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Summary. Immunocytochemical detection of glutamate
decarboxylase (GAD), the predominant biosynthetic en-
zyme of gamma-aminobutyric acid (GABA), reveals the
presence of a dense GABAergic innervation in all parts
of the inferior olive. One brain center that provides a
substantial projection to the inferior olive is the cerebel-
lar nuclei, which contain many small GABAergic neu-
rons. These neurons were tested as a source of GA-
BAergic olivary afferents by combining retrograde tract
tracing with GAD immunocytochemistry. As expected
from previous studies, injections of wheat germ agglutin-
in~conjugated horseradish peroxidase (WGA-HRP) into
the inferior olive retrogradely label many small neurons
in the interposed and lateral cerebellar nuclei and the
dorsal part of the lateral vestibular nucleus, and fewer
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Abbreviations. aM AQO, subnucleus a of MAO; beta, beta nucleus;
bMAO, subnucleus b of MAQO: ¢MAO, subnucleus ¢ of MAO;
de dorsal cap; DC, dorsal cochlear nucleus; dfDAQ, dorsal fold
of DAQ; dih, dorsal lateral hump of cerebellar nuclei; d/PO, dorsal
lamella of PO; Gia, gigantocellular reticular nucleus; dmcc, dorso-
medial cell column; GABA, gamma-aminobutyric acid; GAD, glu-
tamate decarboxylase; HRP, horseradish peroxidase; icp, inferior
cerebellar peduncle; IC, inferior colliculus; Inf, infracerebellar nu-
cleus; IntA, anterior interposed cerebellar nucleus; IntP, posterior
interposed cerebellar nucleus; Lat, lateral cerebellar nucleus; LRt,
lateral reticular nucleus; LSO, lateral superior olive; LVe, lateral
vestibular nucleus; MAQ, medial accessory olive; Med, medial cer-
ebellar nucleus; Me5, mesencephalic trigeminal nucleus; M Ve, me-
dial vestibular nucleus; PFI, paraflocculus of the cerebellar cortex;
PO, principle olive; RMg raphe magnus; rMAQ, rostral lamella
of MAO:; rs, rubrospinal tract; scp, superior cerebellar peduncle;
SpVe, spinal vestibular nucleus; Sule, superior vestibular nucleus;
vfDAO, ventral fold of DAO; vlo, ventrolateral outgrowth; v/PO,
ventral lamella of PO; Y, y vestibular nucleus; WGA, wheatgerm
agglutinin

neurons in the ventro-lateral region of the medial cere-
bellar nucleus. These projections are predominantly
crossed and are topographically arranged. The vast ma-
jority, if not all, of these projection neurons are also
GAD-positive. The relative contribution of this projec-
tion to the GABAergic innervation of the inferior olive
was tested by lesion of the cerebellar nuclei, or the supe-
rior cerebellar peduncle. Within 10 days the lesion elimi-
nates most GAD-immunoreactive boutons in the princi-
pal olive, the rostral lamella of the medial accessory
olive, the ventrolateral outgrowth, and the lateral part
of the dorsal accessory olive ventral fold. Thus, the effec-
tiveness of this depletion demonstrates that the cerebel-
lar nuclei provide most of the GABAergic innervation
to regions of the inferior olive known to receive a cere-
bellar projection. Moreover, when the lateral vestibular
nucleus is damaged, the dorsal fold of the dorsal accesso-
ry olive is depleted of GABAergic boutons. The synaptic
relations that boutons of the GABAergic cerebello-oliv-
ary projection share with olivary neurons were investi-
gated at the electron microscopic level by GAD-immun-
ocytochemistry, anterograde degeneration of the cere-
bellar axons or anterograde transport of WGA-HRP.
All of these methods confirm that GABAergic, cerebel-
lo-olivary axon terminals contain pleomorphic vesicles,
and synapse on various portions of olivary neurons, and
especially on dendritic spines within glomeruli, often in
very close proximity to the gap junctions that character-
istically couple the dendritic profiles. These results dem-
onstrate four major points: that virtually all of the GA-
BAergic, and presumably inhibitory, neurons of the cere-
bellar and dorsal lateral vestibular nuclei are projection
neurons; that a large portion of the inferior olive receives
GABAergic afferents from the cerebellar nuclei; that a
portion of the dorsal accessory olive receives GABAergic
afferents from the dorsal lateral vestibular nucleus; and
that cerebello-olivary fibers often synapse near gap junc-
tions, and therefore could influence electrical coupling
of olivary neurons.
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Introduction

Previous studies have demonstrated the presence of a
dense but heterogenecous GABAergic innervation in the
mammalian inferior olive (I0). GABAergic boutons in
the principal olive (PO), the ventrolateral outgrowth,
the rostral subdivisions of the medial accessory olive
(MAO) and the dorsal accessory olive (DAQO) can be
differentiated from the GABAergic boutons in other
olivary regions by their smaller size (Nelson and Mug-
naini 1989; Nelson et al. 1989). These regions of the
10 are connected to the cerebellar nuclei by reciprocal
and topographically organized projections (reviewed by
Dietrichs and Walberg 1989). Tract-tracing studies have
determined that small neurons of the lateral and inter-
posed cerebellar nuclei provide most, if not all, of the
cerebello-olivary projection (Tolbert et al. 1976, 1978;
Martin et al. 1976; Brown et al. 1977; Chan-Palay 1977;
McCrea et al. 1978; Swenson and Castro 1983a; Le-
gendre and Courville 1987). Immunocytochemical stu-
dies have thus far revealed the presence of two types
of neurons in the cerebellar nuclei: small to medium
size GABAergic neurons (Chan-Palay 1977, 1982; Mug-
naini and Oertel 1981, 1985; Ottersen and Storm-Math-
isen 1984; Monaghan et al. 1986a) and large neurons
containing glutamate-like immunoreactivity (Monaghan
et al. 1986b). The GABAergic neurons have been con-
sidered as local circuit neurons (Chan-Palay 1977), but
McCrea et al. (1978) observed that nearly all the small
neurons in the interposed nucleus are projection neu-
rons. In the present study, we demonstrate, by combined
GAD immunocytochemistry and retrograde tract-trac-
ing, that the cerebello-olivary projection originates from
small GABAergic neurons in the cerebellar nuclei, and
that small GABAergic neurons in the lateral vestibular
nucleus also project to the 10.

The portions of the IO that receive the cercbellar
projection can be virtually depleted of GABAergic bou-
tons by lesion of the cerebello-olivary pathway. GABA
usually exerts an inhibitory effect on post-synaptic tar-
gets (Krnjevic 1976), and thus, our demonstration of
a strong GABAergic projection from the deep nuclei
is in contrast to the previously held tenet that all cerebel-
lar nuclear output is excitatory. These results, presented
elsewhere in preliminary form (Nelson et al. 1984; Nel-
son and Mugnaini 1985, 1989), confirm and extend other
studies which have appeared on this subject after our
original reports.

Materials and methods

Sprague-Dawley rats, 150-500 g in body weight, were used in this
study. The animals were housed and handled according to recom-
mended guidelines of the Public Health Service and monitored
by the Institutional Animal Care and Use Committee at The Uni-

versity of Connecticut. All surgical and perfusion-fixation proce-
dures were performed on rats under deep sodium pentobarbital
anesthesia.

Double-labeling of cerebello-olivary neurons. Twenty-three rats re-
ceived 10-100 nl injections of 2.5% or 5% WGA-HRP (type VI,
Sigma Chemical Corp.) into the territory of the I0. A ventral
approach was used to insert a glass micropipette into the brainstem
(for details, see Brown et al. 1977). The tracer was pressure injected
with a Picospritzer (General Valve Corp., Fairfield, New Jersey).
After a 36-48 h survival, the rats were perfused transcardially with
200 ml of 0.9% NaCl, at 20° C, followed by 1,000 ml of a fixative
solution containing 0.2% zinc salicylate, 4% formaldehyde and
0.94 NaCl, pH 6.5, 20° C. The brains were dissected out 1 h after
termination of the perfusion, and immediately sectioned on a Vi-
bratome (Oxford Laboratories) at 15-20 um. Coronal serial sec-
tions were collected in three sets. One set of sections was processed
for HRP histochemistry, by incubation for 15 min in 0.05% dia-
minobenzidine (DAB, Sigma), 0.02% cobalt hexachloride, 0.025%
nickel ammonium sulfate, and 0.01% hydrogen peroxide, diluted
in 0.1 M phosphate buffer, pH 7.3 (Adams 1981), counterstained
lightly with either cresyl violet or neutral red, and coverslipped
with Permount. A second set of sections was processed for HRP
histochemistry by incubation for 30 min in a solution of 0.025%
4-chloro-1-naphthol and 0.005% hydrogen peroxide diluted in Tris
buffer (pH 7.6). A third set was processed for HRP histochemistry
with 4-chloro-1-naphthol as chromogen (as above), rinsed well in
Tris buffer, and subsequently processed for GAD immunocyto-
chemistry with a rat GAD antiserum raised in sheep (Oertel et al.
1981 a) by the double cycle PAP procedure as previously described
(Nelson et al. 1989). Briefly, the sections were: (1) blocked for
1h in 5% rabbit serum, (2) incubated at 4° C for three days in
GAD antiserum (1:2000) with 1% rabbit serum, (3) incubated
for 1 h in rabbit anti-sheep (1:50) with 1% rabbit serum, and then,
(4) in goat PAP (1:100) with 1% rabbit serum. Steps 3 and 4
were repeated to amplify the reaction, and finally the sections were
reacted in 0.05% DAB and 0.001% hydrogen peroxide. Tris buffer
(0.5 M, pH 7.6) was used throughout as diluent and as rinsing
solution after each step of the immunoreaction. The second and
third sets of sections were wet-mounted in glycerol-phosphate
buffer (1:3). Since 4-chloro-1-naphthol produces a blue reaction
product, and DAB produces a brown reaction product, cerebellar
neurons which contain retrogradely transported WGA-HRP and
endogenous GAD were labeled with blue granules and a diffuse
brown cytoplasm. Double-labeled neurons positive for both GAD
and HRP and single-labeled neurons (either GAD-positive or
HRP-positive) were mapped with the drawing tube of a light micro-
scope.

In one rat receiving an injection of WGA-HRP into the IO,
adjacent cerebellar sections were processed for HRP-histochemistry
and counterstained with a Nissl method, or subjected to the double-
labeling procedure for HRP and GAD detection described above,
to determine the numbers and sizes of HRP-positive, GAD-posi-
tive, and double-labeled neurons. In Nissl-stained sections, neurons
containing visible nucleoli were counted and categorized as HRP-
negative or -positive. Their sizes were determined by measuring
the longest soma diameter (so called ‘long diameter’) and the lon-
gest diameter normal to this (so called ‘short diameter’). The prod-
uct of the long and short diameters was used as an estimate of
somatal ‘area’. Adjacent sections processed by the double-labeling
method were searched for the presence of GAD-positive or HRP-
positive single-labeled neurons, and double-labeled neurons. These
were counted if they contained a visible nucleus, and their somatal
areas were determined, as described above. No correction formulas
for split nuclei or nucleoli were used, since the values measured
represent relative estimates.

Lesion-induced depletion of GAD. Since it is well known that sever-
ance of GABAergic axons results in a reduction of GAD immuno-
staining in their target regions (Ribak et al. 1980; Oertel et al.



1981¢, 1983), we placed lesions in either of two different brain
locations to destroy the cerebello-olivary projection. The cell bodies
of the deep nuclei were removed by aspiration on both sides of
the cerebellum in 4 rats, and on only one side in 13 rats. Another
10 rats received a coronally oriented knife cut on one side of the
midbrain at the level of the inferior colliculus (Fig. 8), to transect
the superior cerebellar peduncle, which contains the cerebello-oliv-
ary fibers (Achenbach and Goodman 1968; Graybiel et al. 1973).
This lesion spares the climbing fibers, that reach the cerebellum
via the inferior cerebellar peduncle. In a control group of three
rats, large regions of the cerebellar cortex were aspirated without
apparent damage to the underlying nuclei. Survival times between
4 and 63 days were tested, but we illustrate here only cases with
survivals of 10 and 15 days, since these were optimal.

All operated rats were perfused transcardially with 200 ml of
physiologic saline followed by 1000 ml of 0.5% zinc salicylate, 4%
formaldehyde and 0.9% NaCl, pH 4.5, at room temperature. The
brains were removed 1 h after perfusion, cryoprotected in saline
containing 30% sucrose, and cut at 20 um on a freezing microtome.
Brains with cerebellar lesions were sectioned coronally through
the brainstem and cerebellum. Brains with mesencephalic lesions
were separated into two parts by a coronal cut through the medul-
lary-pontine transition. The medulla was sectioned coronally, and
the remaining brainstem was sectioned sagittally. Sections through
the IO were processed for GAD immunocytochemistry as described
above, and wet-mounted in a glycerol-phosphate buffer medium.
The distribution of GAD-immunostained puncta in the IO were
mapped with a microscope drawing tube, and compared with the
distribution in nine normal unoperated rats from a previous study
(Nelson and Mugnaini 1988). Sections containing the lesioned areas
were Nissl-stained with cresyl violet, coverslipped with Permount,
and the sites and extents of the lesions were mapped with a micro-
scope drawing tube.

Electron microscopy (EM). EM-immunocytochemistry for GAD
was performed according to previously described standard tech-
niques (Oertel et al. 1981 b; Adams and Mugnaini 1987), with some
variations. Briefly, rats were perfused with a vascular rinse of
Ringer solution saturated with 95% O, and 5% CO, to pH 7.2,
followed by a fixative consisting of 4% paraformaldehyde and
0.1% glutaraldehyde in 0.12 M phosphate buffer, pH 7.3, and then
by a second fixative of 4% paraformaldehyde in 0.12 M phosphate
buffer. Vibratome sections were cut at 20 pm through the 10, and
immunoreacted according to the procedure described above except
that 0.1 M Tris-buffered saline (TBS) was used in place of 0.5 M
Tris, and 0.0001% hydrogen peroxide was used in the DAB reac-
tion step. Immunostained sections were postfixed with osmium,
contrasted with uranyl acetate, dehydrated, and embedded by stan-
dard EM methods.

Anterogradely labeled cerebellar axons in the IO were analyzed
by EM in two rats which had received injections of 5% WGA-HRP
into the cerebellar nuclei. After a 3-day survival period, the rats
were perfused with a Ringer solution followed by a fixative consist-
ing of 0.5% paraformaldehyde and 2.5% glutaraldehyde, in 0.12 M
phosphate buffer. The brains were Vibratome sectioned and pro-
cessed for HRP with the TMB method of Mesulam (1978). The
TMB reaction product was stabilized in 0.05% DAB, 0.025% co-
balt hexachloride, and 0.02% nickel ammonium sulfate with
0.001% hydrogen peroxide in 0.2 M acetate buffer, pH 4.8. The
sections were then osmicated, dehydrated and flat embedded. Ul-
trathin sections were prepared by standard procedures.

For anterograde degeneration study of the cerebello-olivary
boutons, the superior cerebellar peduncle was transected by a knife
cut. After either a 4- or 21-day survival period, the rats were perfu-
sion-fixed with the protocol described above for EM-immunocyto-
chemistry. The medulla was sectioned on a Vibratome at 100 pm
and the slices were postfixed in ferricyanide-reduced osmium (2%
osmium and 1.5% potassium ferricyanide in 0.1 M phosphate
buffer), dehydrated, embedded, and thin-sectioned by standard
procedures.
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Results

WGA-HRP retrograde labeling of cerebellar
and vestibular neurons projecting to the 10

The criteria for localizing cerebellar and vestibular neu-
rons, labeled retrogradely from the territory of the 10,
were based on the parcellation of the cerebellar nuclei
provided by Ohkawa (1957) and Korenliussen (1968),
and on the description of the vestibular nuclear complex
by Mehler and Rubertone (1985). Large numbers of neu-
rons in the lateral, the anterior interposed and the poste-
rior interposed cerebellar nuclei, and small numbers of
neurons in the ventrolateral region of the medial cerebel-
lar nucleus and in the dorsal part of the lateral vestibular
nucleus were retrogradely labeled by WGA-HRP injec-
tions restricted to the TO (Figs. 1 and 2). The product
of the long and short diameters of the labeled neurons
was less than 270 pm?, with the majority measuring
about 150 um?, and, therefore, these were categorized
as ‘small’ neurons. Most of the labeled neurons were
located contralateral to the injection site, and only a
few were observed on the ipsilateral side (Figs. 1A, 2A,
B). Larger neurons (somatal areas ranging from 270-
750 um?) make up more than 50% of all nerve cells
in the cerebellar nuclei; these were not retrogradely la-
beled when injections were restricted to the 10, but a
few were labeled when tracer involved the reticular for-
mation rostral to the 10 (Fig. 2B).

When large tracer injections involved the caudal re-
gions of the 10, retrogradely labeled cells were seen not
only in the cerebellar and lateral vestibular nuclei, but
also in the spinal vestibular, parasolitary, and ventral
cuneate nuclei, and also in regions surrounding the hy-
poglossal nucleus and ventral to the cuneate nucleus.
A subsequent paper will describe these projections in
detail, since the present report is restricted to a descrip-
tion of the projections from the deep cerebellar nuclei,
including the dorsal part of the lateral vestibular nucleus.

The combined maps of two cases with large tracer
injections, depicted in Fig. 1 A and B, showed that all
regions of the cerebellar nuclei contain retrogradely la-
beled neurons, with the exception of a large portion of
the medial cercbellar nucleus. Smaller tracer injections,
illustrated in Fig. 2 A and B, revealed a topographic cere-
bello-olivary projection similar to that described pre-
viously (see Dietrichs and Walberg 1989 for review). The
lateral cerebellar nucleus projects to the principal olive
(PO) (Fig. 2B), and the anterior interposed nucleus pro-
jects to the ventral fold of the dorsal accessory olive
(DAO) (Fig. 2A, B). Only injections involving the ros-
tral lamella of the medial accessory olive (MAOQ) labeled
neurons in the posterior interposed nucleus (Fig. 1A,
B). Neurons in the dorsal lateral hump were labeled
when tracer filled the rostral-most aspect of the MAO
(Fig. 1 A). Small neurons of the dorsal lateral vestibular
and medial cerebellar nuclei were labeled by tracer injec-
tions into the caudal regions of the IO (Fig. 1A, B),
and like the projections from the lateral and interposed



228

A R438|

B R3937 1ntp

cerebellar nuclei, these were also predominantly crossed.
Thus, our results were in line with previous investiga-
tions of the topographic organization of the cerebello-
and vestibulo-olivary projections in rat (Angaut and Ci-
cirata 1982; Haroian 1982; Billard et al. 1989).
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Fig. 1A, B. Maps showing the
distribution of neurons retrogra-
dely labeled (dots) in the cerebel-
lar and vestibular nuclei after
large tracer injections (hatched ar-
eas) into the 0.

A A large injection encompassing
the IO on one side of the brain-
stem labels many neurons contra-
laterally in the lateral (Lat), the
anterior (IntA), and posterior
(IntP) interposed cerebellar nu-
clei, and in the dorsal part of the
lateral vestibular nucleus (LVe).
Fewer neurons are labeled ipsila-
terally in these nuclei, and con-
tralaterally in the medial cerebel-
lar nucleus (Med).

B A bilateral injection involving
all but the caudal third of the IO
and the lateral parts of the ros-
tral DAO labels neurons bilater-
ally in the dorsal lateral hump,
the posterior interposed and later-
al cerebellar nuclei, as well as a
few neurons in the lateral cerebel-
lar nucleus. Considered together,
A and B demonstrate a finer to-
pography, since neurons are la-
beled in the dorsal lateral hump
only when the rostral MAO is in-
cluded in the injection (labeled in
B but not in A), and neurons are
labeled in the anterior interposed
nucleus only when tracer is
placed in the lateral portion of
the ventral fold of DAO (labeled
in A but not in B)

GAD immunocytochemistry combined
with WGA-HRP tract-tracing

Our GAD immunostaining study confirmed previous re-
ports of numerous GABAergic neurons in all of the cere-
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bellar and vestibular nuclei (Chan-Palay et al. 1979;
Mugnaini and Oertel 1981, 1985; Chan-Palay 1982;
Houser et al. 1984) (Fig. 3). These neurons have pre-
viously been described as being immunostained with a
moderate intensity, and best observed at low magnifica-
tion with colchicine pretreatment (Oertel et al. 1981b).
Although colchicine pretreatment was not used in the
present study, the neurons appeared well stained by the
protocol used, particularly when viewed at high magnifi-
cation. The GABAergic neurons in the cerebellar nuclei
and in the dorsal part of the lateral vestibular nucleus
have a somatal ‘area’ of 270 um? or less, and belong,
therefore, to the small cell category. Larger (somatal
‘area’ larger than 270 pm?) GAD-positive neurons of
various sizes were present in other subdivisions of the
vestibular nuclear complex, but these are beyond the
scope of the present paper.

In order to test if the small GABAergic neurons of
the cerebellar and lateral vestibular nuclei project to the
10, a double-labeling procedure was employed. Cerebel-
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Fig. 2A, B. Distribution of neurons (dots)
in restricted regions of the cerebellar nu-
clei retrogradely labeled after small tracer
injections (hatched areas) into the 10.

A An injection of WGA-HRP involving
the rostro-lateral part of the PO and the
rostral part of the DAO labels neurons in
the caudal aspect of the lateral cerebellar
nucleus and the lateral part of the anteri-
or interposed nucleus.

B A tracer injection involving the lateral
part of the rostral DAO, a small part of
the PO, and the gigantocellular reticular
nucleus (Gi «) labels many small neurons
in the anterior interposed nucleus, but
only a few neurons in the lateral cerebel-
lar nucleus. A few large neurons are also
labeled in the ipsilateral medial cerebellar
nucleus; this only occurs when the tracer
spreads outside of the 10

lar sections of WGA-HRP injected rats were processed
first by WGA-HRP histochemistry using 4-chloro-1-
naphthol as the chromogen, and then by GAD immuno-
cytochemistry with diaminobenzidine (DAB) as the
chromogen. Projection neurons containing retrograded
transported WGA-HRP were detected by the blue, gran-
ular reaction product in their cytoplasm (Fig. 4 A). GA-
BAergic neurons were labeled with a diffuse brown cyto-
plasm. GABAergic projection neurons (double-labeled
neurons) contained both markers (blue granules in a
diffuse brown cytoplasm) (Fig. 4B-D).

When injections of tracer were restricted to the 10
territory, this double-labeling procedure revealed a sub-
stantial number of GABAergic projection neurons in
all parts of the lateral and interposed cerebellar nuclei,
the ventrolateral regions of the medial cerebellar nucle-
us, and the dorsal aspect of the lateral vestibular nucleus
(Fig. 4B-D). The distribution of double-labeled neurons
corresponded exactly to the distribution of cerebello-
olivary neurons detected by WGA-HRP-histochemistry.



Fig. 3. Sagittal view of the cerebellar and vestibular nuclei. The
anterior and posterior interposed cerebellar nuclei contain many
small GAD-positive neurons. Fewer GAD-positive neurons are
present in the dorsal region of the lateral vestibular nucleus (L Ve).

Furthermore, WGA-HRP-positive and GAD-negative
single-labeled neurons were either absent, or, in a few
cases, comprised only a small percentage of the total
population of WGA-HRP-positive neurons. Conversely,
in regions of the cerebellar nuclei which contained dou-
ble-labeled neurons, nearly all of the GABAergic neu-
rons also contained WGA-HRP. In all cases, no large
neurons were GAD-positive.

These observations are illustrated quantitatively in
Fig. 5. The histograms shown were obtained from a re-
presentative case, where a WGA-HRP injection was cen-
tered in the ventral fold of the DAO, thus labeling neu-
rons in the anterior interposed nucleus. Nissl staining
with neutral red shows that the somatal ‘areas’ range
from 50 to 750 um?, but these fall into two groups: one
group with areas between 50 and 270 um?, and another
group of larger neurons with arcas between 270 and
750 pm?. Only neurons with somatal areas less than
270 pm? were HRP-positive. In one section, 46.5% of

The superior vestibular nucleus (SuVe) contains larger immuno-
stained neurons. All of these nuclei also contain GABAergic bou-
tons, some of which delineate large GAD-negative somata in the
cerebellar nuclei and the lateral vestibular nucleus

Fig. 4 A-D. Double-labeled neurons. Combining WGA-HRP histo-
chemistry with GAD immunocytochemistry reveals the presence
of small GABAergic projection neurons in the cerebellar and lateral
vestibular nuclei. A Section processed by HRP histochemistry using
4-chloro-1-naphtol as chromogen. The cytoplasm of a small neuron
(solid arrow) in the lateral cerebellar nucleus contains blue granular
reaction product of HRP retrogradely transported from the IO.
Open arrow points to the nucleolus of a large unlabeled neuron,
and » indicates neuronal nuclei. B Section processed by HRP histo-
chemistry and GAD immunocytochemistry. Two small neurons
in the lateral cerebellar nucleus contain WGA-HRP (blue granules)
and GAD (diffuse brown cytoplasm), and are, therefore, GA-
BAergic projection neurons. C A small double-labeled neuron (ar-
row) and four large unlabeled neurons (asterisks) outlined by GA-
BAergic boutons in the lateral cerebellar nucleus. Open arrow
points to the nucleolus of a large unlabeled neuron. The surround-
ing neuropil also contains many GAD-positive boutons, some of
which surround dendritic profiles. D Two small GAD-positive neu-
rons (arrows) lightly labeled with HRP granules, and three large
unlabeled neurons (asterisks) delineated by GABAergic boutons
in the dorsal part of the lateral vestibular nucleus
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B. HRP Histochemistry and
GAD Immunccytochemistry
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Fig. 5A, B. Histograms of neuron sizes in the anterior interposed
nucleus from a rat with a tracer injection centered in the ventral
fold of the DAO. A From a cerebellar section processed by HRP
histochemistry (DAB-heavy metal intensification method, Adams
1981) and counterstained with neutral red. WGA-HRP-positive
neurons (striped bars) all have somatal areas of 270 pm? or less,
while the WGA-HRP-negative neurons (opern bars) have arcas as
large as 750 pm?. B An adjacent cerebellar section processed by
the double-labeling protocol. All GAD-positive neurons have small
somatal areas of 270 um? or less, and nearly all of these are also
WGA-HRP-positive (striped bars). No neurons that appeared
WGA-HRP-positive but GAD-negative were observed in this rat

the total neuronal population (66 neurons) was WGA-
HRP-positive, but about 72% of the small neurons were
retrogradely labeled (Fig. SA). WGA-HRP-histochem-
istry and GAD immunocytochemistry of an adjacent
section labeled 72 neurons as GAD-positive, all of which
were smaller than 270 pm?. Of these, 93.1% (67 neu-
rons) were also WGA-HRP-positive (Fig. 5B). Thus, in
this experiment, a large portion of the small neurons
in the anterior interposed nucleus projected to the 10,
and all of the projection neurons had small, GAD-posi-
tive cell bodies. Also, only 6.9% of the GABAergic neu-
rons were not tracer-labeled in this experiment, demon-
strating that, at most, only a minor population of GA-
BAergic neurons does not project to the 10.

Lesion-induced depletion of GABAergic boutons

GAD immunocytochemistry of the rat IO shows non-
homogeneities in the density and the size of GABAergic
boutons that can be matched to the projection areas
of certain afferent systems (Nelson and Mugnaini 1989;
Nelson et al. 1989). A large portion of the rat IO con-
tains relatively small GABAergic boutons that produce
an intermediate GAD immunostaining intensity. If these
boutons are supplied in large part by a single afferent
source, then the destruction of this source should result
in degeneration of the axons, and a subsequent depletion
of GABAergic boutons in the target regions. This proce-
dure was chosen as a means of verifying the extent of
the contribution of the cerebello-olivary projection to
the GABAergic innervation of the IO, and to map the
target boundaries of this projection.

Lesions of the cerebellar nuclei produced an extreme
paucity of GAD-positive boutons in large regions of the
IO as compared to normal rats (Figs. 6A, B and 7).
A reduction from normal was first observed 4 days after
the cerebellar lesion, and was maximal 10 days after the
lesion. Only scattered GAD-positive boutons remained
in the entire PO, the rostral lamella of the MAO, the
ventrolateral outgrowth, and ventrolateral portions of
the ventral fold of the DAO. These effects occurred bila-
terally in totally cerebellectomized rats, and contralater-
ally in hemicerebellectomized rats. Lesions that involved
the dorsal aspect of the lateral vestibular nucleus as well
as the cerebellar nuclei produced a striking loss of GA-
BAergic boutons also in the contralateral dorsal fold
of the DAO (Fig. 9C). None of the operated animals
included in this study had any visually detectable loss
of GABAergic boutons in the beta nucleus, the dorsal
cap, the subnuclei a, b or ¢ of the MAO, the dorsomedial
cell column, or a dorsomedially located strip of the ven-
tral fold of the DAO. Also, GAD-positive boutons re-
mained along the ventral border of the rostral MAO
and in the rostral-most tip of the MAO, although some
depletion was observed in these regions.

Lesions of the cerebellum eliminate cerebello-olivary
neurons, but they also destroy the axons of the inferior
olivary neurons, which terminate in the cerebellar nuclei
as branching fibers, and in the cerebellar cortex as climb-
ing fibers (Desclin 1974; Wiklund et al. 1982; Mugnaini
and Nelson 1989; Cummings et al. 1989). After cerebel-
lectomy, therefore, a loss of GABAergic innervation in
the IO might result from the retraction of GABAergic
boutons consequent to a retrograde effect on axoto-
mized olivary neurons, as demonstrated in motoneurons
(Chen 1978). If this were the case, however, one would
have to explain why some regions of the IO appear nor-
mal after cerebellectomy, in spite of the complete or
near complete severance of the olivocerebellar axons.
Anyway, the above possibility can be excluded by lesion
of the axons of the cerebello-olivary projection without
damage to the cerebellum. These axons from part of
the superior cerebellar peduncle as they course rostrad
to the level of the red nucleus, decussate, and project
ventrocaudally to the brainstem (Achenbach and Good-
man 1968). This pathway was therefore transected with
a knife cut at the level of the inferior colliculus (Fig. 8).
In most cases, the ascending bundle was partially tran-
sected on only one side of the brain, thus affecting a
part of the projection to the contralateral 10. In other
cases, the lesion of this bundle was total or subtotal,
but also partially damaged the contralateral fibers.
These lesions produced a loss of GABAergic boutons
within the appropriate olivary regions and over the same
time course as established by cerebellectomy (Figs. 6B,
8 A), although no depletion was observed in the dorsal
fold of the DAQ. This latter point led us to speculate
that the vestibulo-olivary fibers take a tegmental course,
rather than projecting in the superior cerebellar pedun-
cle. The results demonstrate that the post-cerebellectomy
loss of GABAergic boutons in the IO is due to degenera-
tion of cerebello-olivary fibers. Furthermore, removal
of large regions of cerebellar cortex, with no apparent
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Fig. 6 A-C. Depletion of GAD-positive boutons in the 10 after
lesion of the cerebellar nuclei. A GAD-positive boutons densely
populate the neuropil of the IO in normal rat. B Within 10 days
after a nearly total aspiration of the cerebellar nuclei, a striking
depletion of GAD-positive boutons occurs in the PO, rostral lamel-
la of the MAOQ, and the lateral part of the ventral fold of DAO.
A high density of GAD-positive boutons remains in the medial
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aspect of the DAO and the dorsomedial cell column. C Schematic
representation of regions removed from the cerebellum (hatched
area) to produce the depletion observed in the case illustrated in
B. A rostral portion of the left anterior interposed nucleus remains
(arrow), which probably accounts for the failure to deplete GAD-
positive boutons in the right lateral portion of the DAO



Fig. 7A, B. Lesion-induced depletion of GAD immunostaining in
the IO observed at higher magnification. PO (dorsal and ventral
lamella) and DAO of a normal rat (A) and a rat with lesion of

damage to the underlying nuclei, produced no observ-
able depletion of GAD-positive boutons in the IO within
15 days. A map of olivary regions affected by lesions
of the cerebellar and lateral vestibular nuclei is presented
in Fig. 10.

The target regions of the cerebellar and the lateral
vestibular projections in the IO were largely confirmed
by anterograde WGA-HRP transport, although some
differences were observed. Tracer injections involving
the interposed and lateral cerebellar nuclei resulted in
bouton labeling of the contralateral IO in all of the
striped regions in Fig. 10, and injections involving the
lateral vestibular nucleus produced anterograde labeling
in the contralateral dorsal fold of the DAO, which are
the olivary regions depleted of GAD after cerebellar or
lateral vestibular lesions. However, anterograde labeling
was also observed in the intensely GABAergic region
of the ventral fold of DAO, and in the rostral tip of
the MAO, two regions that were not depleted of GA-
BAergic boutons after cerebellar or superior cerebellar
peduncle lesions. Another region not depleted of GA-
BAergic boutons by any cerebellar lesion, the subnucleus
b of MAO, contained anterogradely labeled boutons
when tracer injections involved the medial cerebellar nu-
cleus. One explanation is that these additional projec-
tions are not GABAergic, or alternatively, that they are
GABAergic, but are minor, and overlap with other non-
cerebellar GABAergic inputs in the 10, so that their
removal does not produce a visible depletion of immun-
ostained boutons.

Electron microscopy of cerebello-olivary axons in the PO

Three approaches were used to examine the GABAergic
cerebello-olivary projection, as originally reported (Nel-

vIPO-

the cerebellar nuclei (B). Only sparse GAD-positive boutons are
present in the PO of the cerebellar lesioned rat, while staining
appears normal in the medial part of the DAO

son et al. 1984). First, the ultrastructural characteristics
of GABAergic boutons in the PO were explored by
GAD-immunostaining. Second, WGA-HRP antero-
gradely transported from the lateral cerebellar nucleus
to the PO was used to label axons of the cerebello-olivary
pathway. Third, lesion of the superior cerebellar pedun-
cle was used to produce anterograde degenerative
changes in the cerebellar axons within the PO. The char-
acteristics of axonal profiles labeled by these three meth-
ods were compared and, in combination, were used to
describe the relationship that the boutons of the cerebel-
lo-olivary neurons share with other cell profiles in the
PO.

Axonal profiles immunopositive for GAD were ob-
served within the astrocyte-enclosed glomeruli of the PO,
although many were also observed synapsing on neuro-
nal cell bodies and proximal dendrites. All glomeruli
encountered contained GAD-positive boutons. Many of
these boutons were observed synapsing on one or both
dendrites which were joined by a gap junction, with the
synapse being located in very close proximity to the gap
junction (Fig. 11). The boutons contained pleomorphic
vesicles and formed predominatly symmetrical synaptic
Jjunctions characteristic of inhibitory synapses (but see
Sotelo et al. 1986). No GAD reaction product was ob-
served in boutons containing rounded vesicles. WGA-
HRP anterogradely transported from the lateral cerebel-
lar nucleus also labeled axonal boutons containing pleo-
morphic vesicles, in contact with small dendritic profiles
joined by gap junctions (Fig. 12A). When anterograde
degeneration was used to label the cerebello-olivary ax-
ons, a flocculent type of degeneration was observed after
4 days (Fig. 12B). The affected boutons were enlarged
and vesicles, absent from other areas of the bouton, were
clustered near the synaptic junctions. As in the GAD-
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Fig. 8 A—C. Depletion of GAD-positive boutons in the IO after
transection of the superior cerebellar peduncle (scp). A A nearly
complete transection of the left superior cerebellar peduncle pro-
duces a substantial depletion of GAD-positive boutons in the con-
tralateral PO, the rostral lamella of the MAO, and the lateral
part of the ventral fold of the DAO, that is, the same olivary
regions affected by cerebellectomy. B Diagrammatic representation
of the lesion site producing the depletion shown in A. In this case,

positive and the WGA-HRP labeled boutons, the vesi-
cles of degenerating boutons were pleomorphic, and the
boutons often formed axo-dendritic synapses near the
gap junctions. No degenerative changes were observed
in boutons containing rounded vesicles. Olivary glomer-
uli examined 21 days after transecting the superior cere-
bellar peduncle (Fig. 12C) rarely contained axonal bou-
tons with pleomorphic vesicles, since by this time the
cerebello-olivary axons had completely degenerated.
This paucity of boutons with an ‘inhibitory’ morpholo-

500pum
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all but the lateral portion of the superior cerebellar peduncle (ar-
row) was transected, which may have spared some GABAergic
axons projecting to the contralateral I0. C Nissl-stained sagittal
section of the brainstem and the cerebellum showing damage due
to a knife cut (arrows) which severed the axons of the cerebello-
olivary neurons in the superior cerebellar peduncle, but spared
the olivo-cerebellar fibers, which course in the inferior cerebellar
peduncle. CN, cerebellar nuclei

gy is consistent with the strong depletion of GAD-posi-
tive boutons observed at the LM level 10 days or more
after lesion of the cerebellar nuclei or the superior cere-
bellar peduncie.

Discussion

The present study shows that the projection from the
cerebellar nuclei to the inferior olive is massive and en-
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Fig. 9A-C; A1-C1. Lesion-induced depletion of GABAergic bou-
tons in the caudal aspect of the IO (A~C), and the corresponding
maps of the lesion sites producing the depletion (A1-C1). A In
a normal rat, all subnuclei of the IO contain a high density of
GAD-positive boutons. B Removal of the cerebellar nuclei, shown
schematically in B1, depletes GAD-positive boutons in the ventro-
lateral outgrowth, the rostral lamella of the MAQO, the PO, and
the ventral fold of the DAO. Immunostaining remains unchanged
in the beta nucleus, subnucleus ¢ of the MAQ, and the dorsal
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fold of the DAQ. C After a larger lesion to include the cerebellar
nuclei and the dorsal part of the lateral vestibular nucleus (C1),
few GAD-positive boutons remain in the dorsal fold of the DAO,
as well as in the regions affected by destruction of the cerebello-
olivary projection (ventrolateral outgrowth, rostral lamella of
MAO, PO, ventral fold of DAO). This lesion also caused some
damage to the parasolitary nucleus in the dorsal brainstem (not
shown), which resulted in a reduction of GAD-positive boutons
in the ipsilateral subnucleus ¢ (arrow)
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Fig. 10. Map of olivary regions depleted of GAD-positive boutons
after a cerebellar lesion that extended into the lateral vestibular
nucleus. Regions affected by cerebellectomy are shown by hatching.
In black is the olivary region affected by destruction of the lateral
vestibular nucleus. Although most of the inferior olive is affected
by this lesion, some olivary regions appear distinctly normal (whize
areas), and must therefore receive their GABAergic input from
other spared centers

tirely GABAergic, thus providing evidence that an im-
portant inhibitory projection originates from the cerebel-
lar nuclei. These results were originally presented in lec-
tures and also as preliminary reports (Nelson et al. 1984;
Nelson and Mugnaini 1985, 1989), whose major points
have successively been confirmed by other investigators
(Sotelo et al. 1986; Angaut and Sotelo 1987; deZeeuw
et al. 1988, 1989). Prior to this group of studies, all cere-
bellar output was thought to be excitatory (reviewed
by Ito 1984), including the cerebello-olivary projection
(Kitai et al. 1975; Chan-Palay 1977; King et al. 1976).

The inhibitory cerebello-olivary projection

Consistent with our observation that the cerebello-oliv-
ary projection is entirely GABAergic and, therefore pre-
sumably inhibitory, are reports by Andersson and Hess-
low (1987 a, b) that climbing fiber inhibition is correlated
to increased activity of interposed nuclear neurons, and
that stimulation of the superior cerebellar peduncle in-
hibits climbing fiber activity (Hesslow 1986). This inhibi-
tion of the 10 is abolished by transection of the superior
cerebellar peduncle (Andersson and Hesslow 1986). The
presence of pleomorphic vesicles often associated with
symmetrical synaptic junctions also suggests that the cer-
ebello-olivary boutons are inhibitory (Peters et al. 1991).

Our observations and those of other investigators
(Sotelo et al. 1986; Angaut and Sotelo 1987), particular-
ly the recent detailed study of the cerebello-olivary pro-
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jection in cat by deZeeuw et al. (1989, 1990a), demon-
strate that this projection often provides synapses near
gap junctions. Although in this study, we have not di-
rectly shown anterogradely labeled boutons to be GA-
BAergic, taken together, our observations provide
strong evidence that they belong to the GABAergic cere-
bello-olivary axons. Angaut and Sotelo (1987) have also
described the synaptic relationship of anterogradely la-
beled cerebellar axonal boutons, presumed to be GA-
BAergic, in the rat I0. Recently, experiments in the cat
by deZeeuw et al. (1988, 1989) have directly demon-
strated at the EM level that the cerebello-olivary projec-
tion is GABAergic, by double-labeling the boutons with
GABA-immunogold and anterogradely transported
WGA-HRP. In all of these experiments, cerebellar and/
or GABAergic boutons synapsed near gap junctions.
This observation strongly support the notion that GA-
BAergic neurotransmission modulates the electrical cou-
pling of olivary projection neurons (Llinas 1974, 1989).
Llinas and coworkers (Sasaki and Llinas 1985; Llinas
and Yarom 1986) have obtained evidence for this modu-
latory role of GABA, as they have observed an increase
in the synchronization of harmaline-induced climbing
fiber responses when GABA activity is blocked by picro-
toxin application. DeZeeuw et al. (1990a, b) observed
that the dendritic spines in each olivary glomerulus re-
ceive synapses from both non-GABAergic mesencephal-
ic afferents and GABAergic cerebellar nuclei afferents.
This suggests the attractive hypothesis that the organiza-
tion of excitatory and inhibitory inputs to dendritic
spines, provided by mesencephalic and cerebellar axons,
respectively, serves to regulate the elecrical coupling and
firing frequency of olivary neurons in a way that is ex-
tremely sensitive to the timing of these inputs (deZeeuw
et al. 1990b). Whether cerebellar nucleo-olivary affer-
ents synapsing on extraglomerular targets (i.e., dendritic
stems, cell bodies and initial axon segments of olivary
neurons), as observed by us in rat and by deZeeuw et al.
(1989, 1990¢) in the cat, produce other types of inhibito-
ry effects remains to be demonstrated. Also, the precise
mode of termination of cerebello-olivary fibers in the
various olivary subnuclei still has to be analyzed.

Cytology of the cerebello-olivary neurons

The GABAergic cerebellar neurons projecting to the 10
were less than 270 um? in cell body area, and were thus
classified as small cells. This is consistent with the find-
ings of several cerebello-olivary projection studies (Tol-
bert et al. 1976, 1978 ; Brown et al. 1977; Legendre and
Courville 1987). Some authors have described larger cer-
ebellar neurons, usually located in the medial nucleus
that project to the IO (Dietrichs and Walberg 1981;
Swenson and Castro 1983a), but we have only observed
such neurons when tracer injections involved the reticu-
lar nuclei, located dorsal and rostral to the IO, known
to receive cerebellar afferents (Carrea and Mettler 1955;
Cohen et al. 1958; Mehler et al. 1958; Carpenter and
Nova 1950; Mehler 1967; Achenbach and Goodman
1968 ; Tolbert ¢t al. 1980).
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Fig. 11. Electron microscopy of GAD immunostaining in the PO. A GAD-immunostained bouton (asterisk) in a glomerulus of the
PO contains pleomorphic vesicles, and contacts two dendric profiles joined by a gap junction (arrowheads). x 81200

A long-standing controversy as to whether the cere-
bellar nuclei contain interneurons currently remains un-
resolved. Early Golgi studies of Saccozzi and Lugaro
(cited in Ramon y Cajal 1911) describe the presence of
short axon neurons in the human dentate nuclei, but
Ramon y Cajal (1911) did not observe any such neurons
in the many mammalian species he investigated. In later
Golgi studies (Matsushita and Iwahori 1971; Chan-Pa-
lay 1977) axonal branches of small neurons were ob-
served to terminate within the cerebellar nuclei, but these
studies do not exclude the possibility that they are
branches of axons which also project out of the cerebel-
lum. Flood and Jansen (1966) were able to produce de-
generative changes in nearly all of the neurons of each
cerebellar nucleus by transecting the cerebellar pedun-
cles. McCrea et al. (1978) have labeled the vast majority
(93%) of the neurons in the interposed cerebellar nuclei
by HRP injections into known target regions, leaving
only a small percentage of interposed nuclei neurons
as possible local circuit neurons. Small GABAergic neu-

Fig. 12 A-C. Electron microscopy of cerebello-olivary axons in glo-
meruli of the PO. A Two axonal profiles labeled by HRP-TMB
reaction product present in the PO after injection of WGA-HRP
into the lateral cerebellar nucleus. One of these boutons (asterisk)
synapses on two dendritic spines joined by a gap junction (arrow-
heads). The labeled boutons contain pleomorphic vesicles, but no
labeling is observed in the nearby boutons containing rounded
vesicles (star). B Degenerating axonal bouton (asterisk) synapses
with two dendrites and a spine 4 days after transection of the supe-
rior cerebellar peduncle. In the cerebello-olivary axons, early de-
generation is characterized by swelling of the bouton, flocculent
axoplasm, clumping of the vesicles near synaptic sites (arrows) and
appearance of glycogen granules. No degeneration is apparent in
nearby boutons containing rounded vesicles (szars). Like the GAD-
positive and the WGA-HRP-labeled boutons, the degenerating
boutons contain pleomorphic vesicles. C In portion of the olivary
neuropil 21 days after transection of the superior cerebellar pedun-
cle, degenerated cerebello-olivary axons have been eliminated from
the PO, and only boutons containing rounded vesicles can be ob-
served (stars). One of these boutons synapses near a gap junction
joining two dendrites (arrow). A, B x38100; C x 30800
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rons in the dentate nucleus were suggested to be inhibito-
ry interneurons by Chan-Palay (1977, 1979), but Tolbert
has argued that such cells may also be projection neu-
rons (Tolbert and Bantli 1980; Tolbert 1982). In the pres-
ent study, we have observed that when tracer injections
were centered in specific olivary regions, nearly all of
the GABAergic neurons in the corresponding cerebellar
region were HRP labeled, thus indicating that the vast
majority of GABAergic neurons in the cerebellar nuclei
project to the 10. In one case, 93% of GABAergic neu-
rons in the anterior interposed nucleus were also labeled
by HRP retrogradely transported from the DAO. The
small percentage of GABAergic neurons that were not
retrogradely labeled by tracer could represent a popula-
tion which does not project to the 10, or could be projec-
tion neurons that were not successfully labeled by the
tracer.

In most rats, small GAD-negative neurons retrogra-
dely labeled by HRP were absent when tracer injections
were restricted to the IO, and in the few cases where
they were observed, they comprised only a few percent
of the total number of HRP-labeled neurons. These few
neurons, however, could represent false negative data,
due to a failure to stain them by the immunocytochemi-
cal method. Cells cut open during sectioning and ex-
posed to the surface of the section are easily penetrated
by the immunoreagents, but some cells embedded entire-
ly within the section may fail to become immunostained
even if they contain the antigen. This possibility cannot
be excluded in our material, since the thickness of the
sections was sometimes greater than the longest diame-
ters of many cells. Immunoreagents, especially the large
PAP complex, do not penetrate more than a few microns
into the section without detergent treatment, and this
may have prevented staining of the deeply embedded
neurons. Detergent treatment cannot be used to demon-
strate small GAD-positive neurons, since it leads to a
staining of GAD-positive terminals only (Mugnaini and
Oertel 1985). The occurrence of WGA-HRP-positive
GAD-negative small neurons was inconsistent, and this
supports a methodological explanation for such neu-
rons, although the existence of a population of small
GAD-negative neurons which do not project to the 10,
cannot categorically be excluded.

Some data concerning small projection neurons in
the cerebellar nuclei may suggest that they form axon
branches also outside the cerebellum, the same neuron
projecting to the IO and to other regions of the brain-
stem or thalamus (McCrea et al. 1978; Tolbert et al.
1978; P Brodal, personal communication). Furthermore,
some small neurons in the cerebellar nuclei project to
the cerebellar cortex (Tolbert et al. 1978; McCrea et al.
1978 ; Tolbert 1982).

Topography of the cerebello-olivary projection

The topography of the projection from the lateral and
interposed nuclei to the 1O previously described in the
rat (Angaut and Cicirata 1982; Haroian 1982) was con-
firmed in the present investigation. The lateral cerebellar

nucleus projects to the PO and the ventrolateral out-
growth, and the anterior and posterior interposed nuclei
project to the DAO and the MAOQ, respectively.

Small but substantial numbers of GABAergic neu-
rons in the ventrolateral aspect of the medial cerebellar
nucleus and the dorsal part of the lateral vestibular nu-
cleus were labeled by HRP injections into the caudal
I0. Injections involving the lateral part of the caudal
MAO indicate that the medial cerebellar nucleus projects
to this region, possibly the subnucleus a, and that the
lateral vestibular nucleus projects to the dorsal fold of
the DAO. These projections were confirmed by antero-
grade tract tracing. The existence of projections from
the medial cerebellar nucleus and the dorsal lateral vesti-
bular nucleus to the 10 have been controversial issues.
According to Angaut and Cicirata (1982) and Swenson
and Castro (1983a, b) a moderate projection exists in
the rat, but Brown et al. (1977) and Haroain (1982) did
not observe any contribution from the medial cerebellar
nucleus to the 10. A fastigio-olivary projection has been
observed in the cat by several investigators (Buisseret-
Delmas and Batini 1978 ; Sugimoto et al. 1980; Dietrichs
and Walberg 1981, 1985; Legendre and Courville 1987).
Projections from the spinal and medial vestibular nuclei
to the caudal IO were described in the rat (Brown et al.
1977; Swenson and Castro 1983a), opossum (Martin
et al. 1976) and cat and monkey (Saint-Cyr and Cour-
ville 1979; Carleton and Carpenter 1983; Gerrits et al.
1985). A report of a projection from the lateral vestibu-
lar nucleus to the IO in rat (Billard et al. 1989) appeared
simultaneously with our preliminary report (Nelson and
Mugnaini 1989).

Lesion-induced depletion of GAD

The method of depleting GAD enzyme in the IO by
destroying the cerebello-olivary axons proved to be a
powerful and expedient way to visualize the quantitative
importance of this projection. The striking loss of GAD-
positive boutons in the major portion of the 10 (Fig. 10),
namely, the PO, rostral MAQ, ventral lateral outgrowth,
and lateral portion of the ventral lamella of DAO, after
either lesion of the cerebellar nuclei or transection of
the superior cerebellar peduncle, demonstrates that most
of the 10 receives GABAergic afferents almost exclusive-
ly from the cerebellar nuclei. The few remaining GA-
BAergic boutons may belong to the few GABAergic neu-
rons identified in the IO territory (Fredette et al. 1991),
or to other non-cerebellar afferent systems.

The loss of GABAergic boutons in the dorsal fold
of the DAO after destruction of the lateral vestibular
nucleus suggests that this olivary region is the target
of the GABAergic neurons in the lateral vestibular nu-
cleus. Destruction of the medial cerebellar nucleus by
topical lesions (results not shown) failed to produce any
visible loss of GABAergic boutons in the IO, and thus,
the target boundaries of the GABAergic projection from
this nucleus to the IO remain undetermined.

Projections from the lateral and interposed cerebellar
nuclei have been previously proven to course in the supe-



rior cerebellar peduncle (Achenbach and Goodman
1968 ; Graybiel et al. 1973; Haroian 1982; Legendre and
Courville 1987). This is consistent with our observation
that transection of the superior cerebellar peduncle pro-
duces the same effect as cerebellectomy. Since no visible
depletion of GAD was observed in the dorsal fold of
the DAOQ after transection of the superior cerebellar pe-
duncle, we speculate that the GABAergic projection
from the lateral vestibular nucleus taken a route different
from that of the cerebellar projection, but this possibility
remains to be clarified.

A previously published study of the GABAergic bou-
tons in the rat IO (Nelson and Mugnaini 1989) revealed
that although all olivary regions receive a dense GA-
BAergic innervation, regional differences in bouton size
and frequency of occurrence exist. The regions known
to receive cerebellar afferents, and which are depleted
of GAD-positive boutons after cerebellar lesion, contain
the smallest GABAergic boutons in the 10 (sec also de-
Zeeuw et al. 1988; Angaut and Sotelo 1987). Larger
GAD-positive boutons populate the dorsal fold of
DAOQ, and these were depleted after lesions involving
the lateral vestibular nucleus. In these two cases, thus,
GAD-positive boutons of different sizes belong to GA-
BAergic neurons originating from two different sources.
Differences in GAD-positive bouton sizes may be indica-
tive of different sources also concerning other olivary
subnuclei.

Olivary regions not affected by lesions of the cerebel-
lar nuclei or lateral vestibular nuclei were the beta nucle-
us, the dorsal cap, subnuclei a, b, and ¢ of the caudal
MAO, the dorsomedial cell column, and a medial region
of the ventral fold of the DAQO. Only a partial reduction
of GABAergic terminals was observed in the rostral tip
of the MAO. These regions, therefore, either receive
their GABAergic afferents exclusively from non-cerebel-
lar sources, or receive only a partial projection from
the cerebellar or lateral vestibular nuclei not detected
by our methods. The sources of GABAergic boutons
in some of these regions have been identified, and will
be described fully in a subsequent paper. Briefly, we
have strong evidence that the beta nucleus receives GA-
BAergic input from the spinal vestibular nucleus (Nelson
et al. 1986), and that the subnucleus ¢ of the MAQO re-
ceives a GABAergic input from the parasolitaty nucleus.
Also, GABAergic neurons located in the ventral portion
of the cuneate nucleus and also outside the ventral
border of the nucleus project to the 1O, but their termi-
nation sites within the IO have not been confirmed. The
question of overlapping GABAergic projections may be
addressed by anterograde tract-tracing, used in combi-
nation with GABA or GAD immunocytochemistry at
the EM level.

Concluding remarks

In conclusion, small GABAergic neurons of the cerebel-
lar nuclei and lateral vestibular nucleus, thought by some
authors to be local circuit neurons, provide a dense GA-
BAergic, and presumably inhibitory, innervation to a
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large portion of the [O. GAD immunocytochemistry ap-
plied to the 10 of the cat, rhesus monkey and human
reveal a pattern of GABAergic boutons similar to that
observed in the rat (Nelson et al. 1989). Since cerebello-
olivary projections also exist in these species (Lapresle
and Ben Hamida 1970; Graybiel et al. 1973; Tolbert
et al. 1976; Beitz 1976; Kalil 1979), and we have evi-
dence that their cerebellar nuclei also contain small GA-
BAergic neurons, it is likely that the findings of the pres-
ent study apply not only to the rat, but also to other
mammals, as demonstrated for the cat (deZeeuw et al.
1989).
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