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Summary. The distributions of five amino acids 
with well-established neuroexcitatory or neuroin- 
hibitory properties were investigated in the feline 
vestibular complex. Consecutive semithin sections 
of plastic-embedded tissue were incubated with 
antisera raised against protein-glutaraldehyde con- 
jugates of GABA, glycine, aspartate, glutamate 
and taurine. This approach allowed us to study the 
relative densities of the different immunoreac- 
tivities at the level of  individual cell profiles. The 
results indicate that in the vestibular nuclei, neuro- 
nal colocalization of two or more neuroactive ami- 
no acids is the rule rather than an exception. Colo- 
calization was found of immunoreactivities for 
GABA and glycine; glycine, aspartate and gluta- 
mate; glycine and aspartate, and glutamate and 
aspartate. GABA immunoreactive neurons were 
generally small and were found scattered through- 
out the vestibular complex. Glycine immunoreac- 
tive neurons were similarly distributed, except in 
the superior nucleus where the latter type of neuron 
could not be detected. Neuronal profiles colocaliz- 
ing immunoreactivities for GABA and glycine 
occurred in all nuclei, but were most numerous in 
the lateral nucleus. The vast majority of the neu- 
rons showed noteworthy staining for glutamate 
and aspartate, although the level of  immunoreac- 
tivities varied (e.g., the large neurons in the lateral 
and descending nuclei were more intensely aspar- 
tate immunoreactive than the smaller ones). Tau- 
rine-like immunoreactivity did not occur in neu- 
ronal cell bodies but appeared in Purkinje cell ax- 
ons and in glial cell profiles. The functional signifi- 
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cance of the complex pattern of amino acid colo- 
calization remains to be clarified. In particular it 
needs to be distinguished between metabolic and 
transmitter pools of the different amino acids. The 
present results call for caution when attempts are 
made to conclude about transmitter identity on the 
basis of  amino acid contents alone. 
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Introduction 

The experimental data accumulated during the last 
decades have provided a detailed insight in the 
anatomy and physiology of the vestibular complex 
(for reviews and references, see Wilson and Jones 
1979; Goldber~ and Fernandez 1982; Carpenter 
1988; Shinoda et al. 1988). In comparis6n, knowl- 
edge about the chemoarchitecture of this complex 
has been slow to develop. This is particialarly strik- 
ing in view of the considerable advances that have 
been made over the last few years in our under- 
standing of the chemoarchitecture of related struc- 
tures, such as the cochlear nuclei, in which immu- 
nocytochemical methods, used alone or in com- 
bination with axonal tracing techniques, have as- 
signed transmitter candidates to a number of dif- 
ferent neuronal populations (Adams and Mugnaini 
1987; Mugnaini 1985; Wenthold 1987; Wenthold 
et al. 1986, 1987). 

In the present report, we describe the distribu- 
tions of five different neuroactive amino acids in the 
vestibular nuclei. The amino acids were visualized 
by selective antisera that recognize amino acids 
fixed to brain protein by means of glutaraldehyde 
(Storm-Mathisen et al. 1983; review: Ottersen and 
Storm-Mathisen 1987). Two of the amino acids 
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studied (gamma-aminobutyric acid, GABA, and 
glycine, Gly) are thought to occur in high con- 
centrations exclusively in nerve cells using them as 
transmitters. In contrast, glutamate (Glu), aspar- 
tate (Asp) and taurine (Tau), in addition to being 
putative transmitters, also serve many other functi- 
ons in brain tissue (Fonnum 1984; Wright et al. 
1986). Thus, the presence of e.g. Glu-like immu- 
noreactivity (Glu-LI) in a particular cell compart- 
ment is often difficult to interpret in a functional 
context. In spite of this short-coming, a mapping 
of the distributions of Glu, Asp and Tau should 
prove valuable as a platform for further studies 
aimed at distinguishing transmitter pools from 
non-transmitter ("metabolic") pools. 

Material and methods 

Tissue preparation 

Three normal adult cats were used in the present study. The 
animals were deeply anesthetized with pentobarbital (50 mg/kg), 
and perfused transcardially with a brief flush of 2% dextran 
(molecular weight 70 000) in 0.1 M sodium phosphate buffer 
(pH 7.4), followed by the same buffer containing 5% glutar- 
aldehyde or a mixture of 1.5 % depolymerized paraformaldehyde 
and 2.5 % glutaraldehyde at room temperature. The brains were 
dissected free, cut in two halves and stored at 4 ~ C in phosphate 
buffer with 0.5% glutaraldehyde until sectioning. In two of the 
cats one half of the medulla was cut in 40 ~tm transverse sections 
on a Vibratome (Oxford). From the other half, and from the 
medulla of the third cat, transverse thin slices through the 
vestibular complex were cut with a razor blade. To facilitate 
identification of the vestibular nuclei, the slices were post-fixed 
in OsO 4 (45 rain, 1% in sodium phosphate buffer). After de- 
hydration, blocks containing the various vestibular nuclei were 
isolated and embedded in Durcupan. Semithin (0.5 ~tm) serial 
sections were cut through the transversely oriented blocks. 
These sections contained parts of one or two vestibular nuclei. 

Immunocytochemical procedures 

Vibratome sections were processed free-floating according to the 
peroxidase-antiperoxidase procedure (Sternberger 1979) as 
previously described in detail (Storm-Mathisen et al. 1983; Ot- 
tersen and Storm-Mathisen 1984b). The antisera were used in 
the following dilutions: Glu antiserum 13 (Storm-Mathisen et 
al. 1983) : 1 : 1000; Asp antiserum 18 (Ottersen and Storm-Ma- 
thisen 1985): 1:50; GABA antiserum 25 (Ottersen and Storm- 
Mathisen 1984b): 1:150; Gly antiserum 31 (Dale et al. 1986; 
Ottersen et al. 1986): 1:150. 

Nitrocellulose filters carrying a series of different amino 
acid conjugates were placed in the same wells as the tissue 
sections and incubated together with these. This procedure 
allowed us to monitor the specificity of the immunoreaction in 
each experiment (Ottersen and Storm-Mathisen 1984b) (Fig. 
1G,H). 

Semithin sections were mounted on glass slides and proces- 
sed according to the peroxidase-antiperoxidase procedure follo- 
wing removal of the resin by sodium-ethanolate (Lane and 
Europa 1965). The immunocytochemical procedure was based 
on that of Somogyi et al. (1984), and has been described in full 
detail previously (Ottersen 1988). The serum dilutions were the 

same as for Vibratome sections, except for the Gly antiserum 
which was diluted 1:50; the Tau antiserum (Madsen et al. 1985) 
was diluted 1:3000. Contiguous 0.5 jam semithin sections were 
treated with different antisera, permitting a detailed comparison 
of the different labelling patterns. A semithin section containing 
conjugates of the six most abundant amino acids in the brain 
was mounted in close proximity to the tissue sections, allowing 
it to be incubated in the same serum drops (Ottersen 1987). 
Absorption controls were made by pretreating the antisera with 
different amino acid-glutaraldehyde complexes (prepared from 
GABA, Gly, Asp, Glu, Tau or glutamine) (Dale et al. 1986; 
Ottersen et al. 1986). 

Densitometrical analysis 

In contrast to the situation in GABA- and Gly-immunostained 
preparations, where neurons could be classified as either immu- 
nonegative or immunopositive, sections stained with Glu- or 
Asp-antisera displayed a wide range of staining intensities in 
nerve cell bodies. It was therefore deemed necessary to supple- 
ment the visual evaluation of the immunolabelling pattern with 
densitometrical readings. This was performed in semithin sec- 
tions, using a Nikon densitometer coupled to a Nikon light 
microscope with a constant current supply. All densitometrical 
data were obtained with a x20 objective lens, and a diaphragm 
diameter of 0.2 mm (corresponding to a measuring area of 
7.8 gm2). The densitometrical values were fed directly into a 
computer, enabling histograms to be prepared on-line by a 
modified Phoscan program. Statistical evaluation of the data 
was carried out by exporting the primary data to a specially 
designed program (Phostatx, developed by T. Karagtille). 

Terminology 

The nomenclature and delineation of the vestibular nuclei fol- 
low that of Brodal et al. (1962). With regard to cell size, the 
terms "small", "medium-sized", "large" and "giant" will be used 
for cells with diameters in the ranges of 5-30 gin, 30-80 gm, 
80-100 lam and 100-130 gm, respectively. Only the four main 
nuclei will be considered in this publication. 

Results 

Specificity of staining 
Each antiserum reacted selectively as judged from 
the staining of the test conjugates (Fig. 1). Ex- 
change of the primary antiserum with a pre- 
immune serum, or preabsorption of the antisera 
with glutaraldehyde complexes of the amino acid 
used for immunization abolished staining of test 
conjugates and tissue sections (Fig. 1C). Other ami- 
no acid complexes had no effect on the immuno- 
staining. It should be noted, however, that prein- 
cubation of the Glu antiserum with Asp-glutaralde- 
hyde complexes or of the Asp antiserum with Glu- 
glutaraldehyde complexes led to a moderate de- 
crease in the overall staining intensity without any 
detectable influence on the staining pattern. This 
phenomenon probably reflects low affinity, non- 
specific interactions between immunoglobulins and 
amino acid-glutaraldehyde complexes. 



549 

Fig. 1A-H. A series of different amino acid- 
glutaraldehyde-brain protein conjugates was 
embedded in Durcupan (A-F) or spotted on 
nitrocellulose filters (G, H) and incubated in 
the same drops of immunoreagents as the 
tissue sections for optimum specificity 
control. Code: 1, GABA; 2, Glu; 3, Tau; 4, 
Gly; 5, none (only glutaraldehyde-protein); 6, 
Asp; 7, glutamine (A-F) or/~-alanine (G, H). 
Note that selective labelling was obtained 
with all antisera used. C shows an example of 
an absorption test, in which the specific 
staining for Glu (see B) was completely 
removed by preabsorption with Glu- 
glutaraldehyde complexes. Note that the dark 
zones between the conjugate-containing 
sections in E-F represent brain sections 
which only serve as spacers. Scale line: 
A, 30 Ixm (also valid for E); B, 40 Ixm (also 
valid for C, D, F). The" radius of the 
nitrocellulose filters is 6 mm 

Distribution of amino acid immunoreactivities 

Unless stated otherwise, the following description 
refers collectively to the Vibratome and semithin 
sections, which produced essentially identical re- 
sults with regard to the neuropil staining. The re- 
sults were the same in all experimental animals and 
did not differ between the different fixation 
procedures. As for the cell body staining, some 
discrepancies were noted between the two types of 
sections (see below). This could usually be attrib- 
uted to the occurrence of falsely immunonegative 
cells in the interior of the Vibratome sections, re- 
flecting the limited penetration of the immunorea- 
gents. The semithin sections naturally afforded the 
higher resolution and were therefore chosen as ob- 
jects for most of the illustrative material. They were 
also indispensable for colocalization studies. 

GABA immunoreactivity 

GABA immunopositive (GABA(+))  cells lie scat- 
tered throughout the vestibular complex, compris- 
ing less than 10% of the total cell number in each 
nucleus as assessed by countings within a fixed 
ocular rectangular frame. (This is a conservative 
estimate since differences in cell size were not taken 

into account.) All of  the immunopositive cells are 
small and intensely stained (Fig. 2A), except for a 
few medium-sized, moderately stained cells in the 
medial nucleus. In all nuclei immunopositive fibres 
of varying caliber and staining intensity course in 
various directions (Fig. 2A, 6A). In the medial 
nucleus, the majority of the coarser immunoreac- 
tire fibres pass medially towards the perihypoglos- 
sal nuclei. Furthermore, intensely GABA(+  ) Pur- 
kinje cell axons reach the dorsal part of the lateral 
vestibular nucleus (Fig. 5C), which has a higher 
number of positive fibres than its ventral part. 
GABA(+)  bouton-like puncta are found in close 
apposition to dendritic profiles and to perikarya of 
all types of cells, GABA( + ) as well as GABA( - ), 
and are also dispersed in the neuropil (Fig. 2A, 6A, 
9A). In the lateral nucleus, their concentration ap- 
pears to be somewhat higher ventrally than dor- 
sally. There is no detectable glial labelling. 

Glycine immunoreactivity 

The Gly (+)  cells in the medial, descending and 
lateral vestibular nuclei are small or medium-sized, 
with varying staining intensities (Fig. 2B, 6C). They 
lie dispersed throughout the nuclei, and their con- 
centration is similar to that of the GABA(+ ) cells. 



Fig. 2A, B. Photomicrographs of adjacent semithin sections cut transversely through the upper part of the lateral vestibular 
nucleus (see inset for the selected region). One section was treated with the GABA antiserum diluted 1:100 (A), the other with 
the Gly antiserum diluted 1 : 50 (B). Two small cells (arrowheads) are immunostained for both GABA and Gly. GABA immunoreac- 
tive Purkinje fibres are abundant, and GABA immunoreactive bouton-like puncta are found in close apposition to the G A B A ( + )  
as well as G A B A ( - )  cells. In contrast, there are only scattered Gly(+)  immunopositive fibres and puncta. Most of the transversely 
cut Gly(+)  myelinated axons can be identified as moderately GABA immunoreactive (arrows). Only a few Gly(+)  profiles 
are GABA(-- )  (crossed arrows). Strongly G A B A ( + )  axons (such as the bundle in the upper right corner) generally appear 
as Gly(--).  Scale line 50 gm. Cat 13787 
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Fig. 3A, B. Photomicrographs of adjacent semithin sections through the lateral vestibular nucleus (see inset). All nerve cell bodies 
in this field are strongly labelled for Glu. There is, in contrast, a wide range of staining intensities for Asp. The staining intensity 
for the latter amino acid is to some degree correlated to neuronal size: the small neuron indicated by an arrowhead was subjectively 
considered as immunonegative (transmittance 62%), whereas the adjacent, somewhat larger neuron, was considered as immunoposi- 
tive (transmittance 47%; see Fig. 4B). Small arrowheads: bundle of myelinated axons colocalizing Asp and Glu. Crossed arrow: 
Glu(+)  but A s p ( - )  myelinated axon. Arrows: glial cells. Scale line 50 ~tm. Cat 13788 

There are many Gly(+) fibres in the penetrating 
cross-sectioned bundles of the descending nucleus, 
and several in the hook-bundle traversing the lat- 
eral nucleus (Fig. 5A,B). Otherwise, only scattered 
moderately stained fibres are observed, the Pur- 

kinje axons being negative. Some Gly(+) puncta 
are found in close proximity to neuronal perikarya; 
and also occur freely distributed in the neuropil 
(Fig. 5B, 6C, 9C). 

The superior vestibular nucleus is negative with 
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Fig. 4. Histograms showing the optical 
transmittance for Glu (A) and Asp (B) of 
all neuronal cell bodies present in the 
lateral nucleus in the sections represented in 
Fig. 3 A, B. The ordinate indicates the 
number of cells in each bin (bin width 
corresponds to 2% in A and 4% in B). 
100% transmittance was defined through 
glass outside the tissue section. The average 
transmittance in glial cells was 48.2% 
(range 44.1-61.3%; n=20)  for Glu and 
77.2% (range 69.8-87.4%; n =  12) for Asp 
(data not included in the histograms) 

respect to immunostained cells, but a moderate 
number of Gly(+)  fibres of varying caliber and 
Gly(+ ) puncta are found throughout the nucleus. 

Glutamate immunoreactivity 

In semithin sections, almost all neurons appeared 
to contain a considerable level of  Glu-LI (Fig. 3A, 
6B, 9B). Only a very few neurons (e.g. see inset Fig. 
6B) were subjectively considered as "immunoneg- 
ative" 1. This impression was substantiated by den- 
sitometrical readings in the lateral and descending 
nuclei (Fig. 4A, 7). In both nuclei, the recorded 
neurons (i.e., all neurons present in the section) 
formed a population that was clearly separate from 
the pale glial cells. Neurons subjectively interpreted 
as immunonegative were more numerous in the 
Vibratome sections, but this is probably due to 
incomplete labelling of  the interior of  the sections 
(see above). As judged from the latter type of  sec- 
tions, Glu "immuno-negative" neurons are more 
abundant in the superior than in the remaining 
nuclei of  the vestibular complex. 

In the neuropil, G lu(+  ) fibres of  varying caliber 

1 The term "immunonegative" is given with quotation marks 
since it does not necessarily signify a total abscence of antigen 
(see discussion). In this context the term points to cell profiles 
that are poorly stained compared to the average tissue level of 
staining 

cross in all directions, and numerous fibres in the 
bundles penetrating the descending nucleus are 
Glu(+  ) (Fig. 6B). The neuropil shows widespread 
stained puncta, and some cells, especially the 
medium sized neurons in the medial nucleus (Fig. 
9B), have a prominent pericellular distribution of  
presumed en passant and terminal boutons. 

Aspartate immunoreactivity 

Similar to the Glu immunostained preparations, 
the sections incubated with the Asp antiserum 
showed noteworthy staining of  most neurons. 
However, the range of  staining intensities w a s  
wider, and the number of  neurons subjectively in- 
terpreted as immunonegative was higher, than in 
the Glu immunostained preparations (Fig. 3, 6, 9). 
Again, this impression was corroborated by the 
densitometrical data (Fig. 4B, 8). In the section 
shown in Fig. 3 (from the lateral nucleus), neurons 
with a transmittance of  about 60 % or above were 
subjectively regarded as immunonegative; those 
with a transmittance about 45 % and below as un- 
equivocally immunopositive 2. As could also be sur- 

2 Whether a neuron is perceived as immunopositive or immuno- 
negative depends on its staining intensity relative to the general 
staining intensity of the tissue. Thus the optical transmittance 
value at which a neuron becomes "immunopositive" is not fixed, 
but varies from section to section 

Fig. 5A-F.  Vibratome sections from the dorso-medial part of the lateral vestibular nucleus (see inset) immunostained for Gly. The 
immunopositive fibres of the hook bundle penetrating the nucleus are seen in the upper part of A. The boxed area in A is shown 
at higher magnification in B. Cat 13788. C Adjacent Vibratome section from the dorsolateral part of the same nucleus (see inset) 
showing GABA(+ ) Purkinje axons. D Is from a Tau-immunostained semithin section showing immunopositive fibres in the vestibular 
nerve just before entrance into the lateral vestibular nucleus (see inset). Cat 2916. E, F are from the same section through the lateral 
vestibular nucleus treated with the Tau antiserum. E Is from the dorsal half and shows the Tau(+)  Purkinje axons. F Is from 
the ventral part which is devoid of Purkinje axons, but which contains immunostained fibres of other types. A moderate amount 
of thin fibrous processes and puncta surround neuronal perikarya in both parts of the nucleus. Scale line in A 200 I~m; B 40 gm; 
same magnification for C-F  



Fig. 5 
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Fig, 6A-E. Photomicrographs of adjacent semithin sections cut transversely through the descending vestibular nucleus (see inset). 
Strongly Gly(+) profiles usually contain high (arrowhead) or moderate (double crossed arrows) levels of GABA immunoreactivity; 
only a few are GABA(- )  (crossed arrows). Several cells (arrows) are immunostained for Glu, Gly as well as Asp. Although 
most neurons contain a considerable amount of Glu-LI, very weakly stained neurons are also found (inset in B). Only subtle 
differences exist between the Glu and Asp staining patterns in this particular view (e.g., cell indicated by double arrowhead 
is moderately labelled for Glu, but very weakly labelled for Asp). For details, see text. Scale line 100 gm. Cat 13787 
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mised from the visual inspection of the sections, the 
densitometry revealed several neurons that had in- 
termediate staining intensities, i.e., a transmittance 
between 45 % and 60% (Fig. 4B). 

As was the case for Glu-LI,  Asp-LI  was low in 
the glial cells. Although the difference in Asp im- 
munostaining intensity between neurons and glia 
was less distinct than for Glu (compare Fig. 7 and 
8), it was statistically significant (see legend to Fig. 
8). The large neurons were richer in Asp-LI  than 
the smaller ones (Fig. 3, 6, 9). 

All nuclei contain A s p ( + )  fibres of varying 
caliber running in all directions, and several axons 
in the fibre bundles penetrating the descending nu- 
cleus are Asp(+ ) (Fig. 6D). A few Asp(+  ) nerve 
terminal-like puncta are also observed, but are 
rather inconspicuous since the level of immunore-  
activity that they contain is only slightly higher 
than the average tissue level and lower than that of 
the immunoposit ive perikarya and dendrites. 

Taurine immunoreactivity 

There are no Tau(+  ) nerve cell bodies in the ves- 
tibular complex (Fig. 5, 6, 9). The pattern of Tau 
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Fig. 7. Histogram showing the optical 
transmittance in neuronal (stippled 
columns) and glial cell bodies (hatched 
columns) in a Glu immunostained section 
through the descending nucleus (all neurons 
included). Bin width=3%. Note that the 
glial cells are much less intensely stained 
than the neurons 

Fig. 8. Histogram showing the optical 
transmittance in neuronal cell bodies 
(stippled columns) and glial cell bodies 
(hatched columns) in an Asp 
immunostained section through the 
descending nucleus (all neurons included). 
Bin width = 3%. The difference in 
transmittance between neuronal and glial 
cells is less than for glutamate (see Fig. 7), 
but is highly significant statistically 
(p < 0.001, Student's t-test) 



Fig. 9A-E. Photomicrographs of adjacent semithin sections cut transversely through the medial vestibular nucleus (see inset). In B, 
note that one of the Glu(+ ) neuronal cell bodies (asterisk) appears to be contacted by a large number of Glu(+ ) bouton-like profiles. 
The latter profiles are not labelled for Asp, although Asp-LI coexists with Glu-LI in the cell bodies. Arrowhead, thick myelinated 
axon colocalizing Gly-LI and Asp-LI. Arrows, nerve profiles colocalizing Gly-LI and GABA-LI. Scale line 50 gm. Cat 13787 
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versely or obliquely cut axons and dendrites. In 
contrast, the small size of the nerve terminals often 
deterred any definitive conclusions about colo- 
calization at this level. 

Fig. 9E 

immunoreactivity varies considerably among the 
different nuclei. The dorsal part of the lateral nu- 
cleus contains numerous labelled fibres (Fig. 5E), 
probably representing Purkinje cell axons, and 
many cell bodies and major dendrites are outlined 
by labelled bouton-like structures. The perisomatic 
labelling is also quite extensive in the ventral part 
of the lateral nucleus, which however, shows much 
fewer Tau(+  ) axons than the dorsal part (Fig. 5F). 
In the descending nucleus (Fig. 6E), labelling of 
glial cells and profiles predominates, whereas the 
immunopositive structures in the medial nucleus 
(Fig. 9E), appear to be partly neuronal, partly glial 
in origin. However, in all nuclei, the immunolabel- 
ling pattern is such that the exact ratio between the 
two types of labelled profiles (glial or neuronal) can 
only be determined by electron microscopy. Several 
of the fibres in the vestibular nerve are T a u ( + )  
(Fig. 5D). 

Comparison of immunostainin 9 patterns 

The use of serial 0.5 gm thin sections permitted a 
detailed comparison between the different staining 
patterns. The question of amino acid colocalization 
could easily be resolved for cell bodies and trans- 

GABA versus glycine 

The most extensive colocalization between GABA 
and Gly was found in the lateral vestibular nucleus. 
The vast majority of Gly (+)  profiles that could be 
identified in the adjacent GABA immunostained 
section showed colocalization of these two amino 
acids (Fig. 2). This was true for nerve cell bodies as 
well as for transversely cut myelinated axons. Only 
a very few of the Gly( + ) profiles could be identified 
as G A B A ( -  ). 

Whereas a majority of the Gly(+ ) immunopos- 
itive profiles in the lateral nucleus also contain 
GABA, the converse is not true. Large bundles of 
G A B A ( + )  axons probably representing Purkinje 
cell fibres were devoid of Gly-LI as was also the 
case for numerous fibres of smaller calibre. Most, 
if not all, of the perisomatic nerve terminal-like 
profiles were only GABA immunostained, as 
judged from the extremely sparse perisomatic la- 
belling for Gly (Fig. 2). 

In the descending nucleus (Fig. 6), some axons 
were found to colocalize GABA and Gly. However, 
such double-labelled structures were considerably 
less common here than in the lateral nucleus, and 
profiles containing Gly immunoreactivity only 
were frequently seen. Similar to the situation in the 
lateral vestibular nucleus, GABA immunostained 
profiles were much more numerous than Gly im- 
munostained ones. The greatest differences be- 
tween the two amino acid immunoreactivities per- 
tain to the fine nerve terminal-like profiles occur- 
ring freely in the neuropil and in contact with cell 
bodies (Fig. 6A,C). 

The relative distribution of GABA and Gly 
immunoreactive elements in the medial nucleus was 
similar to that in the descending nucleus. Some of 
the terminal-like structures that were large enough 
to be identifiable in adjacent sections appeared to 
colocalize GABA and Gly (Fig. 9). 

GABA versus glutamate and aspartate 

The GABA and Glu immunostaining patterns were 
dissimilar and in many areas roughly complemen- 
tary. This is particularly well illustrated in Fig. 6A 
and B: the cell bodies in this field are uniformly 
G A B A ( -  ), but Glu(+ ), and the great majority of 
the transversely cut myelinated axons are stained 
for Glu but not for GABA. GABA-LI  and Asp-LI 
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similarly appeared to be concentrated in separate 
profile types. 

Glycine versus glutamate and aspartate 

Some Gly immunopositive nerve cell bodies, most 
notably in the descending nucleus, also showed an 
enrichment of aspartate immunoreactivity (Fig. 6). 
Most of  the neurons that were found to colocalize 
Gly and Asp were also immunostained for Glu, but 
none of these neurons contained detectable levels 
of  GABA-LI.  A coexistence of Gly and Asp was 
also found in some myelinated axons in the medial 
vestibular nucleus (Fig. 9). 

Glutamate versus aspartate 

Glutamate- and Asp-LI showed extensive overlap 
in nerve cell bodies. However, the exact staining 
intensities for the two amino acids were neither 
positively nor negatively correlated: as shown in 
Fig. 3, neurons with comparable levels of  Glu-LI 
showed great variation in Asp immunostaining. 
The neuropil labelling was strikingly different with 
the two antisera. Whereas the Glu antiserum 
produced distinct labelling of nerve terminal-like 
profiles in the neuropil as well as in perisomatic 
positions, especially in the medial nucleus (Fig. 9B), 
incubations with the Asp antiserum led to a rela- 
tively weak and homogeneous neuropil labelling. 
Aspartate(+ ) perisomatic terminals were extreme- 
ly rare (see Fig. 9D). In the fibre bundles traversing 
the descending nucleus, a substantial proportion of 
the fibres showed colocalization of Glu and Asp 
(Fig. 6). However, the colocalization appeared to 
be restricted to the thick myelinated axons; most 
of  the thinner axons were singularly labelled for 
Glu. In the lateral nucleus, myelinated fibres were 
either double labelled for Glu or Asp or labelled for 
glutamate only (Fig. 3). 

Taurine versus the other amino acids 

As stated above, the distribution of Tau differs 
from that of  all of  the other amino acids by its 
occurrence in glial as well as in neuronal elements. 
In the lateral nucleus (Fig. 5), the distribution of 
Tau is in many respects similar to that of  GABA: 
both immunoreactivities occur in Purkinje cell ax- 
ons, and both immunoreactivities outline nerve cell 
bodies and major dendrites. At least part of  the 
perisomatic and peridendritic Tau-LI  is likely to 
represent axon terminals. In the descending and 
medial nuclei (Figs. 6, 9), the patterns of GABA-LI  
and Tau-LI  are less similar than in the lateral 
nucleus. Taurine( + ) axons are rare, and the periso- 

matic Tau labelling has a scalloped appearance, 
quite unlike the punctate appearance of the GABA 
immunostaining. Although electron microscopy is 
required to resolve this point, the staining pattern 
strongly suggests that Tau is localized in glial 
lamellae between the perisomatic terminals (see 
Fig. 9E). Blood vessels, particularly those in the 
descending nucleus (Fig. 6E), are outlined by 
Tau-LI  which probably resides in the perivascular 
glial processes. None of the other amino acid-like 
immunoreactivities are similarly concentrated 
around blood vessels. 

Discussion 

Interpretation of immunolabelling patterns 

All data presented in this article were obtained 
from tissue sections that had been incubated 
together with a series of  test conjugates for con- 
tinuous monitoring of the selectivity of the immu- 
nocytochemical reaction. The test results suggest 
that the different antisera recognize selectively the 
homologous amino acid conjugates under the con- 
ditions used. All sera have previously been subjec- 
ted to more extensive specificity testing with satis- 
factory outcome (Ottersen and Storm-Mathisen 
1984b, 1985; Storm-Mathisen and Ottersen 1986; 
Ottersen et al. 1986, 1988; Ottersen 1988). 

The GABA antiserum presently used has been 
shown in a large number of studies to label selec- 
tively neuronal populations that are thought to be 
GABA-ergic on other grounds (e.g., Ottersen and 
Storm-Mathisen 1984b; Rinvik et al. 1987). This 
fits with the notion that GABA is concentrated 
exclusively in neurons that use GABA as a trans- 
mitter. In fact, the demonstration that GABA syn- 
thetic capacity (Fonnum et al. 1970) is localized in 
the Purkinje axon terminals in the lateral vestibular 
nucleus was the first demonstration that GABA is 
specifically produced in GABA-ergic neurons in 
brain. By inference, there are good reasons to as- 
sume that all of the GABA-immunostained profiles 
in the vestibular nuclei belong to GABA-ergic neu- 
rons. 

Glycine is, in contrast to GABA, used as a 
metabolic intermediate, and not only as a trans- 
mitter. However, in a simple vertebrate nervous 
system significant Gly-LI is confined to the single 
type of neuron that is glycinergic (Dale et al. 1986). 
Furthermore, semiquantitative immunocytochemi- 
cal studies based on the post-embedding immuno- 
gold method have suggested that the level of  Gly 
is very much lower in metabolic pools than in 
presumed transmitter pools in mammalian brain 
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(Ottersen et al. 1988, 1990; Ottersen 1989b; also see 
van den Pot and Gorcs 1988). 

For Glu, in contrast, the size of the metabolic 
pool is large enough to severely interfere with the 
interpretation of Glu immunostained preparations 
(Fonnum 1984). Taking into account the multifa- 
rious roles of Glu in general cell metabolism, Glu 
would be expected to occur in varying amounts in 
all cellular compartments in the brain. This implies 
that the term "Glu immunonegative" must be used 
with due caution: it does not necessarily indicate 
that the profile in question is devoid of Glu, but 
merely signals that the profile contains a much 
lower concentration of Glu than tissue average. 

These considerations raise the question whether 
it is possible to distinguish between metabolic and 
transmitter pools of Glu. Quantitative immuno- 
gold studies suggest that such a distinction can 
indeed be made at the level of  the nerve terminals. 
Thus, nerve terminals of presumed glutamatergic 
fibres contain a several fold higher concentration of 
Glu immunoreactivity, as assessed by gold particle 
densities, than nerve terminals with other trans- 
mitter identities (Somogyi et al. 1986; Ottersen and 
Bramham 1988; Ottersen 1989a,b). A similar con- 
clusion was drawn by Liu et al. (1989), based on the 
use of a monoclonal Glu antibody and a highly 
sensitive light microscopic staining method. More- 
over, the immunoreactivity in the presumed gluta- 
matergic terminals can be partially removed in a 
Ca + +-dependent manner by depolarizing the tis- 
sue in vitro (Storm-Mathisen et al. 1986; Ottersen 
and Laake 1989). The possibility should thus be 
considered that the strongly Glu(+)  terminals en- 
countered in the present material indeed release 
Glu as a transmitter. In contrast, the paucity of 
distinctly Asp(+)  terminals argues against a major 
transmitter role for the latter amino acid in the 
vestibular complex. 

The nerve cell bodies are far removed from the 
site of  transmitter release; consequently, their Glu 
contents may not closely reflect the size of the 
transmitter pool but rather depend on the level of  
metabolic Glu. This notion receives support from 
previous findings of a significant level of  Glu-LI  in 
cell bodies of  certain populations of neurons assu- 
med to use GABA, dopamine or serotonin as trans- 
mitters (Ottersen and Storm Mathisen 1984b). The 
present densitometrical data suggest that most, if 
not all, of  the neuronal somata contain noteworthy 
concentrations of Glu, and that the glial cells are 
comparatively poor in Glu. The limited number of 
observations provided no clues for singling out a 
subpopulation of putative glutamatergic neurons 
in the vestibular complex. 

Similarly, the densitometrical data indicated 
that Asp-LI is present in varying amounts in all 
neuronal cell bodies, whereas the glial cells are 
generally weakly stained. When interpreting the 
cell body staining for Asp, it should be recalled that 
substantial levels of  Asp-LI have been observed in 
non-principal neurons in hippocampus and fascia 
dentata, most of  which are believed to use GABA 
as transmitter (Ottersen and Storm-Mathisen 
1985), and in the cholinergic neurons of the hypo- 
glossal nucleus (Yingcharoen et al. 1989). It seems 
generally difficult to draw firm conclusions about 
transmitter identity on the basis of  the cell body 
staining for Glu and Asp. 

With regard to the densitometrical data presen- 
ted here it should be emphasized that the relation- 
ship between staining intensity and antigen con- 
centration is not known, although we have 
previously shown in a model system that the stain- 
ing (expressed by optical density) and antigen con- 
centration (expressed on a logarithmic scale) may 
be roughly linearly correlated (Ottersen et al. 1986). 
A direct correlation between immunolabelling in- 
tensity and absolute concentrations of fixed amino 
acids can be established with the postembedding 
immunogold procedure at the electron microscopic 
level (Ottersen, 1989a,b). Work is in progress to 
adapt a similar strategy for light microscopic stu- 
dies. 

Amino acid colocalization 

A major objective of this study was to compare the 
distributions of the five different amino acid immu- 
noreactivities down to the level of  individual cell 
profiles. This was made possible by the use of serial 
semithin sections. Conditions were selected so as 
to achieve the best possible correlation between 
the immunolabelling patterns and the in vivo dis- 
tributions of amino acids. Notably, the animals 
were fixed very quickly after thoracotomy, to mini- 
mize amino acid redistribution due to hypoxia or 
acidosis, and with a relatively high concentration 
of glutaraldehyde, to retain as much of the free 
amino acids as possible. Model experiments based 
on animals preloaded with radiolabelled Tau sug- 
gest that about 80% of the free amino acid pool 
is fixed under the selected conditions (S. Madsen 
and O.P. Ottersen, unpublished). The results ob- 
tained in the present study have general interest, 
in as much as they show that neuroactive amino 
acids may coexist in many different combinations 
within individual neurons. An important task of 
future research will be to resolve the biological sig- 
nificance of this complex pattern of amino acid 



560 

colocalization. The present stage of  knowledge per- 
mits only some speculative comments on this issue. 

The findings of 1 : GABA and Gly, 2 : Gly, Asp 
and Glu, 3 : Gly and Asp, or 4: Glu and Asp in the 
same cell profile naturally raise the question wheth- 
er only one of the amino acids is released, or wheth- 
er co-release occurs. Colocalization of GABA and 
Gly has previously been described in the cerebellum 
(Ottersen et al. 1988), cochlear nuclei (Wenthold et 
al. 1987), and retina (Yazulla and Yang 1988), and 
our own observations (Ottersen et al. 1990) suggest 
that both amino acids may be released from the 
same neuron, at least as far as the cerebellar Golgi 
cell terminals are concerned. In cases where Glu 
and Asp occur in cells that are also enriched in Gly, 
the former two amino acids may play metabolic 
roles only (see above). It should be noted, however, 
that recent studies by Docherty et al. (1987) have 
suggested that release of an inhibitory and an ex- 
citatory amino acid (GABA and Glu) may occur 
from the same nerve terminals. Possibly, corelease 
of several "classical" transmitter candidates is more 
common than previously expected. In cases of core- 
lease, an amino acid does not need to be transmitter 
in the restricted sense, but rather serve to modulate 
the receptor-mediated response of the true trans- 
mitter (e.g., Werman 1980; Johnson and Ascher 
1987). The extensive neuronal colocalization of Glu 
and Asp may reflect the tight metabolic coupling of 
the two amino acids, through the enzyme aspartate 
aminotransferase (Schousboe and Hertz 1983). 

Comparison with other immunocytochemical 
studies 

The previous immunocytochemical studies on the 
vestibular complex have primarily dealt with the 
cell body labelling and have, unlike the present 
report, not focused on the detailed neuropil stain- 
ing pattern. Neither have any attempts previously 
been made to compare the fine distributions of the 
different neuroactive amino acids. 

Ottersen and Storm-Mathisen (1984a, mouse) 
described that G A B A ( + )  cells lay scattered 
throughout all vestibular nuclei. A scattered distri- 
bution of small G A B A ( + )  neurons, with their 
highest concentration in the medial nucleus, was 
also observed by Kumoi et al. (1987, guinea pig). 
Likewise, Mugnaini and Oertel (1985, rat) des- 
cribed GAD immunolabelled cells to be present 
within all four nuclei, but with the highest con- 
centration in the medial and the caudal part of  the 
descending nucleus. On the other hand, Nomura  et 
al. (1984, rat) found GABA( + ) cells to be confined 
to the medial and descending nucleus. The positive 

cells were small in the former, and small and 
medium-sized in the latter. Our observations show 
that in the cat all the GABA-LI  positive cells are 
small and lie scattered throughout the entire ves- 
tibular complex. It is at present unclear to what 
extent the divergent results obtained by the various 
students reflect species differences or differences in 
methodology (GAD or GABA immunocytoche- 
mistry, with or without colchicine). Of the men- 
tioned studies, it is only that by Mugnaini and 
Oertel (1985) that contains quantitative estimates. 
Their observations give evidence for a concentra- 
tion of GAD-containing cells exceeding'by far that 
of GABA-immunoreactive cells in the present ma- 
terial. In the present studies the use of colchicine 
would possibly have increased the number of cell 
bodies with detectable levels of  GABA immunore- 
activity, but was deliberately avoided since its in- 
tended effect is to produce a redistribution of the 
amino acids. This effect is desirable when the pri- 
mary aim is restricted to identifying the cell bodies 
of putative GABA-ergic neurons, but not when the 
objective is to obtain immunocytochemical staining 
patterns that mimic as closely as possible the in 
vivo distribution of free amino acids (see above). It 
is well known that certain populations of presumed 
GABA-ergic neurons contain very low levels of  
GABA-LI  in their perikarya, despite the presence 
of intense immunolabelling at the level of  the nerve 
terminals. This seems, e.g. to be the case for the 
Purkinje cells (Ottersen et al. 1988). The dis- 
crepancy between nerve terminal and cell body 
labelling may reflect a sparse GABA synthesis in 
the cell bodies due to rapid transport of  newly 
synthesized GAD into the axons. 

Turning now to the distribution of the GABA( + ) 
fibres, our material shows that these are amply 
distributed to all parts of  the vestibular complex, 
a finding in agreement with that of  Nomura  et al. 
(1984). Two fiber contingents should especially be 
mentioned. One is the bundles penetrating the de- 
scending nucleus. The majority of these fibres are 
positive. The other contingent is the coarse Pur- 
kinje axons which terminate within the dorsal part 
of  the lateral nucleus (Walberg and Jansen 1961). 
Most of  these fibres are intensely GABA(+) ,  an 
observation also made by Nomura  et al. (1984). 

Previous studies have shown that G A B A ( + )  
beaded terminal fibres and puncta (the presumed 
en passant and terminal boutons) occur within all 
parts of  the vestibular complex (Nomura et al. 
1984; Mugnaini and Oertel 1985; Kumoi et al. 
1987, see also Houser et al. 1984). Our semithin 
sections confirm these findings. In this context it 
should be recalled that Ottersen and Storm-Math- 
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isen (1984a), based on their Vibratome sections, 
described a higher concentration of GABA-LI  in 
the dorsal part of  the lateral nucleus, the region for 
termination of the inhibitory Purkinje cell axons 
(Walberg and Jansen 1961), than in the ventral part 
of the same nucleus. Our semithin sections show, 
however, that the G A B A ( + )  nerve terminal-like 
puncta are distributed almost evenly throughout 
the lateral nucleus with a somewhat higher con- 
centration ventrally a. This observation, therefore, 
demonstrates that the high density of GABA-LI  
observed by the former authors must be related to 
the content of  GABA( + ) Purkinje cell axons with- 
in the dorsal part of  the lateral nucleus and not to 
the concentration of axonal terminals. 

To our knowledge this is the first detailed des- 
cription of  the distribution of Glu-LI, Gly-LI and 
Tau-LI  within the vestibular complex. With regard 
to the distribution of Asp-LI our findings agree 
with those of Kumoi et al. (1987, guinea pig), who 
found a high percentage of nerve cells of  all sizes 
to be Asp(+) ,  with the highest concentration of 
such cells in the lateral nucleus, where almost all 
giant cells were intensely stained. Furthermore, as 
in the guinea pig, there is also in the cat a very 
modest pericellular labelling. In contrast to Kumoi 
et al. (1987) we find that many of the fibres in the 
bundles penetrating the descending nucleus are Asp 
positive. 

Fibre connections and functional aspects 

The intrinsic and extrinsic connections of the ves- 
tibular complex are well known (see especially 
Brodal et al. 1962 and Hauglie-Hanssen 1968). The 
most comprehensive study of the intrinsic or- 
ganization is that by Hauglie-Hanssen (1968). In 
the kitten he failed to observe interneurons with 
heavily branching short axons, but found that in 
the medial and descending nuclei some of the smal- 
ler cells had axons dividing close to their soma, an 
observation in accordance with those by Cajal 
(190%11), Lorente de N6 (1933) and Grant et al. 
(1980). We do not know if the negative observation 
concerning possible interneurons in the lateral and 
superior nuclei is related to the well known difficul- 
ties in demonstrating axons in Golgi sections 4, and 

3 Electron micrographs show that  whereas the highest con- 
centration of axons is found dorsally, the highest concentration 
of boutons is found ventrally in the lateral nucleus (Fonnum et 
al. 1970, Table 3) 

4 Pompeiano and Brodal (1957a) are of the opinion that  the 
lateral nucleus does not contain internuncial cells. This con- 
clusion is based on observations of retrograde cellular changes 
in the nucleus following sections of the lateral vestibulospinal 
tract 

it can therefore not be excluded that some of the 
immunopositive cells also in these two vestibular 
nuclei are Golgi type II cells. However, it should be 
recalled that all cell types, also those belonging to 
the small category, are projecting neurons (see 
Brodal et al. 1962). 

It is well known that within all vestibular nuclei 
there is an intermingling of cells giving rise to the 
various efferent fibre projections. For example, the 
cells within the lateral, medial and descending nu- 
clei that emit the three vestibulospinal fibre tracts 
lie adjacent to cells which project to the cerebellum. 
Labelling experiments with retrograde tracers com- 
bined with immunocytochemistry are therefore 
needed to localize the cells belonging to the various 
vestibulofugal tracts, and at the same time identify 
the type of amino acid(s) in the projecting cells. 
Using this approach, Blessing et al. (1987, rabbit) 
demonstrated G A D - L I  in vestibular neurons that 
had transported Fast Blue retrogradely from the 
spinal cord. Fifty per cent of  the retrogradely 
labelled cells in the medial and descending nuclei 
were GAD( + ) and these cells were of varying sizes. 
(All animals were given colchicine injections into 
the vestibular nuclei.) Their description of a possib- 
le GABA-ergic vestibulospinal projection is of  
great functional importance since the classical con- 
cept is that the vestibulospinal fibres are excitatory 
(Akaike et al. 1973; Bach and Magoun 1947; Ra- 
poport et al. 1977; Wilson and Yoshida 1968). 

Experimental studies have given evidence that 
there is a somatotopical arrangement in the spinal 
projection from the lateral nucleus, with the cells 
sending their axons to the lumbar cord lying dorsal- 
ly, those projecting to the cervical cord ventrally, 
and those to the thoracic cord in an intermediate 
position (Pompeiano and Brodal 1957a). Since, 
however, G A B A ( + )  terminals are distributed to 
the entire lateral nucleus s, this shows that GABA 
exerts its activity not only on vestibular cells send- 
ing their axons to motoneurons influencing hind- 
limb muscles as suggested by Nomura  et al. (1984); 
also vestibular cells projecting to motoneurons in 
the cervical and thoracic cord must be influenced 
by GABA-ergic terminals. However, the latter ter- 
minals cannot belong to Purkinje axons since these 
are restricted to the dorsal part of the lateral nu- 
cleus (Walberg and Jansen 1961). The ventral half 
of  the lateral nucleus receives afferents from the 
vestibular nerve (Walberg et al. 1958), the caudal 
third of the fastigial nucleus (Walberg et al. 1962) 

5 Previous studies (Table 1 in Fonnum et al. 1970) have shown 
that  al though it was higher dorsally, the content of G A D  was 
not restricted to this part  of the nucleus 
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and the spinal cord (Pompeiano and Brodal 
1957b). Our material shows that in the cat the fibres 
of  the vestibular nerve are GABA( - ), but nothing 
is known about the amino acid content of  the two 
other afferent pathways. Likewise the pericellular 
G l u ( + )  puncta, which are particularly numerous 
around the large cells in the medial vestibular nu- 
cleus, cannot be ascribed to a specific afferent path- 
way. The medial nucleus receives fibres from the 
labyrinth, the fastigial nucleus and the interstitial 
nucleus of  Cajal (see Brodal et al. 1962 for details). 
Again, a combination of  various techniques would 
be necessary for an analysis of  the amino acid 
content in these and the other pathways terminat- 
ing in the vestibular complex. 

Acknowledgements. Special thanks are due to A.B. Bore who 
prepared the antisera under the supervision of J. Storm-Mathi- 
sen. We also wish to thank T.A. Slyngstad, J. Knudsen and 
B. Riber for technical assistance, C. Ingebrigtsen and G. Lothe 
for photographical assistance, J. Storm-Mathisen for reading the 
manuscript, K. Ruud for help with the illustrations, and 
K. Haga for typing and editing the manuscript. Supported by 
the Norwegian Council for Science and Humanities. 

References 

Adams JC, Mugnaini E (1987) Patterns of glutamate decar- 
boxylase immunostaining in the feline cochlear nuclear com- 
plex studied with silver enhancement and electron micro- 
scopy. J Comp Neurol 262:375-401 

Akaike T, Fanardjian VV, Ito M, Ohno T (1973) Electrophy- 
siological analysis of the vestibulospinal reflex pathway of 
the rabbit. II. Synaptic actions upon spinal neurones. Exp 
Brain Res 17:497-515 

Bach LMN, Magoun HW (1947) The vestibular nuclei as an 
excitatory mechanism for the cord. J Neurophysiol 
10:331-337 

Blessing WW, Hedger SC, Oertel WH (1987) Vestibulospinal 
pathway in rabbit includes GABA-synthesizing neurons. 
Neurosci Lett 80:158-162 

Brodal A, Pompeiano O, Walberg F (1962) The vestibular nuclei 
and their connections, anatomy and functional correlations. 
Oliver and Boyd, Edinburgh 

Cajal SR y (1909-11) Histologie du syst~me nerveux de l'homme 
et des vert~br6s, Tome I-II. Maloine, Paris 

Carpenter MB (1988) Vestibular nuclei: afferent and efferent 
projections. Prog Brain Res 76:5-15 

Dale N, Ottersen OP, Roberts A, Storm-Mathisen J (1986) 
Inhibitory neurones of a motor pattern generator in 
Xenopus revealed by antibodies to glycine. Nature 
324:255-257 

Docherty M, Bradford HF, Wu J-Y (1987) Co-release of gluta- 
mate and aspartate from cholinergic and GABA-ergic syn- 
aptosomes. Nature 330:64-66 

Fonnum F (1984) Glutamate: a neurotransmitter in mammalian 
brain. J Neurochem 42:1-11 

Fonnum F, Storm-Mathisen J, Walberg F (1970) Glutamate 
decarboxylase in inhibitory neurons : a study of the enzyme 
in Purkinje cell axons and boutons in the cat. Brain Res 
20 : 259-275 

Goldberg JM, Fernandez C (1982) The vestibular system. In: 

Darian-Smith (ed) Handbook of physiology: the nervous 
system, Vol 3. American Physiological Society, Bethesda, pp 
977-1022 

Grant K, Gueritaud JP, Horcholle-Bossavit G, Tyc-Dumont S 
(1980) Detailed morphology of two vestibular neurones fol- 
lowing a single intracellular injection of HRP. Neurosci Lett 
16 : 223-228 

Hauglie-Hanssen E (1968) Intrinsic neuronal organization of 
the vestibular nuclear complex in the cat: a Golgi study. Adv 
Anat Embryol Cell Biol 40:1-105 

Houser CR, Barber RP, Vaughn JE (1984) Immunocytochemi- 
cal localization of glutamic acid decarboxylase in the dorsal 
lateral vestibular nucleus: evidence for an intrinsic and ex- 
trinsic GABA-ergic innervation. Neurosci Lett 47:213-220 

Johnson JW, Ascher P (1987) Glycine potentiates the NMDA 
response in cultured mouse brain neurons. Nature (Lond) 
325:529-531 

Kumoi K, Saito N, Tanaka C (1987) Immunohistochemical 
localization of T-aminobutyric acid- and aspartate-containing 
neurons in the guinea pig vestibular nuclei. Brain Res 
416:22-23 

Lane BP, Europa DL (1965) Differential staining of ultrathin 
sections of Epon-embedded tissues for light microscopy. 
J Histochem Cytochem 13:579-582 

Liu C-j, Grandes P, Matute C, Cu6nod M, Streit P (1989) 
Glutamate-like immunoreactivity revealed in rat olfactory 
bulb, hippocampus and cerebellum by monoclonal antibody 
and sensitive staining method. Histochemistry 90:427-445 

Lorente de N6 R (1933) Vestibulo-ocular reflex arc. Arch Neu- 
rol Psychiat 30:245-291 

Madsen S, Ottersen OP, Storm-Mathisen J (1985) Immunocyto- 
chemical visualization of taurine: neuronal localization in 
the rat cerebellum. Neurosci Lett 60:255-260 

Mugnaini E (1985) GABA neurons in the superficial layers of 
the rat dorsal cochlear nucleus: light and electron micro- 
scopic immunocytochemistry. J Comp Neurol 235 : 61-81 

Mugnaini E, Oertel WH (1985) An atlas of the distribution of 
GABA-ergic neurons and terminals in the rat CNS as re- 
vealed by GAD immunohistochemistry. In: Bj6rklund A, 
H6kfelt T (eds) Handbook of chemical neuroanatomy. El- 
sevier, Amsterdam New York Oxford, pp 436-622 

Nomura I, Senba E, Kubo T, Shiraishi T, Matsunaga T, Tohy- 
area M, Shiotani Y, Wu J-Y (1984) Neuropeptides and 
aminobutyric acid in the vestibular nuclei of the rat: an 
immunohistochemical analysis. I. Distribution. Brain Res 
311:109-118 

Ottersen OP (1987) Postembedding light- and electron micro- 
scopic immunocytochemistry of amino acids: description of 
a new model system allowing identical conditions for speci- 
ficity testing and tissue processing. Exp Brain Res 
69:167-174 

Ottersen OP (1988) Quantitative assessment of taurine-like 
immunoreactivity in different cell types and processes in rat 
cerebellum: an electronmicroscopic study based on a post- 
embedding immunogold labelling procedure. Anat Embryol 
178:407-421 

Ottersen OP (1989a) Postembedding immunogold labelling of 
fixed glutamate: and electron microscopic analysis of the 
relationship between gold particle density and antigen con- 
centration. J Chem Neuroanat 2:57-66 

Ottersen OP (1989b) Quantitative electron microscopic immu- 
nocytochemistry of amino acids. Anat Embryol 180:1-15 

Ottersen OP, Bramham CR (1988) Quantitative electron mi- 
croscopic immuocytochemistry of excitatory amino acids. 
In: Cavalheiro EA, Lehmann J, Turski L (eds) Frontiers in 
excitatory amino acid research. Alan R Liss, New York, pp 
93-100 



563 

Ottersen OP, Laake JH (1989) Light and electron microscopic 
immunocytochemistry of putative neurotransmitter amino 
acids in the cerebellum with a note on the distribution of 
glutamine. In: Llinfis R, Sotelo C (eds) Neurobiology of the 
cerebellar systems : a centenary of Ramdn y Cajal's descrip- 
tion of the cerebellar circuits. (in press) 

Ottersen OP, Storm-Mathisen J (1984a) Neurons containing or 
accumulating transmitter amino acids. In: Bj6rklund A, 
H6kfelt T, Kuhar MJ (eds) Handbook of chemical neuro- 
anatomy, Vol 3. Classical transmitters and transmitter re- 
ceptors in the CNS, Part II. Elsevier Science Publishers, 
North Holland, pp 141-246 

Ottersen OP, Storm-Mathisen J (1984b) Glutamate- and 
GABA-containing neurons in the mouse and rat brain, as 
demonstrated with a new immunocytochemical technique. 
J Comp Neurol 229:374-392 

Ottersen OP, Storm-Mathisen J (1985) Different neuronal loca- 
lization of aspartate-like and glutamate-like immunoreac- 
tivities in the hippocampus of rat, guinea pig, and Senegalese 
baboon (Papio papio), with a note on the distribution of 
gamma-aminobutyrate. Neuroscience 16:589-606 

Ottersen OP, Storm-Mathisen J (1987) Localization of amino 
acid neurotransmitters by immunocytochemistry. Trends 
Neurosci 10:250 255 

Ottersen OP, Storm-Mathisen J, Madsen S, Skumlien S, 
Stromhaug J (1986) Evaluation of the immunocytochemical 
method for amino acids. Med Biol 64:147-158 

Ottersen OP, Storm-Mathisen J, Somogyi P (1988) Colocaliza- 
tion of glycine-like and GABA-like immunoreactivities in 
Golgi cell terminals in the rat cerebellum: a postembedding 
light and electron microscopic study. Brain Res 450:342-353 

Ottersen OP, Storm-Mathisen J, Laake J (1990) Quantitative 
immunocytochemistry of glycine. In: Ottersen OP, Storm- 
Mathisen J (eds) Glycine neurotransmission. Wiley, Chich- 
ester (in press) 

Pompeiano O, Brodal A (1957a) The origin of vestibulospinal 
fibres in the cat: an experimental-anatomical study, with 
comments on the descending medial longitudinal fasciculus. 
Arch Ital Biol 95:166-195 

Pompeiano O, Brodal A (1957b) Spino-vestibular fibers in the 
cat: an experimental study. J Comp Neurol 108:353-382 

Rapoport S, Susswein A, Uchino Y, Wilson VJ (1977) Synaptic 
actions of individual vestibular neurones on cat neck moto- 
neurons. J Physiol (London) 272:367-382 

Rinvik E, Ottersen OP, Storm-Mathisen J (1987) Gamma-ami- 
nobutyrate-like immunoreactivity in the thalamus of the cat. 
Neuroscience 21 : 781-805 

Schousboe A, Hertz L (1983) Regulation of glutamatergic and 
GABA-ergic neuronal activity by astroglial cells. In: Os- 
borne NN (ed) Dale's principle and communication between 
neurones. Pergamon Press, Oxford New York, pp 113-141 

Shinoda Y, Ohgaki T, Futami T, Sugiuchi Y (1988) Vestibular 
projections to the spinal cord: the morphology of single 
vestibulospinal axons. Prog Brain Res 76:17-27 

Somogyi P, Hodgso n AJ, Smith AD, Nunzi MG, Gorio A, Wu 
J-Y (1984) Different populations of GABA-ergic neurons in 
the visual cortex and hippocampus of cat contain somato- 
statin- or cholecystokinin-immunreactive material. J Neuro- 
sci 4:25902603 

Somogyi P, Halasy K, Somogyi J, Storm-Mathisen J, Ottersen 
OP (1986) Quantification of immunogold labelling reveals 
enrichment of glutamate in mossy and parallel fibre termi- 
nals in cat cerebellum. Neuroscience 19:1045-1050 

Sternberger LA (1979) Immunocytochemistry, 2nd edn. John 
Wiley and Sons, Chichester 

Storm-Mathisen J, Ottersen OP (1986) Antibodies against ami- 
no acid transmitters. In: Panula P, Pfiiv/irinta H, Soinila S 
(eds) Neurohistochemistry: modern methods and applica- 
tions. Alan R Liss, New York, pp 107-136 

Storm-Mathisen J, Leknes AK, Bore AT, Vaaland JL, Edmin- 
son P, Haug F-MS, Ottersen OP (1983) Fist visualization of 
glutamate and GABA in neurones by immunocytochemis- 
try. Nature 301:517-520 

Storm-Mathisen J, Ottersen OP, Fu-Long T, Gundersen V, 
Laake JH, Nordbo G (1986) Metabolism and transport of 
amino acids studied by immunocytocbemistry. Med Biol 
64:122132 

van den Pol A, Gorcs T (1988) Glycine and glycine receptor 
immunoreactivity in brain and spinal cord. J Neurosci 
8 : 472-492 

Walberg F, Jansen J (1961) Cerebellar corticovestibular fibers 
in the cat. Exp Neurol 3 : 32-52 

Walberg F, Bowsher D, Brodal A (1958) The termination of 
primary vestibular fibers in the vestibular nuclei in the cat: 
an experimental study with silver methods. J Comp Neurol 
110:391-419 

Walberg F, Pompeiano O, Brodal A, Jansen J (1962) The fas- 
tigiovestibular projection in the cat: an experimental study 
with silver methods. J Comp Neurol 118:49-73 

Wenthold RJ (1987) Evidence for a glycinergic pathway con- 
necting the two cochlear nuclei: an immunocytochemical 
and retrograde transport study. Brain Res 415:183-187 

Wenthold RJ, Zempel JM, Parakkal MH, Reeks KA, Altschuler 
RA (1986) Immunocytochemical localization of GABA in 
the cochlear nucleus of the guinea pig. Brain Res 380 : 7-18 

Wenthold RJ, Huie D, Altschuler RA, Reeks KA (1987) Gly- 
cine immunoreactivity localized in the cochlear nucleus and 
superior olivary complex. Neuroscience 22:897-912 

Werman R (1980) GABA modulates the glycine-receptor in- 
teraction in Mauthner cells allosterically. In: Littauer UZ, 
Dudai Y, Silman I, Teichberg Vi, Vogel Z (eds) Transmitters 
and their receptors. Wiley, Chichester, pp 393-404 

Wilson V J, Jones GM (1979) Mammalian vestibular physiology. 
Plenum Press, New York London 

Wilson V J, Yoshida M (1968) Monosynaptic inhibition of neck 
motoneurons by fibres originating in the brain stem. Brain 
Res 11 : 691-694 

Wright CE, Tallan HH, Lin YY (1986) Taurine: biological 
update. Ann Rev Biochem 55:427-453 

Wu J-Y, Denner LA, Wei SC, Lin C-T, Song G-X, Xu YF, Liu 
JW, Lin HS (1986) Production and characterization of poly- 
clonal and monoclonal antibodies to rat brain L-glutamate 
decarboxylase. Brain Res 373:1-I4 

Yazulla S, Yang C-H (1988) Colocalization of GABA and 
glycine immunoreactivities in a subset of retinal neurons in 
tiger salamander. Neurosci Lett 95:37-41 

Yingcharoen K, Rinvik E, Storm-Mathisen J, Ottersen OP 
(1989) GABA, glycine, glutamate, aspartate and taurine in 
the perihypoglossal nuclei: an immunocytochemical inves- 
tigation in the cat with particular reference to the issue of 
amino acid colocalization. Exp Brain Res 78:345-357 

Received July 17, 1989 / Accepted September 28, 1989 


