallel fibre boutons com
pared with that of Purkinje cell dendrites and glial 
processes confirms light microscopic observations in 
the rat cerebellar molecular layer, where the latter 
types of structure stand out as unstained. 26 The very 
low level of immunoreactivity in glia agrees with the 
notion that in these cells glutamate is converted to 
glutamine by glutamine synthetase. " 

The results show significantly higher levels of glu
tamate in the terminals of granule cells than in their 
dendritic digits, which receive input from glutamate
containing mossy fibres. This st rongly suggests that 
the high level of glutamate in the terminal is related 
to presynaptic function , i.e. transmitter storage. The 
results raise the possibility that subcellular differences 
in transmitter levels within the same population of 
cells can be evaluated under different experimental 
conditions. 

The quantitative analysis revealed that the den
drites of the excitatory granule cells, which may use 
glutamate as transmitter, have significantly higher 
levels of glutamate than the dendrites of the Purkinje 
cell s that probably use GABA as transmitter (for 
review see" ). This demonstrates that neuronal popu
lations with high glutamate levels in thei r terminals 
may contain higher levels throughout than other 
neuronal types. If this proves to be a general phenom
enon, then it may be possible to identify the dendrites 
and somata of neurons that use glutamate as trans
mitter. The glutamate immunoreactivities of Purkinje 
dendrites and Golgi cell terminals were not different 
and their glutamate levels may represent the genera l 
neuronal metabolic pool. Both of these neuron popu
lations are probably GABAergic, and so will use 
glutamate as precursor for GABA. Consequently 
their glutamate levels may be lower than those of 
neurons using other transmitters and not represented 
in the cerebellum. More measurement on other 
neurochemically distinct neuron populations, as well 
as on putative glutamatergic populations, combined 
with drug treatments that are known to influence 
transmitter levels, are needed to evaluate further the 
general applicability of the method. 
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