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In Search of the Identity of the 
Cerebellar Climbing Fiber Transmitter: 
Immunocytochemical Studies in Rats 

Nianhui Zhang and Ole P. Ottersen 

ABSTRACT: Quantitative immunogold cytochemistry at the electron microscopic level was used to assess the 
endogenous contents of glutamate, aspartate, homocysteic acid, and glutamine (a precursor of glutamate) in the cere
bellar climbing fiber terminals. Of the three excitatory amino acids, only glutamate appeared to be enriched in these 
terminals. The climbing fiber terminals also displayed immunoreactivity for glutamine. The level of aspartate 
immunoreactivity was far higher in the nerve cell bodies in the inferior olive than in their terminals in the cerebellar 
cortex. Homocysteic acid immunolabelling was concentrated in glial cells including the Golgi epithelial cells in the 
Purkinje cell layer. Our immunocytochemical data indicate that glutamate is a more likely climbing fiber transmitter 
than aspartate and homocysteic acid. 

RESUME: A la recherche du neurotransmetteur des fibres grimpantes du cervelet: etudes immunocytochimiques 
chez le rat. Nous avons utilise une technique immunohistochimique par marquage a Tor quantifie par microscopie 
electronique pour evaluer le contenu endogene en glutamate, aspartate, acide homocysteique et glutamine (un 
precurseur du glutamate) des terminaisons des fibres grimpantes du cervelet. Parmi les trois acides amines excitateurs, 
seul le glutamate semblait etre plus abondant dans ces terminaisons. Les terminaisons des fibres grimpantes presen-
taient egalement une immunoreactivite pour la glutamine. Le niveau d'immunoreactivite de l'aspartate etait beaucoup 
plus eleve dans les corps cellulaires des neurones de l'olive inferieure que dans leurs terminaisons dans le cortex cere-
belleux. Le marquage immunologique de l'acide homocysteique etait concentre dans les cellules gliales, incluant les 
cellules epitheliales du Golgi dans la couche moyenne de l'ecorce cerebelleuse. Nos donnees immunohistochimiques 
indiquent qu'il est plus plausible que ce soit le glutamate plutot que l'aspartate ou l'acide homocysteique qui soit le 
neurotransmetteur des fibres grimpantes. 
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Almost 20 years ago, Young et al.1 were able to show that 
virus-induced destruction of cerebellar granule cells in hamsters 
led to a selective decrease in the level of endogenous glutamate 
and glutamate/aspartate uptake in the cerebellar cortex. In the 
years that have elapsed since this pioneering study, evidence has 
continued to accumulate that glutamate is the transmitter of the 
granule cell axons (parallel fibers).24 Recent investigations indi
cate that this amino acid is also one of several neurotransmit
ters/neuromodulators in the mossy fiber system.4-7 

The identification of the transmitter(s) of the third major 
excitatory fiber system in the cerebellum - the climbing fibers -
has proved to be a difficult task. There is general agreement that 
the fast signalling in the latter system is mediated via excitatory 
amino acid receptors, most probably of the non-NMDA (N-
methyl-D-aspartate) type,810 but the identity of the endogenous 
agonist of these receptors has been a matter of dispute. 

L-Aspartate was proposed as a likely candidate following the 
observations that D-aspartate is taken up and transported retro-
gradely by the climbing fibers," and that lesions of the inferior 
olive with 3-acetylpyridine cause a reduction in the calcium-

dependent release of endogenous L-aspartate from cerebellar 
slices.1213 The latter effect was confined to the hemispheres; no 
change was seen in the vermis.13 

These studies did not, however, rule out a possible involve
ment of glutamate. It is well known that the high affinity uptake 
system is unable to distinguish between glutamate and 
aspartate.14 Further, the 3-acetylpyridine treatment led to a 
reduced release of glutamate as well as aspartate, although the 
effect on glutamate release failed to reach significance12 or was 
significant only in the vermis.13 The authors of the latter reports 
have been careful to point out that a lesion-induced effect on 
glutamate release from the climbing fibers could have been easi
ly masked by the massive glutamate efflux from the parallel 
fiber system. Glutamate has consequently been left in limbo as 
far as its role as climbing fiber transmitter is concerned. 

Glutamate and aspartate have long standing as the preemi
nent excitatory transmitter candidates in the CNS.14 However, it 
has been known since'the early work of Curtis and Watkins15 

that some sulfur-containing amino acids have excitatory proper
ties similar to those of glutamate and aspartate. The interest in 
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sulfur-containing amino acids was revived following the obser
vation that several of them, including homocysteic acid, could 
be released in a calcium-dependent manner from brain tissue J6"17 

Indeed, homocysteic acid was claimed to be the most likely 
endogenous agonist of the NMDA receptor in certain cortical 
fiber systems.1819 Studies in the cerebellum showed that the 
release of homocysteic acid could be abolished after elimination 
of the climbing fibers by 3-acetylpyridine.13 This effect was 
observed in both hemispheres and vermis, and was initially 
taken as evidence for a transmitter role of homocysteic acid in 
the climbing fiber system. Alternative interpretations were 
offered in subsequent reports from the same group (see 
Discussion and refs.20 and 2I)-

Immunocytochemistry should be well suited for resolving 
whether the fast chemical signalling of the climbing fibers is 
mediated by aspartate, glutamate, and/or homocysteic acid. We 
have raised antisera to each of these amino acids and to glu-
tamine, which is considered to be a major precursor of transmit
ter glutamate.14 In the following we will briefly describe the 
labelling pattern that these antisera produce in the rat cerebel
lum, with particular reference to the climbing fibers. 

METHODS AND MATERIALS 

Male Wistar rats were perfused through the heart with a mix
ture of 2.5% glutaraldehyde and 1% paraformaldehyde. Sagittal 
and transverse, hand-cut slices of the cerebellum were treated 
with Os04, dehydrated, and embedded in Durcupan. Semithin 
sections (0.5 u.m) were immersed in sodium ethanolate (to 
remove resin), and then subjected to post-embedding, peroxi
dase-antiperoxidase immunocytochemistry.22 The homocysteic 
acid antiserum (code no. 553; ref.23) was diluted 1:100 and pre-
absorbed with glutaraldehyde (G) complexes of glutamine (100 
(iM) and of glutamate and taurine (50 |iM each). 

Ultrathin sections were processed according to a postembed-
ding, immunogold procedure based on that of Somogyi et al.4 

The following rabbit antisera were used (dilution and concentra
tion of G complexes added are given for each antiserum): 1, glu

tamate 03,5 1:300, 150 |lM glutamine-G and 100 |iM aspartate -
G; 2, glutamine 34,2425 1:600, 60 |iM aspartate-G; 3, aspartate 
18,26'27 1:50, 50 uM glutamate-G; 4, aspartate 435, 1:100, 60 
|iM glutamate-G, 10 M.M taurine-G, and 100 |iM GABA-G; 5, 
homocysteic acid 553,23 1:50, 30 |iM fj-alanine-G, 200 uM glu
tamine-G, 50 U.M glutamate-G, and 50 p.M taurine-G. Bound 
antibodies were visualized by use of sheep anti-rabbit IgG cou
pled to colloidal gold particles (Janssen). 

The ultrathin sections were labelled with a single antiserum 
(Figure 2B) or with two different antisera, using two different 
gold particle sizes (Figures 2A, 5B). The double-labelling pro
cedure was identical to that used previously in our labora
tory28-29 and was based on the protocol of Wang and Larsson.30 

It included two sequential incubations with an intervening 
formaldehyde vapour treatment. The taurine antiserum (code no. 
286) that was used for homocysteic acid/taurine double labelling 
(Figure 5B) was diluted 1:900 and preabsorbed with 50 [iM fj-
alanine-G. 

All antisera have been subjected to extensive specificity test
ing, using two different model systems. Initial screening was 
performed by immunoincubation of cellulose nitrate/acetate 
discs carrying a series of amino acid conjugates.26 One example, 
based on aspartate antiserum 435, is shown in Figure 1. This 
antiserum reacts selectively with L-aspartate, and shows no 
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Figure 1 —Characterization of L-aspartate antiserum no. 435 by "spot-test" (peroxidase-antiperoxidase procedure). Amino acids (code in C) were 
coupled to a thoroughly dialyzed extract of brain macromolecules, using the same mixture of glutaraldehyde and formaldehyde that was used for 
tissue fixation. The conjugates were spotted onto cellulose nitrate/acetate discs. A: The antiserum (diluted 1:10 000 and preabsorbed with glu
taraldehyde complexes of glutamate and asparagine; 200 \iM of each) produced selective staining of the respective amino acid conjugate (L-Asp). 
and did not react with the stereoisomer D-Asp. B: Same antibody preparation as in A, but with addition of L-aspartate-aldehyde-brain protein con
jugates (300 \sM). Note complete blocking of immunostaining. C: Code for A and B. The amino acids that were tested included those that show 
close structural analogy with L-aspartate. The amino acids were (listed from top of filter in the clockwise direction, followed by the central spots): 
L-aspartate, L-glutamate, L-proline, D-aspartate, L-asparagine, L-cysteine sulphinic acid, L-aspartate, L-cysteic acid, D-aspartate, gamma-
aminohutyrate, taurine, and L-glutamine. "None" represents aldehyde-treated brain macromolecules (no amino acid added). This "spot-test" was 
employed for screening of all antisera used in the present report, and a highly selective immunostaining was observed in each case. 
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affinity to close structural analogues such as cysteine sulphinic 
acid (L-CSA). The latter amino acid is identical to L-aspartate 
except that it contains a S02H group instead of a COOH group. 
The aspartate antiserum is specific for the L-isomer of aspartate 
(Figure 1). The second model system was based on amino acid 
conjugates as above, but instead of spotting them onto discs 
they were embedded in Durcupan and assembled in a 
sandwich.29 Sections through the sandwich could then be incu
bated together with the tissue sections, allowing identical condi
tions for testing and immunocytochemistry (amino acid conju-
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Figure 2 — Postembedding immunogold labelling with a glutamine 
antiserum followed by a glutamate antiserum (A), and with an 
aspartate antiserum (no. 435; B-D). Glutamate-like immunoreactiv-
ity (small gold particles in A) is concentrated in the climbing fiber 
terminal (cf) while glutamine-like immunoreactivity (large parti
cles) is highest in glial profiles (g). Pd, dendrite, and t, dendritic-
thorn, of a Purkinje cell. L-Aspartate immunoreactivity is weak in 
climbing fiber terminals (B) but strong labelling is seen of L-aspar
tate conjugates (C). No accumulation of gold particles occurs over 
the glutamate conjugates (D), attesting to the high selectivity of the 
aspartate antiserum. The conjugates shown in C and D are two out 
of a series of different conjugates that are incorporated in test sec
tions and incubated together with the tissue sections (see Methods 
and Materials). Asterisk in B indicates a parallel fiber terminal 
establishing contact with a dendritic spine (s). Scale bars: 0.5 \\m. 

gates from such a sandwich are shown in Figure 2C, D). Using 
these two model systems, a high selectivity has been demon
strated for all of the antisera that were used in the present study: 
glutamate 03,5 glutamine 34,24-25 aspartate 18,26-27 aspartate 435 
(Figure 1), and homocysteic acid 553.23 

The gold particle densities over different cell profiles were 
quantified by means of a purpose-made computer programme.31 

RESULTS 

The climbing fiber terminals were covered with numerous 
gold particles signalling glutamate-like immunoreactivity (small 
particles in Figure 2A). The particle density was similar to that 
over terminals of parallel and mossy fibers, and substantially 
higher than that over Purkinje cell somata and dendrites, basket 
cell terminals, and astrocytes (Figures 2A, 3A). (In a previous 
study,27 the climbing fibers were found to be somewhat less 
intensely labelled than the parallel fibers.) Separate experiments 
showed that the level of glutamate immunoreactivity in climb
ing fiber terminals was about the same as that in the parent cell 
bodies of the inferior olive (Figure 4B). 

Glutamine immunoreactivity (signalled by large gold parti
cles in Figure 2A) was present in climbing fibers, but the aver
age level of immunoreactivity in those was lower than that in 
other structures including Purkinje cells and glial processes 
(Figures 2A, 3B). The latter type of profile was the most strongly 
glutamine immunolabelled element in the cerebellar cortex. 

The double labelling procedure allowed us to calculate the 
ratio between the gold particle densities signalling glutamate 
and glutamine, respectively. This "glutamate/glutamine ratio" is 
assumed to reflect the rate at which glutamine is converted into 
glutamate.29 The ratios were significantly higher in the terminals 
of the major excitatory fiber systems than in other tissue com
partments (Figure 3). The parallel fiber terminals in the outer 
part of the molecular layer displayed particularly high values 
due to their weak glutamine immunolabelling. 

Incubations with the aspartate antiserum produced a very low 
particle density over the climbing fiber terminals (Figure 2B), in 
the hemispheres as well as in vermis. Indeed, their labelling 
intensity was not significantly different from the average 
labelling intensity in the cerebellar cortex and only slightly 
above background level (over empty resin). This negative result 
was not due to technical problems since model conjugates of 
aspartate that had been incubated together with the tissue sec
tions and thus under the same conditions as those, showed 
strong labelling (Figure 2C). Noteworthy immunolabelling also 
occurred in somata of inferior olivary neurons (Figure 4A), sug
gesting that the concentration of aspartate decreases when mov
ing along the axons from the cell bodies towards the climbing 
fiber terminals. As mentioned above, a similar gradient was not 
found in the case of glutamate (Figure 4B). The sections from 
the cerebellum and inferior olive were from the same animals 
and had been incubated in the same drops of immunoreagents in 
order to permit direct comparison. 

Like the aspartate antiserum, the antiserum to homocysteic 
acid failed to produce significant labelling of climbing fiber ter
minals. This was true both at the light microscopic (Figure 5A) 
and electron microscopic levels (not shown). Most of the 
immunoreactivity was localized in glial elements, including 
Golgi epithelial cells in the Purkinje cell layer, and astrocytes in 
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the granule cell layer (Figure 5A). In the latter layer, distinct 
labelling was observed in delicate processes outlining granule 
cell bodies and sometimes contacting blood vessels. The glial 
nature of the immunolabelled processes in the molecular and 
granule cell layer was confirmed in the electron microscope 
(Figure 5B). 

Sections double labelled for homocysteic acid and taurine 
revealed non-overlapping distributions of these two sulfur-con
taining amino acids (Figure 5B). Taurine immunoreactivity was 
concentrated in cell bodies and processes of Purkinje cells, as 
described previously.32 

Parol , f ib . Mo 

Mossy f ib. 

Cl imb, f ib. 

Gran, somata 

Basket term 

Purk. somata 

A s t r o c y t e s 

Glu 
A 

>//////////////////////////////////////A-\ 7 L 

y///////////////////////////////////A-\ ? h 

'/////////////////////////////////////A-A 1R 

;/>/>/>;/>/>/>;/>/;;/;//>;;/;/>//>;)* •>* 

W////////////M 10 

'////////////////A* 18 

y////////y\ 73 

1 1 1 1 

20 40 60 80 

Gold pa r t i c l 

Gin 
B 

Z2J 2U 

V///////M 7S 

<W///H 1^ 

v///y//y/yAA ?n 

W/MMA-A 111 

V////////////AA 1H 

^//////////////////U ?3 

1 1 

Glu 
Gin 

10.4 

4.2 

4.9 

2.2 

1.5 

1.2 

0.5 
1 

20 40 60 

es / | j m 2 

Figure 3 — Quantitation of immunolabelling for glutamate (A) and glutamine (B), based on double-labelled preparations similar to that shown in 
Figure 2A. "Astrocytes" include Golgi epithelial cells, and astrocytes in the granule cell layer. All profiles were sampled in a random manner from 
the entire radial extent of the respective layers. An exception was made for the parallel fiber terminals, which were also sampled in a random manner 
but only from the outer part (Mo) of the molecular layer. No attempt was made to differentiate between different subsets of mossy fiber terminals 
(but see ref. s). S.E.M. and number of observations (profiles) are indicated. The ratio between the respective gold particle densities was calculated 
for each type of profile (right column). Based on data from ref. 29. 
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Figure 4 — Quantitation of immunolabelling for aspartate (A) and glutamate (B) in the inferior olive (10) and cerebellar cortex (CB). "Somata" refer 
to cell bodies of olivocerebellar neurons. Based on single-labelled immunogold preparations. S.E.M. and number of observations are indicated. 
Based on data from ref.21. 

Suppl. 3 - S39 

https://doi.org/10.1017/S0317167100048514 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100048514


' .-, 

Mo 

. Gc 

| > V'i _ i. 

"V 

f 

J 

. • •* ' 

p 
_ _ — D 

• 

# ; ^ > • 

* • 

; 

,--

. 

•• 

. g 

> 

• 

M • • • 
• • 
• 

• \ 
m 

/ " - ^ 

* ... -

)wp^. 

• 

.** . 

•e 

*' • Pd • 

: * 
Figure 5 — Light (A) and electron microscopic (B, large gold particles) immunolabelling with a 

homocysteic acid antiserum. Immunoreactivity occurs in Golgi epithelial cells (arrows), astro
cytes (arrowheads), and in glial processes, some of which approach blood vessels (double arrow
head). The labelling of glial processes is confirmed electron microscopically (g in B). The small 
particles in B signal taurine immunoreactivity. which is concentrated in Purkinje cell dendrites 
(Pd) and spines (s). Mo. molecular layer; Gc, granule cell layer; asterisks in A, Purkinje cell 
bodies; asterisk in B. stellate or basket cell bodv. Scale bars: A. 50 am; B, 0.5 \un. 
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DISCUSSION 

The weak aspartate immunolabelling of climbing fiber termi
nals is difficult to reconcile with a transmitter role of this amino 
acid. The intracellular gradient of aspartate disclosed in the pres
ent study, with the highest concentration in the cell body, rather 
suggests that aspartate serves metabolic roles in the olivocere
bellar fiber system. If this is correct, it needs to be explained 
why climbing fiber deprivation caused a reduction in endoge
nous aspartate release.1213 Several alternative explanations have 
been discussed previously.2733 Suffice it to mention that the 
release experiments were conducted in vitro while the present 
observations were based on material that had been fixed by 
rapid in vivo perfusion. It is conceivable that in vitro conditions 
may allow endogenous aspartate to accumulate in the climbing 
fibers. This may occur due to uptake of aspartate that has been 
leaked into the medium from other cell compartments, or due to 
a conversion of glutamate to aspartate (this conversion is cata
lyzed by aspartate aminotransferase, which is an ubiquitous 
enzyme in brain tissue).14 Indeed, in vitro experiments per
formed in our own laboratory suggest that aspartate immunore
activity does appear in climbing fibers under suitable incubation 
conditions.33 

One must also consider the possibility that a transmitter pool 
of aspartate might have escaped detection because of insuffi
cient sensitivity of our immunocytochemical procedure. This is 
unlikely because the aspartate antiserum produces very strong 
labelling of aspartate conjugates (Figure 2C). Such model con
jugates were prepared by coupling the amino acid to an extract 
of rat brain macromolecules by means of the fixative used for 

perfusion. The complexes thus formed should mimic the anti
gens that the antibodies encounter in the tissue.3 4 The 
concentration of fixed aspartate in the model conjugate shown 
in Figure 2C is high (about 150 mM) compared to the average 
tissue level of aspartate (2-3 mM). However, our glutamate anti
serum 0329 and L-aspartate antiserum 435 (N. Zhang and O.P. 
Ottersen, unpublished observations) have been shown to detect 
antigen concentrations as low as 0.2 mM under incubation con
ditions similar to those used here. L-Aspartate is retained as effi
ciently as glutamate by fixation with glutaraldehyde.34 

Our finding of a very low level of homocysteic acid 
immunoreactivity in climbing fiber terminals is in line with 
recent reports of Cuenod et al.20 and Streit et al.21 Using antisera 
produced independently of ours, they were able to demonstrate 
distinctly immunolabelled processes in semithin sections of the 
molecular layer. Neighbour ultrathin sections were examined 
electron microscopically and revealed that the labelled processes 
were not climbing fibers as first thought, but glial profiles. We 
have presently confirmed this by direct immunolabelling of 
ultrathin sections (also see ref. 23). Streit et al.21 have proposed 
that glial cells may release homocysteic acid in response to 
stimulation by the climbing fiber transmitter. Such a mechanism 
is without precedence but would explain why the homocysteic 
acid release depends on the integrity of the climbing fiber 
system.13 

We are thus left with glutamate as the only excitatory amino 
acid shown by immunocytochemistry to be enriched in climbing 
fiber terminals. As mentioned in the Introduction, the release 
experiments that have been performed so far do not exclude the 
possibility that glutamate is a climbing fiber transmitter. One 
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problem in release studies is that the climbing fibers are exceed
ingly few compared to the parallel fibers. Any glutamate release 
from the former fibers may therefore be obscured by the gluta
mate efflux from the latter. 

The immunocytochemical data favouring glutamate as a 
transmitter in climbing fibers are not as clear as the correspond
ing data for the parallel fibers4-29 and for well-established excita
tory fibers (Schaffer collaterals and mossy fibers) in the hip
pocampus.35 Each of these fiber systems displays an enrichment 
of glutamate immunoreactivity in the nerve terminals relative to 
the parent cell bodies. No evidence was obtained for such an 
intracellular glutamate gradient in olivocerebellar neurons (the 
difference indicated in Figure 4B is not statistically significant). 
It is also clear that the glutamate/glutamine ratio (which is 
assumed to reflect the rate of glutamate formation from glu-
tamine; see ref.29) was considerably lower in climbing fiber ter
minals than in terminals of parallel fibers, at least when com
pared with parallel fibers in the outer part of the molecular layer. 
However, the ratio in climbing fiber terminals was not signifi
cantly different from that in mossy fiber terminals (present 
report and ref. M) . 

CONCLUSION 

Judged from the present immunocytochemical data, gluta
mate emerges as the most likely excitatory amino acid transmit
ter in the climbing fibers. This would be consistent with recent 
pharmacological analyses.8 The biochemical evidence suggest
ing transmitter roles of homocysteic acid and aspartate does not 
receive immunocytochemical support. It should finally be noted 
that climbing fibers are equipped with several neuroactive com
pounds that do not belong to the family of excitatory amino 
acids. At least one of these compounds (corticotropin releasing 
factor) has been shown to modulate the effect of excitatory 
amino acids on the Purkinje cells.36 
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