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ABSTRACT

The olivocerebellar climbing fiber system was investigated in the rat with
anterograde Phaseolus vulgaris leucoagglutinin (PHA-L) tracing. The specific
objective of the study was to find morphological evidence of climbing fiber col-
laterals innervating the cerebellar nuclei.

Small iontophoretic injections of PHA-L were placed in different parts of
the inferior olivary complex, and labelled olivocerebellar fibers could be traced
to their termination as climbing fibers in sagittal zones of the contralateral
cerebellar cortex. Reaching the cerebellum via the restiform body, the labelled
olivocerebellar axons entered the deep cerebellar white matter anterior to the
cerebellar nuclei. Most of these thicker, nonterminal axons continued dorsally
around the nuclei, but some ran through them. Bundles of fibers could be fol-
lowed into the folial white matter toward their cortical zones of termination.

Depending on which part of the olivary complex that was injected with
PHA-L, labelled axons were seen to converge on different regions of the cere-
bellar nuclei, where dense plexuses of thin varicose terminal fibers appeared.
Quantitative estimates of the innervation ranged from 1.7 to 4.3 million bou-
tons per mm® in the fastigial (FN), interposed, and main parts of the lateral
cerebellar (LLCN) nuclei, whereas the parvicellular portion of LCN demon-
strated 15-20 million varicosities per mm®. Frequently, thicker olivocerebellar
axons, which seemed directed toward the cerebellar cortex, were seen to send a
fine collateral branch toward these areas of nuclear innervation.

As controls, PHA-L was injected into the degenerated olivary complex of
3-acetylpyridine-treated rats. Neither cortical climbing fiber terminals nor
nerve terminal plexuses in the nuclei appeared in these experiments. In cases
with injection sites extending into the reticular formation, substantial mossy
fiber labelling was present bilaterally in the cortex, but the cerebellar nuclei
were devoid of labelled innervation or demonstrated only a few larger diame-
ter fibers.

The projection of the inferior olivary complex to the cerebellar nuclei was
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strictly topographically organized and agreed in principle with the organiza-
tion described in the cat by Groenewegen et al. (*79). The caudal medial acces-
sory olive (MAO) projected to FN, the rostral MAO to the posterior interposed
nucleus (NIP), the rostral part of the dorsal accessory olive (DAQ) to the ante-
rior interposed nucleus (NIA), and the principal olive (PO) to LCN. Smaller
injections into olivary subnuclei resulted in labelled innervation in restricted
sectors of individual cerebellar nuclei, suggesting the existence of a more

detailed topographical organization.

Key words: climbing fibers, inferior olive, cerebellum, cerebellar nuclei,
climbing fiber collaterals, anterograde tracing, Phaseolus vul-
garis leucoagglutinin (PHA-L), rat

Cerebellar climbing fibers originate in the contralateral
inferior olive of the medulla oblongata (Eccles et al., ’67;
Desclin, '74) and synapse along the dendrites of the Pur-
kinje cells (Cajal, ’11; Palay and Chan-Palay, *74; Sotelo et
al., ’75). The topographical organization of the cat olivocere-
bellar projection has been investigated in detail, and it is
generally accepted that specific compartments of the olivary
subnuclei project to different sagittal zones of cerebellar
cortex (for reviews: Brodal and Kawamura, ’80; Voogd, ’82).
Recent investigations have shown that the organization of
the rat olivocerebellar system follows similar principles
(e.g., Campbell and Armstrong, ’83a,b; Eisenman, ’84; Wik-
lund et al., ’84; Azizi and Woodward, ’87). Moreover, the
Purkinje cells in these sagittal zones project to distinct
regions of the cerebellar nuclei (e.g., Voogd, ’64; Dietrichs
and Walberg, ’80; Voogd and Bigaré, '80; Dietrichs, ’81a,b,
’83; Trott and Armstrong, ’87a,b). In cats, the cerebellar
nuclei also receive extracerebellar inputs through mossy
fiber pathways originating in the spinal cord (Ikeda and
Matsushita, *73) and certain (Kiinzle, *75; Russchen et al.,
’76; Gerrits and Voogd, ’87; van der Want et al., ’87) but not
all (Dietrichs and Walberg, ’87) brainstem nuclei projecting
to the cerebellum.

In addition to their well-documented termination as
climbing fibers in the cerebellar cortex, electrophysiological
evidence has suggested that collaterals of the olivocerebellar
axons innervate the cerebellar nuclei (Eccles et al., ’74; Kitai
et al., *77; Andersson and Oscarsson, 78); but the neuroana-
tomical evidence on this subject has remained controversial,
and the existence of climbing fiber collateral innervation of
the cerebellar nuclei has continued to be questioned. Elec-
tronmicroscopical investigations have revealed very few de-
generating terminals in the cerebellar nuclei after olivary
lesions (Angaut, ’75; Desclin and Colin, ’80). However,
Chan-Palay (°73, ’77) used ultrastructural similarities be-
tween terminals in the cerebellar nuclei and cortical climb-
ing fibers as an argument for the existence of climbing fiber
nuclear innervation. At the light microscopic level, several
studies using degeneration techniques have concluded that
an olivonuclear innervation exists (Matsushita and Ikeda,
’70; Groenewegen and Voogd, *77; Balaban, ’85). Retrograde
tracing studies have generally indicated that an olivary
input exists in all the cerebellar nuclei (Beitz, '76; Eller and
Chan-Palay, "76; Kitai et al., *77; Dietrichs and Walberg, '85,
’86, ’87; Dietrichs et al., ’85), but these types of investigation
are hampered by risks of labelling passing fibers that do not
terminate in the injected area. Some investigators using
anterograde tracing with radioactive amino acids have re-
ported an absence of (Courville *75) or only a sparse olivonu-
clear innervation (Courville and Faraco-Cantin, ’78),

whereas other authors have interpreted their results as
favouring the existence of a heavy innervation (Groene-
wegen and Voogd, "77; Groenewegen et al., *79). An investi-
gation using selective labelling of climbing fibers with
D-[*H]aspartate suggested the existence of an important
collateral innervation of all cerebellar nuclei (Wiklund et al.,
’84). Finally, in the fastigial nucleus (FN), electron micro-
scopic autoradiography has revealed labelling of axon termi-
nals synapsing on dendrites after injection of [*H]leucine in
the inferior olive of the cat (van der Want and Voogd, ’87).

Gerfen and Sawchenko (’84) recently introduced PHA-L
as an anterograde tracer that allows a very precise investiga-
tion of axonal projections; individual axons can be visual-
ized from the site of injection toward terminal areas where
terminal fibers with boutons and intervaricose segments ap-
pear in detail (Gerfen and Sawchenko, ’84; Groenewegen
and van Dijk, ’84). In the present investigation, this tech-
nique was used to study the olivocerebellar system; the
results demonstrate the existence of a topographically orga-
nized olivonuclear innervation and suggest that this inner-
vation represents collaterals of climbing fibers projecting to
the cerebellar cortex. A preliminary report of some of these
findings has appeared (van der Want et al., "88).

MATERIALS AND METHODS

A total of 110 female and male Sprague-Dawley rats were
used. Normal rats were of 220-280 g body weight. Forty rats
(120-160 g) were treated with 3-acetylpyridine (3-AP) (Des-
clin and Escubi, *74; Llinas et al., *75) to induce degeneration
of the olivocerebellar neurons: 75 mg/kg 3-AP (Fluka) intra-
peritoneally (i.p.), followed 3 hours later by 15 mg/kg har-
maline-HC] (Sigma), and after another hour by 300 mg/kg
niacinamide (Merck). Rats showing persistent motor distur-
bances after this treatment were used as controls in the
PHA-L tracing experiments 3-8 weeks after the 3-AP treat-
ment (when their weight had attained 200-260 g).

Surgical procedures and tracer application

Anaesthesia consisted of a mixture of ketamine
(Imalgéne®, Rhone Mérieux; 65 mg/kg) and xylazine (Rom-
pun®, Bayer; 14 mg/kg), i.p.; small additional doses were
given if the rats showed evidence of incomplete anaesthesia.
Rats were placed in a Kopf stereotaxic frame. In most exper-
iments (75 rats), a dorsal stereotaxic approach was used to
reach the inferior olive with the micropipettes inclined 40°
caudally to avoid penetrating the cerebellum. In other cases,
a ventral approach was used with direct visual control
through the operation microscope. These rats were mounted
upside-down, skin incised, and the trachea pulled laterally,
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giving access to the base of the skull. The musculature cov-
ering the base of the cranium was removed bluntly, a hole
drilled in the bone, and the dura incised to expose the ven-
tral surface of the brainstem. The basilar artery, pyramid,
and the foramen magnum were used as landmarks to local-
ize the inferior olive.

Glass micropipettes with 18-24 um inner tip diameters
were filled with 2.5% PHA-L in 0.1 M sodium phosphate
buffer, pH 7.4 or 8.0. The tracer was injected iontophoreti-
cally by using a positive current of 5-8 uA, pulsed 5 seconds
on and 5 seconds off, for a total of 10-20 minutes. Pipettes
were left in situ for an additional 5 minutes before with-
drawal, and sulfanilamide (Exoseptoplix®, Théraplix,
France) was applied to the wound before suturing.

Fixation and immunohistochemistry

Modifications of previously published methods were used
(Gerfen and Sawchenko, ’84; Wouterlood and Groenewegen,
"85). After 5-12 days survival, rats were reanaesthetized
with chloral hydrate and fixed by perfusion through the
ascending aorta. Blood was rinsed out with a chilled solution
containing 0.8% NaCl, 0.8% sucrose, and 0.4% d-glucose in
0.05 M phosphate buffer (pH 7.4, approximately 200 ml),
followed by 500 ml fixative consisting of 0.5% paraformal-
dehyde, 2.5% glutaraldehyde, and 4.0% sucrose in the same
buffer delivered over 20-30 minutes. Dissected brains were
kept in the same fixative overnight at 4°C and transferred to
30% sucrose in phosphate buffer, where they were kept
until they sank.

Blocks of the lower medulla oblongata containing the
inferior olive were cut transversely at 30 um, and the cere-
bellum and upper brainstem were cut sagittally or trans-
versely at 30 um (or 20 um) on a freezing microtome. Serial
sections were collected in perspex containers with Tris buff-
ered saline (TBS) (0.9% NaCl in 0.05 M Tris-HC}, pH 7.4)
for immunocytochemical treatment of serial sections. Sec-
tions were rinsed three times for 15 minutes in TBS, free
aldehyde groups reduced by 1% sodium borohydride in
TBS for 30 minutes, rinsed three times again for 15 minutes,
endogenous peroxidase activity quenched by 0.3% H,0, in
methanol for 30 minutes, and rinsed another three times for
15 minutes in TBS containing Triton X100 (TBS-T) (0.05
M NaCl, 0.2-0.4% Triton X100, in 0.05 M Tris-HCl, pH
8.6). Sections of the lower medulla were usually incubated
16-18 hours in the primary antiserum at room temperature
for rapid evaluation of injection sites, whereas cerebellar
sections were incubated for 3-5 days at 4°C in goat anti-
PHA-L serum (Vector), 1/2,000 in TBS-T containing 2%
normal rabbit serum. As controls, some sections were incu-
bated without primary antiserum. Subsequently, sections
were rinsed 3 times for 15 minutes in TBS-T, incubated for
2 hours in rabbit antigoat globuline serum (ICM, Sweden) at
1/200 in TBS-T containing 2% rabbit normal serum, rinsed
three times 15 minutes in TBS-T, incubated for 2 hours in
goat-PAP (ICM) at 1/400 in TBS-T, and rinsed for three
times for 15 minutes in Tris-HCI (0.05 M, pH 7.6) before
diaminobenzidine (DAB) processing. In early experiments,
sections were incubated in 0.05% DAB (3,3'-diaminoben-
zide-tetrahydrochloride, Sigma) and 0.01% H,0, in Tris-
HCI for 10-30 minutes. Later experiments used a modifica-
tion of the cobalt-glucose oxidase method (Itoh et al., *79):
sections were preincubated for 10 minutes in 0.5% cobalt
acetate in Tris-HCI, rinsed in Tris-HCI for 15 minutes fol-
lowed by two 15 minutes washes in 0.1 M phosphate buffer
(pH 7.3), and incubated for 20-60 minutes in a solution con-

taining 0.06% DAB, 0.2% B-D-glucose (Sigma) and 0.4%
ammonium chloride (Sigma) in phosphate buffer, and glu-
cose oxidase (Merck) (0.3 mg/100 ml), which was added
immediately before starting incubation. Reacted sections
were rinsed three times in phosphate buffer for 15 minutes,
mounted onto chrome alum-gelatinized slides, air-dried,
sometimes counterstained with cresyl violet or thionine, and
coverslipped with Distrene-80 (Gurr).

Microscopic evaluation

Results were evaluated by brightfield (with a Kodak
Wratten no. 46 blue filter), Nomarski interference contrast,
and darkfield microscopy using a camera lucida. Subdivi-
sions of the inferior olivary complex were identified accord-
ing to published descriptions (Gwyn et al., *77; Wiklund et
al., '84; Azizi and Woodward, ’87), and Korneliussen ('68)
and Voogd et al. (’85) were consulted for delineation of cere-
bellar nuclei.

Terminal density was estimated in selected cases. A
chosen sector of neuropil was viewed under 100 x oil immer-
sion objective while systematically focusing through the
depth of the tissue section. The position of labelled varicosi-
ties was recorded with the camera lucida on a white sheet of
paper. A micrometer slide was used to calibrate the actual
magnification of the resulting drawing, and the number of
varicosities was counted and divided by the calculated vol-
ume of investigated tissue. Previous estimates showed that
shrinkage of tissue during fixation was virtually compen-
sated for by swelling during the subsequent immunocyto-
chemical procedure, and no “shrinkage factor” was there-
fore included in the calculations.

RESULTS
Injection sites

The PHA-L injection sites were usually characterized by
a diffuse immunostaining in which individual labelled peri-
karya sometimes could be observed. Less frequently, injec-
tion sites were characterized by an accumulation of immu-
nostained olivary cell bodies, as has been described in
previous investigations using this tracer (Gerfen and Saw-
chenko, ’84; Wouterlood and Groenewegen, ’85). These dif-
ferences in appearance of the injection sites did not seem to
influence the anterograde tracing. In most cases, the site of
injection was easily defined, and labelled parts of the olivary
complex were clearly distinguishable from neighbouring tis-

Abbreviations
8 B subnucleus
BC brachium conjunctivum
DAO dorsal accessory olive
dc dorsal cap of Kooy
dmc dorsomedial cell column
FN fastigial nucleus
GR granular layer
LCN lateral cerebellar nucleus
LVN lateral vestibular nucleus
MAO medial accessory olive
NIA nucleus interpositus anterior
NIP nucleus interpositus posterior
P pyramid
PO principal olivary nucleus
RB restiform body
vlo ventrolateral outgrowth
Y nucleus Y
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Fig. 1. PHA-L injection site centered on the caudal PO (level 8, Fig.
12). A dorsal stereotaxic approach was used in this experiment, and

Fig. 2. PHA-L injection site in a case where a ventral surgical
approach was used. Injection at level 13 (see Fig. 12) involving parts of
PO, DAO, and rostral MAO. Note the anterograde labelling of axons

sue. The sizes of injection sites varied considerably from
small injections of a portion of a subnucleus (Fig. 1) to injec-
tions covering a large part of the olivary cross section (Fig.
2).

Distant perikarya outside the limits of the injection site

.-
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some leakage of tracer occurred along the tract of the micropipette (ar-
row). Bar = 250 um.
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along the olivocerebellar tract (arrows) on the contralateral side. Bar =
250 pm.

were sometimes labelled. The contralateral olive sometimes
demonstrated a small number of well-stained neurons with
their axon directed toward the center of the injections site
(Fig. 3). It seemed likely that these represented retrograde
labelling of neurons whose axon had been lesioned by the
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Fig. 3.

Micrograph of an injection site to examplify the phenomenon
of retrograde PHA-L labelling encountered in some experiments. A
dense injection site is visible in the left MAO (white star), but it does not
directly involve the contralateral MAO. However, this nucleus displays a

iontophoretic PHA-L injection (Wiklund et al., 1984). Simi-
larly, labelled reticular neurons could sometimes be ob-
served at a distance from the injection site.

Immunolabelling was sometimes observed along the mi-
cropipette tract (Fig. 1), but it did not always seem to have
resulted in appreciable anterograde labelling. In experi-
ments in which the ventral surgical approach had been used,
some cases had to be discarded because the injections were
located dorsally or ventrally to the olivary complex. Repre-
sentative cases with injections in different parts of the infe-
rior olive were selected for detailed analysis.

Olivocerebellar tracing

From injection sites, axons could be followed across the
midline, traversing the medulla oblongata to join the resti-
form body along the olivocerebellar trajectories already de-
scribed (Wiklund et al., ’84). Depending on the part of the
olive injected, labelled fibers ran dorsally before crossing the
midline and passing above the contralateral olive, whereas
other axons crossed more ventrally to traverse or pass ven-
tral to the contralateral olive.

Labelled axons in the restiform bodies were 1-2 ym in
diameter and displayed spindle-shaped swellings (24 um)
along their course (Figs. 4, 5). Since fibers in the cerebellar
white matter were of similar character (Figs. 5, 6, 8, 11), this
type of fiber was considered as typical for the non-terminal
parts of olivocerebellar axons.

3

number of well-stained neurons (arrows), and because the axons of these
MAO cells are known to pass through the injected area, it is suggested
that they may represent retrogradely labelled cells whose axons may
have been lesioned by the iontophoretic injection.

Sagittal sections gave the most informative view of the
olivocerebellar axons reaching the cerebellum. The labelled
fibers arriving through the restiform body reached the cere-
bellar white matter rostral to the cerebellar nuclei (Figs. 5,
13). Most fibers ran dorsally and caudally in the white mat-
ter immediately around the deep nuclei, but some axons tra-
versed the nuclear neuropil. Fibers from different parts of
the olivary complex occupied different mediolateral posi-
tions in the white matter: fibers from the caudal medial
accessory nucleus (MAO) running medially around the FN
(Fig. 15); fibers from rostral MAQ and the dorsal accessory
nucleus (DAO) over and through the interposed nuclei
(Figs. 5, 13); and fibers from the principal olivary nucleus
(PO) around the lateral cerebellar nucleus (LCN) (Figs. 6,
14). Bundles of fibers left the deep cerebellar white matter
to form bundles running into different folia (Figs. 5, 13-15).
On frontal sections, these appeared as sagittally oriented
bundles, and in the molecular layer of overlying cortex typi-
cal climbing fiber terminals appeared in distinct sagittal
zones (Figs. 14, 15).

Branching olivocerebellar axons were sometimes seen in
the cerebellar white matter rostral to the deep nuclei. At
these branching points, both collaterals were of the thicker
nonterminal character and therefore might represent the
well-known climbing fiber collateralizations projecting to-
ward different parts of the cerebellar cortex (Armstrong et
al., *73a,b; Brodal et al., ’80; Rosina and Provini, ’83; Wik-
lund et al., ’84).
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Fig. 4. Brightfield view of labelled olivocerebellar axons in the resti-
form body close to its entering the cerebellar white matter. Note the
slightly contorted course of these axons, and that they display spindle
shaped swellings at irregular intervals. Bar = 10 yum.

Fig. 5. A low-power micrograph of a sagittal section through part of
the cerebellar nuclei and deep white matter, as seen in Nomarski optics.
This rat had received a PHA-L injection into the rostral MAQO, and

In the cerebellar cortex, the labelled climbing fiber arbo-
rizations (Figs. 7a,b) demonstrated their distinct morpho-
logical characteristics, which are well known from Golgi
studies (Palay and Chan-Palay, 1974). Sagittal sections tend
to show the climbing fibers “en face.” Axons could be traced
up through the granular layer toward a Purkinje cell body
on which some tortuous bends of fiber were formed. A
thicker main axon stem ascended the molecular layer and
gave rise to numerous thinner varicose fibers. In the granu-
lar layer, fine tendrils branched off the arriving climbing
fiber and could be traced for different distances. Frontal
sections showed the climbing fiber terminal “en profile,”
and they appeared as rows of terminals surrounding Pur-
kinje cell dendritic trees (Fig. 7a).

Surprisingly, Purkinje cells receiving especially well-
labelled climbing fibers often showed a weak immunolabel-
ling, suggesting a transcellular transfer of PHA-L (Fig. 7b).
Moreover, transfer of tracer from passing axons to glia

labelled olivocerebellar axons are seen arriving via the restiform body
rostral to the deep nuclei. Most fibers form a bundle in the white matter
just dorsal to the nuclei, but a considerable number traverse NIA. These
traversing fibers (arrows), as well as fibers arriving from dorsal, seem to
converge on areas of terminal innervation in NIP (stars). (The plexus of
fine terminal fibers is hardly visible at this low magnification, but it
results in a deeper gray shade of immunoreactivity.) Note also the bun-
dles of olivocerebellar axons which continue into folial white matter,
Bar = 250 um.

seemed sometimes to occur in the white matter. This phe-
nomenon was encountered within intensely labelled bundles
of fibers, e.g., in the restiform body and the parafascicular
peduncle, as scattered cells of astroglial character demon-
strating a strong immunolabelling.

Labelled fibers in the cerebellar nuclei

The cerebellar nuclei were subject to detailed investiga-
tion. Circumscribed areas of their neuropil demonstrated
rather dense plexuses of fine varicose fibers, which were
interpreted as terminal innervation (Figs. 8, 9). The diame-
ter of their intervaricose segments was estimated at 0.4-0.5
um; varicosities measured 1-1.4 um. The morphology of
these thin varicose fibers was distinct from that of nonter-
minal olivocerebellar axons, but it was reminiscent of the
fine varicose branchlets of climbing fiber terminals in the
molecular layer. Labelling of these fine fibers was never
intense. Sometimes only the varicosities seemed to contain
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Fig. 6. Darkfield micrograph of a frontal section through the deep
cerebellar white matter and nuclei of an experiment with a PHA-L injec-
tion into part of PO and rostral DAQ. Labelled axons can be seen in the
restiform body (lower part of picture). Bundles of labelled axons
directed toward the cerebellar hemispheres (arrows) seem continuous
with innervated areas of the LCN (asterisk) and the NIA. At this low

magnification, the plexuses of nerve terminals in the nuclei appear as
“clouds” of fine dots representing individual varicosities. In the lateral
cerebellar nucleus, the sector receiving labelled terminals is sharply
demarcated from neighbouring tissue that does not receive labelled
innervation, suggesting a detailed topographical organization of the PO
projection to the lateral cerebellar nucleus. Bar = 250 ym.
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Figure 7
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detectable levels of immunoreactivity or the intervaricose
segments were barely visible, giving the innervation plexus
an appearance of a cloud of punctate immunoreactivity.

Olivocerebellar axons converged onto these plexuses of
fine terminal fibers (Figs. 5, 6, 8, 13-15). Moreover, these
thicker axons were on several occasions seen to send fine col-
lateral branches toward these areas of innervation. A partic-
ularly illustrative example is shown in Figure 11. On this
photomontage, a thick olivary axon running in the white
matter border of the LCN gives off a fine-diameter collat-
eral branch, which can be traced for about 160 xm into the
underlying neuropil. Especially the distal part of the visual-
ized thin collateral displays varicose swellings, suggesting
formation of synaptic contacts. A reasonable interpretation
is that the fine collateral contributes to the innervation of
the LCN, whereas the main axon continues toward the cere-
bellar cortex, where it will terminate as a climbing fiber. Oli-
vocerebellar axons traversing the deep nuclei were also
observed sending collaterals to innervated areas of the neu-
ropil (Fig. 10).

Topography of olivonuclear innervation

To illustrate the topographic organization of different oli-
vary compartments projecting to distinct parts of the deep
cerebellar nuclei, some of our cases will be described. A sche-
matic illustration of the olivary complex as seen on 15
equidistant frontal sections is given by Figure 12. In the
descriptions of individual cases, injection sites will be char-
acterized in reference to these levels,

The results of experiment 40 are illustrated by Figure 13.
This PHA-L injection was centered on the rostral MAO, but
the tracer had also spread into the ventral lamella of PO.
The cerebellum and upper brainstem were sectioned sagit-
tally. Labelled axons could be traced through the restiform
body into the deep cerebellar white matter. Many fibers
continued dorsally and caudally around the deep nuclei, but
a considerable number of axons traversed the anterior inter-
posed nucleus (NIA) and other parts of the deep nuclei. In
the posterior interposed nucleus (NIP), areas of dense nerve
terminal labelling appeared. Olivary axons arriving from
dorsal as well as fibers traversing the NIA seemed to con-
tribute to the innervation of NIP. It seems likely that the
innervation of NIP originated in rostral MAO, whereas the
less conspicious aggregations of terminals observed in LCN
(Fig. 13, level 1) originated in PO (see below).

In experiment 77, the PHA-L injection was completely
restricted to rostral MAQ, and a rich innervation of NIP was
noted on frontal sections of the cerebellum. Experiment 62
demonstrated a small injection restricted to PO, and
labelled terminals could be detected in a portion of LCN.

Case 49, illustrated by Figures 6 and 14, demonstrated a
large PHA-L injection covering the rostral levels of PO and
part of the overlying DAQ. The sagittal organization of the
cortical climbing fiber innervation was cbvious on the fron-
tal cerebellar sections. Axons converge on LCN, where a
densely innervated sector appears, and on NIA, where a less
dense plexus of terminals was located. Comparison with

Fig. 7. a: Nomarski interference micrograph of well-labelled climb-
ing fiber terminals (“en profil”) in the molecular layer. b: Very well-
stained climbing fiber terminals seen “en face” on a sagittal section.
Note the immunoreactivity of the Purkinje cell bodies (arrows), suggest-
ing a transcellular (or transsynaptic) transfer of PHA-L from the climb-
ing fibers. Bars = 15 ym.

other cases suggest that innervation of LCN originates in
PO, whereas DAO projects to NIA.

The PHA-L injection in rat 81 (Fig. 15) centered on the
caudal MAO but continued into the transition zone of MAO
(Azizi and Woodward, ’87). A rich plexus of labelled termi-
nals was located in two sectors of FN and presumably origi-
nated in caudal MAQ. A smaller plexus of innervation was
observed in neighbouring parts of medial NIP. Several
experiments (data not shown) demonstrated PHA-L injec-
tions involving other parts of caudal MAO and labelled
nerve terminals in other sectors of FN.

Quantification of labelled terminals

Subjectively, the terminal innervation demonstrated in
different cerebellar nuclei was rather dense and seemed to
vary in different regions of the deep nuclei. In a few cases,
we counted the number of labelled varicosities, probable
sites of synaptic interactions, in the center of the innervated
sectors.

Rat number 40 had an injection centered on rostral MAO,
and the number of varicosities in the densely innervated
NIP was estimated to 1.7 x 10° per mm® Rats number 49
and 39 had PHA-L injections centered on PO, and the den-
sity of varicosities in the innervated areas of the LCN were
estimated to 3.4 x 10° and 4.3 x 10° per mm?, respectively.
Rat 51 had an injection covering central PO, as well as ros-
tral MAO and DAO, and a count in the most densely
labelled area of the interposed nuclei gave an estimate of 1.7
million per mm® Rat 52 with a PHA-L injection in caudal
MAO demonstrated a densely innervated area in the center
of the fastigial nucleus, with an estimated number of 2.6 mil-
lion varicosities per mm®. Rats 69, 71, and 76 were injected
with PHA-L in the medial parts of caudal MAO, i.e., cover-
ing the ventrolateral outgrowth and dorsal cap, and demon-
strated very high densities of labelled terminals in the par-
vocellular part of LCN; estimates ranged between 15 and 20
million varicosities per mm3

Mossy fiber labelling

Some rats injected with PHA-L into the olivary complex
were completely devoid of mossy fiber labelling, although
the cortex showed large numbers of climbing fiber termi-
nals. Other cases showed bilaterally a varying number of
mossy fiber endings in different parts of the cerebellar cor-
tex. Mossy fiber labelling was more abundant when the
PHA-L injection site spread into the reticular formation
outside the olive.

3-acetylpyridine treated cases

A number of cases with efficient 3-AP-lesioning of the
inferior olive were analyzed. Cresyl violet stained sections
revealed a shrunken olivary complex dominated by glial
cells and where all, or almost all, neuronal perikarya had
disappeared. PHA-L injections placed into the 3-AP le-
sioned olive were less distinct than in normal animals, indi-
cating that the lack of neurons decreased the retention of
the applied tracer.

The 3-AP pretreatment resulted in a marked decrease or
a complete lack of climbing fiber labelling in the cerebellar
cortex, and the cerebellar nuclei were devoid of terminal
plexuses of fine varicose fibers. For example, in a particu-
larly successful case (3AP 9), three PHA-L injections were
restricted to the olivary complex (rostral and caudal MAO,
ventral PO) and the underlying pyramid. A few PHA-L-
stained cells of reticular formation character were seen
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Figures 8-10
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Fig. 11. Olivary axon in the border of the white matter and inter-
posed nuclei, which gives off a thin collateral toward an area of innerva-
tion. a: Photomontage of pictures taken under oil immersion. The
branching point is indicated by a crossed arrow. The thin collateral fol-

Fig. 8. Darkfield micrograph of a sector of the LCN in a sagittally
sectioned specimen. Thicker olivocerebellar axons (larger arrows) run in
the overlying white matter and some traverse the neuropil in the right
part of the micrograph. These arriving olivary axons seem to give rise to
the dense plexus of thin varicose terminal fibers (stars), which extend
over most of the illustrated neuropil. Bar = 20 um.

Fig. 9. Brightfield micrograph of olivary terminals in the LCN at
high magnification. Note the extremely fine character of these terminal
fibers (examples indicated by fine arrows); the intervaricose segments
are barely visible, whereas the frequent varicosities contain more immu-
noreactive material. Some thicker olivocerebellar axons of nonterminal
character are seen in the upper left corner. Bar = 20 um.

Fig.10. Darkfield micrograph of thicker olivocerebellar axons giving
off a fine varicose collateral toward a nuclear area containing labelled
innervation. Arrow indicates branching point. Bar = 20 gm.

11

Na

b

lows a tortous course (for a short distance it is obscured by an underlying
thicker axon) and demonstrates several varicosities that may be the sites
of synaptic interaction (small arrows). b: Schematic drawing of the same
fiber. Bar = 20 um.

between the lamellae of the degenerated olive, and a small
number of fibers could be identified in medullary and pon-
tine tegmentum. However, the cerebellar cortex and deep
nuclei were completely devoid of labelled fibers.

Certain cases showed PHA-L injections extending into
the neighbouring reticular formation. In these experiments,
a few labelled fibers could be found ipsilaterally or contra-
laterally in the cerebellum; the deep cerebellar white matter
showed occasional coarser fibers, and the cerebellar cortex
demonstrated a number of mossy fiber endings. Occasion-
ally, some coarser fibers ran into the cerebellar nuclei, but in
only one case did a fiber seem to terminate with a few large
diameter varicosities in the interposed nuclei ipsilateral to
the injection.



12

édc

=

%Io
8

PO

8
MAO )

~S————
3

J.J.L. VAN DER WANT ET AL.

ROSTRAL

a7

DAO dmc
13

PO

T <

CAUDAL

M
imm

/

—_ N
1

Fig. 12.

dc
DA%{} q
Maon T oA
6 1

1

Schematic drawing of the olivary complex as it appears on 15 approximately equidistant rostro-

caudal levels. Illustrations of individual experiments (Figs. 1, 2, 13-15) refer to these sketches to indicate

extent of injection sites.

DISCUSSION

In the present study, the PHA-L method was used to
investigate projections of the inferior olivary complex to the
cerebellum. Dense nerve terminal plexuses were observed in
the cerebellar nuclei, supporting the proposal that collater-
als of the climbing fibers innervate these nuclei.

Methodological considerations

The question of climbing fiber input to the cerebellar
nuclei has been addressed by several neuroanatomical tech-
niques. A number of authors have used retrograde tracing
techniques (Beitz, *76; Eller and Chan-Palay, 76; Kitai et
al., ’77; Dietrichs and Walberg, ’85, ’86, ’87; Dietrichs et al.,
’85). But because nonterminal olivocerebellar axons pass
immediately around and through the deep nuclei, retro-
grade tracing cannot be considered a method of choice to
determine if olivary axons terminate in these nuclei. Other

investigators used anterograde tracing with radioactively la-
belled amino acids; but, in the light microscope, it is difficult
to determine if autoradiographic accumulations of silver
grains correspond to terminals or fibers of passage. This pre-

Fig. 13. Schematic representation of an experiment with a PHA-L
injection centered on the rostral MAQ, but also involving the ventral
lamella of PO. Injection site represented by diagrams (lower right);
dense hatching represents the center of injection, which showed intense
immunoreactivity; less intensely labelled regions are indicated by stip-
pling. The cerebellum was sectioned sagittally, and representative sec-
tions are shown from lateral (1) to medial (5). Labelled axons are indi-
cated as wavy lines and terminal fibers as dots. Note the many labelled
olivocerebellar axons arriving via the restiform body (2) continuing
above or through the cerebellar nuclei and the bundles of fibers running
through the folial white matter. Climbing fiber terminals appear in sev-
eral cortical regions. Plexuses of terminal fibers appear in the NIP and
sparsely in the LCN.
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Fig. 14. Schematic representation of an experiment with an injec-
tion involving rostral PO and DAO (same as in Fig. 6). On the frontal
cerebellar section, labelled fibers are seen in the restiform body and
cerebellar white matter. Sagittally organized zones of climbing fiber ter-

sumably explains why some authors have interpreted their
results in favour (Groenewegen and Voogd, *77; Courville
and Faraco-Cantin, "78; Groenewegen et al., "79) and others
against (Courville, *75) the existence of olivonuclear inner-
vation. Electron microscopic investigation of autoradio-
graphic labelling can provide unambiguous evidence, and
using this technique van der Want and Voogd (’87) demon-
strated the existence olivary terminals forming axodendritic
synapses in the FN of the cat.

The method of PHA-L tracing has advantages over other
tracing methods, as it allows visualization of morphological
characteristics distinguishing nonterminal and terminal ax-
ons at the light microscopical level. The methodological
observations of the present study agree with previous de-
scriptions of the PHA-L technique (Gerfen and Sawchenko,
’84; Wouterlood and Groenewegen, ’85), but some new
aspects of tracing pathways with this lectin were noted. Sug-
gestive evidence for transneuronal PHA-L labelling was
noted in Purkinje cells contacted by intensely labelled
climbing fiber terminals. This labelling appeared as a weak
cytoplasmic outlining of the contacted Purkinje cell and
could not be mistaken for anterograde axonal labelling. It
should be underlined that a climbing fiber establishes nu-
merous powerful synaptic contacts with the Purkinje cell
(Eccles et al., ’67; Palay and Chan-Palay, ’74). If small
amounts of lectin are released by each bouton, transsynaptic
transfer of the tracer could be more easily observed in the
climbing fiber system than in many other neuronal connec-
tions. Another unexpected example of transcellular transfer
of PHA-L was the observation of labelled glia amidst bun-
dles of intensely labelled axons.

Retrograde labelling with PHA-L has been reported pre-
viously (Kita and Kitai, ’87) and was frequently noted in our
material over distances of several hundred micrometers to a
millimeter. The most informative observations were made
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minals appear in crus I and paraflocculus. A dense plexus of terminals
appears in a sector of the LCN, and the NIA demonstrates a less dense
innervation. Symbols as in Figure 13.

in cases in which labelled olivary neurons appeared contra-
laterally to the injection site. These cells occurred in olivary
regions known to project through the center of the ionto-
phoretic injection site, and it may therefore be proposed
that lesioning of passing fibers may be necessary for this ret-
rograde labelling.

Terminals in cerebellar nuclei

In the present PHA-L study, labelled olivocerebellar ax-
ons were visualized in detail. Olivary axons reaching the
deep cerebellar white matter via the contralateral restiform
body ran closely around and through the cerebellar nuclei.
In circumscribed regions of the deep nuclei, plexuses of
labelled thin fibers of nerve terminal character appeared
and displayed morphological characteristics that set them
apart from the thicker nonterminal olivary axons. The inter-
varicose segments of these fine fibers measured 0.4-0.5 um
in diameter and were more difficult to visualize than the
larger varicose boutons, which measured 1-1.4 ym.

These terminal fibers obviously originated from olivary
axons, which converged on the regions of nerve terminal
plexuses; moreover, the thicker nonterminal olivary axons
could be seen to give off thin collaterals to the innervated
areas. The distinct topography of nuclear innervation was
reproducibly related to the area of the olive that had been
injected with PHA-L. Finally, after efficient pretreatment
with 3-AP, PHA-L injections in the region of the lesioned
olive failed to label terminal fiber plexuses in the deep
nuclei, as well as other features of the olivocerebellar climb-
ing fiber system.

Taken together, these aspects provide strong evidence for
the olivary origin of the observed plexuses of fine terminals
innervating the deep nuclei. Electron microscopic analysis
of these labelled plexuses is necessary to prove the synaptic
nature of the varicosities and to identify their synaptic tar-
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Fig. 15. Aq experiment with PHA-L injection in caudal and intermediate MAO (insert). On the frontal
cerebellar sections, terminal innervation appears in regions of the FN and medially in the NIP. Bundles of
labelled axons run toward zones of climbing fiber termination in the vermal and intermediate parts of cortex.

Symbols as in Figure 13.

gets, but preliminary experiments have shown that these
weakly labelled terminal fibers are difficult to identify on
the ultrastructural level (van der Want, unpublished). In
basal ganglia, electron microscopic studies have shown that
similar PHA-L-labelled varicose fibers correspond to axon
terminals engaging in synaptic junctions (Wouterlood and
Groenewegen, 85; Kita and Kitai, ’87). Thus, even without
complete ultrastructural information on the PHA-L la-
belled fiber plexuses in the cerebellar nuclei, it seems a rea-
sonable assumption that these fibers form a synaptic inner-
vation (van der Want and Voogd, ’87) and that they are the

morphological correlate to the climbing fiber-evoked epsp’s
that precede the Purkinje cell evoked ipsp’s in the deep
cerebellar nuclei when stimulating climbing fiber pathways
(Andersson and Oscarsson, 1978).

The observation that thicker olivary axons sent collater-
als to these plexuses is in line with the idea that the olivonu-
clear innervation represents collaterals of cortical climbing
fibers (Eccles et al., ’74; Andersson and Oscarsson, "78; Wik-
lund et al., ’84), but our PHA-L data do not exclude the pos-
sibility that some olivonuclear fibers do not terminate in the
cerebellar cortex. Evidence for the collateral origin of the
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olivonuclear innervation has previously been obtained by
retrograde D-[*H]aspartate labelling; cortical injections of
this tracer resulted in collateral labelling in cortex as well as
dense terminal labelling in the deep nuclei (Wiklund et al.,
’84).

The anatomical discussion on the existence of climbing
fiber terminals in the deep nuclei has often become a ques-
tion of whether they are “very few” or “many enough” to
have a physiological role (Eccles et al., ’67). Therefore, we
decided to count the number of PHA-L-labelled boutons in
some areas of dense olivonuclear innervation. In the FN,
interposed nuclei, and main parts of LCN, these estimates
arrived at terminal densities of 1.7-4.3 million boutons per
mm?®, which indicates that the olivocerebellar terminals rep-
resent a considerable input to the deep nuclear neuropil.
The parvocellular portion of LCN, which receives innerva-
tion from medial parts of caudal MAO, demonstrated higher
densities of 15-20 million varicosities per mm®*.

These estimates can be compared with the quantitative
study of synapses in the cerebellar nuclei of the cat by Pal-
kovits et al. (*77). The total density of synaptic terminals in
the different nuclei calculated by these authors was 27.8—
492.3 millions/mm? (calculated from their Table 4), and they
estimated 62% to represent Purkinje cell synapses. Chan-
Palay ("73,77) used ultrastructural similarities with cortical
climbing fibers to identify presumed climbing fiber collater-
als in the LCN and estimated that these comprised 5-6% of
the total number of terminals. This estimate seems well
compatible with the results of the present study.

Olivonuclear topography; comparison with
other tracing data

The topographical organization of the olivonuclear pro-
jections observed in the present study agreed with the orga-
nization reported by Groenewegen and Voogd (*77) and
Groenewegen et al. (*79) in their autoradiographic tracing
studies in the cat. Thus, caudal MAO was found to project to
FN, rostral MAO to NIP, rostral DAO to NIA, and PO to
LCN. Our material did not include any injection into the
caudal DAO areas, which are believed to project to the dor-
sal parts of Deiters’ nucleus (Groenewegen and Voogd, ’77;
Wiklund et al., ’84).

The olivonuclear topography has also been studied by
Dietrichs and collaborators in a series of investigations
using retrograde tracing methods (Dietrichs et al., ’85; Die-
trichs and Walberg, ’85, ’86). Most of their results are in
agreement with the present study, but a notable discrep-
ancy involves the olivary projections to the interposed
nuclei. It remains a possibility that species differences
between the cat and rat can explain the difference, but the
presence of numerous labelled cells in both accessory olives
after WGA-HRP implantations into NIA in the study of
Dietrichs and Walberg (’86) would be in accordance with the
presence of both terminating fibers (from DAO) and passing
fibers (from MAO) in this nucleus. This explanation is sup-
ported by the abscence or scarcety of retrogradely labelled
cells in the DAO after WGA-HRP implantations in NIP.

Interestingly, the topography of the olivonuclear projec-
tions revealed in the present and other investigations

*These estimates, made on thick (30 um) sections, should be regarded as
approximative. Counting terminal density on thinner, e.g., plastic embedded
sections, would have represented a more accurate method.
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(Groenewegen and Voogd, *77; Groenewegen et al., *79; Die-
trichs et al., ’85; Dietrichs and Walberg, ’85), the olivocere-
bellar (Groenewegen and Voogd, *77; Groenewegen et al.,
’79; Brodal and Kawamura, '80; Azizi and Woodward, ’87;
Bernard, ’87) and corticonuclear Purkinje cell projection
(Dietrichs and Walberg, *79, ’80; Dietrichs, ’81a,b, ’83; Trott
and Armstrong, ‘87a,b) suggest that a “closed circuit” is cre-
ated; the climbing fibers terminating on the Purkinje cells
projecting to the cerebellar nulear region receiving collater-
als from the same olivary axons (Voogd, *82; Dietrichs et al.,
’85).

CONCLUSIONS AND FUNCTIONAL
IMPLICATIONS

This study demonstrated a topographically organized oli-
vary input to the cerebellar nuclei. At least part of this
innervation consists of collaterals of olivary axons terminat-
ing in the cerebellar cortex as climbing fibers.

Considerable efforts are being made to understand the
functional principles of cerebellar circuitry. Functional
models (Marr, ’69; Albus, ’71) have suggested that the
climbing fibers influence the Purkinje cell responsiveness to
parallel fibers, and experimental results have indicated that
conjunctive climbing fiber activity leads to a powerful and
lasting decrease in parallel fiber responsiveness (Ito et al.,
’82; Ekerot and Kano, ’85). The existence of an abundant
climbing fiber collateral innervation in the deep nuclei has
to be integrated into new models of cerebellar function. It
can be questioned if the nuclear climbing fiber collaterals
have a similar role in modulating the cerebellar efferent
responses to incoming information.
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