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CHAPTER I General introduction

a. Explanation of thesis subject

b. Olivary subnuclei and their connections

c. Cytology and ultrastructure of olivary cells and their afferent fibers

d. Neurotransmitters involved in the olivary system

e. Physiology of the inferior olive

f. Different combinations of anterograde tracing, immunocytochemistry,
and/or intracellular labeling of neurons at the ultrastructural level

a. Explanation of thesis subject

The function of neurons is determined by
their biochemical assets, the electro-
physiological properties of their membrane
and by their position in a neuronal network.
Neuroanatomy studies the structure of these
networks at different levels. Axonal tracing
methods are used to chart the connections
with the light microscope, but the detailed
anatomy of the connectivity of individual
nerve cells only can be visnalized using
electron microscopy. At higher magnifi-
cations, however, one tends to lose track of
its traces and special methods are needed to
trace and to identify structures in the jungle
of the neuropil.

The inferior olive (IO) is a group of
nerve cells, strongly related to the cerebel-
lum. It has been the subject of several earlier
studies of this laboratory (Groenewegen and
Voogd,77; Gerrits and Voogd,’82; Ruigrok
and Voogd, submitted). The function of the
olivary neurons is to a large degree determi-
ned by their outstanding synchronizing and
oscillating firing properties, and by the af-
ferent systems which modulate these proper-
ties. To find out which afferent systems may
regulate these functions, the morphology of
the major synaptic inputs of the IO was stu-
died and quantified. In order to relate the
different ultrastructural parameters to each
other, three new combinations of electron
microscopical methods were developed. The
first one relates the origin of the synaptic
inputs with their neurotransmitter (Chapter

II), a second one relates the different
synaptic inputs to each other (Chapter 1),
and a third technique relates the synaptic
input to the physiological and morphological
characteristics of the postsynaptic olivary cell
(Chapter IV).

The present ultrastructural study focuses
on two of the subnuclei of the I0: The me-
dial accessory olive (MAO) and the principal
olive (PO). These subnuclei, which are
predominantly innervated by descending
systems and by a recurrent pathway from the
central cerebellar nuclei, may be involved in
the preparation and execution of movements.
Accurate timing obviously is essemtial in
these processes. The morphological obser-
vations of this study will be discussed in
relation to the electrophysiological properties
of the olivary neurons (Chapter V). It will be
attempted to show that the specific formation
of the dendritic elements of these cells
together with their synaptic input are well
suited to serve as a timing device.

In an ongoing study we are studying the
reaction of the IO to massive trauma of the
cerebellum (for preliminary results see
Ruigrok et al.’89; de Zeeuw et al.’89c¢). This
reaction, which consists of an hypertrophy of
the olivary neurons, probably is unique for
the CNS. It can be induced experimentally in
the rostral MAO and dorsal lamella of the
PO of the cat by contralateral hemicere-
bellectomy (Verhaart and Voogd,’62; Voogd
and Boesten,’76; Boesten and Voogd,’85).



Olivary hypertrophy has also been found at
autopsy of patients with lesions of the
brainstem and/or deep cerebellar structures
(Foix et al,;26; Guillain and Mollaret,’31;
Trelles,’57). These patients often show a
motor disorder of delayed onset, charac-
terized by contractions of the soft palate
(palatal myoclonus). Although such a clonus
could be the result of an hypersynchro-
nization of motoneurons due to a patho-

logically absent timing device, a direct cor-
relation with olivary hypertrophy is still a
matter of discussion (Robin and Alcala,’75;
Kane and Thach,’89).

The subject of this thesis will be intro-
duced (this chapter) by a survey of the
anatomy of the IO and its connections (part
b, ¢, and d), a synopsis of its physiology (part
e), and a description of the methods used

(part f).

b. Olivary subnuclei and their connections

The inferior olive (IO) is one of the
precerebellar nuclei. The cerebellum receives
information about peripheral events and
central nervous processes through numerous
precerebellar systems, which terminate in
different layers of the cerebellar cortex as
climbing and mossy fibers, and as multilayer
afferents which include the monoaminergic
afferents. The 10 gives rise to the climbing
fibers; mossy fibers have their origin from a
mumber of centers in the spinal cord and the
brain stem. The ouput signals of the
cerebellum to the brain stem and spinal cord
are mediated through the central cerebellar
and vestibular nuclei.

The 10 is located in the ventral part of
the medulla oblongata and is composed of
the principal olive and two accessory olives
(Kooy,’16; Brodal,’40; Whitworth and
Haines,’86; see Fig. 1A for reconstruction of
the I0). 1) The principal olive (PO) consists
of a folded sheet of grey matter. Rostrally a
dorsal and a ventral lamella can be dis-
tinguished. Caudally the PO is continuous
with the ventrolateral outgrowth and the
dorsal cap of Kooy (’16). 2) The medial
accessory olive (MAO) includes several
subnuclei. The subnucleus beta and the
dorsomedial cell column are located at its
caudal and rostral medial side, respectively.
3) The dorsal accessory olive (DAQO) is
located dorsally from the PO. The projection
from these subnuclei to the cerebellum has
been studied mainly in the cat (for reviews
see Brodal and Kawamura, *80; Voogd, ’82)

but also in primates and subprimates (for
reviews see Brodal and Brodal’81 and ’82;
Whitworth and Haines,’86), and rats (for
reviews see Flumerfelt and Hrycyshyn,’85;
Voogd,’82). The climbing fibers, which are all
derived from the 10 (Desclin,’74), innervate
the Purkinje cells in the cerebellar cortex
(Szentagothai and Rajkovits,’59; Eccles, 66;
Murphy et al.’73). Each olivary subnucleus
projects almost exclusively contralaterally to
one or more longitudinal strips (which are
about 1 mm wide in cat) of Purkinje cells
and gives off primary collaterals to that part
of the central cerebellar nuclei (Groene-
wegen et al.,’79; Andersson et al.’87b), which
receives its main input from the same zone
(Voogd and Bigaré,’80), (Figure 1A). Since
the cerebellar nuclei in return project to the
olivary subnucleus from which they receive
collaterals (Tolbert et al.,’76; Dietrichs and
Walberg,’85 and ’86; Dietrichs et al.’85 and
’86), the direct connections between them are
reciprocally and topographically organized.
The restiform body is the pathway of the
olivo-cerebellar fibers, while the cerebello-
olivary fibers are located in the brachium
conjunctivum (Figure 1B). In short, the
caudal parts of both accessory olives are
connected with the vermis of the cerebellar
cortex and the fastigial and Deiters’ nuclei,
while the rostral parts of the accessory olives
and the PO are connected with the hemi-
sphere and the anterior and posterior inter-
posed nuclei and the dentate cerebellar
nucleus (Figure 1A).



Fig. 14. Diagram summarizing the projections
of the 10 to the cerebellum; by Groenewegen,
Voogd and Freedman (1979). This Figure
shows the longitudinal organization of the
projection from the IO to the cerebellar cortex
(top) and the cerebellar nuclei (middle). The
cortico-nuclear interrelations are indicated with
arrows. At the bottom unfolded reconstructions
of the three subnuclei of the inferior olive are
represented. The zone(s), central nucleus, and
olivary subnucleus which are connected with
each other are indicated by the same symbols.
Abbreviations: ANSL ansiform body; B, beta
nucleus; D, dentate or lateral cerebellar
nucleus; DAQO, dorsal accessory olive; dc,
dorsal cap of Kooy; Dei, Deiters’ nucleus; di,
dorsal lamella of the principal olive; dmcc,
dorsomedial cell column; F, fastigial nucleus;
FLOC, flocculus; IA, anterior interposed
nucleus; IP, posterior interposed nucleus;
MAO, medial accessory olive; PFLD, dorsal
paraflocculus; PFLV, ventral paraflocculus;
PMD, paramedian lobule; PO, principal olive;
SI, simple lobule; vl ventral lamella of the
principal olive; vio, ventrolateral outgrowth.

Fig. IB. Lateral view of the localization of
olivocerebellar fibers in the brain stem and the
cerebellum (a). Fibers from the caudal half of
the inferior olive (d-f) pass lateral to the spinal
tract (V) and ascend in the restiform body to
enter the cerebellum medial to the spino-
cuneo-, and reticulocerebellar components of
the restiform body (thick arrow). Fibers from
the rostral half of the inferior olive (b,c) enter
the cerebellum lateral to these systems. In the
cerebellum, olivocerebellar  fibers become
applied fo the rostral and dorsal surface of the
central nuclei and their efferent tracts. bc,
Brachium conjunctivum; CN, central nuclei;
CO, cochlear nuclei; cr. restiform body; FLO,
flocculus; LA, anterior interposed nucleus; L,
lateral cerebellar nucleus; M, motor nucleus of
the trigeminal nerve; P, principal sensory
nucleus of the trigeminal nerve; pcm, bra-
chium pontis; u, uncinate tract; V, trigeminal
nerve; VE, vestibular nuclei; vsc, ventral
spinocerebellar tract. From Voogd and Bigaré
(’80).



It was found in man, cat and rat that the
number of Purkinje cells is about ten times
as high as the number of olivary cells (Kreuz-
fuchs,’02; Braitenburg and Atwood,’58; Moa-
tamed,’66; Armstrong and Schild,’70; Palko-
vits et al,’71; Milonyeni,’73), and that each
Purkinje cell is provided with one climbing
fiber (Eccles et al.’66). One olivo-cerebellar
axon fiber, therefore, should give rise to
about ten climbing fibers. Branching of olivo-
cerebellar fibers just below the cerebellar
cortex was indeed demonstrated in Golgi stu-
dies (Estable,’23; Fox et al.’69). Some of the
climbing fibers of one olivary cell may be
located in the same folium, but the others of
the same cell may be located remotely within
the same or even in a different cerebellar
zone of other folia or lobules (Faber and
Murphy,’69; Armstrong et al,’7lab; Arm-
strong et al.,73a,d; Rosina and Provini,’83,’85
and ’87; Ekerot and Larson,’82; Andersson et
al.’87b). A climbing fiber terminates with
multiple serial excitatory synapses on the
proximal dendrites of one Purkinje cell
(Palay and Chan-Palay,’74). In addition
olivary fibers give off collaterals to the

central nuclear neurons and to the Golgi,

basket, stellate and granular cells in the
cerebellar cortex (Palay and Chan-Palay,’74).

The afferent systems of the 10 have been
reviewed for cat (Brodal and Kawamura,’80),
rat (Brown et al.,’77; Flumerfelt and Hrycy-
shyn,’85), and opossum (Martin et al.’80).
Apart from the cerebello-olivary projection
mentioned above, three sets of afferent sys-
tems can be distinguished (Figure 2). The
first one consists of the projections from the
cerebral cortex most of which are interrupted
in a set of nuclei at the mesodiencephalic
border. The second group of afferent systems
originate from centres in the spinal cord and
the brain stem, relaying information about
peripheral events and subcortical systems.
The third group are the afferents from the
reticular formation and raphe muclei. The
descending pathways from the mesodience-
phalic junction to the olive are the medial
and central tegmental tracts (Ogawa,’39;
Mitomo,’42; Busch,’61). This region includes
the nucleus of Darkschewitsch and the
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parvocellular red nucleus, and nearby regions
like the nucleus of Bechterew, the nucleus
interstitialis of Cajal, the tegmental field of
Forel, the zona incerta, the subparafasci-
cularis nucleus, and the suprarubral reticular
formation (Ogawa,’39; Walberg,’56; Brown et
al.’77; Linauts and Martin,’78; Leonard et
al.78; ~Cintas et al,’80; Saint-Cyr and
Courville,’80 and ’82; Kawamura and Onode-
ra,’84; Ruigrok et al’88; Spence and Saint-
Cyr,’88). These nuclei receive afferents from
the motor- and premotorcortex and to a limi-
ted degree from the superior parietal lobule
(Rinvik and Walberg,’63; Niimi et al.,’63;
Mabuchi and Kusama,’66; Kuypers and Law-
rence,’67; Hartmann-von Monakow et al.,’79;
Nakamura et al.’83; Saint-Cyr,’87), but also
from the cerebellar nuclei (Voogd, 64; Kie-
vit,79; Courville,66; Kawamura et al,’82;
Sugimoto et al,’82). They project to the
rostral MAO and PO, and to a lesser extent
to the caudal MAO (Walberg74; Wal-
berg,’82c; Swenson and Castro,’83; Onode-
ra,’84; Holstege and Tan,’88). This projection
is ipsilateral but some fibers cross (these
contralateral fibers are increased in neonatal
hemicerebellec-tomised rats; Swenson and
Castro,’82). The anterior and posterior
sigmoid gyrus of the cerebral cortex itself
projects directly with an ipsilateral prepon-
derance to the candal MAO and the border
region of the more rostrally located ventral
lamella of the PO and the DAO (Sousa-Pinto
and Brodal,’69; Bishop et al.’76; Saint-cyr
and Courville,’80; Saint-Cyr,’83; Swenson and
Castro,’83). The second group of afferent
pathways includes several sensory relay
nuclei, which project predominantly contra-
laterally, like the dorsal horn of the spinal
cord, the dorsal column nuclei and the spinal
trigeminal nucleus (Brodal et al.’50; Mizu-
no,’66; Boesten and Voogd,’75, Groenewegen
and Voogd,’77; Berkley and Hand,’78; Arm-
strong et al,’82; Swenson and Castro,’83;
Gerrits et al.’85a; Huerta et al.’85). Spino-
olivary fibers mainly originate from neurons
in the intermediate zone (Armstrong et al,
’82). The vestibular nuclei (with exception of
the lateral vestibular nucleus), the medial
and descending vestibular nuclei (Saint-cyr



and Courville79; Gerrits et al,’85b), the
parasolitarius nucleus (Ebbeson,’68; Leowy
and Burton,’78; Nelson and Mugnaini, 87),
group Y (Gerrits et al.,’85b; McCrea and
Baker,’85), and the superior colliculus
(Hoddevik et al,’76; Weber et al.’78) give
rise to projections to certain subdivisions of
the MAO including the group Beta and the
dorsal medial cell column. Visual centres
with directional sensitivity involved in the
optokinetic reflex, like the nucleus of the
optic tract, the nuclei of the accessory optic
tract and the nucleus prepositus hypoglossi
project to the dorsal cap and the
ventrolateral outgrowth (Mizuno et al.’73;
Walberg et al.’81; Itoh et al.’83; Gerrits et
al.’85b; McCrea and Baker,’85). These
sensory associated areas, therefore, project
primarily to the DAO, candal MAO,
subgroup beta, ventrolateral outgrowth and
dorsal cap. Taken together, the cortical
projections, most of which are relayed
through nuclei at the mesodiencephalic
border, and the bulbo-spinal afferents, which
include several relay nuclei, remain separated
at the level of the IO. Sofar, the only
possible area of convergence of these inputs
appears to be the caudal MAO (see also part
e5.6).

In addition to the cerebellar input and
the cortical and sensory associated afferents
described above, the IO is innervated by
fibers from different parts of the reticular
formation and the raphe nuclei (Saint-cyr and
Courville,’81; Walberg,’82ab; Walberg and
Dietrichs,’82; Bishop and Ho,’86; Matsuyama
et al.’88). These fibers terminate more or
less in each olivary subnucleus, and include
the serotoninergic innervation of the IO.

The rostral MAO and PO, which are
innervated by the nuclei at the mesodien-
cephalic junction, project to zones in the
hemisphere which intermingle with strips of
Purkinje cells innervated by the rostral DAO
(Groenewegen et al.,’79), which itself receives
its inputs primarily from sensory relay nuclei.
Parallel fibers, which are the T shaped axons
of the granular cells of the cerebellar cortex,
are oriented at right angles to these longitu-
dinal strips. Parallel fibers may attain a
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length of several millimeters (Mugnaini, 72;
Brand et al.,’76; Mugnaini,’83; Kim et al.,’87),
and thus may extend across several of these
strips where they terminate on the distal,
spiny branches of Purkinje cells.

The mossy fibers, which terminate on the
granular cells, are the first link in the mossy
fiber - parallel fiber pathway to the Purkinje
cells (For review of mossy fiber paths, see
Ito,84; Voogd and Marani, in press). Some
of the nuclei, which innervate the IO, also
give rise to mossy fibers. This is the case with
vestibular nuclei, the nucleus prepositus
hypoglossi, the spinal nucleus of the trige-
minal nerve, the dorsal column nuclei, certain
reticular nuclei, and the spinal cord. The
main cerebro-cerebellar mossy fiber pathway
is relayed through the basal pontine nuclei
and therefore remains separated from the
cortico-olivary pathway, which passes through
the nuclei of the mesodiencephalic junction.
The terminations of mossy fibers in the
granular layer are more diffuse and patchy
than those of the climbing fibers, but most of
them are still aggregated in illdefined sagittal
zones. For some areas like the cuneate nu-
cleus it has been shown that there is a high
degree of overlap between the mossy and the
related climbing fiber projections in the
cerebellar cortex (Groenewegen and Voogd,
77, Groenewegen et al,’79; Gerrits et
al.,’85b; Gerrits,’87).

Both the climbing fibers and the mossy
fibers give off collaterals to the central nuclei
(van der Want et al.’87; Gerrits and Voogd,
’87; Wiklund et al.’88; van der Want et al,,
’88; van der Want et al.’89). However, up to
now, it has not been elucidated whether both
afferents actually make synaptic contacts with
both the inhibitory (Gabaergic) and excitato-
ry cells in the cerebellar nuclei. The inhibi-
tory cells innervate the IO (Nelson et al.,’84;
see part d, this chapter) and possibly also the
bulbar reticular formation (Buisseret-Delmas
et al.,’89), and may give off some collaterals
to the pons (Aas and Brodal,’89). The excita-
tory cells relay their information to areas in
the thalamus, midbrain and brainstem
without giving off collaterals to the IO
(Bharos et al.’81).
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Fig.2. Graphic representation of the major afferent and efferent connections of the inferior olive.
White arrows indicate inhibitory pathways and black arrows mark the excitatory systems. Note that
the monoaminergic afferents of the inferior olive are not depicted.

¢. Cytology and ultrastructure of olivary cells and their afferent fibers

The olivary neurons and their synaptic
inputs show several characteristic features
which will be shortly reviewed below, both at
the light and electron microscopical level.

Although the corpora olivares (olivary
bodies) were first identified and so named by
Gabriel Fallopius near the middle of the
sixteenth century (Willis, 1664), more than
300 years passed before Vicenzi (1886)
characterized the inferior olive nerve cells
and portrayed their unique highly ramified
dendritic trees. Kolliker (1893) and van
Gehuchten ('05) elaborated wupon the
cytological features of the IO, but it was
Ramon y Cajal (°09) who most thoroughly
described this brainstem area using the Golgi
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method. From his lightmicroscopical studies
and those performed by others, it became
evident for various animals that several types
of neurons and afferents exist in the IO
(Ramon y Cajal,’09; Scheibel and Schei-
bel,’55; Scheibel et al.,’56; Bowman and
King,73; Gwyn et al.’77; Sotelo et al.’74;
Rutherford and Gwyn,’80; Foster and
Peterson,’86; Iwahori and Kiyota,’87;
Szteyn,’88). Three types of afferent fibers
were revealed by these studies: One type,
which may preferentially innervate the
somata of olivary neurons, was relatively
smooth with conspicuous varicosities at
regular intervals (heavy rosette-bearing type),
another type gave off fine branches, each



branch ending in a small chalice (thin bou-
ton-bearing type), and the last type of affe-
rent did not give off branches in its trajectory
across the subdivision until it ended in a ter-
minal bush-like efflorescence (bushy terminal
of Cajal). It has been suggested that some af-
ferent systems may issue all three types of fi-
bers, whereas others terminate with one type
of fiber (Scheibel and Scheibel,’SS; Scheibel
et al.’56).

The population of olivary neurons was
not homogeneous either. Apart from a few
interneurons, which may be GABAergic (Nel-
son et al.,’88; Walberg and Otterson,’89), it is
composed of two main types of neurons. The
first type (type I) is equiped with relatively
long and diffuse, sparsely branched, spiny
dendrites radiating away from the soma. The
dendritic field of type I cells is large and it
mainly occurs in the caudal parts of the ac-
cessory olives. The second type (type II) is a
neuron with a spherical cell body with a dia-
meter (15 to 30 um) somewhat larger than of
the first type (Ruigrok et al., submitted), and
with an arbor of complex, spine-bearing den-
drites which are highly branched and tend to
turn back toward the soma, at times creating
spirals. This type of neuron occupies a relati-
vely small three dimensional area. It repre-
sents the predominant cell type in the PO
and the rostral part of the MAO and the
DAO. Both cell types are probably projecting
neurons, i.e. give rise to the climbing fibers,
since the axons of both types of cells leave
the neuropil of the adult IO without giving
off collaterals (Foster and Peterson,’86; Ruig-
rok et al, submitted). In the IO of young
animals, however, recurrent collaterals are
probably present (Ramon y Cajal,’09; King,
’80; see also Ruigrok et al., submitted).

The ultrastructure of the IO has been
described in many studies of various animals
including the opossum (Bowman and King,
’73; King,’80), rat (Gwyn et al,’77), rabbit
(Mizuno et al.74), cat (Walberg,’63; Wal-
berg,’64; Walberg,’66; Sotelo et al,’74;
Bozhilova and Ovtscharoff,’79), and monkey
(Rutherford and Gwyn,’80). In general, most
neural elements in the olivary neuropil are
enveloped in thin processes of fibrous as-
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trocytes. The neuronal somata are oval or
round in shape, and their cytoplasm contains
subsurface cisterns of the endoplasmic reti-
culum, spherical inclusions that may be lipo-
fuchsin deposits, and the complement of or-
ganelles characteristic of most neurons in the
central nervous system. Somata sometimes
are apposed to dendrites. These appositions
are usually without any membrane specializa-
tion, but in the MAO of the cat submembra-
neous dense bodies have been found under
one of the apposite membranes (Bozhilova
and Ovtscharoff,’79). The segments of olivary
dendrites bear simple, pedunculated club-
shaped, and/or racemose spiny appendages
(Sotelo et al.’74; Gwyn et al.’77), and they
sometimes contain varicose dilatations
packed with mitochondria.

The most characteristic features of the
olivary neuropil are the glomeruli (Nemecek
and Wolff;’69; Bowman and King,73; Sotelo
et al’74; King et al.’75; King,76; Gwyn et
al,’77; Rutherford and Gwyn,’77), and to less
extent the dendritic thickets (Sotelo et al.’74;
Molinari,’87). The dendritic thickets are for-
med by several (up to four) serial dendrites
in direct apposition with each other, but
without any dendro-dendritic membrane spe-
cialization. The glomeruli contain a core of
several dendritic appendages surrounded by
terminals and glia. The spines in the centre
of these complex synaptic structures are fre-
quently linked by gap junctions. Benardo and
Foster ("86) showed in slices of the guinea
pig inferior olive that intracellular injected
Lucifer yellow can pass from one cell to the
other through the gap juctions. They were
able to label aggregates containing up to six
coupled olivary cells. Harmaline induced syn-
chronous firing, which is probably also media-
ted through the gap junctions (see part e3),
suggests that in the intact IO the coupled cel-
lular aggregates can extend to a much larger
size (Llinds and Volkind,73; Sjolund et al,
’80). Sofar gap junctions have been found in
each olivary subnucleus except for the dorsal
cap (Mizuno et al.,’74).

Terminals on neurons of the IO differ as
to their morphology, Ilocalization, their
membrane specializations, their neurotrans-



mitter and their origin. It was found in
aldehyde fixed tissue postfixed in osmium
that more than half of the terminals contai-
ned rounded vesicles (Bowman and King,73;
Mizuno et al,’74; Sotelo et al,’74; Gwyn et
al.,’77; Rutherford and Gwyn,80). These
terminals usually are associated with asymme-
tric synapses (for definitions of morphology
of synapses see Gray,’59 and Gray and Guil-
lery,’66). The second largest group of termi-
nals contains pleomorphic vesicles and is
provided with symmetric synapses, they are
roughly of the same size as the round vesicle
containing terminals. A small minority of the
terminals contains either dense core vesicles
or only flattened vesicles (Bowman and King,
73; Gwyn et al,’77). The large majority of
the terminals contact the distal dendrites
and/or their spines, whereas the somata re-
ceive relatively few terminals. The somatic
terminals consist mainly of terminals with
pleiomorphic vesicles. In the IO of the rat,
somatic terminals are most frequently found
on cells of the MAO (Gwyn et al,’77). Spe-
cial types of synapses, including synapses
associated with subsynaptic densities as
described by Taxi (Taxi,’61) and so-called
crest synapses (Milhaud and Pappas,’66ab;
Akert et al’67) are present in the IO of
several animals (Mizuno et al’74; Gwyn et
al,77; Rutherford and Gwyn,’80; Cintas et
al80; Sotelo et al’86). Chemical dendro-
dendritic synapses in the IO have only been
observed in the opossum (King,’80), while
axo-axonal contacts have not been described.

Several methods have been used to fur-
ther identify profiles of neurons and their
processes, and afferent fibers in the neuropil
of the IO. Neurons can be studied both at
the light and electron microscopical level by
adaptations of the Golgi method and by in-
tracellular injection of horse radish peroxi-
dase (HRP) which can be converted into an
electron dense reaction product (for technical
details see part f). Intracellular labeling of
olivary neurons to study their ultrastructural
morphology has thus far only been used by
King (’80). One of his major observations was
that several HRP labeled profiles (up to five)
belonging to the same neuron may be en-
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countered in a section through a glomerulus.
The glomeruli were not reconstructed, how-
ever, and the question whether these profiles
belong to*a single or to multiple spines could
not be resolved. Using the same technique to
label neurons in the reticular formation dor-
sal to the IO, it was found that the dendrites
of reticular cells may enter the IO to termi-
nate in the olivary glomeruli (Bishop and
King,’86; Foster and Peterson,’86).

Afferent fibers and their terminals can be
identified by anterograde degeneration or tra-
cing, and immunocytochemistry. In cat, rat
and/or opossum anterograde degeneration
and/or tracing have been used to study the
afferent projections to the olive from the ce-
rebellum (King et al.’76; Mizuno et al.,’80;
Angaut and Sotelo,’87), mesodiencephalic
junction (Walberg,’65; King et al.’78; Cintas
et al.,,’80), spinal cord (King et al.,’75; Mizu-
no et al,’76; Gwyn et al.’83; Molinari and
Starr,’88; Molinari,’88), pretectum (Mizuno et
al.’74), and gracile nucleus (Molinari,’ 87,
Molinari and Sluyters,’87). None or only a
small minority of these afferent fibers were
found to contact somata. Most terminals are
apposed to distal dendrites or spines inside
and outside the glomeruli and dendritic
thickets, and contain rounded vesicles and
asymmetric synapses. Terminals with pleio-
morphic vesicles and symmetrical synapses
were only found after 3H-leucine injections in
the cerebellar nuclei of the rat (Angaut and
Sotelo,’87). The cerebellar terminals have
been associated with dendrites linked by gap
junctions (King et al.’76; Angaut and Sotelo,
’87), whereas the afferents from the spinal
cord and gracile nucleus have never been
found in close proximity to gap junctions
(Molinari and Starr,’88; Molinari,’88 and ’87).

Immunocytochemical studies of the IO
which identified the ultrastructural distribu-
tion and morphology of labeled terminals are
relatively scarce. Up till now, immunocyto-
chemical studies have been performed using
antibodies against glutamic acid decarboxy-
lase (Sotelo et al.,’86) and gamma-amino
butyric acid (Angaut and Sotelo,’87), seroto-
nine (Sjolund et al.’80; Wiklund et al.,’81;
King et al,/84; Compoint et al.’88), and



enkephaline (King et al.,’87a; King et al.,’89).
The indolaminergic terminals were found to
contain many dense core vesicles and tubulo-
vesicular elements, and only rarely displayed
a synapse. When they were present the sy-
napses were of the asymmetric type. The
GABAergic terminals usually contained pleo-
morphic vesicles and were provided with sym-
metric synapses. Enkephaline-like immuno-
reactivity was found in a group of large
terminals which contain dense core vesicles,
and in a group of terminals containing small
clear vesicles (King et al,’89). In general,
these cytochemically identified terminals were

distributed randomly over the olivary neu-
ropil. However, King et al. ("84 and °89)
observed in the opossum that enkephalinergic
terminals do not end upon somata, and that
serotoninergic terminals ' are not present
within glomeruli. Although it has been sug-
\gested that the serotonergic (Sj6lund et
al.’80) and enkephalinergic (King et al.’89)
input to the IO are concerned with the regu-
lation of electrotonic coupling, it has sofar
only been demonstrated for the GABA-ergic
(Sotelo et al.,’86; Angaut and Sotelo, ’87) and
cerebellar (see above) terminals that they are
apposed to dendrites linked by gap junctions.

d. Neurotransmitters involved in the olivary system

The olivary neurons contain a variety of
neurotransmitters and they are innervated by
many afferent systems containing many dif-
ferent sorts of neurotransmitters.

Immunohistochemical data (Wiklund et
al.,’82ab; Wiklund et al.,’84; Matute et al,’87;
Campistron et al.’86; Walberg and Otter-
son,’89), and physiological and pharmaco-
logical studies (Crepel et al,’83; Toggen-
burger et al.,’83; Kimura et al.,,’85; Cuénod et
al.’88) strongly suggest that the climbing
fibers, at least of the cerebellar hemisphere,
use the amino acid aspartate as their neuro-
transmitter. Aspartate is known to be excita-
tory (Johnson,’78). Homocysteate and adeno-
sine may be involved in climbing fiber synap-
tic transmission as well (Kostopoulos et al.,
”75; Cuénod et al.’88 and ’89). In addition,
the neuropeptides corticotropin releasing
factor (CRF), (Young et al.’86; Mugnaini
and Nelson,’87; Palkovits et al.,’87; Powers et
al.,’87; van den Dungen et al.’88; Cummings
et al.’88; Foote and Choong,’88), enkepha-
line (ENK), (King et al.’87a) and cholecysto-
kinin (CCK), (King et al,’88) have been
found in olivary neurons and/or climbing
fibers. In some of these neurons and fibers
CRF and ENK are co-localized (Cummings
and King,’88; King et al.’88). CRF probably
potentiates the actions of aspartate and
glutamate in the cat’s cerebellam (Bishop,
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’89). It is interesting to note that the CRF
content of the inferior olive is the highest of
all extrahypothalamic brainstructures (Palko-
vits et al.’85). When the brain stem is tran-
sected in cats at the level of the pons the
CRF content is increased in olivary celis (Ki-
tahama et al,’88). Since this also occurs in
the cat IO after cerebellectomy (Mugnaini
and Nelson,’89) but not following hypophy-
sectomy or adrenalectomy (Kitahama et al.,
’88), the increased CRF level in the olivary
cells of pontine cats is probably due to an
interruption of the cerebello-olivary connec-
tions and not to a disturbed regulation of
extraolivary hormones. In addition, the CRF
production of the olivary neurons can be in-
creased in the dorsal cap after prolonged
physiological optokinetic activation (Barmack
and Young,’88). Other peptides found in
olivary cells are vitamin D-dependent cal-
cium-binding protein (Baimbridge and Miller,
’82; Maler' et al.’84; Fournet et al.,’86),
gamma-amino butyric acid transaminase (Na-
gai et al.’85), and somatostatin (Vincent et
al.’85; Cotter and Laemle,87). Somatostatin
was only found to be present in the MAO, a
property it may share with the receptors for
nerve growth factor (Yan and Johnson,’88).
The olivary cells themselves are inner-
vated by many afferent systems which contain
different neurotransmitters or peptides. One



of the main transmitters is gamma-amino
butyric acid (GABA). GABAergic boutons
are widely distributed throughout the rat, cat
and human IO (Nelson and Mugnaini,’85; So-
telo et al.’86; Gotow and Sotelo,’87; Nelson
and Mugnaini,’88 and ’89; Nelson et al.’89)
and are probably derived mainly from the
cerebellar nuclei (Nelson et al.’84; Nelson
and Mugnaini,’85; Buisseret-Delmas et al.,’87
and ’89), but also from the lateral and
descending vestibular nuclei, the parasolitary
and cuneate nuclei (Nelson et al.,’86; Nelson
and Mugnaini,’87; Nelson and Mugnaini,’89),
and from GABAergic olivary interneurons
(Nelson et al.’88; Walberg and Otterson,’89;
Nelson and Mugnaini,’89). Weber et al. (°89)
found evidence that the IO in the monkey
also receives a GABAergic input from the
pretectum. However, this was neither found
by Horn and Hoffman ('87) in monkey, cat
and rat, nor by Nunes Cardozo and van der
Want (in press) in rabbit. Like GABA,
neuropeptide ENK is presumed to be inhi-
bitory (Roberts,”74; Schulman,’81) and loca-
lized in terminal profiles throughout the IO
(King et al,’87a). CCK -and CRF immuno-
reactive terminal profiles are also present in
each olivary subnucleus but they are more
restricted in their distribution (King et
al.,’87b). The same accounts for substance P
(Ljungdahl et al.’78; Bishop and Ho,’84) and
serotonine (Fuxe,’65; Wiklund et al.;77; Wik-
lund et al.,’81; Sladek and Hofman,’80; Ta-
keuchi and Sano,’83; Bishop and Ho,’84;
King et al.’84; Compoint et al.,’88; Compoint
and Buisseret-Delmas,’88). In some parts of
the olive, like the DAO, Substance P and
serotonine may coexist in the same terminals
(Pare and Descarries,’85; Pare et al,’87).
Apart from an indolaminergic input, the IO
is also innervated by catecholamines (Sladek
and Bowman,’75; Sladek and Hoffman, 80;
Kamei et al,’81). The distribution of this
catecholaminergic input is rather different for
different species. Positive immunostaining in
afferent fibers of the IO has furthermore
been found for enkephaline-methionine
(which was not, like normal enkephaline,
present in olivary neurons; Conrath-Verrier
et al,’83), histamine (Airaksinen and Panula,
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'88), glycine (Nelson and Mugnaini,’89),
neurotensin (during development; Mailleux
and Vanderhaeghen,’88), and galanin (Beal
et al.’88).

Muscarinic and nicotinic cholinergic re-
ceptors are present in respectively the human
and zebra finch 10 (Hyde et al.’88; Watson
et al/88), and acetylcholine esterase is
differentially  distributed in all olivary
subnuclei (Marani et al,’”77). However, ace-
tylcholine is probably not an operative excita-
tory neurotransmitter since the synthesizing
enzyme choline acetyltransferase is not pre-
sent in the IO (Tatehata et al.,’87). Aspartate
does not act as an excitatory neurotransmitter
in the IO either since no positively stained
terminals could be found in the monkey IO
(Walberg and Otterson,’89)*'. The applica-
tion of acetyl and l-glutamate probably in-
creases the excitability of the cellmembrane
of olivary neurons (Duggan et al.’73), and
receptors** have been found for N-methyl-D-
aspartate and L-glutamate in the IO (Mona-
ghan and Cotman,’85). However, the eviden-
ce for glutamate as an excitatory transmitter
in afferents of the IO is still far from
complete. So far, immunocytochemical me-
thods have not been used to clarify this.
Another possible excitatory neurotransmitter
in the IO is Dl-homocysteic acid. When this
excitant drugs is administered to olivary
neurons the olivary firing rate accelerates.

Note*. Because the presumed neurotransmitter
of the climbing fibers is aspartate (see above),
this observation also argues against the
presence of recurrent collaterals of olivary
neurons (see part c).

Note®. With regard to other receptors, it was
found that olivary neurons contain binding sites
for calcitonine gene-related peptide (Skofitsch
and Jacobowitz,’85; Sexton et al,’86), sub-
stance-P  (Helke et al,’84; Buck et al,’86;
Shigematsu et al,’87) and tachykinin (Mantyh
et al,’89), D-2 dopamine and 5-HT2 seroto-
nine (Nakada et al,’84), cholecystokinin (Dietl
et al,’87), neuropeptide y (Harfstrand et al,
'86), alpha I-adrenaline (Jones et al,’85) and
alpha 2-adrenaline (Probst et al.,’84), dihydro-



testosterone (Heritage et al,’81), glycine (de
Montis et al.,’82), and angiotensin II (Gehlert
et al,’84; Mendelsohn et al,'84; Nazarali et
al.,’87; Walters and Speth,’88; Gutkind et al.,

'88). With respect to angiotensin, it is inte-
resting to note that angiotensin converting
enzyme has been found in the IO as well (Chai
et al.,’87).

e. Physiology of the inferior olive

el. Introduction

e2. Electrophysiological characteristics of olivary neurons
e3. Effects of olivary discharges on cerebellar neurons

e4. Function of the olivo-cerebellar system
5. Physiology of olivary afferents

el. Introduction

One of the aims of neurobiology is to
relate the static images of morphology to the
state of flux of the living brain. The
physiological properties of olivary neurons,
such as their propensity to oscillate, their
slow firing rate, and their tendency to fire
synchronously, are important in this respect.
These dynamic properties are determined by
the distribution of conductances and
electrical synapses (gap junctions) over the
cell membrane of the soma and the den-
drites, and they can be influenced by the
activity of neurotransmitters (e.g. GABA) or
drugs (e.g. harmaline). The intrinsic pro-
perties of the olivary neurons and the way
they are affected will be discussed in more
detail below (part e2).

The two main afferent systems of the
cerebellum, the climbing fibers from the IO
and the mossy fiber - parallel fiber pathway,
terminate at two levels. They have their main
effects directly on the Purkinje cells, but they
also give off collaterals to the neurons of the
central cerebellar nuclei. Each olivary neuron
exerts a strong, characteristic, excitatory
action on the proximal dendritic tree of a
small number of Purkinje cells, while the
parallel fibers have a weak excitatory effect
on the spiny branchlets of the distal dendrites
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of numerous Purkinje cells. The impulse
frequency of the climbing fibers is low and is
a limiting factor in the transfer of in-
formation to the Purkinje cells. Climbing
fiber activity induces, apart from a direct
excitation of the Purkinje cells, a change in
their response to the parallel fibers. These
major effects of the olivo-cerebellar fibers
both on the Purkinje cells and on the central
nuclei cells will be considered more
extensively in part e3.

Several theories have been developed to
explain the function of the olivo-cerebellar
system and the mossy fiber - parallel fiber
pathway, taking the spatial organization of
these systems into account. These theories
view the olivocerebellar system as a gating or
learning device influencing the transmission
of information from the parallel fibers to the
Purkinje cells. For an understanding of the
function of the inferior olive it is essential to
compare the individual actions of climbing
and parallel fibers on Purkinje cells and to
review the physiological basis for their
interaction in more detail (part e4).

To understand the function of the inferior
olive it is important to know what kind of
information it receives and how it is pro-
cessed and transmitted to the cerebellum.
This problem has been studied for different
afferent systems and for different parts of the



olive. The inhibitory effects from GABAergic
nucleo-cerebellar pathways and the excitation
by descending mesodiencephalic pathways are
of special interest in the scope of this thesis.
The transfer of information and the conver-
gence of afferent pathways at pre-olivary
levels have been studied in greater detail in
paradigms involving other parts of the olive,
which will also be shortly reviewed (part e5).

e2. Electrophysiological characteristics of

olivary neurons

The intrinsic properties of the olivary
neurons determine the nature of the response
to their afferents, their unusual low maximum
firing rate, and their tendency for rythmic
and synchronous firing. This synchronism is
due to the fact that the neurons of the IO
are electrotonically coupled (Llinés et al,’74;
Llinds and Yarom,’81a) by gap junctions (see
part c). The electrotonic coupling also
explains why some olivary neurons discharge
orthodromic impulses (the olivary reflex)
after cerebellar stimulation even when they
are not antidromically invaded (Eccles et
al.’67; Armstrong et al.’74; Crill,70; Llinas
et al,’74; Andersson,’84). Compared to the
other olivary subnuclei, the level of
electrotonic coupling in the MAO is rela-
tively high (Llinds and Yarom,’81a). Synchro-
neous firing in the IO can be modulated
(Bower and Llinés,’83) by GABA (Sasaki and
Llinds,’85). The mechanism responsible for
this modulation may be a similar one as
found in Navanax buccal ganglia, where elec-
trical coupling of motoneurons can be short-
circuited (shunting) by presumed inhibitory
terminals located near the gap junctions
(Spira and Bennett,’72; Spira et al.,’80).

The propensity of olivary neurons to
oscillate is the result of the differential
distribution of membrane conductances over
the cell membrane. When activated antidro-
mically or orthodromically, the 10 cell at rest
generates, in addition to the usual fast
sodium action potential, a prolonged (about
15 ms) after-depolarizing potential (ADP)
and a long-lasting (about 100 ms) large after-
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hyperpolarizing potential (AHP), (Armstrong
et al.’68; Crill,70; Llinds and Yarom, 81ab;
Pettigrew et al.’88). The dendritic high
threshold calciom conductance responsible
for the ADP can be triggered antidromically
by the initial somatic sodium spike. Trains of
secondary action potentials (spikelets) can
occur in association with this prolonged
depolarization  (Ochi,’65; Sedgwick and
Williams,’67; Armstrong and Harvey,’66;
Armstrong et al’68; Crill70). These ADP
component spikes, with interspike intervals of
approximately 2 ms, are especially prominent
in the olivary reflex potential (Armstrong and
Harvey,’66; Eccles et al.’67). The ADP
activates a calcium-dependent potassium
conductance*®, which is responsible for the
AHP. Foliowing this hyperpolarization, a low
threshold calcium-conductance (located in or
near the soma) is activated, which in turn
may generate again a new sodium spike. This
low threshold calcium-conductance may cause
the rebound potentials (see also part a,
Chapter IV), and is inactivated at rest
membrane potential (Llinds and Yarom,’81b).

The long lasting afterpotential (AHP) of
the olivary cells is the main factor underlying
their low maximum firing frequency of about
10 Hz (Armstrong et al.’68; Bell and
Grimm,’69; Bell and Kawasaki,’72; Eccles et
al’72ab; Armstrong and Rawson,’79; Sasaki
and Llinds’85; Benardo and Foster,’86) and
their tendency to oscillate and to fire
rhythmically (Llin4s and Yarom,’81ab; Benar-
do and Foster,’86; Llinds and Yarom,'86;
Yarom and Adan,’88). Their firing rate
depends on the state of depolarization of the
cell. In fact, olivary neurons tend to fire
rhythmically at two preferred frequencies: 3-
6 Hz when the cells are actively depolarized
and 9-12 Hz when they are actively hyperpo-
larized (Llinds and Yarom,’86). In depola-
rized cells the dendrites will be actively
involved (high threshold dendritic calcium
conductance), causing a long lasting and deep
AHP, whereas hyperpolarized, the dendrites
will not actively participate resulting in a
shorter period. In addition to these basic
features several conductances have been
found which may modulate the electro-



responsive properties of the IO neurons in
the long-term (Yarom and Llinas, 87).

At rest, olivary cells in vitro may display
subthreshold oscillations synchronously in a
group of these neurons (Benardo and Foster,
’86; Llinds and Yarom,’86). After a small
external input these subthreshold oscillations
will become sustained oscillations provided
that the electrotonic coupling between the
cells is strong enough (Yarom and Adan,’87;
Yarom,’89). In order to stop an oscillation in
a cell ensemble some of the cell-units have to
be disconnected from it. These findings show
that the ability of olivary neurons to fire
synchronously coincides nicely with their
tendency to oscillate, and they offer the
interesting possibility that the rhythmical
firing frequency can be decreased by inhibi-
tory afferents which are strategically located
to reduce the level of electrotonic coupling !

Olivary neurons fire synchronously and
rhythmically following stimulation of afferents
(which will be discussed in part e5) but also
after application of drugs like the indol
alkaloid harmaline (Llinis and Volkind,’73;
de Montigny and Lamarre,73). Harmaline,
increases the olivary cell excitability by
hyperpolarizing the neurons and shifting the
inactivation curve of the somatic Ca spike to
a more positive membrane potential level
(Llinds and Yarom,’86). By this mechanism
probably, harmaline is capable to evoke
spontaneous and regular bursts which last for
long periods at frequencies around 8/s or
higher. The bursts are evoked in the caudal
MAO and the DAO (de Montigny and
Lamarre,’73; Llinds and Volkind,’73; Sj6lund
et al.’80). These subdivisions of the olive are
most heavily innervated by serotoninergic
pathways (Wiklund et al.)77). Moreover, it
has been found that the oscillatory effect of
harmaline in vitro is blocked by noradre-
naline but increased by serotonine (Llinds
and Yarom,’86) whereas destruction of the
serotoninergic innervation of the rat IO with
specific neurotoxic drugs can markedly
reduce the harmaline tremor (Sj6lund et
al.,’77 and °80). Thus, although serotonine
exerts, 1in contrast to harmaline, a
depolarizing effect on the membrane of
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olivary neurons (Llinds and Yarom,’86), the
induction of oscillation by harmaline may still
depend on the presence of serotonine (see
also Wiklund et al.’81; Barragan et al.’85).
The olivary rhythm induced by harmaline
coincides with a tremor at the same
frequency (Llinds and Volkind,’73; see also
Llin4s,’84). Apparently, the rhythmic activity
of the IO can be transmitted through the
cerebellar nuclei to motoneurons. Similar
tremorgenic effects follow the application of
other wunrelated alkaloids as dihydro-B-
erythroidine, curare, strychnine, bicuculline
(Biscoe et al’73), and quipazine (Barragan et
al.’85). The tremor evoked by harmaline is
markedbly antagonized by ethanol (Sinclair
et al.’82; Sinton et al.’87), which blocks the
low threshold calcium conductance (Llinds
and Yarom,’86), and it can be abolished by
application of 3-acetyl-pyridine** (Bardin et
al.,’83; Bernard et al.,’84).

Note® These include probably a specific
class of channels sensitive to apamin (Mourre
et al.,’86).

Note*®. Three-acetyl-pyridine is a nicotinic acid
antimetabolite (Gibson and Blass,’85) and
probably interferes with the energy supply of the
neurons in the IO (Montgomery,’80). The
neurons in the caudal MAQ are the last to be
affected by this drug (Anderson and Flumer-
felt,’84;  Rossi, personal communication).
Whether it affects primarily Type I neurons (see
part dl), which are usually located in the
caudal MAO, is unknown.

e3. Effects of olivary discharges on cerebellar
Neurons

The mean conduction velocity of axons of
olivary cells is rather low (5 m/s ranging
from 3.7 to 23 m/s in cat; Eccles et al.’67;
Armstrong et al.’74; Kitai et al.’77). These
axons innervate both cells in the cerebellar
cortex and in the cerebellar central nuclei.



EFFECTS ON CORTICAL CELLS. In
the cerebellar cortex, the climbing fibers
exert effects not only on the Purkinje cells
but also on the inhibitory interneurons. The
primary effect of climbing fiber impulses is a
powerful excitation of Purkinje cells which is
termed climbing fiber response (Eccles et al.,
’66). When recorded intracellularly a clim-
bing fiber response begins with a spike follo-
wed by a long-lasting depolarization with two
to six superimposed wavelets which probably
originate from the Purkinje cell dendrites
(Martinez et al.’71; Llinds and Sugimori,’80;
Ito,’84). The large depolarization underlying
the climbing fiber response is generated by a
unitary excitatory postsynaptic potential
(EPSP) that behaves in an all-or-none
fashion, indicating that it is produced by a
single climbing fiber terminating on the Pur-
kinje cell (Eccles et al.’66). This potential is
so large that it is conspicuous even in extra-
cellular recordings (Fujita,’68; Faber and
Murphy,’69; Murphy and Sabah,’71). When
recorded extracellularly from the Purkinje
cell soma one can see the "complex spike"
response (Thach,’68 and ’70). It is composed
of a short burst of up to 6 component action
potentials with a frequency of about 500/s
superimposed on a slow wave lasting about
10-15 ms. Corresponding with the number of
component spikes, the response in a Purkinje
cell axon to a single complex spike can con-
sist of up to five impulses (Ito and Simpson,
’71). Recordings from Purkinje cells and/or
their axons showed that the number of com-
ponent spikes varied from cell to cell and
even from spike to spike within the same cell
(Thach,’67; Ito and Simpson,’71; Armstrong
and Raw-son,’79b; Ito,’84). The number of
component spikes in the complex spike can
be reduced by inhibition of the Purkinje cell
from the basket cells (Eccles et al.,’67), and
it may be increased when the climbing fiber
response is preceded by a parallel fiber volley
(cf. Mano,’70 and ’74) or when it is followed
immediately by another climbing fiber re-
sponse (Campbell and Hesslow,’86). Parallel
fiber activity is known to evoke simple spikes
in the Purkinje cells (Eccles et al.’67). Clim-
bing fibre responses can also be recorded
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from the surface of the cortex as field poten-
tials (eg. following A B and C-fibre activa-
tion, see Ekerot et al.,’85ab). These field
potentials probably indicate synchronous dis-
charges in many climbing fibres (Andersson
et al.,’87b).

The EPSP’s generated by the climbing fi-
ber impulses do not only evoke complex spi-
kes in the soma of the Purkinje cells but also
prolonged plateau-like depolarizations in
their dendrites (Ekerot and Oscarsson,’80 and
’81; Campbell et al.,’83b). The plateau poten-
tials are generated by an increase of the cal-
cium conductance at the climbing fiber sy-
napses and spread actively to the distal den-
drites (Llinds and Sugimori,’80 and ’82; Tank
et al.’88). The duration of the plateau poten-
tial in the proximal dendrites takes several
tens of milliseconds, whereas in the distal
dendrites it may last hundreds of millise-
conds. The length of this plateau potential in
the distal dendrites depends on the actual
membrane potentials in the individual dendri-
tic branches (Campbell et al.,’83a). The
membrane potential in the distal dendrites is
probably determined by the preceding synap-
tic activity of parallel fibers and interneurons.
Campbell and colleages (’83b) actually sho-
wed that the plateau potential can be shor-
tened or abolished by a superimposed IPSP
from the stellate cells.

Many efforts have been made to study the
possible heterosynaptic effect of climbing fi-
ber responses on the simple spike activity.
The plateau potential, which spreads towards
the distal parallel fiber innervated spiny
branchlets, may be involved in mediating this
effect. So far, three possible heterosynaptic
phenomena have been described. These are
the climbing fiber pause, the long-lasting de-
pression, and the short-lasting enhancement.

The climbing fiber pause is a silence of
simple spikes which usually occurs directly
after a climbing fiber response (Granit and
Phillips,’56; Eccles et al,’67; Bell and
Grimm,’69; Martinez et al.,’71; Bloedel and
Roberts,’71; Armstrong et al,73c). The
duration of the climbing fiber pause varies
like the plateau potentials from ten to several
hundreds of milliseconds, and may also



depend on the preceding membrane po-
tential. In fact, it was found that the dura-
tion of the pause is related to the simple
spike activity preceding the climbing fiber
response (Latham and Paul,71). However,
Murphy and Sabah (*71) showed that the
duration of the pauses is also related to the
size of the stimulus to the IO itself and to
the number of olivary neurons discharged.
The suppression of simple spikes by a
complex spike may be due to a direct hetero-
synaptic effect of the climbing fibers on the
Purkinje cells or to the involvement of the
inhibitory interneurons which are known to
receive climbing fiber synapses and which in
turn may modulate the Purkinje cell mem-
brane potential (Eccles et al.’66¢; Schulman
and Bloom,’81). In behavioural experiments
with awake monkeys it was found that the
pauses which follow spontaneous climbing
fiber responses are usually short (Thach,’68),
whereas the pauses which occur after clim-
bing fiber responses preceding the onset of
movement (Thach,’70) or during arousal
responses (Mortimer,’73), commonly last 100
ms or more. This suggests that the duration
of the climbing fiber pause is an important
factor in the coordination of motorbehaviour.

Ekerot (’85) proposed that the climbing
fiber evoked plateau potentials could under-
lie the long-lasting (up to two hours)
depression of parallel fiber responses. This
heterosynaptic depression of simple spikes
occurs after a short period (several minutes)
of conjunctive electrical stimulation of
climbing fibers and parallel fibers terminating
on the same Purkinje cells (Ito et al.,’82;
Ekerot and Kano,’83). When the parallel
fiber response occurs within 20 ms after the
climbing fiber response the depression can be
found in the majority of the Purkinje cells
tested, whereas after 400 ms it is only present
in a minority of the cells (Ekerot and Oscars-
son,’81). The occurrence of a long lasting
depression also depends on the local mem-
brane potential of the Purkine cell dendrites.
Synapses located on dendrites receiving a
strong net excitatory input will be strongly
affected, whereas synapses located on hyper-
polarized dendrites will be little or not at all
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influenced by a climbing fiber impulse
(Campbell et al.’83a). Kano and Kato (’88)
found evidence that the occurrence of long
term depression is strictly dependent on
conjunction of climbing fiber activity with
quisqualate receptor activation. The above
findings suggest that individual synapses and
dendrites of Purkinje cells have a learning
capacity.

The third possible heterosynaptic effect is
the opposite of the former one. When paral-
lel fibers are activated by natural (Ebner and
Bloedel,’81ab) or electrical (Ebner and Bloe-
del;’84) stimulation shortly after (20 ms or
more; thus probably after the initial climbing
fiber pause) a spontaneously occurring
(Ebner and Bloedel, 81ab), somatosensory
evoked (Ebner et al.,’83), or behaviorally
evoked (Lou and Bloedel,’86; Mano et al,
’86) climbing fiber input, the simple spike
responses are enhanced for a short duration
(about 100 ms). This suggests that the clim-
bing fiber input may enhance the responsive-
ness of Purkinje cells in a real time opera-
tion.

It may be important to stress that the
climbing fiber pause and short-lasting
enhancement apparently occur following a
normal activation of the climbing fibers.
However, the long-lasting depression is
produced only by long lasting (several
minutes) electrical activation. This long tonic
discharge has rarely been found in the IO
following natural stimulation (see part d1).

EFFECTS ON CEREBELLAR
NUCLEAR CELLS. Olivary discharges influ-
ence the central nuclei neurons directly via
collaterals of olivocerebellar axons and
indirectly via the climbing fiber input to the
Purkinje cells, which monosynaptically inhibit
the cells in the cerebellar nuclei (Ito and
Yoshida,’66; Ito et al,’70). Intra- and
extracellular recordings from neurons in the
deep cerebellar nuclei (Latham et al.,’70;
Eccles et al.’71 and ’74ab; Kitai et al.’77;
Andersson and Oscarsson,’78; Armstrong et
al.’73e; Llinds and Miihlethaler,’88ab) or in
Deiters’ lateral vestibular mucleus (Ito and
Yoshida,’66; Ito et al.,’66; Allen et al.,’72ab;
Ten bruggencate et al.,’72) following direct or



indirect stimulation of the IO usually showed
that the background frequency of about 50
spikes per second changed into the expected
sequence of an early short-lasting excitatory
postsynaptic potential (EPSP) followed by an
inhibitory postsynaptic potential (IPSP), the
latter lasting about 100 ms. The same se-
quence of potentials, although with somewhat
shorter latencies, can be seen following mossy
fiber stimulation (McCrea et al,’77). The
preceding EPSP is sometimes absent (Llinds
and Miihlethaler,’88ab), suggesting that the
climbing fiber collaterals are not innervating
every central mnuclei cell. This is -in
accordance with the observation that the
decrease of the activity of the central neurons
following destruction of the IO by 3-acetyl
pyridine is due to an increased inhibitory
effect of the Purkinje cells and not to a
deafferentation of the central nuclei neurons
from the olivary collaterals (Batini and
Billard,’85). Together these data indicate that
the olivo-cerebellar fibers mainly exert their
effects on the central nuclei cells indirectly
through the Purkinje cells (see also
Andersson and Oscarsson,’78). The IPSP is
often followed by a prolonged (approximately
60 ms) burst caused by disinhibition of the
nuclear cells during the climbing fiber pause.
The amplitude, latency, and duration of the
prolonged depolarization is variable in any
one cell, and the number of cells in which an
acceleration of the resting discharge can be
detected varies between different cerebellar
nuclei (Armstrong et al.’73e; Armstrong,’74;
Kitai et al.77).

e4. Function of the olivo-cerebellar system

The cerebellum probably coordinates
voluntary as well as reflex movements
through coactivation of descending paths to
alpha-motoneurons for the generation of
muscle power, and to gamma-motoneurons
for the adjustment of the sensors for
muscular position and velocity (Brooks and
Thach,81). In this way, the cerebellum
supports posture and motor control, through
a tonic action on reflexes and the phasic

22

triggering of motor programs (Bloedel and
Courville,’81).

The climbing fiber system is present in the
cerebellum of all vertebrates (Llinés,’85), and
cerebella deprived of the climbing fiber
system retain only a rudimentary motor
coordinator function (Llinas et al.,’75; Demer
and Robinson,’82). Several investigators
(Wilson and Magoun,’45; Carrea et al,’47;
King,’48; Dow and Moruzzi,’58; Passouant et
al.’65; Murphy and O’Leary,”71; Soechting et
al.’76; Kennedy et al.,’82) have found in cats,
rabbits and monkeys that a lesion or
destruction of the IO produces disturbances
of motor control that closely resemble those
produced by ablation of the cerebellum. The
types of disorders can be more or less related
to the location of the lesions. Apart from
general disfunctions like ataxia and
hypotonia, lesions of the vermis and the
paravermal region produce an abnormality in
the sequence of muscle contractions during
rapid movements, and dysmetria and tremor

during slow movements, whereas lesions of

the hemispheres are characterized by delays
in movement initiation and in coordination of
distal limb movements. It is generally
believed that whereas the execution of
movements is more controlled by the
spinocerebellum, the lateral cerebellum plays
a prominent role in the preparation to move
(Allen and Tsukahara,74; Brooks and
Thach,’81; Lamarre and Chapman,’86; Ivry et
al.,’88).

The major function of the olivo-cerebellar
system is probably to influence the
transmission of information from the parallel
fibers to the Purkinje cells. In several
instances it has been found that peripheral or
cortical stimulation evoked activity in mossy
and climbing fiber pathways converges upon
the same Purkinje cells (Provini et al.’67 and
’68; Ekerot and Larson,’80). This is in
accordance with the anatomical findings (see
part b) that the terminations of mossy fibers
in the granular layer are, although Iess
specific than the climbing fibers, also
aggregated in sagittal zones, and that some
nuclei like the dorsal column nuclei give rise
to mossy fibers which project to the same



zones as their related climbing fiber
projection. These data are also supported by
studies which showed that mossy fibers
preferentially excite the Purkinje cells which
overlie their focal terminations in the
granular layer (Ekerot and Larson,’73 and
’80; Llin4s,’82; Bower and Woolston,’83).
This may be explained by presuming that the
ascending parts of the T. shaped parallel
fibers exert a more important effect on the
Purkinje cells than the transversal parts
(Llin4s,’82). Thus far, the assumption that the
medio-lateral topical specificity in mossy fiber
systems will be erased by the transversely
oriented parallel fiber pathway has not been
confirmed in experimental studies; mossy
fibers evoked Purkinje cell activity rather
follows the same zonal pattern as the
climbing fibers.

The precise function of the IO in the
cerebellar system remains a controversial
issue. The theories on olivary function can be
divided into three groups: Those which argue
that complex spike discharges control tonic
muscle activity (Marchesi and Strata,’71;
Colin et al.’80; Barmack and Simpson,’80;
Montarolo et al.’82; Benedetti et al.,’83;
Strata,’85), those suggesting that the climbing
fiber system is principally involved in phasic,
real time processing in the cerebellar cortex
(Llinds and Volkind,73; Pellionisz and
Llin4s,’82 ;Bloedel and Ebner,85; Pel-
lionisz,’85; Llin&s,’89; Bloedel and Zuo,’89),
and those proposing that the climbing fiber
system plays an important role in motor
learning (Marr,’69; Albus,”71; Gilbert and
Thach,’77; Ito,’82ab; 1to,’84).

The tonic theory has been promoted
mainly by Strata and colleages. This idea was
based on experiments that showed a main-
tained higher average discharge frequency of
complex spikes during non-REM sleep than
during REM sleep with its phasic phenomena
(Marchesi and Strata,”70 and °71). In further
experiments using natural or electrophy-
siological stimulation of the IO it was shown
that the complex spike frequency is, in the
long term, inversely related to the following
simple spike frequency (cf. the climbing fiber
pause, see e3), (Ferin et al,’70 and ’71;

Ghelarducci et al.,’75; Gilbert and Thach,’75;
Barmack,’79; Leonard and Simpson,’82;
Rawson and Tilokskuchai, 81 and ’82). This
reciprocal behavior in the complex and
simple spike activity was confirmed in other
experiments which recorded Purkinje -cell
activity after irreversible (Colin et al.,’80) and
reversible (Montarolo et al,’81; ’82) lesions
of the IO. In addition, experimental evidence
has become available showing that an altered
olivary output actually may exert a tonic
effect on muscle activity: 1) Barmack and
Simpson (’80) observed a conjugate drift of
the eyes toward the side contralateral to the
lesion applied to the 10, 2) Boylls (*78;'80)
found that repetitive stimulation in the
caudal MAO (projecting to the A zone which
is involved in posture) influences the tonic
activity within the muscles, 3) Batini et al.
(°83) found that lesions of the IO resulted in
a decrease of the electromyographic activity
of the triceps muscles, and 4) Strata et al.
(’85) found that destruction of the IO by
kainic lesion produced a clear-cut hypotonia.

Therefore, it is now believed that the
olivocerebellar pathway exerts a tonic
enhancing effect on muscle tension

- (Strata,’85) through a tonic inhibitory effect
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on the Purkinje cells simple spike discharge.
The argument that the climbing fibre
system may be involved in shorter-term
processes important for real time processing
in the cerebellar cortex has been mainly
propagated by Llinds and Bloedel. Llinds
proposed that the olive serves as a timing
device in the execution of rapid movements.
Here (Llings,’85; Llinds and Yarom,’86;
Llinds and Miihlethaler,’88ab), the climbing
fiber input is seen as a "real" afferent input
which forces the Purkinje cells directly to be
active in a burst manner at particular
moments in time, in stead of having a mere
modulatory role as proposed in the tonic or
learning theory. Since human reaction-time
movements have been reported to be paced
by the normal human 10/s physiological
tremor (Goodman and Kelso,’83), and since
olive discharge has a periodicity at 10/s
(Armstrong and Harvey, 66; Crill,’70) that,
under harmaline, is dramatically increased



and can drive a 10/s body tremor (see part
e2), the inferior olive may serve as the
"clock” of the motor system, triggering the
onset of rapid movements on the beat of its
10/s rhythm (Llinds and Volkind,’73; Llin4s,
’84). Bloedel and colleages suggested that the
IO is involved in time processing by exerting
rapid short lasting effects on the responses of
the Purkinje cells to the parallel fibers. They
demonstrated that there is a short-lasting
enhancement of Purkinje cell responses evo-
ked by mossy fibre inputs following either
spontaneously occurring or naturally activated
climbing fibre inputs to the same neuron (see
part e3; Ebner and Bloedel,’81ab; Ebner et
al.,’83; Ebner and Bloedel,’84; Lou and Bloe-
del,’86). It was argued that the climbing fibre
system regulates synchromously (due to the
electrotonic coupling of the olivary cells and
the branching of their axons) the gain of a
selected group of Purkinje cells to mossy
fibre inputs activated by peripheral or des-
cending inputs. A short-term synchronized
action of the climbing fibers would synchro-

nize and steepen the omset of the simple .

spike frequency modulation in the Purkinje
cells (Llinés,’89; Bloedel and Zuo,’89; Mano
et al,’89). This synchronization effect of the
climbing fiber activation on the simple spike
activity could occur when a motor command
is required to be tramsmitted with precise
timing as in externally triggered movements
(Mano et al,’89), at the onset of normal
ballistic movements (Llinds,”70; de Montigny
and Lamarre,’73; Llin4s,’84), and possibly
even of spontanous movements (Fukuda et
al.,’87). Since Gibson and Chen (’88) showed
that direct electrical stimulation of the IO
does not produce any movements (except for
stimulation in the dorsal cap which evokes
eye movements when visual feedback is pre-
vented; see Barmack and Hess,’80b), the 10
may rather accelerate a good start than
initiate a movement (see also Brooks and
Thach,’81).

One of the most widely held theories
about olivary function is that the IO provides
the cerebellum with an error signal that
indicates inadequate motor performance and
that this signal is used to correct motor
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performance. It was suggested that the olive
may be involved in the adaptation of repea-
ted movement in motor learning itself (Marr,
'69; Albus,71; Ito,72 and ’84; Gilbert,’74).
This idea is supported by four lines of evi-
dence: (a) Ablation of portions of the cere-
bellum has eliminated various motor adapta-
tions and has prevented further adaptation.
These include adaptation of the vestibulo-
ocular reflex (Ito et al.,’74; Robinson,’76),
acquisition of the conditioned eye blink reflex
(Yeo et al.’84; McCormick and Thompson,
’84; Lavond et al.’84 and ’85), conditioning
of leg-flexion responses (Donegan et al.’83),
long-term habituation of the acoustic startle
response (Leaton and Supple,’86), and condi-
tioning of heart rate (Lavond et al.’84). In
the paradigm of the classically conditioned
eyeblink response (McCormick et al.’85) and
skeletal muscle responses (Steinmetz et al.,
’89) indirect evidence was found that the
climbing fibre input operates as the uncondi-
tioned stimulus while the mossy fibers should
transmit the conditioned stimulus. (b) By
recording Purkinje cell discharge during
adaptation of limb (Gilbert and Thach,’77) or
eye (Watanabe,’84) movements in the awake
animal it was shown that the olivary firing
rate initially increases after applying a new
external trigger (which probably results in a
conjunction of climbing fiber and mossy fiber
activity), but when the animal gradually
learns to recognize the trigger and to react
with a correct movement the same external
trigger does not evoke complex spikes any-
more. The Purkinje cell simple spike respon-
se appeared to be reduced after the trigge-
ring event and remained so even after the
decrease of complex spikes. (c) Following the
application of conjunctive stimulation of
climbing and parallel fibers (see part e3)
there is a long-term reduction in the ampli-
tude of Purkinje cell responses evoked by the
mossy fibres (Ito et al.’82; Kano and Kato,
’87) or the parallel fibers (Ito and Kano,’82;
Rawson and Tilokskulchai’82; Ekerot and
Kano,’85). (d) Injections of B-noradrenergic
substances in the flocculus of rabbits affect
adaptation of the vestibulo-ocular reflex
(VOR) gain (van Neerven et al., in press).



Although the three theories mentioned
above are quite different, they are not
mutually exclusive. In fact, it could be
possible 1) that the low spontaneous olivary
firing frequency at rest is part of a tonic
control, 2) that this frequency increases
synchronously in a specific group of olivary
neurons when a particular rapid movement is
required (this could be triggered by simple
peripheral unexpected events and mediated
through the ascending pathways or by more
complicated indirectly related external or
internal events and mediated through the
descending pathways), and 3) that the quality
and reaction time of these types of move-
ments, which are correlated with olivary
activity, gradually improve after hetero-
synaptic changes in the cerebellar cortex
induced by repeated climbing fiber activity.

It can be concluded that there is
agreement on a role of the climbing fiber
system in the modification of the response
characteristics of ensembles of Purkinje cells
and through them, the activity of the central
nuclear neurons. Whether these modifications
hold for short or long periods of time is still
a controversial matter.

e5. Physiology of olivary afferents

€5.1 Introduction

€5.2 Quality of information transmitted
by the olivary neurons

€5.3 Inhibitory cerebellar afferents

e5.4 Excitatory descending afferents

e5.5 Somatosensory, teleceptive and
vestibular afferents

5.6 Convergence of inputs

e5.1 Introduction

Physiological studies demonstrated that
many afferent systems exert effects on the
10. These effects have been studied mostly
by recording climbing fiber responses at the
cerebellar cortex but also directly by
microelectrode recordings within the IO.
Under natural circumstances olivary cells can
be activated 1) after presenting the animal
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unexpected sensory stimuli, 2) at the
beginning of externally triggered voluntary
movements which need to be performed un-
der a strict time constraint, and 3) during the
performance of novel motor tasks (see also
part e.d). In addition, olivary cells are acti-
vated following electrical stimulation of peri-
pheral and cranial nerves, the spinal funiculi,
certain areas of the cerebral cortex, and seve-
ral midbrain structures, while they can be
inhibited by stimulation of afferents from the
cerebellar nuclei, or by activation of specific
somatosensory and vestibular afferents.

Below, it will be discussed how the olivary
neurons transmit their information (part
e5.2), what the effects are of an activation of
the cerebellar (part e5.3) and descending
(part e5.4), and somatosensory, teleceptive
and vestibular (part e5.5) pathways, and whe-
ther these systems converge in the IO and/or
at a preolivary level (part e5.6).

e5.2 Quality of information transmitted by
the inferior olive

The firing frequency of an afferent system,
is usually related to the strength of the
stimulus (Gibson and Gellman,’87). However,
following stimulation of their afferents the
spontaneous and irregular firing rate of
olivary neurons (approximately 1-2 Hz; Ec-
cles et al,’67), increases rhythmically and
phasically*® to a maximum of 10 Hz. There-
fore, olivary neurons are not very potent to
discharge parametrically as a continuous
function of the input stimulus (Murphy et
al.,’73; Rushmer et al.’76; Gellman et al.,’83
and ’85; Gibson and Gellman,’87; Mano et
al.’89). Weak correlations have so far only
been described for neurons in the dorsal cap
of which the activity was more or less related
to the speed of the visnal stimulation
(Maekawa and Simpson,’73; Simpson and Al-
ley,74; Alley et al.’75; Barmack and Hess,
’80; Simpson et al.,’81), and for neurons in
the beta nucleus which responded in phase
with the position of the sinusoidal vestibular
roll stimulus or with the velocity of this
stimulus (Barmack et al.,’89).



An ensemble of olivary neurons seem to
be more capable of mediating information. It
has been observed that the firing of olivary
cells is locked in time to the omset of a
peripheral stimulus when the rising phase of
such a stimulus is fast or to the onset of a
descending command when performed under
a strict time comnstraint. Gibson and Gellman
(’87) showed that olivary cells fire directly
after passive limb displacements of a high
velocity whereas their moment of firing is
variable following slowly induced changes.
Similarly, a perturbation of locomotion,
which means a rapid peripheral change evo-
king a fast reaction movement, has been
found to increase the synchronicity of olivary
firing (Bloedel and Zuo,’89). Furthermore, it
was shown that olivary neurons of animals,
which had been learned to make specific
wrist movements following visual stimuli,
respond synchronously at a moment related
to the onset of movement, when these
movements have to be made as quickly as
possible after the visual stimulating event
(Mano et al.’89). Thus, it seems that the
level of synchromicity in olivary firing (see
also Sasaki and Llin4s,’85) carries infor-
mation about the velocity of peripheral
changes or about the timing of movements,
whereas the firing of individual olivary
neurons indicate the presence but not the
intensity of the afferent input. Whether the
afferent systems modify the synchronism of
the olivary discharge by increasing the
electrotonic coupling or solely by simul-
taneous postsynaptic effects upon different
olivary neurons, has not been elucidated yet.

Note®. An exception to this general response
behaviour of olivary neurons seems to be the
tonic activity of olivary neurons which can be
evoked by noxious stimulation in contrast to
normal tactile stimulation (Ekerot et al.,’85b),
or by discplacing a limb in an unnatural upper
static position (Kolb and Rubia,’80).
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€5.3 Inhibitory cerebellar afferents

Hesslow and Andersson found evidence
that the cerebello-olivary projection in cat
mediated via the brachium conjunctivam is
inhibitory (Hesslow,’86; Andersson and Hess-
low,’86 and ’87abc; Andersson et al.,’88 and
’89). Their studies were mainly restricted to
the climbing fiber projections to the C1 and
C3 zone which originate from the rostral
DAO, but in some cases similar results were
obtained for the climbing fiber projections
from the rostral MAO (they did not obtain
direct evidence for an inhibitory nucleo-
olivary projection to the caudal DAO and
MAQO). When peripheral nerve or olive sti-
mulation was preceded at long intervals (>35
ms) by weak electrical stimulation of an
ipsilateral mesencephalic area close to the
brachium conjunctivum, climbing fiber res-
ponses could be virtually abolished (Hesslow,
’86). In addition, it was found that inhibition
of climbing fiber activity after a conditioning
stimulation of a peripheral nerve can no lon-
ger be produced after a lesion of the bra-
chium conjunctivum (Andersson and Hess-
low,’86; Andersson and Hesslow,’87a) while
injections of the GABA-receptor blocker bi-
cuculline methiodide into the IO reversibly
blocked the post-conditioning inhibition
(Andersson et al.’88). Recently, it was
suggested that the cerebellar nuclei exert
their inhibition to the DAO through a relay
nucleus rather than through the direct cere-
bello-olivary fibers (Andersson et al.’89).
Lesions of this relay nucleus, from which no
antidromic responses could be recorded in
the brachium conjunctivum, abolished the
inhibition of climbing fiber responses by
brachium conjunctivum stimulation.

The climbing fiber projections to the B,
C1 and C3 zones can be subdivided in micro-
zones (Andersson and Oscarsson,’78). These
small subzones with a wide of about 200 um
can not be identified anatomically but they
are characterized by the set of limbs from
which they can be activated, and by the
latency of the corresponding climbing fiber
responses. Adjacent cerebellar microzones



show mutual inhibition (with a short latency
of about 15 ms) as it was demonstrated follo-
wing subsequent stimulations of different
peripheral nerves (Andersson,’84). This inhi-
bition is strongest between olivary cells which
project to an adjacent microzone, and it is
probably due to post-synaptic inhibition
within the IO itself. If this inhibition is
derived from the cerebellar nuclei, this would
mean that there is a subtle mismatch of the
reciprocal connections between the olivary
and central nuclei cells. However, according
to the physiological results from Andersson
(’84), the mutual inhibiton could just as well
be derived from inhibitory interneurons
within or nearby the IO, or from inhibitory
neurons of the dorsal column nuclei projec-
ting to the IO, and/or from a neuronal
interaction of coupled olivary cells.

According to Andersson et al. ("88) the
inhibitory nucleo-olivary cells could serve se-
veral functions. The nucleo-olivary pathway
may be part of a negative feedback system
regulating the tonic inhibitory control which
the climbing fibres are believed to exert on
the simple spike firing rate (Colin et al.,’80;
Montarolo et al.,’82; see part e4).

A second suggestion pertains to the
possibility that the parallel fibre-Purkinje cell
synapses are sites of motor learning (Albus,
*71; Tto et al.’82; Ekerot and Kano,’85; see
part e4). It was demonstrated that the clim-
bing fibre input tends to depress those
parallel fibre synapses which have just been
active (long lasting depression, see part e3).
In order to ensure that the magnitude of this
depression is appropriate, the inhibitory
cerebello-olivary feedback loop might be
important. Such a feed-back mechanism
could explain the blocking phenomenon in
classical conditioning (Kamin,67). When a
motor response has been firmly conditioned
to one stimulus, for example a tone, and a
second conditioned stimulus, for example a
light, is then presented simultaneously with
the tone, conditioning to the second stimulus
is very inefficient. If instead, only the second
conditioned stimulus is paired with the
unconditioned stimulus, conditioning
proceeds normally.
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A third possibility, not incompatible with
the previous suggestions, is that the nucleo-
olivary pathway is involved in the gating of
olivary transmission. According to the "error
signal" hypothesis of Oscarsson ("80; see also
Ito,’84), the climbing fibres signal to the
cerebellar cortex that some movement has
been or is being incorrectly performed. The
empirical findings, that climbing fibres
discharge in response to passive tactile
stimulation of the paw, but not when such a
stimulation results from an active movement
(Armstrong et al.’82; Gellman et al,’85;
Andersson and ArmsStrong,’87) lend support
to this hypothesis. The nucleo-olivary pro-
jection might play a crucial role in deciding
whether a movement was expected or not (cf.
role rubro-spinal pathway, part e5.5).

A fourth hypothesis was provided by the
studies of Llinds and Sotelo. As mentioned
above (part e2) olivary cells are electro-
tonically coupled and this coupling can be
modulated by GABA (Bower and Llin4s,’83;
Sasaki and Llinds,’85; Lang et al.’89). The
observations that cerebellar (King et al.’76;
Angaut and Sotelo,’87) and GAD-positive
terminals (Sotelo et al.’87) are associated
with gap junctions in the inferior olive,
suggest that the nucleo-olivary fibers are
engaged in the modulation of electrotonic
coupling of olivary neurons, rather than
exerting a classical inhibitory effect. The
results of Andersson and colleages of a
strong inhibition of the inferior olive, as
described above, do not necessarily exclude
such a mechanism. The high frequency clim-
bing fibre activation employed in their expe-
riments produced a very strong activation of
the interposito - olivary cells (Andersson and
Hesslow,’87b). It is possible, therefore, that
these experiments were not well suited for
revealing more subtle effects on the inferior
olivary neurons.

5.4 Excitatory descending afferents

Olivary neurons are probably not clearly
activated during normal movements. Dischar-
ges from IO neurons have been recorded at
preferred times during the step cycle of the



walking cat (McElligot,”76, Boylls,’80, and
Udo et al.’81), but other studies aimed at
recording olivary discharges during normal
locomotion failed to confirm these findings
(Brooks and Thach,’81; Armstrong et al,’82;
Gellman et al.’85). However, when the ani-
mal performs a voluntary movement under a
strict time constraint olivary cells projecting
to the intermediate and lateral hemisphere,
and therefore most likely located in the PO
and rostral MAOQO, can be activated (Mano et
al.’89). Several studies lend support to this
hypothesis. A phasic increase in climbing
fiber responses can be observed after a trig-
gering stimulus and before the subsequent
reaction movement in several paradigms: 1)
Prompt arm movement triggered by a light
signal (Thach,’70), 2) startle responses to
loud acoustic or intense flash stimuli
(Mortimer,’73 and *75), 3) moving back the
handle displaced from a holding position by
external load (Gilbert and Thach,77), 4)
adjusting movement during locomotion when
it is mechanically disturbed (Matsukawa and
Udo,’85; Gellman et al.’85; Andersson and
Armstrong,’86;
Bloedel and Lou,’87; Armstrong and Anders-
son,’87; Kim et al,87), and 5) following
targets by wrist movements (Mano et al.’86).
In these experiments, animals were required
to initiate the movement as soon as possible
in response to an external trigger stimulus.
According to the figures presented by Mano
et al. (86 and ’89) olivary fibers were ac-
tivated about 200 ms after the external trig-
ger and about 125 ms before the actual mo-
vement, while Llinds (’87), even found
positive  correlations of climbing fiber
activities 10-15 ms prior to phasic move-
ments. On the other hand, phasic climbing
fiber responses can not be observed during
self paced movements (Mano et al.,’86), rapid
alternating arm movements (Thach,’68),
alternate pushing movements (Mano,’74), a
precision grip by thumb and forefinger
(Smith and Bourbonnais,’81), and non-
disturbed locomotion (Armstrong et al,’82;
Gellman et al.,’85). In these later paradigms,
the timing of the movement was not a prere-
quisite for the performance of the animal.

Gibson and Gellman,’87; .
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Most, if not all, of the olivary responses
found prior to the reaction movements are
probably mediated by the descending affe-
rents from cortical areas since most of them
were triggered by complex external events.
Pathways of the cerebral cortex to the IO
have been shown in many physiological stu-
dies (Jansen and Fangel,’61; Armstrong and
Harvey’66 and °’68; Provini et al.’68;
Andersson et al.’87b). The dominating cor-
tical projection to the IO with probably the
shortest latencies (Kato et al.’88) originates
in the pericruciate sensorimotor cortex (Arm-
strong,’67; Jansen,’57; Miller et al,’69a),
especially in the posterior but also in the
anterior sigmoid gyri (motorcortex), (Anders-
son and Eriksson,’81; Andersson and Nyquist,
’83; Andersson et al.’87b; Kato et al.’88). In
addition, electrical stimulation of cerebral
cortical areas like the orbital and anterior
ectosylvian gyri (Jansen,’57; Kato et al.’88),
and auditory and visual receiving areas (Sni-
der and Eldred,’S1 and ’52), the second so-
matosensory area (SII), and area 5 in the

_parietal cortex (Andersson and Eriksson,’81;

Andersson and Nyquist,’83; Andersson et al.,
"87b) were found to evoke climbing fiber
responses. According to the termination
zones of these climbing fiber responses,
which were predominantly contralateral, the
cerebra] cortical input is present in all olivary
subnuclei. Apart from the pericruciate pro-
jection, the PO/D and rostral MAO/C2 com-
plex receive especially a powerful input from
the parietal cortex and SII respectively
(Andersson et al.,’87b). Convergence of
pathways from different cerebral areas on to
the same olivary cell has been found for
several areas (Sedgwick and Williams, 67,
Andersson et al.,’87b).

The cortical input to the IO is relayed
partly through nuclei in the lower brainstem
like the dorsal column nuclei (Oscarsson,’69b;
Andersson,’84) but primarily through higher
centres in the midbrain. Stimulation in the
nucleus of Darkschewitsch and surrounding
areas in the mesodiencephalic junction pro-
duced climbing fiber responses in the cortex
of the paramedian lobule and the interme-
diate part of the anterior lobule (Miller et



al.’69b; Appelberg,’67; Appelberg and Mo-
lander,’67; Appelberg and Jeneskog,’73; Je-
neskog,”74, and ’81; Jeneskog,’87; Oka,’88),
the caudal vermis (Jeneskog, 81 and ’83), or
the flocculus (Maekawa and Simpson,’73).
The mean latency from the Darkschewitsch
region to the rostral MAO/C2 complex was
11 ms (Jeneskog,’87; see also Ruigrok et al,
part a of Chapter IV). Stimulation of the
caudate nucleus (Sedgwick and Williams,’67)
was also found to evoke predominantly con-
tralateral climbing fiber responses but has
not been confirmed since.

No specific hypotheses have been pro-
posed for the function of the descending
olivary inputs. However, regarding the loca-
tion of the cortical and midbrain areas which
can evoke climbing fiber responses, and con-
sidering the events which evoke activity in
the olivary subnuclei connected with these
regions, the information mediated through
this projection to the IO is probably involved
in the processing of complex sensory stimuli
and their related motor commands.
e5.5 Somatosensory, and
vestibular afferents

teleceptive

SOMATOSENSORY AFFERENTS. The
effective stimuli of the olivary neurons
include teleceptive and vestibular (see
below), and autonomic (Widén,’S5; Newman
and Paul’69), but primarily somatosensory
activation (for reviews see Miller and
Oscarsson,’70; Oscarsson,’67; Oscarsson,’73,
Armstrong,’74; Ekerot et al.,’79; Andersson et
al,’87b). The studies using natural stimuli
showed that olivary cells are activated after
the onset, but also under specific conditions,
at the offset of peripheral stimuli (Eccles et
al.’72ab; Rushmer et al.’76; Gellman et
al.’83 and ’85). The effective somatosensory
stimuli, which excited primarily the cutaneous
receptors, included pinching skin and deep
tissues (Thach,’67; Oscarsson,’68 and ’69a),
taps against the footpads (Larson et al.,’69a),
light puffs of air on hairy skin (Eccles et
al.’72ab), vibration, stroke, light touch and
slip (Gellman et al.,’85), electric shocks
(Gellman et al, ’83), and differential sti-

29

mulation of cutaneous A B- and C-fibres (E-
kerot et al.,’85ab). Proprioceptive effects
were obtained following stimulation of
muscle afferents (Armstrong et al/68;
Ishikawa et al,72ab), dynamic stretch,
isometric contraction or excitation of Golgi
tendon receptors but not after isotonic
contraction (Faber et al,71; Ishikawa et
al.’72ab; Murphy et al,)73), or passive
movement or rotation of a limb especially
when performed with a change in accele-
ration (Rushmer et al,’76; Kolb and
Rubia,’80; Gellman et al.,’85).

One of the most comprehensive studies
was performed by recording directly in the
IO following somatosensory stimulation in
the anaesthetized, decerebrated (Gellman et
al.’83) or awake (Gellman et al.’85) cat. In
these studies, it was found that the majority
of the olivary cells responded to somato-
sensory stimuli. In all subnuclei a mediola-
teral somatotopy was observed with the face
and forelimb represented medially and the
hindlimb laterally.

In the DAO, all inspected neurons were
responsive to somatosensory stimuli (with
rather short latencies, 10 - 20 ms). Cells with
cutaneous input predominated in the rostral
part, whereas those with exclusively proprio-
ceptive input were more common in the
caudal region of this subnucleus. The recep-
tive fields of the DAO cells were usually
restricted to a small part of an ipsilateral
limb, together revealing a refined map of the
entire contralateral body surface.

In the MAO, 88% of the cells reacted to
somatosensory stimulation (with long laten-
cies 25 - 40 ms). The receptive fields of
individual MAO neurons were more compli-
cated and larger, sometimes including all four
of the limbs (see also Leicht et al)72;
Armstrong,’74). They were mostly affected by
proprioceptive inputs only. These proprio-
ceptive neurons were activated when a limb
or set of limbs was unexpectedly displaced in
a particular direction (see also Kolb and
Rubia,’80). Different from the other subnu-
clei which had purely excitatory fields, the
caudal MAO showed spatial patterns of exci-
tation and inhibition on somatosensory



stimulation. This inhibition might be derived
from GABAergic neurons in the cuneate
nucleus (see part d, this Chapter).

Of the PO cells 74% were responsive at
the onset of unexpected somatosensory
stimuli (also with rather long latencies). The
receptive fields of the PO were also rather
large. Cells with cutaneous input predomi-
nated in the POvl, whereas those with exclu-

sively proprioceptive input were more
common in the POdL
The somatosensory (but also some

autonomic) input to the IO is mediated by
cranial and spinal afferents. In various sorts
of animals stimulation of several cranial
nerves was found to produce climbing fiber
responses. These include the lingual
(Bowman and Combs,’69) and trigeminal
nerve (V) (Baker et al,’72), facial nerve
(VII) (Widen,’55), the glossopharyngeal nerve
(IX) (Hanamori et al.’87), and the vagal
nerve (N X), (Lam and Ogura,’52; Van
Gilder and O’Leary,’71; Albert et al,86;
Tong et al.,’89).

Most studies of the somatosensory inputs
are concerned with the spinal afferents.

There is a limited degree of modality
specificity of the spino-olivary pathways
(Eccles et al,68ab; Eccles et al)71;

Armstrong,’74). Each funiculus in the spinal
cord carries this information to specific
olivary subnuclei and corresponding cere-
bellar termination zones (Oscarsson,’68;
Oscarsson,’69ab; Armstrong et al,’73b;
Armstrong,’74; Oscarsson,’80; Andersson et
al.’87b). There are five of such spino-olivo-
cerebellar paths. In agreement with the varia-
bility of the receptive fields of individual
olivary neurons described above, each path
deals with its own set of limbs or part of a
limb, and some paths relay only ipsilateral,
whereas others transmit bilateral information.
The ventral funiculus spino-olivary pathway
(VF-SOCP) provides a direct input to the 10
whereas the others contain relays in other
centres. This confirms the finding that the
mean latencies are shortest in the DAO
(Gellman et al.’83), which is innervated by
the VF-SOCP. The indirect somatosensory
spinal pathways are probably relayed through

the dorsal column nuclei (Oscarsson,’69a;
Andersson,’84) and other, as yet unidentified,
higher brain areas (Larson et al.’69ab;
Armstrong,’74; Gellman et al.,’83 and ’85).
The cerebellar termination zones of the
SOCP’s are longitudinally organized, most of
them covering several of the anatomical
zones (see Figure 1, part a) and overlapping
with one or more of the other physiologically
identified zones. This spatial overlap extends
to the single unit level so that one olivary
cell and one Purkinje cell can be excited via
two distinct SOCP’s. This shows that the
different spino olivary paths converge onto
the same olivary cells. According to their fine
receptive fields, the major zomes innervated
by the olivary areas which receive rather
direct peripheral inputs (i.e. the A, B, C1 and
C3 zone innervated by the caudal MAO and

-DAO, see part b) can be subdivided into
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microzones with a width of 200 um or less
(Andersson and Oscarsson,’78; Oscarsson,’79;
Bower and Llinas,’83; Andersson et al.’87b).

Several functions have been suggested for
the spino-olivary system. Armstrong ('74)
suggested that the spino-olivo-cerebellar
paths from the limbs interact with mossy
fiber paths to provide a predictive control
system for gait. Others assumed that the IO
monitors and compares the commands from
higher motor commands mediated by the des-
cending systems, the activity these commands
evoke in the lower spinal center, and the
resulting movement (Miller and Oscarsson,
*70; Oscarsson,”73 and ’80). By comparing
these various pieces of information, the IO
would detect perturbations of the commands
introduced in the lower center by reflex
activity, and perturbations of the evolving
movement due to unexpected changes in load
or resistence. However, the spino-olivary
transmission of "expected information" (such
as the end of a step when the animal touches
the floor) is probably inhibited at a preoli-
vary level by descending connections from
the magnocellular red nucleus (Gibson and
Gellman,’87; McCurdy et al.’88; Houk et
al.’88) and/or the cerebral cortex (Leicht et
al.”72 and ’73; McCurdy et al.’88). Thus, it
seems more likely that comparing processes



such as described above occur at a preolivary
level (see also below, convergence of inputs),
and that the IO relays information from the
spinal cord which has already been "filtered"
and recognized as unexpected information
(cf. role cerebello-olivary afferents as
suggested by Andersson, part 5.3).
TELECEPTIVE AND VESTIBULAR
INPUT. Auditory, visual and vestibular
stimulation are known to evoke olivary
activity.  Auditory  stimulation produces
responses in the medial MAO (Gellman et
al.’83) and climbing fiber responses in the
paraflocculus (Azizi et al.’81). Light flashes
evoke responses in the dorsal cap (Barmack
and Hess,’80; Gellman et al.’83) and large
climbing fiber potentials on the vermis
(Buchtel et al.’72) and flocculus (Maeckawa
and Simpson,’73). Floccular climbing fiber
activity mediated through the dorsal cap can
be modulated in relation to speed and direc-
tion of movement of large patterns over the
visual field (Simpson and Alley,’74; Waespe
and Henn,’81; Blanks and Precht,’83; Wata-
nabe,’84; Stone and Lisberger,’86). In the
dorsal cap three zones have been identified
which respond differentially to optokinetic
stimuli moving in particular planes of physi-
cal space (Simpson et al.,’81; Leonard et
al.’88; Simpson et al.’89; see also Graf et
al.’88). The preferred axis of each of these
three zones are closely aligned with those of
the semicircular canals of the vestibular
apparatus. However, the neurons in the dor-
sal cap are not sensitive to vestibular
stimulation (Barmack et al,’89). Caloric,
electrical and mnatural stimulation of the
vestibular labyrinth itself evokes action
potentials in and near the Beta nucleus
(Robinson,’87) and gives rise to climbing
fiber responses in the cerebellum (Ferin et
al.’71; Precht et al.,’76ab;77; Ghelarducci et
al.”75). The cells of the beta nucleus are very
sensitive to low frequency yaw oscillations in
a specific direction, but do not signal quanti-
tatively the magnitude of movement, speed or
acceleration (Robinson et al.’88). In indica-
ting the presence but not the speed of move-
ment, yaw-sensitive olivary cells resemble the
somatosensory cells. Neurons in the nucleus
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Beta, which are sensitive to vestibular sti-
mulation about the longitudinal axis, are
excited when the animal (rabbits) is rolled
onto the side which is contralateral to the
recording site, and inhibited when the rabbit
is rolled ipsilaterally (Barmack et al.,’89).
The vestibular receptive cells in the IO are
not responsive to somatosensory or visual sti-
muli (Gibson and Gellman,’87; Barmack et
al.’89) indicating that these afferent systems
do not converge onto the same olivary cells.

e5.6 Convergence of inputs

Different spinal pathways or pathways
from different cerebral areas converge on to
the same olivary cell (see above). More im-
portant is the finding that the olivary neurons
in each subnucleus receive a convergent input
from spino-olivary pathways on one hand,
and cortico-olivary pathways on the other
(Sedgwick and Williams,’67; Miller et al,
’69ab; Crill,70; Leicht et al.’73; Andersson
and Eriksson,’81; Andersson and Nyquist,’83;
Andersson et al.’87b). The laterality of these
connections is in agreement with this general
pattern: The olivary neurons in the rostral
MAO and caudal DAO, which receive a bila-
teral peripheral input also receive a bilateral
cortical input, and neurons in the other sub-
nuclei, which receive only an ipsilateral
peripheral input, receive a strictly contra-
lateral cortical input (Andersson et al.,’87b).

With respect to the convergence of des-
cending and ascending afferents there is a
discrepency between the anatomical results,
which suggest that the descending cortical
and ascending sensory input to the olive are
largely segregated (see part b), and the phy-
siological results which indicate that each
olivary subdivision receives both. The conclu-
sion should be that most of the convergence
of descending and ascending afferents occurs
at a preolivary level. For the DAO, which
receives a direct input from the periphery,
this convergence occurs at the level of the
dorsal column nuclei, which receive both
peripheral and cortical afferents (Andersson,
’88). The cortical input to the PO and MAO
apparently is mediated by the midbrain. The



precise pathway of the indirect peripheral
input to the PO and rostral MAO is presently
unknown, but this information could be
mediated through midbrain areas as well,
since the spinal cord (Bjoérkelund and
Boivie,’84ab; Yezierski,’88) and the dorsal
column nuclei (Wiberg and Blomqvist,’84ab)
are known to project to the midbrain inclu-
ding the nucleus of Darkschewitsch (see also
Larson et al.,’69ab).

Besides the preolivary convergence of the
descending and ascending inputs, it should be
stressed that the entire IO receives a strong
GABAergic innervation from the cerebellar
nuclei and to less extent from other hind-

brain areas (see Figure 2 part b, and see part
d). Therefore, the excitatory inputs converge
entirely with these inhibitory inputs in the IO.
In this respect, it may be relevant to point
out that in addition the cerebellar nuclei
project to the midbrain and thalamus. The
first area provides in its turn an input to the
olive, whereas the thalamus may be able to
induce olivary responses through the cortical
connections, which again may involve the
midbrain. In conclusion, it would appear that
olivary responses are governing and are being
governed by many neural loops, which all
play a specific role in olivary functioning.

f. Methods combining anterograde tracing, immunocytochemistry, and/or intracellular labeling
at the ultrastructural level

f1. Introduction
f2. Individual methods
f3. Combination methods

f1. Introduction

In the past decades many new techniques
have been introduced to the study of the
anatomy of the brain at the ultrastructural
level. These include different axonal tracing
methods, immunocytochemical techniques to
identify certain substances in histological
sections, and staining methods for entire
neurons. Most of these methods have also
been applied to study the afferent systems,
the npeurotransmitters, and cellular morpho-
logy of the IO (see part c).

In the present study an attempt was
made to combine different methods in the
same animal. These special combinations
have not been used before, neither in any
ultrastructural study of the IO nor for the
study of other regions of the CNS. WGA-
HRP anterograde tracing was combined with
postembedding GABA-immunocytochemistry
(Chapter II), WGA-HRP anterograde tracing
with  (3H)leucine anterograde tracing
(Chapter III), and intracellullar HRP labeling
with  postembedding GABA-immunocyto-
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chemistry (Chapter IV). Below, different
methods for identifying structures at the
electron microscopical level will shortly be
reviewed (for details see Holstege,’89). The
three combination techniques will be compa-
red to other, currently available combina-
tions.

2. Individual methods

TRACING METHODS. Up to the seven-
ties the axonal degeneration was the most
important tool for tracing connections in light
and electron microscopical studies (Nauta
and Gygax,’57; Gray and Hamlyn,’62; Colon-
nier,’64; Fink and Heimer,67; Lieberman,
’71). Modern axonal tracing methods make
use of the naturally occurring transport
mechanisms in the nerve cell and therefore
respect its integrity. The most widely used
substances for ultrastructural anterograde and
retrograde axonal tracing are the enzyme
horseradish peroxidase (HRP) often conjuga-
ted to wheat germ agglutinin (WGA), and
the tritiated amino acids like 3Hleucine



(Holstege and Dekker,’79; Holstege and
Vrensen,’88; Holstege,’89). Other substances
used for retrograde tracing at the EM level
are tritiated monoamines and proteins (for
review Cuénod and Streit,’83), gold particles
coupled to WGA-HRP (Menetrey and Lee,
’85), and bacterial toxins like Tetanus and
Cholera Toxin (Schwab and Thoenen,’76; for
review Trojanowski,’83; Sawchenko and Ger-
fen,’85). Plant lectins like phaseolus vulgaris
leucoagglutinin (Pha-L), (Wouterlood and
Groenewegen,’85; van der Want et al,’89;
Rossi et al.,’89) can also be identified at the
ultrastructural level. Because Pha-L. is taken
up by a limited number of cells which
become completely stained including their
spines, dendrites, soma, axon and terminals,
this lectin can be used for anterograde
tracing but also for intracellnlar labeling.
IDENTIFICATION OF NEURO-
TRANSMITTERS. The first neurotrans-
mitters were chemically identified at the light
microscopical level by means of the histoflu-
orescence method for monoamines (Falck et
al.,’62). Identification of neurotransmitters at
the ultrastructural level became possible after
the development of immunocytochemical me-
thods. These transmitters, their synthesizing
enzymes or their receptors were identified by
means of labeled antibodies (Coons,’58; Gef-
fen et al.’69). The antibodies can be directly
or indirectly coupled to HRP or gold-substi-
tuted silver peroxidase (Liposits et al.,’85; van
den Pol and Gorces,’86), gold particles with
various diameters (Varndell and Polak,’84),
silver-intensified gold (van den Pol’85),
Uranium (Sternberger et al.,’65), ferritin
(Morris and Saelinger,’82), or radioactive
molecules (Larsson and Schwartz,’77; Cuello
et al.’82; Alonso,’86; for review see Polak
and Varndell,’84; Bosler et al.’86). The tissue
is exposed to these labeled antibodies before
(pre-embedding) or after (post-embedding) it
is embedded in plastic, or even as frozen
(non-embedded) ultrathin  sections  (for
review see Pelletier and Morel,’84). Neuro-
transmitters can also be identified at the
ultrastructural level by a non-immunocyto-
chemical method which is based upon the
presence of a high affinity uptake mechanism
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in certain terminals. This mechanism only
occurs for particular neurotransmitters like
the monoamines and certain amino acids.
When tritiated neurotransmitters are applied
to the brain either in vivo or in vitro, the
structures which are provided with such an
uptake mechanism can be labeled by autora-
diographical methods (for review see Descar-
ries and Beaudet,’83; Bosler et al.’86). For
the identification of cathecholaminergic
terminals it is also possible to inject 5-
hydroxydopamine (Ajika and Hokfelt,’73).
This substance is taken up by neurons with
an uptake mechanism for these neurotrans-
mitters and precipitates within the cell,
resulting in an ultrastructural visualization
without any necessary intermittent labeling
step.

INTRANEURONAL LABELING. The
morphology of light microscopically identified
neurons including all their processes can be
studied in the electron microscope (EM),
following silver impregnation according to
Golgi (Somogyi et al.’79) and after impreg-
nation with Pha-L. (Wouterlood,’86). The
most complete staining of neurons is obtai-
ned by intracellular injection of different
substances such as cobalt (Pitman et al.’72;
Gillette and Pomeranz,’73), Procion brown
(Christensen,’73), HRP (Muller and McMa-
han,’76; Snow et al.,’76; Hanker et al.,)77;
Gilbert and Wiesel,”79), or Lucifer yellow
(Maranto,’82). This latter dye can be
visualized in the EM by means of a photo-
oxidation reaction (Maranto,’82; Sandel and
Masland,’88) or an immuno reaction (Taghert
et al.’82; Einstein,’88).

f3. Combination methods

Most of the ultrastructural methods men-
tioned above have been combined with one
another to label multiple profiles of a
different identity in the same ultrathin
section (for summary, see Table 1, p.37).

TRACING-TRACING. In some ultra-
structural studies different tracers were
combined in the same animal. Multiple retro-
grade labeling at the EM level is possible by
using gold particles (coupled to a WGA-



HRP conjugate) with different sizes
(Menetrey and Lee,’85). This method can be
used to label different types of neurons but
also for demonstrating collateralization of a
single type of neuron. In order to determine
the presence of contacts between identified
terminals and neurons, retrograde tracing of
HRP can be combined with anterograde
axonal degeneration (Somogyi et al,’79;
Nakamura et al.’83) or with anterograde
axonal tracing of 3Hleucine (Dekker,’81;
Holstege and Kuypers,’87ab). Similarly to the
latter combination two methods of antero-
grade tracing can be combined: Anterograde
tracing of WGA-HRP with that of 3Hleucine
in (Chapter HI).
TRACING-TRANSMITTER. The com-
bination of immunocytochemistry with an
axonal tracing method at the ultrastructural
level has been used in several studies (see
Table 1). Immunocytochemistry can be
combined with retrograde tracing of HRP
(Ruda,’82; Nunes Cardozo and van der Want,
in press), WGA (Luppi et al,’86) and
tritiated serotonine (Araneda et al.’86). The
combination of immunocytochemistry with
anterograde axonal tracing by means of
degeneration (Somogyi et al’79), autoradio-
graphy (Sumal et al,’83) or Phaseolus
(Freund and Antal’88; van der Want et al,,
personal communication) has also been used.
However, none of these methods seems very
potent to determine both the origin and
neurotransmitter of the same terminals in
single ultrathin sections. In Chapter II, such a
single section technique will be presented. It
consists of a combination of WGA-HRP an-

terograde tracing with postembedding
GABA-immunocytochemistry.
TRACING-CELL. In order to study
specific synaptic imputs on cells with
identified morphological and possibly also
physiological  characteristics, anterograde
degeneration has been combined with

intracellular labeling of HRP (Maxwell et
al.;’84), Phaseolus (Wouterlood,’86), or Golgi-
silver material (Somogyi et al.,79; Cipolloni
and Keller,’89). Somogyi and colleages ('79)
and Cipolloni and Keller (’89) even suc-
ceeded in obtaining a triple labeling by
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adding respectively retrograde tracing of
HRP and postembedding immunocytoche-
mistry to the above combinations. Intracel-
lular labeling of HRP combined with retro-
grade tracing of HRP has also been achieved
(Maxwell et al.,’85; Maxwell and Koer-
ber,’86).

TRANSMITTER-TRANSMITTER. In
many ultrastructural studies two different
neurotransmitters have been identified in the
same neuronal structure or in different pre -
and postsynaptic structures. Most of the
various combinations of two immunocyto-
chemical techniques performed sofar, suggest
that intraneuronal double labeling for
identifying the coexistence of two neuro-
transmitters is difficult or even impossible to
obtain when one of the methods is an HRP
preembedding technique and the other uses
labeling with ferritin (Roth and Binder,’78),
postembedding gold or a silver intensification
(van den Pol,’85; van den Pol and Gorcs,’86).
This incompatibility is probably due to a
masking effect by the HRP reaction product.
However, when the preembedding
HRP/DAB incubation is preceded by immu-
nocytochemical labeling with small gold
particles of a diameter of 5 nm, double
labeling 'is possible (Triller et al.’85).
Another method for obtaining intraneuronal
double labeling of two different transmitters
is provided by the combination of the HRP
preembedding immuno technique with uptake
autoradiography (Pelletier,’83; Descarries and
Beaudet,’83; Weiler and Ball,’84; Priestly,’ 84;
Pickel and Beaudet,’84; Bosler et al.’86) or
by labeling each neurotransmitter with gold
particles of a specific size (Bendayan,’82;
Tapia et al.’83; Varndell and Polak,’84).

All these combinations allow the com-
bined labeling of different pre -and post-
synaptic structures of different chemical
identities. This also holds true for the
combination of uptake of 5-hydroxydopamine
with uptake autoradiography or immuno-
HRP (Nakada and Nakai,’85).

TRANSMITTER-CELL. Studies com-
bining cellular labeling with immuno-
cytochemistry are relatively scarce. Somogyi
combined Golgi impregnation with three



different techniques of neurotransmitter
identification: 1) uptake of tritiated GABA
(Somogyi et al,81), 2) preembedding
peroxidase (HRP)  immunocytochemistry
using an antibody directed against the GABA
synthesizing enzyme glutamic acid decar-
boxylase (GAD) (Somogyi et al.’83), and 3)
postembedding GABA-immunocytochemistry
using gold particles (Somogyi et al,’85;
Somogyi and Hodgson,’85). The first com-
bination procedure, however, is not reliable
since it was found in the monkey visual
cortex that not all of the mneurons
accumulating (3H)GABA were immuno-
reactive to GABA (Kisvirday et al,84).
Freund and colleages ("85) combined postem-
bedding GABA-immunocytochemistry with
intracellular labeling of HRP. In this study
the immunocytochemistry was performed on
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semithin sections by means of the peroxidase
method. This scarcely allows a continuous
serial analysis through large parts of the
labeled cell. Therefore, intracellular injection
of HRP was combined with postembedding
immuno gold staining of the GABAergic
molecules allowing both physiological,
morphological, and immunocytochemical i-
dentification and serial analysis (Chapter IV).

CELL-CELL. This technique allows the
separate identification of two differently
labeled individual neurons in the same
section’ For this purpose intracellular HRP
labeling of a single identified neuron can be
combined with intracellular injections of
Lucifer Yellow (Maranto,’82), with Golgi
staining (Freund et al.,’85), and probably with
cellular degeneration (Chapter IV).



Table 1 (on page 37). Summary of different ultrastructural combination techniques performed
in the CNS providing multiple visualization in one ultrathin section (numbers refer to

references).

References represented in the Table (" indicate techniques which are presented in this thesis)

o

e W

2o

de Zeeuw et al., in press
de Zeeuw et al.,’88
Dekker, 81

Holstege and Kuypers,'87
Sumal et al.,’83

Somogyi et al.,”79
Nakamura et al.,’83

Hunt et al.,’80

Leranth and Frotscher,’83
Maxwell et al.,’84
Wouterlood,’86

Somogyi et al.,’79

. Freund and Antal,’88

van der Want et al.,, personal
communication

11. Ruda,’82

Luppi et al.,’86

12. Nunes Cardozo and van der Want, in

press

13. Maxwell et al.’85

Maxwell and Koerber, 86

14. Araneda et al.,’86
15. van den Pol,’85

van den Pol and Gorcs,’86

16. Alonso,’86

Cuello et al.,’82 and ’83
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17.
18.
19.

20.
21.

22.
23.
24.

25.

Triller et al.,’85

van den Pol,’85

Descarries and Beaudet,’83
Weiler and Ball,’84
Priestly,’84

Bosler et al.’86

Somogyi et al.,’83
Doerr-Schott and Lichte, 84
Beauvillain et al.,’84

Bosler et al.,’86

Freund et al.;’85

Morris and Saelinger,’82
Doerr-Schott and Lichte 84
Bendayan,’82

Tapia et al.,’83

Varndell and Polak,’84

. de Zeeuw et al., submitted
. Maranto,’82

. Nakada and Nakai’85
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Alm Techniques Code Cla Clb Cic C1d C2a C2b C2c Nia Nib Nic Nid N2a N2b N2c N3a N3b Mla Mib Mic H2a M2b

Connection Anterograde tracing WGA/HRP {Cia) 1* 2*
Autorxadiogr. (Cib) 1*
Degeneration (Clc) 5 6 7 8 9
Phaseolus (cia) 10
Retrograde tracing WGA/HRP (C2a) 3 5 11 12 13 9
Autoradiogr. (C2b) 14
Goldpt. (Cz2e) 29
Transmitter Immuno-preembed. HRP (N1a) 4 6 11 14 15 16 17 18 19 28 20
Siilver int. (Nib) 1s 18
Autoradiogr. (Nic) 16
Goldpt. (N1d) 17
Immuno-postembed. HRP (N2a) 21 22 23 31
Ferritin (N2b) 24
Goldpt. (N2¢) P 10 12 18 18 21 24 25 22 26" 26" 30
Uptake Autoradiogr. (N3a) 19 22 22 32
SOH-dopamine (N3b) 28
Cellmorph. Injection HRP (M1ia) 7 i3 23 26* 27 26* 23
Lucifer Yel. (H1b) 27
degeneration (Mlc) 26* 26*
Uptake Phaseolus (M2a) 8

Golgi (M2b) [} 9 20 31 30 32 23



CHAPTER II Ultrastructure of the inferior olive studied by means of a combination of
WGA-HRP anterograde tracing and postembedding GABA-

immunocytochemistry

a. A new combination of WGA-HRP anterograde tracing and GABA-
immunocytochemistry applied to afferents of the cat inferior olive at the
ultrastructural level. (1988) Brain Res 477:369-375.

. The cerebellar, mesodiencephalic, and GABAergic innervation of the

glomeruli in the cat inferior olive. A comparison at the ultrastructural level.
(1989) In P. Strata (Ed.): The Olivocerebellar System in Motor Control.
Suppl. Exp. Brain Res. 17:111-117.

¢. Ultrastructural study of the GABAergic, cerebellar, and mesodien-
cephalic innervation of the cat medial accessory olive: Anterograde

tracing
284:12-35.

combined with immunocytochemistry. (1989) J. Comp. Neurol.

a. A new combination of WGA-HRP anterograde tracing and GABA-immunocytochemistry
applied to afferents of the cat inferior olive at the ultrastructural level.

Abstract

In order to identify cerebellar terminals
in the cat inferior olive which contain
gamma-aminobutyricacid (GABA), a tech-
nique was developed combining anterograde
transport of wheatgerm agglutinine-conju-
gated horseradish peroxidase (WGA-HRP)
with gold-immunocytochemistry. With this
technique both the HRP reaction product
and the immunogold labeling can be visua-
lized in a single ultrathin section. Our results
suggest that most, if not all of the WGA-
HRP labeled cerebellar terminals in the
rostral medial accessory olive (MAO) and the
rostral principal olive (PO) are GABAergic.
In an additional experiment the GABAergic
innervation of the rostral MAO was studied
in combination with WGA-HRP anterograde
tracing from the rostral mesencephalon. In
this case the WGA-HRP labeled terminals
were never found to be GABA-positive.
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Introduction

There exists a reciprocal connection
between the inferior olive and the cerebellar
nuclei, which is topographically organized
(Tolbert et al,76; Voogd and Bigaré,’80).
The cerebellar innervation of the inferior
olive is largely GABA-ergic as demonstrated
lightmicroscopically in the rat by means of
retrograde transport of HRP combined with
glutamatedecarboxylase (GAD) immuno-
histochemistry (Nelson et al.’84). We studied
the cerebellar GABAergic innervation of the
cat inferior olive at the ultrastructural level
to answer the question whether all cerebello-
olivary terminals are GABAergic. For this
purpose a technique was developed combi-
ning postembedding GABA-immunogold stai-
ning with anterograde transport of WGA-
HRP. For HRP histochemistry tetramethyl
benzidine (TMB) was used as a chromogen.
The incubation in TMB was followed by a



stabilization procedure with diaminoben-
zidine-cobalt (DAB-Co), (Lemann et al.’85).
In order to determine whether the stabili-
zation procedure could induce false positive
labeling with GABA, the same technique was
applied to another, presumably non-GABA-
ergic system. In this additional experiment
WGA-HRP was injected in the nucleus of
Darkschewitsch which is known to project to
the MAO (Onodera,’84).

Material and methods

In two cats 0.5 ul. WGA-HRP (7% in
saline) was injected bilaterally in the inter-
posed and lateral nuclei of the cerebellum
under Nembutal anaesthesia (Fig. 1A). In
another cat a similar injection was made in
the rostral part of the nucleus of Darksche-
witsch and its surrounding area (Fig. 1B).
After a survival time of 3 days the cats were
deeply anaesthetized with Nembutal and
perfused transcardially with 100 ml. 0.9%
saline in 0.1 M phosphate buffer (PB)(pH
7.3) under artificial respiration, followed by 2
l. 5% glutaraldehyde in 0.1 M PB(pH 7.3).
The brainstem was removed and a block con-
taining the inferior olive was dissected and
left in the fixative for one hour. Subsequently
the inferior olive was cut transversely into
slices of 80 um. on a vibratome. The vibra-
tome sections were incubated with TMB in
0.05 M acetate buffer (AB)(pH 4.8), rinsed
twice in 0.05 M AB(pH 4.8) and once in 0.1
M PB(pH 73), and then stabilized with
DAB-Co (Lemann et al,’85). All sections
were osmicated with 1.5% osmiumtetroxide
in 0.1 M PB(pH 7.3) during 40 min. at 45 C
(the use of 1.5% KFe(CN)6 during the osmi-
cation results in a better ultrastructural
preservation but it decreases the immuno-
labeling and the use of 8% D(+)-glucose
during the osmication worsens the preser-
vation but it improves the immunolabeling).
Subsequently all sections were rinsed in
distilled water (4 times), blockstained in 2%
aqueous uranylacetate for 30. min at room
temperature, directly dehydrated in dime-
thoxypropane  (Truter et al,’80) and
embedded in Araldite. Some sections of the
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cats with the cerebellar injections were
processed for HRP histochemistry without
the stabilization step (Holstege,’87). Areas of
the rostral inferior olive containing only
anterograde labeling or both anterograde and
retrograde labeling were selected in semithin
sections and separated. Ultrathin sections
with a silver interference colour were cut
from the selected tissue blocks, mounted on
formvar coated nickel grids and processed for
GABA-immunocytochemistry. The grids were
rinsed in a solution of 0.05 M Trisbuffer(pH
7.6) containing 0.9 % NaCl and 0.1% Triton
X-100 (TBS-Triton) and left overnight in a
droplet of GABA-antibody diluted 1:1000 in
TBS-Triton. The GABA-antibody, which was
thoroughly tested on its specificity (Seguela et
al.,’84; Buijs et al.,’87), was kindly provided
by dr. Buijs of The Netherlands Institute for
Brainresearch. The next morning the grids
were rinsed in TBS-Triton (2 times), stored
in the same solution for half an hour, rinsed
in TBS-Triton(pH 8.2) and incubated for one
hour in a droplet of goat anti-rabbit IgG
labeled with gold particles (diameter 15 nm;
Janssen Pharmaceuticals), diluted 1:40 in
TBS-Triton(pH 8,2). After this final
incubation the grids were rinsed in TBS-
Triton (2 times) and in distilled water (2
times), and contrasted with uranylacetate and
leadcitrate. The rostral MAO was studied
both in the cats with the cerebellar injections
and in the cat with the mesencephalic injec-
tion; the lateral bend of the rostral PO was
only studied in the cats with injections in the
cerebellum. For each subnucleus of each cat
seven stabilized vibratome sections were
processed for electron microscopy. From each
of these tissue-blocks at least one ultrathin
section was processed for GABA immuno-
cytochemistry and analyzed in the electron
microscope (Philips 300). In this analysis a
terminal was considered to be GABA-posi-
tive if the number of gold particles overlying
it was at least ten times higher than the
number of particles over the postsynaptic
structures (with approximately the same
area). If the number of particles was between
three and ten times higher it was considered
as doubtfully positive and if it was less, the



Fig 1. Light microscopical photographs of the WGA-HRP injection areas in the lateral and
posterior interposed nuclei of the cerebellum (A) and in the rostral part of the nucleus of
Darkschewitsch and its surrounding area (B). DAB was used as a chromogen for HRP
histochemistry. Scale bar = 3 mm.

Fig 2. An electron micrograph of two double-labeled terminals in the PO following injection of
WGA-HRP in the cerebellar nuclei. Scale bar = 0,4 um.
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profile was considered to be GABA-nega-
tive. For each section the percentages of
WGA-HRP labeled terminals which were
GABA-positive, doubtfully positive or
GABA-negative, were determined. For each
subnucleus these data were averaged and the
standard error of the mean (SEM) was deter-
mined. It was possible to base the SEM on
the overall data because a variance analysis
(Snedecor and Cochran,’80) performed on
the different percentages obtained in each
ultrathin section did not show any statistically
significant difference.

Results

Ultrathin sections from the stabilized
tissue blocks of the cats with the cerebellar
injections, contained several retrogradely
labeled perikarya and proximal dendrites.
Between these structures numerous GABA
labeled terminals were observed. Many of
these terminals were found to be double-
labeled with HRP reaction product and gold
particles (Fig. 2). Both in the rostral MAO
and in the rostral PO, 85% of the WGA-
HRP labeled terminals was GABA-positive,
13% was of a doubtful nature and 2% was
GABA-negative (Figs. 3 I-MAO and 3 I-
PO). The percentages obtained in areas with
only labeling of terminals were similar to
those obtained in areas where, both ante-
rograde labeling of terminals and retrograde
labeling of perikarya was present. In the case
with an injection in the mesencephalon only
single GABA- or WGA-HRP labeled termi-
nals were observed (Fig. 3 II-MAO, Fig. 5).
Ultrathin sections from the non-stabilized
tissue blocks, which were not processed for
GABA-immunocytochemistry contained many
WGA-HRP labeled structures. However, in
sections from the same material, which were
processed for immunocytochemistry, most of
the WGA-HRP labeling had disappeared
(Figs. 4A and 4B) and double-labeled ter-
minals were only seldom observed.

41

100%7
T I-mao
n=251
©75 4
©
£
€
250 A
©
o2
825
©
Q
ot
< L~
G+ Gt G-
100%7
I-po
T
n=281
o275 /
o
£
£
250 A
©
2
325
=
Q
A
= I
G+ G G-
100%1 -
I-mao
n=185
275 A
oo
£
E
250 A
el
2
225
K=
Q
= oo
G+ Gt G-

Fig 3. Distributions of the WGA-HRP labeled
terminals in the rostral MAO and PO, which
were GABA positive (G+), doubtfully GABA-
positive (Gx) or GABA-negative (G-) fol-
lowing injection of WGA-HRP in the cerebellar
nuclei (I-MAO and I-PO) or the mesodien-
cephalon (II-MAO). Values indicated are
mean percentages (+ S.EM.) and total
numbers of WGA-HRP terminals (n).



Discussion

These results show that the GABAergic
nature of a terminal and its origin can be
determined in a single ultrathin section using
a combination of postembedding GABA-
immunogold staining with anterograde trans-
port of WGA-HRP. It is demonstrated that
the sensitive chromogen TMB (Mesulam,’78)
can be used for HRP histo-chemistry in
combination with immunocyto-chemistry at
the ultrastructural level provided that the
TMB crystals are stabilized with DAB-Co.
This stabilization is essential because the
non-stabilized TMB crystals disappear during
the immunostaining (Fig. 4A and 4B). In this
respect there seems to be no difference
between the stability of TMB-crystals embed-
ded in araldite and the stability of TMB-
crystals in lightmicroscopical tissue (Rye et
al.’84). The high ratio of double-labeled
terminals which was found in the ultrathin
sections from the stabilized tissue blocks of
the cats with injections in the cerebellar
nuclei, suggests that all the nucleo-olivary
fibers, which terminate in the rostral MAO
and the rostral PO, are GABAergic. Since
GABA is known as an inhibiting neurotrans-
mitter (Roberts,”74), these findings are in
agreement with the physiological finding in
the cat that the cerebello-olivary projection is
inhibitory (Hesslow,’86). The high percentage
of double-labeled terminals may indicate that
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the sensitivity of the GABA-antibody is high
enough to detect nearly all the GABAergic
nucleo-olivary terminals. Since the olivo-
cerebellar fibers give off collaterals to the
cerebellar nuclei (Groenewegen et al,79;
Voogd and Bigaré, ’80), the present data may
be influenced by retrograde transneuronal
transport of WGA-HRP (Harrison et al.,’84).
The percentages found in areas with only
anterograde labeling were similar to those
found in areas with both anterograde and
retrograde labeling. Therefore, it is unlikely
that the results were affected by retrograde
transneuronal labeling. In the cat injected in
the mesencephalon WGA-HRP labeled ter-
minals were never found to be GABA-posi-
tive. This demon-strates that the WGA-HRP
reaction product does not directly induce
false positive GABA-labeling. It is interesting
to note that the majority of neurons in the
nucleus of Darkschewitsch of the rat is
GABAergic (Mugnaini and Qertel,’85). Our
data show that in the cat there are no
GABAergic projections from the nucleus of
Darkschewitsch to the inferior olive.

It may be concluded that the combination
of anterograde transport of WGA-HRP with
GABA immunocytochemistry is a useful
technique for identifying both the origin and
the GABAergic nature of a terminal and for
quantifying the GABAergic proportion of
terminals of which the origin is known.



e
ig 4. Two electron micrographs of the same terminal from two serial sections of a non-stabilized
tissue block. Note the WGA-HRP reaction product in the section, which has not been processed for
immunocytochemistry (A, arrows) and its disappearance in the adjacent serial section, which has
been processed for GABA-immunocytochemistry (B, arrows). Scale bar = 0,4 um.

Fig 5. Electron micrograph of two single labeled terminals in the rostral MAO after injection of
WGA-HRP in the rostral mesencephalon combined with GABA-immunocytochemistry: A non-
GABA-ergic WGA-HRP labeled (black arrows) terminal on the left side and a single GABA
labeled terminal on the right side. Scale bar =0,4 um.
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b. The cerebellar, mesodiencephalic, and GABAergic innervation of the glomeruli in the cat
inferior olive. A comparison at the ultrastructural level.

Introduction

Using lightmicroscopical methods, Nelson
et al. (’84) demonstrated the GABAergic
nature of the cerebello-olivary projection.
These observations were confirmed and
extended by de Zeeuw et al. ("88a) who sho-
wed in an electronmicroscopical study in the
cat that virtually all cerebellar terminals in
-the rostral inferior olive (IO) are GABA-
ergic. It has been demonstrated that neurons
in the IO are electrotonically coupled (Llinas
et al’74; Llinas and Yarom,’81) by dendro-
dendritic gap junctions in the IO glomeruli
(Sotelo et al.,’74) and that GABA may modu-
late this coupling (Sasaki and Llinas,’85).
This is in agreement with the presence of
GAD positive terminals in close proximity of
gap junctions within the glomeruli (Sotelo et
al.’86). The origin of these GABAergic
terminals are likely to be the cerebellar
nuclei since terminals of cerebello-olivary
fibres have been shown presynaptic to
dendrites engaged in gap junctions (Angaut
and Sotelo,’87). The possible role of non-
GABAergic terminals in regulating electro-
tonic coupling has not yet been elucidated. In
this study we shall compare the distribution
over glomeruli and non-glomerular neuropil
of the two main afferent systems of the
rostral medial accessory olive (MAO) of the
cat, i.e. the GABAergic projection from the
posterior  interposed nucleus of the
cerebellum and the non-GABAergic projec-
tion from the mesodiencephalic junction (de
Zeeuw et al.’88a). For this purpose the
following values were determined: 1) What
percentage of the cerebellar, GABAergic and
mesodiencephalic terminals were located
within glomeruli, 2) What percentage of the
total number of terminals located within the
glomeruli were cerebellar, GABAergic, and
mesodiencephalic terminals, and 3) What
percentage of the glomeruli contained both
GABAergic 4nd mesodiencephalic terminals.
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Material and methods

The measurements were made in the
rostral part of the MAO in two groups of
experiments, using a combination of antero-
grade tracing with WGA-HRP and postem-
bedding immunogold labeling of the GABA-
ergic terminals. The GABA antibody was
kindly provided by Dr R Buijs of the Nether-
lands Institute for Brain Research (Buijs et
al.’87). The first group consisted of two cats
with bilateral injections of WGA-HRP in the
posterior interposed nuclei of the cerebellum.
The two cats of the second group received
similar injections in the mesodiencephalon
including the nucleus of Darkschewitsch,
which is known to project to the rostral
MAO (Onodera,’84). After a survival time of
3 days the cats were perfused with glutar-
aldehyde. The IO was cut transversely on a
vibratome and processed according the tech-
nique combining WGA-HRP histochemistry
with GABA-immunocytochemistry at the
electron-microscopical level. Details of the
procedure have been published (de Zeeuw et
al’88a). From each cat at least two blocks
were used for analysis. In the ultrathin
sections of these blocks two populations of
terminals were studied. The first population
of terminals was randomly collected from the
entire rostral MAQO neuropil i.e. from the
glomeruli 4nd from the neuropil in between
these glomeruli. Each category of terminals
(see below) was collected separately. The
second population of terminals consisted of
all the terminals present in a random
population of glomeruli (defined as a core of
at least three dendritic structures, surrounded
by at least two terminals and some glia). In
these two populations four categories of
terminals were present: non-labeled (N),
single GABA labeled (G), single WGA-HRP
labeled (H) and double GABA/WGA-HRP
labeled (G +H) terminals.
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Fig. 1. Histograms showing the proportions of the non-labeled (N), single GABA labeled (G),
single WGA-HRP labeled (H) and double GABA/WGA-HRP labeled (G +H) terminals which are
located in a glomerulus (dots) and outside a glomerulus (oblique lines) for the cerebellar (4) and
the mesodiencephalic (B) experiments. Indicated values are mean percentages (+SD) and the total
number (n) of each terminal category. It should be noted that the different total numbers of the
various terminal categories do not indicate a specific relation.
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Fig. 2. Histograms showing what percentage of the terminals within the glomeruli are cerebellar,
mesodiencephalic, and/or GABAergic terminals (for symbols see Fig. 1) following injections in the
cerebellum (A) and the mesodiencephalon (B). values indicated are mean percentages (+SD) and
total numbers (n).
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Results

The ultrathin sections from the cats with
an injection of WGA-HRP in the cerebellum
contained numerous N-, G- and (G +H) labe-
led terminals (Fig. 3A) and only a few H
labeled terminals (about 2% of 4ll the WGA-
HRP labeled terminals). Most of the labeled
terminals contained pleiomorphic vesicles
and showed a symmetrical synapse. From the
random sample of 585 terminals from the
entire neuropil an average of 31% of the N-,
27% of the G- and 39% of the (G+H) labe-
led terminals was located within glomeruli
(Fig. 1A). These percentages increased from
about 20% in the caudal part of the rostral
MAO to about 45% for its rostral part. This
increase was approximately equal for each
category of terminals and due to an increase
in the number and the size of the glomeruli.
The second population consisted of 459
terminals collected from 103 glomeruli and
contained an average of 62% N-, 23% G-
and 15% (G+H) labeled terminals (Fig. 2A).
In the cases with an injection in the
mesodiencephalic junction only N-, G- and H
labeled terminals were observed (Fig. 3B).
Most of the mesodiencephalic terminals
contained rounded vesicles and showed an
asymmetrical synapse. In the population of
789 terminals randomly collected from the
entire neuropil an average of 27% of the N-,
30% of the G- and 32% of the H labeled ter-
minals was located within glomeruli (Fig.
1B). These cases revealed a similar caudo-
rostrally increase in the proportion of the
terminals located within a glomerulus. The
second population consisted of 555 terminals
collected in 126 glomeruli and contained an
average of 45% N-, 37% G- and 18% H
labeled terminals (Fig. 2B). It was found that
50% of these glomeruli contained both G-
4nd H labeled terminals (Fig. 3B).
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Discussion

The percentages of the different
categories of terminals from the general
samples (Figs. 1A and 1B) were not signi-
ficantly different (p<0.05), neither between
different categories of terminals from the
same experimental group nor between any of
the categories from the cerebellar expe-
riments and any of the mesodiencephalic
experiments. These data indicate that in the
rostral MAO an average of about one third
of the terminals of each category is located
within glomeruli. Thus the proportions of the
GABAergic cerebellar terminals and of the
mesodiencephalic terminals which are located
within glomeruli, are similar. The percentages
from the second sample of terminals from
the cerebellar and the mesodiencephalic
experiments (Figs. 3A and 3B) show that the
total GABAergic input to the glomeruli is
about 37% (for the cerebellar experiment,
Fig. 3A: G + (G+H) = 38% and for the
mesodiencephalic experiment, Fig. 3B: G =
37%) and that the cerebellar GABAergic
input (15%) to the glomeruli is not more
extensive than the mesodiencephalic input
(18%). The finding that 50% of the glomeruli
in the mesodiencephalic experiments con-
tained one or more GABAergic terminals as
well as one or more WGA-HRP labeled ter-
minals is in agreement with the percentage
which can be obtained by calculations of
probabilities presuming that there is a
random distribution of all the categories of
terminals over the glomeruli *. This would
mean that there is no obvious separation or
coexistence of the GABAergic and mesodi-
encephalic terminals in L.O. glomeruli. It may
be concluded with respect to the innervation
of the glomerulus in the rostral MAO that
both the GABAergic cerebellar and the non-
GABAergic mesodiencephalic afferent system
have a random and an equal input.



Note * Using the percentages for the 3
categories of terminals (G, H and N) of the
second sample in the mesodiencephalic expe-
riment (ie. 45%, 37% and 18%) and the
mean number of terminals/glomerulus (T/G)
and presuming that there is a random inner-
vation of glomeruli, the probability (P) that
there is at least one G dnd at least one H can
be calculated as follows.

If 17/G 4, there are 6 possible
combinations in which there is at least one G
and at least one H: (G,HN,N), (G,HH,N),
(GHHH), (GGHN), (GGHH) and
(G,G,G,H). The P for each combination is:

a b ¢ a b c
P(G ,H ,N ) P(G) x P(H) x P(N) x
(a+b+c)!/alxblxc! in which a is the total
number of G-, b the total number of H- and c
the total number of N labeled terminals.
P(total) = P(G,HNN) + P(GHHN) +
P(GHHH) + P(G,GHN) + P(GGHH) +
P(G,G,G,H) 0.162 + 0.065 + 0.009 +
0133 + 0.027 + 0.036 0.432 . This
indicates that the probability that G and H will
be located together is 43% in a glomerulus of 4
terminals. However in the rostral MAO
neuropil the observed T/G was 555/126 = 4.4
instead of 4.0. If the P is calculated for T/G =
3 and for T/G = 5, and if a fluent curve is
drawn through P(T/G = 3), P(T/G = 4) and
P(T/G = 5) it is found that p(T/G = 4.4) is
approximately 48%.
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The 95% confidence interval of p(T/G =
4.4) is approximately 39%-57%. Thus the
observed 50% lies within the expected interval
which is based upon the assumption that there
exists a random GABAergic and mesodien-
cephalic innervation of the glomerulus in the
rostral MAO. If there were more separate
glomeruli for the GABAergic and/or the
mesodiencephalic  terminals  the observed
p(T/G = 4.4) would be < 39% and if there
was a significant coexistence of the GABAergic
and the mesodiencephalic terminals the
observed p(4.4) would be > 57%.

Fig. 3 (next page). Electronmicrographs of two
glomeruli in the rostral MAO following
injection of WGA-HRP in the cerebellar nuclei
(A) and the mesodiencephalon (B). The
glomerulus in A shows nine dendritic structures
(stars) surrounded by three non-labeled and
two gold-labeled GABAergic terminals, one of
which contains WGA-HRP reaction product
(arrowheads) indicating a cerebellar origin. The
glomerulus in B shows four dendritic structures
(stars) surrounded by two gold-labeled
terminals and two single WGA-HRP labeled
terminals (arrowheads) indicating a mesodi-
encephalic origin. Large arrows indicate
symmetrical synapses, small arrows indicate
asymmetrical synapses. Scale bar=0.5 pm.






c. Ultrastructural study of the GABAergic, cerebellar, and mesodiencephalic innervation of the
cat medial accessory olive combining anterograde tracing with immunocytochemistry.

Abstract

The rostral medial accessory olive
(MAO) of the cat was studied by using an
ultrastructural technique combining wheat
germ agglutinin  coupled horseradish
peroxidase (WGA-HRP) anterograde tracing
and postembedding GABA-immunocyto-
chemistry. One group of cats received a
WGA-HRP injection in the posterior inter-
posed nucleus of the cerebellum and another
group received an injection in the nucleus of
Darkschewitsch.

Based on differences in their morphology
three types of GABAergic and three types of
non-GABAergic terminals were observed.
One type of the GABAergic terminals was
often GABA/WGA-HRP double labeled in
the cerebellar experiments, and one type of
the non-GABAergic terminals was often
WGA-HRP labeled in the mesodiencephalic
experiments.

Following injections of WGA-HRP in the
cerebellar nuclei virtually all WGA-HRP
labeled terminals were GABA positive.
Quantification of these GABA/WGA-HRP
double labeled terminals showed that 1) 30%
of the GABAergic terminals randomly selec-
ted from the entire neuropil were double
labeled, 2) 13% of the GABAergic terminals
adjacent to perikarya were double labeled,
and 3) 34% of the GABAergic terminals
strategically located next to bdth of the
dendritic elements linked by a gap junction
were double labeled. Statistical analysis of
the above data showed that significantly
fewer GABAergic terminals adjacent to
perikarya were double labeled (p<0.001)
than would be expected from the double
labeled proportion of the randomly selected
GABAergic terminals.

Following injection of WGA-HRP in the
nucleus of Darkschewitsch, all WGA-HRP
labeled terminals were GABA-negative.
Quantification of these terminals showed that
1) 26% of the randomly selected non-
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GABAergic terminals were WGA-HRP la-
beled, 2) 20% of the non-GABAergic termi-
nals adjacent to perikarya were WGA-HRP
labeled, and 3) 23% of the non-GABAergic
terminals strategically located next to a gap
junction were WGA-HRP labeled. No signifi-
cant differences were found among these
populations.

Quantification of terminals of both groups
of experiments mentioned above, showed that
GABAergic terminals comprised 1) 38% of
the randomly selected terminals, 2) 64% of
the terminals apposed to perikarya, and 3)
53% of the terminals strategically located
next to gap junctions. Statistical analysis of
the above data showed that significantly more
GABAergic terminals were located adjacent
to perikarya (p<0.001) and strategically next
to a gap junction (p<0.05) than would be ex-
pected from the random GABAergic innerva-
tion.

The above findings of the GABAergic,
cerebellar and mesodiencephalic input are
discussed with regard to their functional role
in the neuronal circuitry of the rostral MAO.
In addition, the possible non-cerebellar
origins of the GABAergic inputs to the IO
are discussed.

Introduction

The inferior olive (IO) is the source of the
climbing fibres innervating the Purkinje cells
of the cerebellum (Szentigothai and Rajko-
vits,’59;  Eccles,’66; Murphy et al,’73;
Desclin,’74). The three main subnuclei of the
10 are the principal olive (PO), the dorsal
accessory olive (DAQ) and the medial acces-
sory olive (MAQ). The present ultrastructural
study of the cat IO is focussed on the rostral
MAO. The rostral MAO projects to a longi-
tudinal strip of Purkinje cells (C2 zone) in
the cerebellar hemisphere and to the poste-
rior interposed nucleus (Groenewegen et al,,
’79), a central cerebellar nucleus, which
receives its main input from the Purkinje



cells of the same zone (Voogd and Bigaré,
’80). Since the posterior interposed nucleus
projects to the rostral MAO (Tolbert et
al.’76), the direct connections between these
two nuclei are reciprocally organized. The
projection from the central cerebellar nuclei
to the I0 is GABA (gamma-amino butyric
acid) -ergic (Nelson et al,’84; de Zeeuw et
al.’88a) and originates from a subset of small
neurons (Nelson and Mugnaini,’87), which
probably do not send collaterals to the tha-
lamus (Bharos et al,’81). An indirect
projection from the central nuclei to the
rostral MAO is relayed through the nucleus
of Darkschewitsch (Ogawa,’39; Voogd, 64;
Kievit,”79). Although the connections of the
posterior interposed nucleus with the nucleus
of Darkschewitsch seem to be rather specific,
they are part of the more widespread projec-
tion to other parts of the mesodiencephalon
(Ruigrok et al. in press). The projection from
the nucleus of Darkschewitsch to the olive
(Onodera,’84; Holstege and Tan,’88) is non-
GABAergic (de Zeeuw et al.,’88a).

The firing pattern of the IO neurons is
determined by their afferent systems and in-
trinsic properties. Two of the salient electro-
physiological features of olivary neurons are
their propensity to oscillate (Armstrong et
al.’68; Llinas and Yarom,’86; Benardo and
Foster,’86) and to discharge synchroneously
(Llinas et al.’74; Llinas and Yarom,81a).
The oscillating property of IO neurons is due
to specific conductances, which are distri-
buted differentially over the cell membrane
of the soma and the dendrites (Llinas and
Yarom,’81a and ’81b). Synchroneous firing of
IO neurons is a result of -electrotonic
coupling (Llinas et al,;74; Llinas and
Yarom,’8la) by dendro-dentritic gap junc-
tions, which are located primarily in the IO
glomeruli (Sotelo et al.,’74; King,’76; Gwyn et
al.”77; Rutherford and Gwyn,77). There is
physiological (Sasaki and Llinas,’85) and
morphological (Sotelo et al.,’86) evidence
that GABA modulates this coupling in the
IO.

In order to relate further the interaction
between afferent inputs and intrinsic pro-
perties of IO neurons, we studied the
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morphology and distribution of the GABA-
ergic, cerebellar and mesodiencephalic
terminals on the rostral MAO neurons in the
cat by means of a technique combining ante-
rograde transport of wheat germ agglutinin
coupled horseradish peroxidase (WGA-HRP)
with GABA immunocytochemistry. Special
emphasis was put on the terminals apposed
to perikarya and on the terminals associated
with dendrites coupled by gap junctions. We
determined quantitatively the proportions of
the GABAergic, cerebellar and mesodien-
cephalic terminals on these structures, and
compared them with their overall distribution
in the neuropil and with each other.

Material and methods

In one group of four cats 0.5 ul WGA-
HRP (7% in saline) was injected bilaterally
in the posterior interposed nuclei of the
cerebellum under pentobarbital anaesthesia.
In another group of three cats injections were
made in the nucleus of Darkschewitsch and
surrounding mesodiencephalic area. After a
survival time of 3 days the cats were anaes-
thetised with pentobarbital and perfused
transcardially with 100 ml. 0.9% saline in
0.18 M (pH 7.3) cacodylate buffer (for one
cat in each group 0.1 M phosphate buffer was
used instead) under artificial respiration,
followed by 2 liters 5% glutaraldehyde in the
same buffer. The cerebellum and mesodien-
cephalon were cut in 40 um sections and
incubated with diaminobenzidine (DAB)
according to Graham and Karnovsky (66).
The IO was left for two hours in the fixative
and cut transversely on a vibratome.
Subsequently, the sections were processed
according to a technique combining WGA-
HRP histochemistry with postembedding
GABA-immunostaining. Details of the proce-
dure were published elsewhere (de Zeeuw et
al.,’88a). Briefly, it consisted of the following
steps. Vibratome sections were incubated
with tetramethylbenzidine and stabilized with
DAB-cobalt (Rye et al.’84; Lemann et al.,
’85), osmicated (in 8% glucose solution),
blockstained with wuranyl acetate (UA),
without rinsing directly dehydrated in



dimethoxypropane (Truter et al.’80) and
embedded in Araldite. Guided by the fin-
dings in the semithin sections, we made
pyramids of the rostral MAO from the plastic
embedded vibratome sections. From these
tissue blocks serial and non-serial ultrathin
sections were mounted on formvar coated
nickel grids (200 mesh) and processed for
GABA-immunocytochemistry. The polyclonal
GABA antibody was raised in rabbit (for
details about the specificity of the antibody,
see Seguela et al,’84 and Buijs et al,’87).
The goat anti-rabbit (GAR) antibody (Jans-
sen, Belgium) was labeled with 15 nm gold
particles. The sections were counterstained
with UA and leadcitrate and examined in a
Philips (300) Electron Microscope.

Collection and analysis of the data

From the four cats with injections of
WGA-HRP in the cerebellar nuclei and from
the three cats with injections of WGA-HRP
in the nucleus of Darkschewitsch, the three
and two cats respectively, with the largest
number of labeled terminals were used for
quantitative  analysis. Four non-serial
ultrathin sections obtained from two embed-
ded tissue blocks of each of these cats, were
examined. In these sections three populations
of terminals were selected. The first popu-
lation consisted of a random sample of all
terminals present in the olivary neuropil. The
second population consisted of terminals
located adjacent to somata, and the third of
terminals associated with gap junctions. The
first population was obtained by scrutinizing
a small but equal area of each gridsquare,
which contained tissue of the rostral MAO.
Since relatively few of the terminals were
apposed to perikarya and located next to
dendrites coupled by gap junctions, the se-
cond population was selected from a large
sample area of each gridsquare and the third
population was selected from the entire
tissue area in the gridsquares. All three
populations were obtained from the same
gridsquares of the same sections.
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The first population of terminals was
studied as follows. It was determined for the
total sample area of each ultrathin section of
both experimental groups 1) what percentage
of all terminals were GABAergic and non-
GABAergic (first column, Table 1A and B),
2) what percentage of the GABAergic and
non-GABAergic terminals were or were not
WGA-HRP labeled (second column, Table
1A, B), 3) what percentage of the terminals
mentioned at point two, were located inside
or outside a glomerulus (third column, Table
1A, B), 4) what percentage of the intra- and
extraglomerular terminals exhibited a synapse
(fourth column, Table 1A, B), and 5) what
percentage of the synapse containing termi-
nals, established an asymmetric or a symme-
tric synapse (fifth and sixth column, Table
1A, B). In this analysis a terminal was consi-
dered 1) GABA positive, when the number
of gold particles overlying it was at least
eight times higher than the number of parti-
cles overlying surrounding non-GABAergic
structures, 2) WGA-HRP labeled, when crys-
talline electrondense deposits were observed,
3) located inside a glomerulus, when it was
one of two or more terminals, which sur-
rounded a core of at least three small den-
dritic elements, and when some glia surroun-
ded this synaptic complex (de Zeeuw et
al.’89b), 4) to exhibit a synaptic complex,
when membrane specializations contained a
synaptic cleft, a post synaptic density and a
cluster of presynaptic vesicles adjacent to the
presynaptic membrane (Gray and Guillery,
’66), and 5) to establish an asymmetric
(Gray’s type I) or a symmetric (Gray’s type
IT) synapse, when the width of the synaptic
cleft was about 30 nm, or 20 nm respectively
and when the thickness of the postsynaptic
density was about 40 nm, or 20 nm respecti-
vely (Gray,’59). Terminals, which displayed
more than one synaptic junction in the same
electron micrograph were counted as a single
terminal. The percentages of all the morpho-
logical features mentioned above, were avera-
ged for all ultrathin sections and the standard
errors of the means (SEM) were calculated.
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TABLE 1A. Population of Terminals (n = 912) Randomly Selected From the Entire Neuropil, Following Injection of WGA-HRP in the Posterior
Interposed Nucleus of the Cerebellum Combined With GABA Immunocytochemistry (Values Indicated Are Mean Percentages [+ SEM] of Data Obtained in
the Ultrathin Sections [N = 12]; for Details See Materials and Methods)

Terminals with

Terminal Glomerular synaptic Type Type
subgroup location junctions 1 11

Single GABA {Extm T+l 4816 13+3 87+3

GABA 70 + 3.3 Intra 291 8841 11+ 4 894

37+15 Double GABA/WGA-HRP {Extra 63+5 3743 T4 93+ 4

30 +33 Intra 375 90+ 4 6+2 94+ 2

Non-GABA {Extm 675 49 + 2 92+5 85

63+15 Intra 33+5 80+ 3 94 +1 61

TABLE 1B. Population of Terminals (n = 721) Randomly Selected From the Entire Neuropil, Following Injection of WGA-HRP in the Mesodiencephalic
Junction Combined With GABA Immunocytochemistry (Values Indicated Are Mean Percentages [+ SEM] of Data Obtained
in the Ultrathin Sections [N = 8], for Details See Materials and Methods)

Terminals with

Terminal Glomerular synaptic Type Type

subgroup location junctions 1 1I
GABA {Extra 02 39+4 16+ 2 84 +2
38+ 27 Intra 302 86+ 3 9:+6 91:6
Non-labaled {Extra 7256 4244 90 +4 10+ 4
Non-GABA 74127 Intra 28+ 5 688 96 x2 4x2
62 2 2.7 Single WGA-HRP {Extra 69+6 4512 92+86 8:6
26 + 2.7 Intra 316 87+2 97+3 3+3
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TABLE 2A. Population of Terminals (n = 278) Located Adjacent to Perikarya, Following Injection of WGA-HRP in the Posterior Interposed Nucleus of the
Cerebellum Combined With GABA Immunocytochemistry (Values Indicated Are Mean Percentages [+ SEM] of Data Obtained
in the Ultrathin Sections [N = 12]; for Details See Materials and Methods)

Terminals with
Terminal synaptic Type
subgroup junctions Typel 1I
Single GABA 63+4 3+2 97+ 2
GABA 87+09
6221 Double GABA/WGA-HRP 74+12 86 926
13 £ 0.9
Non-GABA 40+ 4 53 + 4 47+ 4
38+ 21

TABLE 2B. Population of Terminals (n = 216) Located Adjacent to Perikarya, Following Injection of WGA-HRP in the Mesodiencephalic Junction
Combined With GABA Immunocytochemistry (Values Indicated Are Mean Percentages [+ SEM] of Data Obtained in the Ultrathin Sections [N - 8]; for
Details See Materials and Methods)

Terminals with

Terminal synaptic Type
subgroup junctions Typel 11
GABA M0+5 7+8 93+3
66 + 2.1
Non-labeled 44 x4 52 + 10 48 + 10
Non-GABA 80+ 25
34121 Single WGA-HRP 38+ 13 60 + 22 40+ 22

20+ 25
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TABLE 3A. Population of Terminals (n = 127) Associated Wlth Gap Juntxons, Following Injection of WGA-HRP in the Posterior Interposed Nucleus of the
Cerebellum Combined with GABA I vt y (Values Indicated Are Mean Percentages {+ SEM] of Data Obtained
in the Ultrathin Sections (N = 9], for Details See Materials and Methods)

Terminals with

Terminal Glomerular synaptic
subgroup location junctions Typel Type Il
Single GABA {Exm 18+ 9 100 0 100
66 + 102 Intra 82:9 86:9 8:8 92:8
GABA
55+ 4.1 Double GABA/WGA-HRP {Extta 10+ 10 100 0 100
Strategic 34 +10.2 Intra 9010 902+ 10 [ 100
3385
Non.GABA {Ema 308 60 3 24 100 0
4541 Intra 70+8 72+ 11 89+ 7 1127
Single GABA {Extra 1725 83 x17 0 100
70 £ 163 Intra 83s+5 79210 16 + 10 85410
GABA
36+9.2 Double GABA/WGA-HRP {Extra 13213 0 — —
Non-strategic 30+ 1563 Intra 87+13 92+ 8 1313 87213
67 + 8.5
Non-GABA {Extra 20£5 57+17 8012 20+ 12
6492 Intra 79+5 666 93+ 4 Ts4

TABLE 3B. Population of Termmals (n 129) Associated With Gap Juntions, Following Injection of WGA-HRP in the Mesodiencephalic Junction
Combined with GABA 'yt ry (Values Indicated Are Mean Per ges [+ SEM] of Data Obtained in the Ultrathin Sections [N = 7];
for Details See Materials and Methods)

Terminals with

Terminal Glomerular synaptic
subgroup location junctions Typel Type I1
GABA {Extm 13+ 6 67+33 1} 100
50 + 112 Intra 87x6 83:9 44 96+ 4
Strategic
30 + 88 non-labeled {Extm 24:8 50+ 29 100 0
Non-GABA 77 + 106 Intea 76+ 8 17+ 10 90+ 10 10 + 10
50+ 11.2
Single WGA-HRP {Extm [ — — —
23 £ 10.5 Intra 100 78 + 22 100 0
GABA {Extm 18+3 40+ 924 0 100
34+99 Intra 82+3 KRN 5+5 95+ 5
Non-strategic
70 = 8.8 non-labeled {Extm 236 53+ 18 8843 12:3
Non-GABA 74 + 6.0 Intra T7+6 69 + 10 8317 177
66 + 9.9
Single WGA-HRP {Extm 10+ 6 50 x 50 100 [
26 + 6.0 Intra 90+ 6 70+ 10 9525 5+5




Fig. 1. Photomicrographs from one of the
cerebellar experiments. A. The areas of the

WGA-HRP  injections bilaterally in the
posterior interposed nuclei of the cerebellum.
Scale bar = 3.6 mm. B. Semithin section of
the rostral MAO following injection of WGA-
HRP as in A. Note the retrogradely labeled
perikarya and the anterograde labeling in
between. Scale bar = 20 um.

The second population consisted of
terminals located adjacent to perikarya or
their spines. The cell bodies were identified
and distinghuished from large dendrites by
their nuclei, organelles and size. These
terminals were analyzed in a manner similar
to that of the terminals of the first popu-
lation, except that it was not determined
whether they were located in a glomerulus
(Table 24, B).
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Fig. 2. Photomicrographs from one of the me-
sodiencephalic experiments. A. The areas of the
WGA-HRP injections bilaterally in the nucleus
of Darkschewitsch and the surrounding mesodi-
encephalic area. Scale bar = 3.2 mm. B. Semi-
thin section of the rostral MAO following injec-
tion of WGA-HRP as in A. Note the antero-
grade labeling and the absence of the retrogra-
dely labeled perikarya. Scale bar = 22 um.

The third population consisted of ter-
minals apposed to dendritic structures coup-
led by a gap junction. A junctional zone was
considered to be a gap junction when it
showed a heptalaminar structure with and
intercellular gap of approximately 2 nm and
when it revealed patches of electrondense
material apposed to both cytoplasmic sides of
the junctional membrane (Sotelo et al,’74).
In this population it was determined what
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Figs. 3-5. Graphic representations showing the proportions of the terminals, which are WGA-HRP
labeled (horizontal lines) in the cerebellar (HRPc) and mesodiencephalic (HRPm) experiments,
and the proportions of the GABAergic (vertical lines) and non-GABAergic (absence of vertical
lines) terminals obtained from both groups of experiments. The surface areas of the different
terminal subgroups in each figure represent their averaged proportions. It should be noticed that the
proportions of WGA-HRP labeled terminals only reveal a minority (probably about one third) of
the actual number of terminals, whereas the proportions of the GABAergic terminals probably
represent the actual proportions. Figure 3 shows the population of terminals selected randomly
from the entire extraglomerular (A) and intraglomerular (B) neuropil, Figure 4 the population of
terminals apposed to perikarya, and Figure 5 the population of terminals non-strategically (A) and
strategically (B) located next to dendrites coupled by gap junctions. Note that the different surface
areas of A and B in Figures 3 and 5 represent their relative shares.

percentage of the terminals were located determined as in the first population (Table
strategically or non-strategically next to the  3A, B).

dendrites coupled by gap junctions (first Statistical analysis was performed using
column, Table 3A, B). A terminal was consi- the Student’s t test. If the general assump-
dered to be strategically located, when it was  tions of the Student’s t test were not fulfilled,
apposed to béth dendritic structures, which  the results were verified using the Wilcoxon
were linked by a gap junction, and non- test (Glantz,'81). Differences were considered
strategically, when it was adjacent to only one  as non-significant, when the significance level
of the two dendrites. In addition, percentages  was larger than five percent (p>0.05).
(+SEM) of morphological features were

56



Results

The injection sites of the cerebellar
experiments all included the posterior
interposed mucleus (Fig. 1A), while the
injection sites of the mesodiencephalic
experiments, all included the nucleus of
Darkschewitsch (Fig. 2A). Semithin sections
of the rostral MAO from the cats injected
with WGA-HRP in the cerebellar nuclei con-
tained retrogradely labeled perikarya and
proximal dendrites, and anterogradely labeled
fibers in between (Fig. 1B). The labeling was
ubiquitous with a slight increase in density
towards the periphery of the MAO. In semi-
thin sections of the cats with WGA-HRP
injections in the nucleus of Darkschewitsch
only anterograde labeling was observed (Fig.
2B). This labeling showed the same distri-
bution.

The immunostained ultrathin sections of
the cats injected with WGA-HRP in the
cerebellar nuclei contained, apart from the
WGA-HRP labeled perikarya, proximal
dendrites and myelinated axons, numerous
non-labeled, GABA (single) labeled and
(GABA/WGA-HRP) double labeled preter-
minal segments and terminals (Figs. 6-10, 20-
26) and rarely, a WGA-HRP (single) labeled
terminal. The ultrathin sections of the cats
with WGA-HRP injections at the mesodien-
cephalic junction contained WGA-HRP labe-
led myelinated axons (Fig. 16) and numerous
non-labeled, GABA labeled and WGA-HRP
labeled preterminal segments (Figs. 11, 29)
and terminals (Figs. 11-19, 27-29). Almost
none of the profiles was double labeled.
Following examination of serial sections it
was found that the WGA-HRP labeled termi-
nals of the mesodiencephalic experiments did
not differ obviously in spatial orientation
from the double labeled terminals of the

cerebellar experiments. GABAergic cell
bodies were not observed in any of the
experiments.

The four subgroups, i.e. the non-labeled,
GABA labeled, double labeled and WGA-
HRP labeled terminals, which were present
in the population obtained from the entire
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neuropil (Figs. 6-15), were observed also
among the terminals apposed to perikarya
(Figs. 16-20), and among the terminals
associated with gap junctions (Figs. 21-29).

Terminals selected from the entire neuropil.

MORPHOLOGY. Based on differences in
vesicle shape as observed in the sections of
the animals perfused with the cacodylate
buffered fixative, three types of GABAergic
terminals (Fig. 6) and three types of non-
GABAergic terminals (Figs. 12, 15) were
observed.

The first and most numerous GABAergic
type contained mainly small pleomorphic
vesicles of 20x40 nm (Fig. 6). These terminals
were often double labeled in the cerebellar
experiments. They ranged in diameter from
0.5 um to 3.5 um with an average of 1.8 um,
and often included mitochondria and a few
dense core vesicles. They established pri-
marily, but not invariably (84%-94%), synap-
ses corresponding to Gray’s type II (Figs. 6,
9, 11; Tables 1A, B). The larger terminals of
this type frequently showed more than one
synapse (Fig. 9). Infrequently, these GABA-
ergic terminals showed single rows of sub-
synaptic densities which were located in a
constricted dendrite and interposed between
two terminals exhibiting clear asymmetric
synapses (Figs. 13, 14). These structures,
which resemble the so-called crest synapses
(Milhaud and Pappas,’66; Akert et al.’67),
have been described for the dorsal cap of the
rabbit (Mizuno et al.’74), for the MAO of
the monkey (Rutherford and Gwyn,’80), and
for an olivary spine and two GABAergic ter-
minals of the rat (Sotelo et al.’86). Five of
the six crest synapses observed, were formed
by one or two GABAergic terminals, indica-
ting that most crest synapses in the rostral
MAO may be associated with GABAergic
terminals.

The second GABAergic type, which was
less frequently observed, contained mainly
large oval vesicles of 40x65 nm (Fig. 6).
Apart from the shape and size of the vesicles,
these terminals resembled morphologically
the first type.






The third GABAergic type, the large
granular type, contained a large number of
dense core vesicles of 90 nm, interspersed
between clear oval vesicles and tubulo-
vesicular elements (Fig. 6, 7). All types of
vesicles in these terminals appeared irre-
gularly shaped. The terminals were more or
less elongated and ranged in diameter from
0.4 to 1.5 um with an average of 0.8 um.
They rarely exhibited a synapse. None of
them were ever found to be WGA-HRP la-
beled in the cerebellar experiments.

The first non-GABAergic type, which
accounted for about 95% of the non-GABA-
ergic terminals, contained primarily large,
round and oval vesicles of 40x50 nm. It was
the only type, which was WGA-HRP labeled
in the mesodiencephalic experiments. These
terminals ranged in diameter from 0.5 um to
4.1 um with an average of 1.9 um, and usu-
ally contained mitochondria and sometimes a
few dense core vesicles. The vast majority
(90%-97%) of them formed synapses corres-
ponding to Gray’s type I (Figs. 12, 15, 18;
Tables 1A, B), sometimes with an interme-
diate band in the synaptic cleft (Fig. 18).
They frequently made more than one synapse
(Fig. 15), some of which established both an
asymmetric and a more symmetric synapse.
Taxi bodies (Taxi,’61) were observed much

Fig. 6. Electron micrograph showing the three
types of GABAergic terminals (black dots): two
terminals contain small clear pleomorphic
vesicles (SP), one terminal contains large clear
oval vesicles (LO) and another one contains a
high number of large granular vesicles (LG).
Note that some dense core vesicles contain one
or more gold particles in their clear peripheral
part (arrow heads). Two of the GABAergic
terminals  establish a symmetric  synapse
(triangle). Scale bar = 0.51 um.

Fig. 7. Electron micrograph of a GABAergic
large granular terminal-profile with an
elongated shape, which contains a variety of
large granular vesicles and tubulo vesicular
elements (arrow head).-Scale bar = 0.42 um.
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more frequently subsynaptic to these WGA-
HRP labeled and non-labeled terminals
(Figs. 19, 27) than to GABAergic terminals.

The second non-GABAergic type, contai-
ned a large number of dense core vesicles
and was morphologically similar to the
GABAergic, large granular type. This type of
non-GABAergic terminals accounted for
approximately 85% of the total number of
large granular terminals.

The third non-GABAergic type, which was
only rarely observed, contained only flatteried
vesicles of 15x50 nm (Fig. 12). These termi-
nals, which were observed before in the IO
of the opossum by Bowman and King ('73),
ranged in diameter from 0.4 um to 1.2 um
with an average of 0.7 um. The last two types
of non-GABAergic terminals, which - were
never WGA-HRP labeled in the mesodien-
cephalic experiments, rarely established a
synaptic contact.

Considering the labeling at the subcellular
level it was found in most of the GABAergic
profiles that the gold particles were concen-
trated over the matrices of the mitochondria
(Figs. 11, 28), while fewer were located in the
vesicles and the axoplasm in between. When
dense core vesicles were labeled, the gold
particles were primarily located in their clear
peripheral part. This was observed both, in
large granular terminals (Fig. 6) and in clear
vesicle terminals, which contained only a few
dense core vesicles (Figs. 8, 9). With regard
to the TMB/DAB-Co reactionproducts of the
WGA-HRP labeled profiles, it was observed
that they appeared as electrondense deposits,
which showed the dense outline of the origi-
nal crystalline TMB reactionproduct. Some-
times, the centers of these products contained
electron lucent spaces (Figs. 9, 10, 15). In
most cases, the reaction products were loca-
ted in the periphery of the labeled profile
(Fig. 10) and occasionally it pierced through
the membrane. The WGA-HRP labeled pro-
files often displayed a slight increase in
density of their axoplasm (Fig. 16) and vesi-
cle membranes (Figs. 15, 18). Infrequently
smaller and more diffuse reaction products
were observed (Fig. 9).
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Figs. 8-10. Electron micrographs of labeled profiles following injection of WGA-HRP in the
cerebellar nuclei combined with GABA immunocytochemistry.

Fig. 8. A GABA labeled terminal showing a synapse with a rather wide synaptic cleft (triangle).
Note that the terminal with predominantly clear vesicles contains a few dense core vesicles which
are labeled with gold particles in their clear peripheral part (arrow heads). Scale bar = 0.37 um.

Fig. 9. A GABA/WGA-HRP double labeled terminal, which establishes symmetric synapses with
several dendritic elements (triangles). The TMB/DAB-Co reactionproduct appears as electrondense
deposits along the outline of the original crystalline TMB reactionproduct (large arrows), which is
electronlucent in the center and contains almost no gold particles. Some smaller and more diffuse
reaction products are present in the upper part of the terminal (small arrows). The terminal
contains a few dense core vesicles, which contain gold particles in their clear peripheral part (arrow
heads). Scale bar = 0.70 um.

Fig. 10. Example of an area, in which the majority of the GABAergic terminals is GABA/WGA-
HRP double labeled. The GABA single labeled terminals are indicated by the asterisks and the
GABA/WGA-HRP double labeled terminals by the arrows. Note that the dense TMB/DAB-Co
reactionproducts of the double labeled terminals appear in most cases along the membrane of the
terminal. Scale bar = 2.3 um.

Figs. 11-14. Electron micrographs of labeled profiles, following injection of WGA-HRP in the
mesodiencephalic junction combined with GABA immunocytochemistry.

Fig. 11. A GABA labeled terminal and its preterminal axon, which is cut longitudinally and two
WGA-HRP labeled preterminal axon segments (arrows), which are cut transversally. The
GABAergic terminal establishes a symmetric synapse (triangle). Note that the mitochondria of the
GABAergic bouton and its preterminal segment, are densely labeled. Scale bar = 0.9 um.

Fig. 12. Two non-GABAergic terminals, of which one contains only flattened vesicles (F), while the
other one contains primarily oval vesicles. This latter terminal is WGA-HRP labeled (arrows) and
establishes an asymmetric synapse (arrow heads). Scale bar = 0.37 um.

Fig. 13. A crest synapse between two GABAergic terminals. Note that the upper GABAergic
terminal does not only establish a crest synapse with the narrow dendritic element, but also a
symmetric synapse (triangle) with the dendrite on the right. Scale bar = 0.57 um.

Fig. 14. A narrow dendritic element of a crest synapse running parallel to the dendrite from which
it arises (two open arrows). Note that the GABAergic terminal on the right contacts the narrow
dendritic element involved in the crest synapse with an asymmetric synapse and the larger part of
the same dendritic structure with a symmetric synapse (triangle). Scale bar = 0.62 um.

Fig. 15. Electron micrograph of an area, in which the majority of the non-GABAergic terminals is
WGA-HRP labeled, following injection of WGA-HRP in the mesodiencephalic junction combined
with GABA immunocytochemistry. The WGA-HRP labeled profiles are indicated by the arrows
and the GABA labeled terminals by the asterisks. The WGA-HRP labeled terminals establish
asymmetric synaptic contacts (arrow heads) and the GABAergic terminals symmetric synapses
(triangles). Scale bar = 1.3 um.
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QUANTIFICATION. The populations
randomly selected from the entire neuropil in
sections of cats with injections of WGA-HRP
in the cerebellum (n=912) and with injec-
tions at the mesodiencephalic junction
(n=721) consisted for respectively 37% and
38% of GABAergic terminals *1, (first
columns Tables 1A, B). Double labeling from
the cerebellum in the first experimental
group was found in 30% of the GABAergic
terminals (second column Table 1A). Conver-
sely only 1% of the non-GABAergic termi-
nals in this group was WGA-HRP labeled
(not represented in the Table). Of the non-
GABAergic terminals in the mesodien-
cephalic experiments 26% were WGA-HRP
labeled (second column Table 1B), and only
one GABAergic terminal was found to be
double labeled.

Labeling with WGA-HRP was restricted
to a minority of the GABAergic and non-
GABAergic terminals. However, these
percentages represent averages over a large
number of areas. When areas containing the
largest numbers of WGA-HRP labeled termi-
nals were considered, it was obvious that the
majority of the GABAergic terminals obtai-
ned from the cerebellar experiments (Fig.10),
and the majority of the non-GABAergic
terminals obtained from the mesodien-
cephalic experiments (Fig. 15) were WGA-
HRP labeled.

LOCATION. Two thirds (63%-72%) of
the terminals of each subgroup of both
experimental groups, were located outside a
glomerulus (Figs. 3A, B; Tables 1A, B). Half
or less (37%-49%) of these terminals esta-
blished one or more synapses, mostly with
intermediate and small dendrites and some-
times with proximal dendrites. For the intra-
glomerular terminals (28%-37%), it was
found that the majority (68%-90%) exhibited
a synapse, most often with a small dendrite.

Among the 1633 terminals selected ran-
domly from the entire neuropil of both expe-
rimental groups only 39 (2.4%) were located
adjacent to perikarya or perikaryal spines and
only 20 (1.2%) were apposed to dendrites
linked by gap junctions.

Figs. 16-18. Electron micrographs of labeled
profiles apposed to perikarya, following in-
jection of WGA-HRP in mesodiencephalic
Junction combined with GABA immunocyto-
chemistry.

Fig. 16. Two GABAergic terminals apposed to
a perikaryon (P). The upper one establishes a
symmetric contact (triangle) with the perikaryon
and is located adjacent to a dendrite (D),
which is itself apposed to the same soma. The
other one shows a subsurface cistern (arrow
heads) and is apposed to a protrusion (open
arrow) of the perikaryon. In the upper left
corner a myelinated axon (A) is sparsely
labeled with WGA-HRP. Scale bar = 0.35 um.

Fig. 17. Two GABAergic terminals of which
one is apposed to a perikaryon (P), while the
other one is apposed to a nearby dendrite (D).
Note that the GABAergic terminal adjacent to

" the cell body shows both a symmetric contact
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(triangle) and a subsurface cistern (arrow
heads). The nucleus (N) of this olivary cell is
located in close proximity to this terminal.
Scale bar = 0.50 um.

Fig. 18 A WGA-HRP labeled terminal (ar-
rows) is apposed to a perikaryon (P) without a
synapse but contacts a dendrite (D) with an
asymmetric synapse (arrow heads), which
shows an intermediate band in its cleft. A
GABA labeled terminal is also present. This
terminal is neither apposed to the perikaryon
nor to the dendrite. Note that the membranes
of the vesicles of the WGA-HRP labeled
terminal appear denser stained than those of
the GABAergic terminal. Scale bar = 0.54 um.

Note *1. The cumulative average (38% + 0.8)
of the proportions of GABAergic terminals
obtained from both experimental groups was
significantly lower (Student’s t test, p<0.001)
than the one of the non-GABAergic terminals
(62% + 0.8).
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Terminals apposed to perikarya.

MORPHOLOGY. The three types of
GABAergic terminals (see above), including
those which were double labeled in the cere-
bellar experiments, were all present among
the terminals adjacent to perikarya. With an
average diameter of 1.3 um, ranging from 0.5
um to 2.5 um, these GABAergic terminals
were somewhat smaller than in the rest of
the neuropil. The majority of them (63%-
74%) established a synapse with the peri-
karyon, mostly (92%-97%) according to
Gray’s Type Il (Figs. 16, 17, 20; Tables 2A,
B). A few of them established more than one
synapse. The GABAergic terminals apposed
to a perikaryon frequently showed subsy-
naptic cisterns (Rosenbluth,’62), which were
most often present as a single cistern with a
few ribosomes (Figs. 16, 17). These subsur-
face structures, which were found previously
in the IO of the opossum (Bowman and
King,73), were observed more frequently
subsynaptic to GABAergic terminals than to
non-GABAergic terminals. This suggests that
the GABAergic terminals apposed to peri-
karya may be associated with the protein
synthesizing apparatus.

Apart from a few large granular
terminals, all non-GABAergic terminals
apposed to perikarya contained round and
oval vesicles. Some of them were WGA-HRP
labeled in the mesodiencephalic experiments
(Figs. 18, 19). The diameter of these
terminals ranged from 0.5 um to 2.7 um, with
an average of 14 um. Compared with the
randomly selec-ted terminals in the neuropil
relatively few of these somatic terminals
(38%-44%) made sy-naptic contacts, and only
about half of these synapses (52%-60%) were
according to Gray’s Type 1 (Tables 2A, B).
The post-synaptic densities of the asymmetric
synapses were less distinct than usual, and
Taxi bodies were observed once (Fig. 19).

QUANTIFICATION. Among the popula-
tions of somatic terminals selected from cats
with injections in the cerebellar nuclei
(n=278) and from cats with mesodiencepha-
lic injections (n=216) GABAergic terminals
accounted for respectively 62% and 66% (Ta-
bles 2A, B). Therefore, GABAergic terminals
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constitute the majority of the somatic termi-
nals, and were observed more frequently than
would be expected from the overall- GABA-
ergic innervation in the neuropil*2. The pro-
portion of GABAergic terminals, which was
double labeled from the cere-bellum was
significantly lower (Student’s T-Test,
p<0.001) among the terminals located adja-
cent to perikarya (13% 4 0.9) than among
the terminals selected randomly from the
neuropil (38% + 0.8), (compare Figs. 3 and
4). For the non-GABAergic terminals, none
was labeled from the cerebellum, whereas
from the mesodiencephalic junction an ave-
rage of 20% was found to be labeled. This
percentage (20% -+ 2.5) did not differ signi-
ficantly from the percentage (26% + 2.7) of
the non-GABAergic, WGA-HRP labeled ter-
minals selected randomly from the neuropil.

LOCATION. Most of the terminals con-
tacting perikarya, were arranged in clusters of
two or three terminals. These somatic termi-
nals often were apposed to single dendrites
located adjacent to the perikaryon (Figs. 16,
17), sometimes making synaptic contacts with
both. Less frequently terminals were apposed
to perikaryal spines (Figs. 16, 19). Some of
the GABAergic terminals, which were not ar-
ranged in a cluster but present as single
terminals on the perikarya, were found to be
of the en passant type.

note*2. The cumulative average (64% + 1.5)
of the proportions of GABAergic terminals
adjacent to perikarya obtained from both the
cerebellar and mesodiencephalic experiments
was significantly higher (Student’s t test,
p<0.001) than the one of the non-GABAergic
terminals adjacent to perikarya (36% + 1.5),
and than the one of the GABAergic terminals
selected randomly in the entire neuropil (38%
+ 0.8).

Terminals next to dendrites coupled by a gap
junction.

MORPHOLOGY. The GABAergic termi-
nals associated with gap junctions, including
the terminals which were double labeled in
the cerebellar experiments, contained mostly
small pleomorphic vesicles. None of them



was of the large granular type. With an ave-
rage diameter of 1.5 um, ranging from 0.8 to
3.1 um, these terminals were somewhat smal-
ler than those sampled from the entire
neuropil. Frequently, they contained mito-
chondria and a few dense core vesicles. The
majority of them (85%-100%) established
synapses according to Gray’s Type II (Figs.
23, 24; Tables 3A, B).

The mesodiencephalic experiments
showed that all WGA-HRP labeled and non-
labeled terminals associated with gap junc-
tions, contained round or oval vesicles. These
non-GABAergic terminals with an average
diameter of 1.5 um ranging from 0.6 to 3.3
um, frequently contained mitochondria and a
few dense core vesicles, and the majority of
them (80%-100%) exhibited a synapse accor-
ding to Gray’s type I (Figs. 28, 29; Tables 3A,
B

QUANTIFICATION. Among the termi-
nals sampled from the cerebellar group
(n=127) and the mesodiencephalic group of
experiments (n=129) respectively 33% and
30% were located strategically with respect to
a gap junction (i.e., apposed to both dendri-
tes coupled by a gap junction), (tables 3A,
B). Half of the strategically located terminals
was GABAergic (55% in the cerebellar
group; 50% in the mesodiencephalic group).
When both groups of experiments were com-
bined the cumulative average of the GABA-
ergic terminals was significantly higher
(Wilcoxon test, p<0.05) for this group of
strategically located terminals (53% + 5.3)
than among the terminals randomly selected
from the entire neuropil (38% 4+ 0.8). This
indicates that there are more GABAergic
terminals contacting both dendrites coupled
by a gap junction than would be expected
from a random GABAergic input (Compare
Fig. 3 and 5B). GABAergic terminals occur-
red less frequently among the non-strate-
gically located terminals (36% in the
cerebellar group, 34% in the mesodi-
encephalic group), (Tables 3A, B). The
cumulative average of the GABAergic, non-

strategically located terminals in the
combined experimental groups (34% + 6.7)
did not differ significantly from the
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population of GABAergic terminals from the
entire neuropil (38% + 0.8). With regard to
the WGA-HRP labeled terminals, it ap-
peared that their proportions among the
strategically and non-strategically located,
GABAergic and non-GABAergic terminals in
the two experimental groups did not differ
significantly from the percentages obtained
from the entire neuropil (compare second
columns Table 1A, B and 3A, B).

LOCATION. The majority (70%-100%) of
the non-labeled, GABA labeled, double
labeled and WGA-HRP labeled terminals
associated with gap junctions was located
within a glomerulus, most frequently con-
tacting small dendritic elements (Figs. 21-29;
Tables 3A, B). Most of the intra- and extra-
glomerular located terminals established
synapses. The strategically located, GABA-
ergic, glomerular terminals relatively often
exhibited a synapse (83%-90%), whereas, the
non-strategically located, non-GABAergic,
extraglomerular terminals exhibited relatively
few synapses (50%-57%). Gap junctions
between cell bodies were never observed.
Only in one case, a junctional zone of a
perikaryal spine was observed with some
characteristics of a gap junction (Fig. 20).

PERCENTAGES OF GAP JUNCTIONS.
In the analyzed, non-serial ultrathin sections
94 gap junctions were ob-served (49 from the
cerebellar and 45 from the mesodiencephalic
experiments). Of these gap junctions 70 were
associated with at least one GABAergic
terminal and 80 with at least one non-
GABAergic terminal. The total number of
terminals apposed to the electro-tonically
coupled dendrites was 256, indica-ting that in
this two-dimensional analysis, on the average
2.7 (256/94) terminals were ap-posed to two
dendrites linked by a gap junc-tion.

Discussion

The rostral MAO receives a projection
from the posterior interposed nucleus of the
cerebellum (Tolbert et al,’76) and the nu-
cleus of Darkschewitsch (Onodera,’84). In the
present study, we looked at the morphology
and distribution of these afferents in relation



to the GABAergic input. Special emphasis
was put on terminals apposed to perikarya
and located next to dendrites coupled by gap
junctions.

General morphology of the terminals.

As described in cat (Walberg,’66; Sotelo
et al.’74), opossum (Bowman and King,’73),
rat (Gwyn et al.,’77) and monkey (Rutherford
and Gwyn,’80), it was observed in the present
study that the majority of olivary boutons
contained either round and/or oval vesicles
and asymmetric synapses or pleomorphic
vesicles and symmetric synapses.

With regard to the GABAergic terminals,
we distinguished three different types. The
most frequent type, which was often double
labeled in the cerebellar experiments, con-
tained pleomorphic vesicles and exhibited
primarily, but not exclusively, symmetric
synapses. Our findings are largely in agree-
ment with recent studies of the GABAergic
and cerebellar innervation of the rat 10
(Sotelo et al.’86; Angaut and Sotelo,’87).
However, in previous studies of the IO of the
opossum and the cat it was found that cere-
bellar terminals contained spherical vesicles
(King et al.’76; Mizuno et al.’80) and
exhibited asymmetric synapses (Mizuno et
al.’80). The difference in shape of the vesi-
cles may be due to a different type and os-
molarity of the buffer used for the fixative
(Valdivia,’71) and/or to a different duration
of exposure of the tissue to aldehydes (Paula-
Barbosa,’75).

Concerning the mesodiencephalic termi-
nals, which were all non-GABAergic (cf. De
Zeeuw et al.’88a), our results were in
agreement with studies of King et al. ('78)
and Cintas et al. (’80), which showed respec-
tively in opossum and rat, that most of the
mesodiencephalic terminals had round vesi-
cles and asymmetric synapses. Taxi bodies
were much more associated with mesodien-
cephalic terminals than with GABAergic
terminals. Similar structures have also been
observed subsynaptic to asymmetric synapses
of round vesicle containing terminals in the
IO of the opossum (Bowman and King,73),
and the squirrel monkey (Rutherford and
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Gwyn,’80). Although these subsynaptic densi-
ties are apparently primarily associated with
excitatory synapses, their precise functional
significance remains unclear.

General observations at the subcellular level.

GABA immunostaining generally resulted
in dense labeling of- the matrices of mito-
chondria. This finding, which was also
reported in a study by Buijs et al. (°87),
suggests that GABA is primarily produced in
mitochondria. This is in line with the fact
that the key reaction of GABA formation in
the CNS is a decarboxylation of L-glutamate
(Seiler and Lajtha,’87), which is for the
greater part synthesized from an intermediate
of the citric acid cycle in the mitochondrial
matrix (Stryer,’81).

GABA immunolabeling was also found
within dense core vesicles. This suggests a
coexistence of GABA with one or more
neuropeptides, which are presumably located
in the dense core of these vesicles (for
review, see Hokfelt et al.;’86). The relatively

Fig. 19. Electron micrograph of labeled profiles
following injection of WGA-HRP in the
mesodiencephalic  junction combined with
GABA immunocytochemistry. A GABA labeled
terminal is apposed to a perikaryal spine (open
arrow) and a dendrite (D). A WGA-HRP
labeled  terminal  (arrows) contacts the
perikaryon (P) with an asymmetric synapse,
which shows a row of subsynaptic densities
(arrow heads). Scale bar = 0.40 um.

Fig. 20. Electron micrograph of a GA-
BA/WGA-HRP  double labeled terminal
(arrows) following injection of WGA-HRP in
the cerebellar nuclei combined with GABA
immunocytochemistry. This terminal establishes
a symmetric synapse (triangle} with a
perikaryon (P). Nearby a spine (open arrow)
with a junctional zone (small arrows) emerges
from the perikaryon. The membranes of this
zone are closer to each other than usual and at
both sides of it their is a deposit of dense
cytoplasmic material, suggesting the presence of
a gap junction. Scale bar = 0.34 um.






high number of gold particles in the clear
periphery of these vesicles suggest that the
GABA molecules may be located primarily in
this area.

With regard to the WGA-HRP labeled
profiles, the TMB/DAB-Co reactionproducts
appeared as electrondense deposits often
showing the dense outline of the original
crystalline TMB reactionproduct with in the
center electron lucent spaces. These holes
were probably due to the DAB-Co stabili-
zation procedure, since they did not appear
in non-stabilized material (Mesulam,78;
Holstege and Kuypers,’87; De Zeeuw et al.,
’88a) and since they appeared as well in
stabilized material, which was not processed
for immunocytochemistry (Lemann et al.,’85).

Quantification of terminals.

The percentages of the GABAergic, cere-
bellar and mesodiencephalic terminals in the
rostral MAO were determined by counting
terminals present in a randomly selected area
of ultrathin sections (see collection and
analysis of the data). Differences in size and
possible differences in orientation between
the different subgroups appeared to be small,
according to the present results and those
earlier described for opossum (King et al.,’76;
King et al.’78), rat (Gwyn et al.’77) and
monkey (Rutherford and Gwyn,’80). There-
fore this quantification of the percentages in
the two dimensional plane may provide a
reliable estimate of the actual distributions.

WGA-HRP tracing studies only label a
minority of the actual number of terminals.
Since injections of WGA-HRP at different
locations in different animals may yield a
different proportion of labeling, direct
quantitative comparisons between proportions
of WGA-HRP labeled terminals from the
cerebellar and the mesodiencephalic experi-
mental group were avoided. Comparisons
were only made between different popula-
tions obtained from the same group of
experiments. On the other hand, we felt
confident in comparing the proportions of
GABAergic and non-GABAergic terminals
because the present GABA-immunocyto-
chemical procedure was found to detect
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consistantly almost all GABAergic terminals
(de Zeeuw et al.,’88a).

Terminals selected from the entire neuropil.
It was found in the cerebellar experiments
that the majority of the GABAergic terminals
was double labeled in sample areas with
relatively large numbers of WGA-HRP labe-
led terminals (Fig. 10). Moreover, most of
the GABA single and double labeled termi-
nals showed the same morphological charac-
teristics. Together with the finding of Nelson
and Mugnaini (°87), that more than 90% of
GABAergic fibers in the rostral MAO disap-
pear following cerebellectomy, these data
indicate that the large majority of these
GABAergic fibers are derived from the cere-
bellar nuclei. Our quantitative analysis, in
which the data of all sample areas were
averaged, showed that 30% of the GABA-
ergic terminals were double labeled. This
indicates that our WGA-HRP anterograde
tracing technique as applied to the cerebello-
olivary projection, may detect on average one

~third of the actual number of terminals.

The quantitative analysis of the meso-
diencephalic experiments, showed that 26%
of the non-GABAergic terminals were

Fig. 21, Electron micrograph of a non-
strategically  located GABAergic  terminal
making a synaptic contact (triangle) with one
of the dendritic structures coupled by a gap
junction (small arrows in A; higher magni-
fication in B). Scale barin A = 0.28 um, in B
= 0.07 um.

Fig. 22. Electron micrograph of a strategically
located GABAergic terminal apposed to both
dendritic elements coupled by a gap junction
(small arrows). Note that the terminal does not
make any synaptic contact with any of the
dendritic elements. Scale bar = 0.29 um.

Fig. 23. Electron micrograph of two strategically
located GABA labeled terminals making
symmetric synaptic contacts (triangles) with the
dendritic elements coupled by a gap junction
(small arrows). Scale bar = 0.23 um.






labeled with WGA-HRP. Provided the effi-
cacy of anterograde transport in this pathway
is the same as in the mucleo-olivary projec-
tion, this means that the majority (78%) of
the non-GABAergic terminals originates in
the mesodiencephalic junction. This agrees
with the observations that the majority of
non-labeled and WGA-HRP labeled termi-
nals showed the same morphological features,
and that the majority of the non-GABAergic
terminals was WGA-HRP labeled in the
areas with the highest number of WGA-
HRP labeled terminals (Fig. 15). The
cumulative average of the non-GABAergic
terminals (62%) selected randomly in the
neuropil of both the cerebellar and
mesodiencephalic experiments was signifi-
cantly higher than that of the GABAergic
terminals. Thus, the terminals, which
probably originate for a large part in the
mesodiencephalon, predominate the inner-
vation of the rostral MAO neuropil. These
results are in agreement with studies in
monkey (Rutherford and Gwyn,’80), cat
(Mizuno et al.’76) and rabbit (Mizuno et
al.’74), which found respectively that about
56%, 60% and 60% of randomly selected oli-
vary terminals had round and oval vesicles
and asymmetric synapses.

The above findings strongly suggest that
the bulk of the innervation of the rostral
MAO is derived from the posterior inter-
posed mnucleus of the cerebellum and the
mesodiencephalic junction. This is in line
with lightmicroscopic studies of the afferents
of the 10, which did not describe any other
substantial projection to the rostral MAO
(Tolbert et al.,’76; Onodera,’84; Swenson and
Castro,’83).

With respect to their location, it
appeared that the proportions of GABAergic
and non-GABAergic terminals and the
relative frequency of their labeling with
WGA-HRP were the same in the extra- and
intraglome-rular neuropil (Table 1A, B; Figs.
3A, B). This reemphasizes the hypothesis that
the cerebellar and mesodiencephalic
innervation of the glomeruli in the rostral
MAO is random (de Zeeuw et al.,’89b).
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Terminals apposed to perikarya.

In our study, a small number (2.4%) of
the randomly selected terminals (first popu-
lation) was located adjacent to perikarya or
their spines. A higher percentage (9.7%) was
found for the opossum (Bowman and King,
”73). Ultrastructural studies of the IO in
monkey (Rutherford and Gwyn,’80), cat (So-
telo et al,;74), and rat (Gwyn et al.’77)
mentioned that the perikarya receive relati-
vely few terminals but did not provide quan-
titative data.

In the population of terminals adjacent to
perikarya (second population) 64% of the
terminals were GABAergic. This was signi-
ficantly higher than the proportion of 1) non-
GABAergic terminals apposed to perikarya,
and 2) GABAergic terminals selected ran-
domly in the entire neuropil (compare Fig. 3
and 4). Because more GABAergic terminals
exhibited synapses on the somata than non-
GABAergic terminals (Table 2A, B), the pro-
portion of GABAergic terminals would be e-
ven higher when only terminals with synaptic
junctions were considered. These findings ge-
nerally agree with previous studies of the IO
of several species, which described that most
or all of the terminals contacting the IO so-
mata contained pleomorphic vesicles and es-
tablished Gray’s type II synapses (Walberg,
’63; Bowman and King,73; Gwyn et al)77,
Rutherford and Gwyn,’80).

The proportion of the GABAergic termi-
nals, which was labeled with WGA-HRP in
the cerebellar experiments was significantly
lower among the somatic terminals than a-
mong the terminals selected randomly from
the entire neuropil (compare Fig. 3 and 4).
This suggests that a relatively small propor-
tion of the GABAergic input to olivary soma-
ta is derived from the cerebellum. Cerebellar
axosomatic terminals were not observed in
the IO of the opossum (King et al’76) and
the cat (Mizuno et al’80). In the rat IO,
however, axosomatic terminals account for
6% of terminals, which can be labeled from
the cerebellum (Angaut and Sotelo,’87) and
for the same percentage of GAD-positive ter-
minals (Sotelo et al,’86). This suggests that
most of the axosomatic GABAergic terminals



in the rat IO are of a cerebellar origin.

Several non-GABAergic terminals, some
of which were WGA-HRP labeled in the me-
sodiencephalic experiments, were located ad-
jacent to perikarya. Our data are in agree-
ment with the study of the mesodiencephalo-
olivary projection in rat by Cintas et al. ("80)
and with the general study of the rat 1O by
Gwyn et al. (*77). However, in the study of
the mesodiencephalic projection to the rat 10
by King et al. (°78), and in studies of the IO
in cat (Walberg,’63) and monkey (Rutherford
and Gwyn,’80) no mesodiencephalic terminals
apposed to perikarya were observed, and no
somatic terminals were provided with asym-
metric synapses, respectively.

Terminals next to dendrites coupled by a gap
junction.

It was first demonstrated in rat by Sotelo
et al. ("86) that olivary dendrites coupled by
gap junctions were contacted by GAD-positi-
ve terminals. The present study of the cat IO
confirmed and extended these findings. It was
observed that virtually all GABAergic termi-
nals associated with gap junctions established
symmetric synapses. The quantitative analysis
showed that of the terminals strategically lo-
cated next to both dendritic elements coupled
by a gap junction significantly more terminals
were GABAergic than would be expected
from the distribution of GABAergic terminals
over the entire neuropil. Significant differen-
ces were found only for the strategically loca-
ted terminals, indicating the importance of
the exact localization of terminals next to the
gap junctions. Since it has been shown that
the ingrowth of GABAergic fibers preceeds
the development of gap junctions (Gotow
and Sotelo,’87), this suggests that gap junc-
tions may preferentially develop between two
dendritic elements, which are bé6th innervated
by a GABAergic bouton.

About one third of the strategically and
non-strategically located GABAergic termi-
nals were double labeled, following injection
of WGA-HREP in the cerebellar nuclei. Since
the present technique of WGA-HRP tracing
may detect at most about one third of the
actual number of terminals (see above), this
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indicates that most if not all GABAergic ter-
minals associated with gap junctions originate
from the cerebellum. Our findings, which
provide the first direct evidence for the cere-
bellar origin of the GABAergic terminals as-
sociated with gap junctions, agree with previ-
ous ultrastuctural studies of the cerebellar
innervation of the 1O, which showed the pre-
sence of cerebellar terminals in close proxi-
mity to gap junctions (King et al.,’76; Angaut
and Sotelo,’87).

Non-GABAergic terminals, several of
which originated from the mesodiencephalic
junction, were also found to be strategically
or non-strategically located next to dendrites
coupled by gap junctions. Almost all these
terminals, which exhibited synapses somewhat
less frequently than the GABAergic termi-
nals, established asymmetric synapses (Table
3A, B). This is in agreement with the original
study of gap junctions in the cat IO by Sotelo
et al. ("74), in which terminals with a similar
morphology were observed next to the elec-
trotonically coupled dendrites.

The existence and origin of a non-cerebellar
GABAergic projection to the 1O.

The study of Nelson and Mugnaini (’85)
revealed that total cerebellectomy does not
cause a complete disappearance of GAD po-
sitive terminals in the rat IO, including the
rostral MAO, indicating that not all GABA-
ergic terminals in the olive are derived from
the cerebellum. Two findings of the present
study confirmed this. Firstly, a substantial
part of the GABAergic terminals adjacent to
perikarya may be derived from a non-cere-
bellar source (see above). Secondly, a mino-
rity of the GABAergic terminals could be
classified as large granular terminals. Large
granular terminals were never, neither in the
present nor in a previous study (King et al,
”76; Mizuno et al.,’80; Angaut and Sotelo,’87),
found to originate from the cerebellum. So-
me GABAergic large granular terminals were
apposed to somata, but they do not predomi-
nate the GABAergic axosomatic projection.
The non-cerebellar GABAergic projection to
the IO therefore appears to be heterogene-
ous. There are indications in the literature
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Fig. 24-26. Electron micrographs of terminals following injection of WGA-HRP in the cerebellar
nuclei combined with GABA immunocytochemistry.

Fig. 24. A non-strategically located GABA/WGA-HRP double labeled terminal (arrows) establishes
a synaptic contact (triangle) with one of the dendritic structures coupled by a gap junction (small
arrows in A; higher magnification in B). Note that the indicated dense core vesicle (arrow heads)
contains two gold particles in its clear peripheral part. Scale bar in A = 0.30 um, in B = 0.08 um.

Fig. 25. On the left, a non-strategically located GABA/WGA-HRP double labeled and GABA
single labeled terminal do not establish synaptic contacts with one of the dendrites coupled by a
gap junction (small arrows). Note that the GABA labeling of the double labeled terminal is almost
restricted to the mitochondria, due to the abundant TMB/DAB-Co reaction product in the rest of
the terminal. On the right, a strategically located non-labeled profile establishes an asymmetric
synaptic contact (arrow heads) with the other coupled dendritic element. Scale bar = 0.41 um.

Fig. 26. A strategically located GABA/WGA-HRP double labeled terminal (arrows) is apposed to
two dendritic structures coupled by a gap junction (small arrows in A; higher magnification in B).
Note that the GABA labeling of this cerebellar terminal is rather sparse but that it stands out
against the background labeling. Scale bar in A = 0.37 um, in B = 0.15 um.

Figs. 27-29. Electron micrographs of terminals, following injection of WGA-HRP in the
mesodiencephalic junction combined with GABA immunocytochemistry.

Fig. 27. A non-strategically located WGA-HRP labeled terminal (arrows) and a non-strategically
located GABAergic terminal, which are each apposed to one of the dendrites coupled by a gap
junction (small arrows). Note that the WGA-HRP labeled terminal contacts a nearby dendrite with
an asymmetric synapse with subsynaptically a small row of dense bodies (arrow heads). Scale bar
= 0.58 um.

Fig. 28 A glomerular gap junction (small arrows) between two spines, which are surrounded by
four terminals. Two terminals, which are WGA-HRP labeled (arrows), a GABAergic terminal,
which has a symmetric synapse (triangle) in the upper part of the picture and a non-labeled
terminal, which makes an asymmetric synapse (arrow heads) with one of the electrotonically
coupled spines. Scale bar = 0.49 um.

Fig. 29. A WGA-HRP labeled terminal (arrows on the left side) and two GABAergic terminals
apposed to two dendritic structures coupled by a gap junction (small arrows). The WGA-HRP
labeled terminal contacts the dendritic element with an asymmetric synapse (large arrow heads).
The small arrow heads in the GABAergic terminals indicate gold particles, which are located in the
clear peripheral parts of the dense core vesicles. On the right side a WGA-HRP labeled preterminal
axon segment can be seen (arrows). Scale bar = 0.35 um.
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however, which favour a common origin.

Part of the somatic GABAergic terminals
may originate from a non-cerebellar source.
Combined with the finding that the vast
majority of the GABAergic axodendritic
terminals originate from the cerebellar
nuclei, this implies that these non-cerebellar
GABAergic fibers project for a relatively
large part to the olivary perikarya. Scheibel
and Scheibel (°55) indeed demonstrated in
their Golgi studies of the IO of various
species the existence of fibers projecting
mainly to somata and nearby dendrites.
These fibers were found to enter the 10 from
the dorsomedial side and the adjoining
reticular formation.

The non-cerebellar GABAergic large gra-
nular terminals resembled morphologically o-
livary serotonergic terminals as described by
Wiklund et al. ("81) and by King et al. (84),
possibly indicating a coexistence of GABA
and serotonin. Light microscopic studies of
the rat, cat and monkey by Takeuchi and Sa-
no (°83) showed that serotonin is indeed pre-
sent in the rostral MAO. It seems likely that
this projection originates in the nucleus reti-
cularis paragigantocellularis (NPGC) and/or
the nucleus raphe pallidus (NRP), which are
both regions known to show coexistencé of
GABA and serotonin (Belin et al.’83; Mug-
naini and Oertel,’85; Millhorn et al.’87; Ha-
randi et al.’87) and to project to the IO
(Walberg and Dietrichs,’82; Bishop and
Ho,’86).

Taken together the above data suggest
the existence of a non-cerebellar GABAergic
" projection to the IO, which may contact pri-
marily the perikarya and/or which may show
a coexistence with serotonin and originate in
the NPGC or NRP.

Functional significances of the GABAergic,
cerebellar and mesodiencephalic input to the
rostral MAO of the cat.

The IO is probably involved in the onset
of movement by modulating the synchronicity
of motoneuronal firing (Llinas,’87). Two sa-
lient electrophysiological features of the
olivary neurons are their tendency to oscillate
(Armstrong et al.’68; Llinas and Yarom,’86;

Benardo and Foster,’86) and to fire in syn-
chrony (Llinas et al.’74; Llinas and Yarom,
’81a). Structures, which are most probably
actively involved in these two processes are
respectively the cell body and nearby regions,
and the glomerular gap junctions. Below, the
significance of the synaptic inputs to these
structures is discussed, and in addition, we
will discuss the most prominent input to the
rostral MAO neuropil.

SOMATA. The present data indicated
that the olivary somata receive a relatively
small number of terminals. Still, they may be
relatively important since these neurons show
somatic rebound action potentials, which
react in an all or none response to a small
difference in the membrane potential (Llinas
and Yarom,8la and ’81b). The majority of
these olivary somatic terminals were found to
be GABAergic. A relatively strong inhibitory
input to somata is seen in many projecting

- neurons (Walberg,’63; Eccles,’64; Freund et
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al.’85; Oertel et al.’81) and may serve to
inhibit impulse generation (Eccles,’64). The
prominent GABAergic input to the olivary
somata could just as well have an important
impact on the excitability, but probably in a
specific way. The tendency of these neurons
to fire rhythmically is due to specific conduc-
tances, which are differentially distributed
over the membrane of the soma and the den-
drites (Llinas and Yarom,’81a and ’81b). Re-
cent studies (Llinas and Yarom,’86; Benardo
and Foster,’86) suggested that the neuronal
firing frequency of hyperpolarized cells will
be dominated by a de-inactivation of the so-
matic Calcium conductance and that this fre-
quency may be dependant on the level of hy-
perpolarization. GABA is known to have an
inhibitory effect (Krnjevic and Schwartz,’66;
Roberts,’74). Therefore, the main function of
the pro-minent GABAergic input to the oli-
vary somata, may be to regulate the somatic
hyperpolarization level, and in this way, the
excitability and the oscillatory firing rate.

It is interesting to note that the present
study provided indirect evidence that the GA-
BAergic somatic terminals may be derived
for a substantial part from a non-cerebellar
origin. This would mean that there are two



different GABAergic inputs, a non-cerebel-
lar input regulating the excitability and a
cerebellar input, which may modulate syn-
chroneous firing (to be considered next).

GAP JUNCTIONS. The present quanti-
tative data indicated that significantly more
of the terminals strategically located next to
gap junctions were GABAergic than would
be expected from the overall GABAergic
input of the rostral MAO. Therefore, this
projection may be specifically involved in the
regulation of electrotonic coupling. Particular
sets of parasagittal oriented Purkinje cells in
the cerebellar cortex may be synchroneously
activated by groups of IO neurons, which are
dynamically electrotonically coupled (Bower
and Llinas,’83) by gap junctions in the olivary
glomeruli (Sotelo et al.,’74). Physiological
evidence was found that GABA may modu-
late this electrotonic coupling (Sasaki and
Llinas,’85). Resulting conductance changes of
activated GABAergic terminals are presumed
to produce a shunt at the postsynaptic
membrane, and in this way to reduce the
coupling coefficient between the cells
(Llinas,”74). The present results indicated
that these more peripherally located GABA-
ergic terminals, which have a desynchronizing
effect, probably all originate from the cere-
bellar nuclei.

Our quantification also showed that still
half of the terminals located strategically next
to gap junctions were non-GABAergic, seve-
ral of which originated from the mesodien-
cephalic  junction. So far, no electro-
physiological evidence has been found that
these terminals may increase the electrotonic
coupling of olivary neuromns.

NEUROPIL. The majority of the input
to the rostral MAO neuropil was found to be
non-GABAergic. Most of this input probably
derives from the mesodiencephalic junction.
Based on the following physiological, mor-
phological and topographical findings, it is
most likely that this non-GABAergic mesodi-
encephalic innervation is the major excitatory
drive of the rostral MAO. Low intensity
stimulation in the area of the nucleus of
Darkschewitsch  produces climbing fiber
responses in the cerebellar C2 zone of the
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cat (Jeneskog,’87), which is known to receive
climbing fibers from the rostral MAO (Groe-
newegen et al,’79). Since Golgi studies
(Ramon y Cajal,’09; Scheibel and Scheibel,
’55) and GAD immuno-staining studies (Sote-
lo et al,8; Nelson and Mugnaini,’87)
showed that interneurons and GAD positive
neurons are almost or totally absent in the
IO, it may be assumed that the stimulation
mentioned above had a direct excitatory
effect in the rostral MAO. Recently, it was
indeed demonstrated that stimulation in the
nucleus of Darkschewitsch evoked monosy-
naptically action potentials in intracellularly
penetrated IO cells (Ruigrok et al.,’88). The
morphological finding that most of the meso-
diencephalic terminals contained primarily
rounded vesicles and synapses according to

Gray’s type I, also suggest that these
terminals are excitatory (Uchizono,’65).
Finally, the topographical finding that

relatively few mesodiencephalic terminals
made synaptic contacts with the somata, but
that most of them were contacting peripheral
dendrites, are in line with the idea that
excitatory synapses are generally located at
the periphery of a neuron (Eccles,’64).

Conclusion

The present study of afferents of the
rostral MAO confirmed our previous findings
(de Zeeuw et al,’88a), which indicated that
cerebello-olivary fibers were GABAergic,
whereas fibres from the nucleus of Dark-
schewitsch  were non-GABAergic. The
GABAergic, cerebellar and mesodiencephalic
terminals make synaptic contacts with all
elements of olivary neurons, including the
cell bodies and electrotonically coupled
dendrites. The non-GABAergic input, ori-
ginating primarily in the mesodiencephalon,
predominates the innervation of the rostral
MAO. The GABAergic input is prominently
present on the cell bodies and strategically
apposed to the dendrites coupled by gap
junctions. At both neuronal structures the
GABAergic input is more extensive than
would be expected from the general GABA-
ergic input to the neuropil. Part of the



somatic GABAergic innervation may origi- dendrites linked by gap junctions derives
nate from a non-cerebellar source and from the cerebellar nuclei and may modulate
regulate the excitability and the oscillatory the electrotonic coupling between olivary
firing rate. The GABAergic input to the neurons.
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CHAPTER III Mesodiencephalic and cerebellar terminals terminate upon the same dendritic
spines in the glomeruli of the cat and rat inferior olive: An ultrastructural
study using a combination of (3H)leucine and WGA-HRP anterograde tracing

Abstract

The mesodiencephalic and cerebellar af-
ferents in the rostral medial accessory and
principal olive of the cat and rat were studied
following anterograde transport of tritiated
leucine combined with anterograde transport
of wheat germ agglutinin coupled horseradish
peroxidase in the same animals. In all studied
areas at least one third of the labeled glome-
ruli appeared to contain both mesodien-
cephalic and cerebellar terminals. In many of
these cases it was found that the terminals
from both afferent systems contacted the
same dendritic spines. Therefore, these
olivary spines may be, as will be discussed,
well suited for being involved in a timing
process.

Introduction

The inferior olive (IO) is the source of
the climbing fibres innervating the Purkinje
cells of the cerebellum (Szentigothai and
Rajkovits,’59; Eccles,’66; Desclin,’74). Two of
the main olivary subnuclei are the medial
accessory olive (MAO) and the principal
olive (PO). The rostral parts of these
subnuclei project respectively to the C2 and
D zones of Purkinje cells in the cerebellar
hemisphere and give off collaterals to the
posterior interposed and dentate nucleus
(Groenewegen et al.’79; van der Want et
al.’88; Wiklund et al.’88). These cerebellar
nuclei receive their main input from the
Purkinje cells of the same zones (Voogd and
Bigaré,’80). Since the posterior interposed
nucleus and the dentate nucleus project
respectively to the rostral MAO and PO
(Tolbert et al.76; Dietrichs et al,85;
Dietrichs and Walberg,’86), the direct
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connections between the cerebellar and oli-
vary nuclei are reciprocally organized. The
projection fibers from the central cerebellar
nuclei to the IO contain gamma-amino buty-
ric acid (GABA), (Nelson et al.’84; de
Zeeuw et al.’88a), and are therefore pre-
sumed to be inhibitory (Roberts,’74). An indi-
rect projection from the central nuclei to the
rostral MAO and PO is relayed through the
mesodiencephalic junction which includes the
nucleus of Darkschewitsch and the nucleus of
Bechterew (Ogawa,’39; Voogd,’64; Kievit,79;
Swenson and Castro,’83; Onodera,’84; Ruig-
rok and Voogd,’88). The mesodiencephalo-
olivary projection is non-GABAergic (de
Zeeuw et al.’88a). This is in agreement with
physiological studies which have shown that
this afferent system is excitatory (Jeneskog,
’87; Ruigrok et al.,’88).

The olivary neurons have a propemnsity to
oscillate (Armstrong et al.’68; Benardo and
Foster,’86; Llinas and Yarom,’86) and to fire
in synchrony (Llinas et al.,’74; Llinas and
Yarom,’81a). The synchronizing property is a
result of electrotonic coupling by dendro-
dentritic gap junctions, which are located
primarily in the IO glomeruli (Sotelo et al,
’74; Gwyn et al.’77). There is physiological
(Sasaki and Llinas,’85) and morphological
(Sotelo et al,’86) evidence that the GABA-
ergic terminals can modulate this coupling. In
an anterograde tracing study combined with
immunocytochemistry it was shown in cat (de
Zeeuw et al.’88b and 89a) but also in rat
(Angaut and Sotelo,’89) that the GABAergic
terminals associated with gap junctions are
derived from the cerebellum. The non-
GABAergic terminals from the mesodience-
phalon also account for a substantial part of
the glomerular terminals and are also directly
apposed to dendrites linked by gap junctions



Fig. 1. Photomicrographs of the injection -and projection sites of one of the cats. The (3H)leucine
injected at the mesodiencephalic junction included the nucleus of Darkschewitsch and part of the
nucleus of Bechterew (A) and was transported ipsilaterally to the MAQO and the ventral lamella
and lateral bend of the PO but not to the dorsal accessory olive (DAO), (B). The WGA-HRP
injected in the cerebellum included both the posterior and anterior interposed nuclei, and the
lateral nucleus (C), and was transported to the MAO, PO and DAO of the contralateral 10 (D).
WGA-HRP reaction products were observed in the somata and in between.

Fig. 2. Photomicrographs of the injection -and projection sites of one of the rats. The WGA-HRP
injected in the mesodiencephalic junction included the nucleus of Darkschewitsch and its
surrounding areas (A) and was transported to the entire ipsilateral rostral MAO and PO but not to
the DAO (B). The (3H)leucine injected in the cerebellum included all cerebellar nuclei (C), and
was transported to the MAO, PO and DAO of the contralateral 10 (D). Figure 1D is a dark-field
micrograph of a 1.5-um-thick semithin section.
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(de Zeeuw et al.’89%a). Whether and how
these terminals interact with the cerebellar
terminals has not yet been elucidated.

The present study was undertaken to
obtain direct evidence that the mesodien-
cephalic and cerebellar terminals coexist
within the same glomeruli and innervate the
same dendritic spines. Therefore, we studied
these terminals in the rostral MAO and PO
of the cat and the rat following anterograde
transport of tritiated(3H) leucine combined
with anterograde transport of wheat germ
agglutinin coupled horseradish peroxidase
(WGA-HRP) in the same animal.

Material and methods

Two pentobarbital anaesthetised cats
received an injection of 04 ul (40 uCi)
(3H)leucine (in saline) in the nucleus of
Darkschewitsch and the nucleus of Bechterew
and surrounding mesodiencephalic areas, and
1 week later an injection of 0.5 ul WGA-
HRP (7% in saline) contralaterally in the
posterior interposed and lateral nucleus of
the cerebellum. In addition, reversed injec-
tions were made in four anaesthetised rats.
They received an injection of 0.2 ul (20 uCi)
(3H)leucine in the cerebellar nuclei and an
injection of 0.3 ul WGA-HRP in the mesodi-
encepalic junction. The animals were anaes-
thetised 3 days after the injection with WGA-
HRP and perfused transcardially with 100 ml.
0.9% saline in 0.18 M (pH 7.3) cacodylate
buffer (cats) or in 0.1 M (pH 7.3) phosphate
buffer (rats) followed by 2 liters of 5% glu-
taraldehyde in cacodylate buffer (cats) or 1
liter of 3% glutaraldehyde and 1% paraform-
aldehyde in phosphate buffer (rats). After
perfusion, the (3H)Leucine and WGA-HRP
injection sites were prepared for light
microscopic autoradiography with a 1-month
exposure time (Rogers,”79) or incubated with
diaminobenzidine (DAB), (Graham and Kar-
nowsky,’66), respectively. The 10 was left for
two hours in the fixative and cut transversely
on a vibratome. Subsequently, the sections of
the cats were incubated with tetramethylben-
zidine (TMB) in acetate buffer (0.01 M, pH
4.8) followed by a stabilization with DAB-
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cobalt (Rye et al.’84; Lemann et al.’85; de
Zeeuw et al.,’88a), whereas those of the rats
were only incubated with TMB (pH 3.3). Part
of the slabs were postfixed with 1.5% osmium
tetroxide in phosphate buffer (pH 7.3 for the
cats, pH 6.0 for the rats) during 45 min at 45
C, thoroughly rinsed in distilled water, block
stained in uranyl acetate (only the cats), de-
hydrated in dimethoxypropane (Muller and
Jacks,75; Holstege,’87) and embedded in
Araldite. Incubated vibratome sections which
were not embedded and semithin sections
made from the plastic tissue blocks were
examined for WGA-HRP labeling and some
of them were processed for light microscopic
autoradiography (Rogers,’79).

Those blocks of the IO, from which the
light microscopic sections showed both
WGA-HRP labeling and a large number of
silver grains, were processed for electron
microscopic autoradiography as described
earlier (Holstege and Vrensen,’88). In short
the following steps were carried out: Silver
non-serial ultrathin sections were cut from
the pyramids of the rostral MAO and/or PO,
placed on formvar- or collodion-coated slides
and stained with uranyl acetate and lead
citrate. A layer of carbon was evaporated on
these slides which were then dipped in an
Ilford 1A emulsion. The thickness of the
emulsion was checked macroscopically by
inspecting the interference colour (purple-
blue) and in the electron microscope by
examining the monolayer of silver-bromide
crystals (slightly overlapping), (Rogers,’79).
The slides carrying the ultrathin sections
were kept for 3 months in the dark at 4 C
and then developed with Kodak D19 and
fixed with 28% sodium thiosulphate. The
formvar or collodion films were floated off
the slides on water and 200 mesh grids were
placed on the ultrathin sections.

Collection and analysis of the data

From each cat and rat respectively two
and one block(s), were used for analysis. In
the ultrathin sections of these blocks the
labeled glomeruli, i.e. those glomeruli which
contained one or more (3H)leucine labeled



Table 1A. Distribution of the labeled glomeruli in the cat MAO (n=207) and PO (n=175)
following combined injections of (3H)leucine at the mesodiencephalic junction and WGA-HRP in
the cerebellar nuclei. Values indicated are mean percentages (+ SEM) of data obtained in the
ultrathin sections (N=8). The left column shows the percentages of the labeled glomeruli which
contained only WGA-HRP labeled terminals, the right column presents the percentages of the
labeled glomeruli which contained only (3H)leucine labeled terminals, and the middle column
gives the percentages of the labeled glomeruli which contained both types of terminals. The values
between parenthesis with a superscribed star (~) indicate percentages which were calculated with the
presumption that terminals labeled with less than 4 grains also contained anterogradely transported
(3H)leucine.

WGA-HRP WGA-HRP + (3H)leucine (3H)leucine
Cat MAO 45(19°) + 2.8 29(557) + 1.4 26 + 1.9
Cat PO 39(16') + 3.2 32(557) £ 2.9 29+ 1.0

Table 1B. Distribution of the labeled glomeruli in the rat MAO (n=129) and PO (n=124)
following combined injections of WGA-HRP at the mesodiencephalic junction and (3H)leucine in
the cerebellar nuclei. For values indicated see Table 1A.

WGA-HRP WGA-HRP + (3H)leucine (3H)leucine
Rat MAO 35(157) + 4.4 32(527) £ 29 33 + 4.6
Rat PO 28(137) + 3.4 34(49) + 2.7 38 + 4.1

and/or one or more WGA-HRP labeled ter- labeled terminals. The percentages of all exa-
minals, were studied. A glomerulus was mined ultrathin sections were averaged and
defined as a core of at least three dendritic  the standard errors of the means (SEM’s)
structures, surrounded by at least two termi-  were determined (Table 1).

nals and some glia. A profile was considered In order to find out whether the criterion
to be labeled with (3H)leucine when a cluster (4 or more silver grains) for (3H)leucine
of at least 4 silver grains was centered on it, labeling was reliable, we also determined the
while a terminal profile was considered to be  percentage (+ SEM) of cluster labeled pro-
labeled with WGA-HRP when one or more  files which were non-axonal, ie. glia, den-
crystals were present. For each ultrathin  drites, cell bodies or blood vessels. In ad-
section it was determined what percentage of  dition, the autoradiographic background ac-
the labeled glomeruli contained only one or  tivity was estimated by counting the silver
more (3H)leucine labeled terminals, what grains which were present on the film next to
percentage contained only WGA-HRP la- the section. An average background activity
beled terminals and what percentage was  of 15 grains per 10.000 um® was found, which
double labeled containing both (3H)leucine is comparable to findings in other studies
labeled terminals and WGA-HRP labeled (Schonbach et al,’71; Holstege and Kuypers,
terminals (Fig. 3; Table 1). In addition, it was  '87). Background crystals as a result of the
determined what percentage of the WGA-  TMB incubation were not taken into account,
HRP labeled glomeruli contained terminals since it has been shown that such crystals are
with 1, 2 or 3 silver grain(s) but no cluster virtually absent (Holstege,’87).
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Results

LIGHTMICROSCOPY. The (3H)leucine
and WGA-HRP injection sites in the meso-
diencephalon included the nucleus of Dark-
schewitsch and the nucleus Bechterew and
their surrounding areas (Figs. 1A- and 2A),
while those in the cerebellum (Figs. 1C and
2C) always included the posterior interposed
and dentate nucleus and sometimes the ante-
rior interposed nucleus. Examination of the
light microscopic sections of the IO showed
that the entire or large parts of the rostral
MAO and PO contained both a dense accu-
mulation of silver grains as well as a conden-
sation of WGA-HRP reaction products (Figs.
1B,D and 2B,D).

ELECTRONMICROSCOPY. The ultra-
thin sections from both the cats (Figs. 4 and
5) and the rats (Fig. 6) contained numerous
(3H)leucine labeled and WGA-HRP labeled
profiles. In all examined ultrathin sections of
both animals most of the clusters of more
than 3 grains were located over terminals or
myelinated axons. Only 0.8% + 0.3 of the
clusters were associated with somata, dendri-
tes or glia. Usually the grains of the clusters
were randomly distributed within and on the
membranes of the labeled profile. On few oc-
casions tracks of grains (Rogers,’79) were ob-
served. The profiles containing these tracks
were not considered for cluster labeling ex-
cept for one case in which a short track of
only S5 grains was located over a terminal
which contained some other grains beside it
(Fig. SA). The WGA-HRP labeling was also
mainly restricted to axon terminals. Retrogra-
dely WGA-HRP labeled perikarya and proxi-
mal dendrites were observed sometimes in
the sections of the cat. The WGA-HRP/
TMB reaction products, which were in the
cat stabilized with DAB-cobalt, appeared as
dense outlines of the original TMB crystals
with electron lucent spaces in their centre
and these products often were located at the
periphery of the terminals (Figs. 4 and 5). On
the contrary, the unstabilized - reaction
products in the rat appeared as entirely
electron dense crystals usually located in the
centre of the labeled profile (Fig. 6).
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Fig. 3. Distribution of the labeled glomeruli in
the MAO and PO of the cat and the rat fol-
lowing an injection of (3H)leucine (cats) or
WGA-HRP (rats) in the mesodiencephalic
Junction (indicated from the left side) com-
bined with an injection of WGA-HRP (cats)
and (3H)leucine (rats) in the cerebellar nuclei
(indicated from the right side). The contineous
lines indicate the percentage of the labeled
glomeruli which contained one or more
terminals labeled with more than 3 grains
((3H)leucine +), the interrupted lines indicate
the percentage of the labeled glome-ruli which
contained one or more terminals with less than
4 grains ((3H)leucine +), and the dotted lines
indicate the percentage of the labeled glomeruli
which contained one or more WGA-HRP
labeled terminals (WGA-HRP +). Note that in
both olivary subnuclei of both animals at least
one third of the labeled glomeruli shows a
coexistence of mesodiencephalic and cerebellar
terminals (for exact data, see Table 1).
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Despite of the inferior morphology of the
stabilized reaction products, the general
ultrastructural preservation of the cats was
better than the one of the rats (compare
Figs. 4 and 5 with 6). The terminals labeled
from the cerebellum with WGA-HRP re-
action products (cats) or with autoradio-
graphic clusters (rats) contained primarily
pleiomorphic vesicles and symmetric synap-
ses, whereas most of the mesodiencephalic
(3H)leucine labeled (cats) and WGA-HRP
labeled (rats) terminals had rounded vesicles
and asymmetric synapses (Figs. 4, 5 and 6).
The vast majority of the terminals labeled
with 1, 2 or 3 silver grains showed the same
morphological characteristics as the terminals
labeled with clusters of more than three
grains (compare Figs. 4B,C with Figs. 4A and
5). Both terminals labeled from the meso-

Fig. 4. Three electronmicrographs of profiles of
the rostral MAO of the cat following injection
of WGA-HRP in the cerebellar nuclei and
(3H)leucine in the mesodiencephalic junction.
The two spines in A (asterisks) are, as far as
the present two-dimensional analysis revealed,
not located in a glomerulus. Both of them are
contacted by a mesodiencephalic terminal
labeled with a cluster of more than three grains
as well as by a cerebellar WGA-HRP labeled
terminal (large arrows). The spines in B and C
are located in glomeruli, which contain a
WGA-HRP labeled terminal (large arrows) and
one or two terminals labeled with less than 4
silver grains. Note that these terminals sparsely
labeled with grains also exhibit asymetric
synapses (open arrows), which is one of the
characteristic morphological features of the
mesodiencephalic terminals. The asterisks in A
and B demarkate the dendritic spines which are
contacted by both mesodiencephalic and
cerebellar terminals. In the centre of the
glomerulus in C a gapjunction (small black
arrows) connects two dendritic spines of which
one Is contacted by a presumptive meso-
diencephalic terminal (grains) and the other
one by a cerebellar terminal (large black
arrows).  Amowheads  indicate  symmetric
synapses. Scale bar = 0.4 um.
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diencephalic junction and from the cerebellar
nuclei were located inside and outside the
glomeruli, and in both positions they were
found apposed to dendrites linked by a gap
junction (Figs. 4C and 6). Sometimes, they
were found to establish synaptic contacts with
somata. The cerebellar and mesodiencephalic
labeled terminals were often found to be
located in the same glomeruli (Figs. 4B,C
and SA,B) and/or to contact the same den-
dritic spines (Figs. 4A,B and S5A,B). Ge-
nerally, the glomeruli of the rat were found
to be smaller than those of the cat. This was
mainly due to the fact that less spiny profiles
were incorporated in the rat glomeruli.

QUANTIFICATION. In the cat rostral
MAO an average of 26% of all the labeled
glomeruli contained only one or more
(3H)leucine labeled mesodiencephalic termi-
nals, 45% contained only one or more WGA-
HRP labeled cerebellar terminals, and 29%
contained both autoradiographically labeled
and histochemically labeled terminals (Table
1, Fig. 3). If the terminals, which were not
cluster labeled but carried 1, 2 or 3 silver
grains, were also considered as (3H)leucine
labeled, the percentage of double labeled
glomeruli containing both types of terminals
would increase to 55%. For the PO of the cat
these percentages were as follows: Of the
labeled glomeruli 29% contained only one or
more (3H)leucine labeled terminals, 39%
included WGA-HRP labeled terminals, while
the percentage of double labeled glomeruli
would increase from 32% to 55% when all
grain labeled terminals were considered as
(3H)leucine labeled. For the rostral MAO of
the rat these percentages were respectively
33%, 35%, 32% and 52%, and for the PO of
the rat respectively 38%, 28%, 34% and 49%
(Fig. 3; Table 1).

Discussion

TECHNICAL AND ANALYTICAL AS-
PECTS. Autoradiography and HRP/DAB
(Dekker,’81) or WGA-HRP/TMB (Holstege
and Kuypers,’87) histochemistry were used
before at the ultrastructural level for the
combination of anterograde with retrograde



Fig. 5. Three electronmicrographs of glomeruli in the PO of the cat following injection of WGA-
HRP in the cerebellar nuclei and (3H)leucine in the mesodiencephalic junction. The glomeruli in
A and B contain one or more WGA-HRP labeled terminals (black arrows) as well as one or two
grain labeled terminals, whereas the WGA-HRP labeled terminals and cluster labeled terminal in C
are not located in the same glomerulus (the outline of the glomerulus with the WGA-HRP labeled
terminals is indicated by triangles). Note that the grain labeled terminals in A are both doubtfully
positively labeled: Number 1 because it contains less than 4 silver grains and number 2 because its
grains on the left side seemed to form a short track. On the contrast, the cluster labeled terminals
in B and C were regarded as clearly positively labeled for (3H)leucine. The dendritic structures
contacted by both grain labeled and WGA-HRP labeled terminals are indicated by asterisks.
Arrowheads indicate symmetric synapses and open arrows asymmetric ones. Scale bar = 0.4 um
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tracing. However, to our knowledge the pre-
sent ultrastructural study is the first in which
(3H)leucine and WGA-HRP anterograde tra-
cing were combined. It is evident that one
can combine these anterograde tracing me-
thods independent from the fact whether the
WGA-HRP histochemistry was performed
with (cats) or without (rats) a DAB-cobalt
stabilization procedure. In this respect it
differs from the combination technique of
WGA-HRP anterograde tracing with postem-
bedding immunocytochemistry, which requires
a stabilization for double labeling (de Zeeuw
et al,’88a). Because the percentage of double
labeled glomeruli did not differ obviously
between the cats and the rats, it seems that
the efficiency of WGA-HRP anterograde tra-
cing is not influenced by the stabilization.
This is in agreement with a previous tracing
study by Molinari (Molinari,’87) in which the
stabilization and normal WGA-HRP histo-
chemistry were compared for one afferent
system in one type of animal. However, with
respect to the ultrastructural preservation the
stabilization has advantages. Using this
procedure one can use a relatively high pH-
level of 4.8 for the acetate buffer during the
TMB incubation whereas with the normal
procedure one needs to use a damaging pH-
level of 3.3 in order to obtain sufficient
anterograde labeling. In addition, it appears
to be possible to stain the tissue en block in
uranyl acetate once the WGA-HRP reaction
products are stabilized, whereas unstabilized
reaction products were found to be solved in
the aqueous uranyl solution.
WGA-HRP/TMB reaction products are
not formed in the absence of WGA-HRP and
they are usually confined to the structure
which contains the WGA-HRP (Holstege,
’87). However, for the analysis of EM auto-
radiographs it must be taken into account
that silver grains may be located above struc-
tures which do not contain (3H)leucine (for
details see, Williams,”77). In order to circum-
vent this problem of autoradiographic cross-
fire and autoradiographic background we
used the cluster analysis (Holstege and Vren-
sen,’88). In the present study a profile was
considered to be labeled when a cluster of at
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least four grains was located above it. Al-
though this number was arbitrary, it appeared
to be a reliable criterion because almost
none of these clusters of more than three
grains were located above non-axonal stuc-
tures.

MORPHOLOGY AND QUANTIFICA-
TION. As observed before in cat (de Zeeuw
et al.’88a) and rat (Angaut and Sotelo,’87 and
’89; Cintas et al,,’80) it was found that most
cerebellar terminals contained pleiomorphic
vesicles and symmetric synapses whereas
most of the mesodiencephalic terminals had
rounded vesicles and asymmetric synapses.
The present study presents direct anatomical
evidence that cerebellar and mesodience-
phalic terminals are often located in the
same glomeruli and often terminate upon the
same dendritic spine heads. This is in agree-
ment with previous observations in the rostral
MAO of the cat that mesodiencephalic and
GABAergic terminals innervate the same
glomeruli and that the same is true for
cerebellar and non-GABAergic terminals (de
Zeeuw et al.’89b). With respect to the quan-
titative data, no obvious differences were
found. In both the rostral MAO and PO of
both animals about one third of the labeled
glomeruli was found to contain both cere-
bellar and mesodiencephalic terminals (Fig.
3). However, the actual number of glomeruli
which contain both cerebellar and mesodi-
encephalic terminals must be higher because
of the following reasons: Firstly, the vast
majority of the terminals labeled with 1, 2 or
3 grains showed the same morphological
characteristics as the terminals with more
than three grains, suggesting that most of
them belonged to the same group of affe-
rents. If we assumed that all grain labeled
terminals originated from the same source,
the percentage of double labeled glomeruli
would be somewhat higher than 50% (Table
1). Secondly, part of the glomerular labeled
terminals were missed because the glomeruli
were studied in a single two-dimensional
cross section. Thirdly, probably only about
one third of the actual number of terminals
from fibers originating from a given injection
site can be labeled with WGA-HRP antero-



grade tracing (de Zeeuw et al.’89a). Since
the efficiency of EM autoradiography using
the cluster analysis may be only about twice
as high as the WGA-HRP technique (Hol-
stege and Vrensen,’88), it probably also
accounts for the autoradiograpic technique
that only part of the actual terminals can be
detected. Fourthly, at least half of all the
glomeruli in the rostral MAO contain both
mesodiencephalic and GABAergic terminals
(de Zeeuw et al.’89b). Taken together, the
present results strongly suggest that a
majority of the glomeruli in the rostral MAO
and PO contain both mesodiencephalic and
cerebellar terminals and that a substantial
part of the glomerular spines are innervated
by both of these inputs.

FUNCTIONAL IMPLICATIONS. On
the basis of physiological and morphological
findings, the mesodiencephalic input to the
rostral MAO and PO may be regarded as
their major excitatory drive (Ruigrok et
al.,’88; de Zeeuw et al.’89a), while the
cerebellar GABAergic input may function as
a modulator of the electrotonic coupling
within the glomeruli (Llinas,’74; Llinas et
al.’74; Sotelo et al,74; Llinas and
Yarom,’81a; Bower and Llinas,’83; Sasaki and
Llinas,’85; Sotelo et al.,’86; de Zeeuw et
al.’88b and 89a; Angaut and Sotelo,’87 and
’89). However, because the present study of
the rostral MAO and PO indicates that
mesodiencephalic and cerebellar terminals
extensively coexist in the glomeruli and
synaps upon the same spines, it seems likely
that the mesodiencephalic terminals directly
interact with the cerebellar terminals in
regulating the firing behaviour of the olivary
Neurons.

It has been shown for various regions in
the central nervous system that the wvast
majority of dendritic spines are contacted
primarily by asymmetric synapses (Kemp and
Powell,’71; Palay and Chan-Palay,’74; Wilson
and Grove,’80; Wilson et al.’83; Muller et
al.’84), which are believed to be excitatory
(Uchizono,’65). Therefore, the present
finding that most spines are heavily inner-
vated by both an excitatory (non-GABAergic
mesodiencephalic) and an inhibitory (GABA-
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Fig. 6. Electronmicrograph of a profile in the
PO of the rat following injection of WGA-
HRP in the mesodiencephalic junction. It
shows two extraglomerular dendrites (D) linked
by a gap junction (small arrows) and a small
attachment plate (black triangles). One of these
dendrites is contacted by a WGA-HRP labeled
mesodiencephalic terminal (large arrows). Scale
bar = 0.4 um.



ergic cerebellar) input, is highly unusual and
may have specific functional implications.
Recently, Segev and Rall (Segev and Rall,
’88) showed in a computational study based
upon the Hodgkin and Huxley equations of
excitable membranes that the effect of sy-
naptic inhibition can be enhanced especially
in excitable dendritic spines that are con-
tacted by both excitatory and inhibitory
synapses, and that this enhanced inhibitory
effect can be extremely sensitive to the
timing between both types of inputs, with a
temporal resolution well below 100 us. At
present, it is not known whether the olivary
dendritic spines contain excitable channels.
However, since it has been shown by Llinas
and Yarom (Llinas and Yarom,’81a,’81b and
’86; Yarom and Llinas,’87) that inferior
olivary neurons possess a variety of complex
and interacting conductances, some of which
may occur solely within the dendrites (high
threshold non-inactivating Ca(2+ )-channels),
it seems an attractive and likely working
hypothesis that the spines of olivary dendrites
indeed carry excitable channels. Moreover,
the observation that olivary spines are
extremely long and complex locking (Sotelo
et al.’74; Gwyn et al.’77; Ruigrok et al.;’88)
are thought to be favourable assets of ex-
citable spines (Segev and Rall’88), (high
input resistance combined with sufficiently
available synaptic current). Thus, the model
of Segev and Rall may very well be appli-
cable to the olivary spines. If we do so, this
may have two implications. Firstly, this could
mean that the inhibitory cerebellar terminals,
which contact the same spines as the exci-
tatory mesodiencephalic terminals, are extre-
mely well positioned to. block the olivary
firing induced by the mesodiencephalic input.
Thus, the cerebellar GABAergic input to the
olive is not only strategically located next to
the dendritic spines linked by gapjunctions
(as also shown before de Zeeuw et al.’88b
and ’89a; Angaut and Sotelo,’89) but in the
same position 4lso strategically terminating
upon the same dendritic spines as the non-
GABAergic mesodiencephalic terminals,
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meaning that the same afferent system is well
suited for uncoupling the olivary cells and in
the same time for reducing their firing fre-
quency. This is in line with a recent study by
Yarom and Adan (Yarom and Adan,’88)
which showed by interconnecting an analog
simulator with an olivary neuron that once
induced but intrinsicly maintained oscillations
of electrotonically coupled olivary neurons
can be stopped more easily when they are
disconnected from each other. Secondly, this
could mean that the excitation of olivary cells
can only be stopped when the inhibitory
cerebellar terminals are firing at a specific
moment related to the activity of the exci-
tatory mesodiencephalic terminals. Several
recent reports demonstrated that the. olivo-
cerebellar system may indeed function as a
timing device (Llinas,’89). It was found that
the 10 is activated at the onset of movements
which must be performed under a strict time
constraint (Mano et al.,’89), that the climbing
fiber activity exerts a short lasting enhan-
cement of the simple spike activity (Bloedel
and Zuo,’89), and that lesions of the lateral
cerebellum disturbs accurate timing of motor-
activity (Ivry et al,’88). Therefore, the
present results suggest that the timing be-
tween the cerebellar and mesodiencephalic
afferents in the glomeruli of the rostral MAO
and PO can be one of the main elements of
the function of the olivo-cerebellar system.

Conclusion

It may be concluded that the cerebellar
and mesodiencephalic input to the glomeruli
and their dendritic spines in the rostral MAO
and PO of the cat and the rat seemed to be
well designed not only for modulating the
electrotonic coupling of the olivary cells but
also for regulating their firing frequency in a
timing sensitive way.



CHAPTER IV Intracellular labeling of neurons in the medial accessory olive of the cat
a. Intracellular labeling of neurons in the medial accessory olive
of the cat: . Physiology and light microscopy
b. Intracellular labeling of neurons in the medial accessory olive
of the cat: II. Ultrastructure of dendritic spines and their
GABAergic innervation
c. Intracellular labeling of neurons in the medial accessory olive
of the cat: ITI. Ultrastructure of axon hillock and initial
segment, and their GABAergic innervation

a. Intracellular labeling of neurons in the medial accessory olive
of the cat: 1. Physiology and lightmicroscopy (Ruigrok et al., submitted)

Abstract

This study is the first of three reports on
the detailed morphology of horseradish per-
oxidase injected neurons in the medial acces-
sory olive of the cat.

Intracellular, in vivo, recordings of olivary
cells were made and their response to meso-
diencephalic stimulation was tested. In 44
units a short latency actionpotential could be
recorded, which was very suggestive for a
monosynaptic excitatory pathway. The short
latency response was frequently followed by a
long latency (mean 188 msec) or rebound ac-
tionpotential. Recordings were followed by
intracellular iontophoresis of horseradish
peroxidase.

A total of 21 neurons, all located within
the medial accessory olive were chosen for
morphological analysis. Cells could be divi-
ded into two categories on the basis of their
overall morphological appearance. Type I
cells (n=5) had sparsely branching dendrites
that radiated away from the soma and were
usually found in the caudal part of the
medial accessory olive. The axon usually
originated from the soma. Type II cells
(n=16) were located more rostrally. They
had larger cell bodies with dendrites that
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ramified extensively, forming a globular
structure (mean diam. 338 micron). The axon
usually originated from a first order dendrite.
No recurrent axon collaterals were observed
on either type I and II cells. Both cell types
carried long and complex spiny appendages,
however, they were most numerous on the
second and higher order dendrites of type 1I
cells. Since the soma of these cells is usually
not found in the centre of its dendritic field,
even if the cell is located in the center area
of the neuropil, it is suggested that the den-
dritic trees of up to 100 neurons may be
intricately interwoven, establishing clusters
with intensive intercommunication by means
of dendritic gap junctions. The abundance,
length and complexity of the spiny appen-
dages suggest an important role in this
proces, but may also be relevant instruments
in enhancing the computational capabilities
of these neurons, especially in timing
sensitive processes.

When relating the physiological and the
morphological results, it was noted that both
type I and type II cells could respond to
mesodiencephalic stimulation and were both
able to trigger a rebound actionpotential. No
significant correlations were found between
cell size and the latency of the rebound.



Introduction

The inferior olive is the source of the
climbing fibers to the cerebellum and can be
subdivided in three submuclei. These sub-
nuclei, termed dorsal accessory olive (DAO),
principal olive (PO) and medial accessory
olive (MAOQO) can be recognized in all mam-
malian species studied sofar (see Withworth
and Haines, 86 for review) and demonstrate a
highly organized projection pattern to the
cerebellum that appears to be preserved
throughout phylogeny (Brodal and Kawa-
mura,’80).

The present set of investigations focusses
on the MAO of the cat. The caudal part of
the MAO gives rise to climbing fibers to the
A zone of the cerebellar vermis, whereas its
rostral part projects to the C2 zone (Groe-
newegen and Voogd,’77; Groenewegen et al.,
’79). The input to the MAO also appears to
recognize these subdivisions. E.g. the rostral
part of the MAO receives non-GABAergic
afferents from the nucleus of Darkschewitsch
and surrounding areas (Ogawa,’39; Onodera,
’84; de Zeeuw et al. ’89a,b) and GABAergic
fibers from the posterior interposed nucleus
of the cerebellum (Tolbert et al.’76; Nelson
and Mugnaini,’85; '89; de Zeeuw et al.’88a
and ’89a,b). The candal MAO receives its
main input from the spinal cord, dorsal
column nuclei, trigeminal spinal nucleus and
vestibular nuclear complex (Mizuno,’66;
Boesten and Voogd,’75; Walberg,’82; Gerrits
et al.,’85 a,b). However, also in this part of
the olive projections from the mesodien-
cephalic junction (especially from the inter-
stitial nucleus of Cajal: Onodera,’84) and the
cerebellar nuclei (fastigial nucleus: Sugimoto
et al.’80; Dietrichs and Walberg,’85) have
been de-monstrated.

It was allready noted by Scheibel and
Scheibel (’55; Scheibel et al.’56), and later
confirmed by others (Ramon-Moliner,’62;
Sotelo et al.’74; Gwyn et al.,’77; Rutherford
and Gwyn,’80; Foster and Peterson,’86), that
two, morphologically distinct types of olivary
cells can be recognized. The most charac-
teristic and wellknown type (type II) is the
one with the highly ramifying dendrites that
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curl back towards the soma, as allready des-
cribed by Cajal (°09). However, especially in
the caudal half of the accessory olives, neu-
rons are found with rather long, poorly bran-
ched dendrites that radiate away from the
soma (type I). Also, a transitional type has
been described (Scheibel et al.,’56; Foster
and Peterson,’86).

In order to study the functional impli-
cations of the relation between the incoming
afferent input and the cellular morphology of
the inferior olivary neurones, the following
set of experiments was performed. Intracel-
lular recordings of olivary neurons in the
MAO were made in vivo and their response
to mesodiencephalic stimulation was tested.
This was followed by intracellular injection of
horseradish peroxidase (HRP). This material
was prepared for light microscopical exami-
nation. Ultrastructural studies of some of
these HRP labeled neurons combined with
postembedding GABA immunocytochemistry
will be reported in two companion papers
(De Zeeuw et al.,, submitted a,b).

Material and methods

The present experiments were performed
on a total of 10 adult cats of both sexes.

STIMULATION ELECTRODES. In
order to further identify the impaled inferior
olivary neurons and to study their responses
to afferent input, we implanted monopolar
Tungsten stimulation electrodes (impedance
appr. 100 k1) at the mesodiencephalic junc-
tion in 8 animals, 5 to 8 days prior to the
experiment. After anaesthetizing the animals
with sodium pentobarbital (35-40 mg/kg) a
parietal bone flap was removed and two sti-
mulation electrodes were implanted. As a
landmark, the position of the red nucleus was
established by the vigorous and large action-
potentials that could be recorded upon
advancing through this nucleus. As a second
landmark, low intensity (< 20 pA) stimu-
lation of the oculomotor nucleus and/or its
fibers was used to establish the approximate
position of the nucleus of Darkschewitsch,
prerubral field and the interstitial nucleus of
Cajal (all areas known to project to the



Fig. 1. Macrophotograph of a cresyllviolett’

stained section through the midbrain of cat
1903, indicating the location of the lesion as
the result of a 15 sec, 1 mA negative current
through the monopolar stimulation electrode.
Approximate center of stimulation area was
judged to be within the nucleus  of
Darkschewitsch and interstitial nucleus of
Cajal. Bar equals 1 mm. Abbreviations: CM:
corpus mamillare; D: nucleus of
Darkschewitsch; ICA: interstifial nucleus of
Cajal; PAG: periaquaductal grey; PC: posterior
commissure; RF: retroflex bundle.

inferior olive; Onodera,’84). Typically, one
electrode was placed at AP 5.0 and a late-
rality of 1.5 (N. of Darkschewitsch), the other
at AP 7.0 and a laterality of 1.8 (prerubral
field and/or interstitial nucleus of Cajal:
stereotactic atlas of Berman,’68, was used).
After placement, the electrodes were cemen-
ted to the skull with acrylic denture cement.
Connectors were placed in silicone tubing
and sutured to connectivity tissue. Finally, the
wound was sutured and the animal allowed
to recover. No obvious behavioral effects
were observed due to the electrode place-
ments.
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EXPERIMENTAL PROCEDURE. After
anaesthetizing the animal with sodium pento-
barbital, an iv. cannula was inserted for
administration of drugs. Heart rate, tempe-
rature and CO2 level were constantly moni-
tored throughout the experiment and kept
within  physiological boundaries. ~When
implanted, the connectors of the stimulating
electrodes were retrieved, followed by a
ventral, retropharyngeal approach of the
brainstem. After dissection of the deep pre-
vertebral muscles, the basillar part of the
occipital bone was removed between the
tympanic bullae, extending rostrally to the
pontine level while caudally, a smal rim of
bone, directly rostral to the foramen mag-
num, was left intact. The dura mater and
arachnoid were carefully reflected. For
reference purposes, a glass micropipette was
placed stereotactically at P 7.0 and 1.0 mm
lateral to the basilar artery. This way the
rostral-most 3 to 4 mm of the inferior olive
(P80-P 90 toP 110 - P 12.0; atlas of
Berman,’68) was available for penetration
with micro-electrodes. The ventral surface of
the brainstem was stabilized with a 2 % agar
solution in physiological saline. In some
instances, animals received Flaxedil as a
muscle relaxant and were ventilated arti-
ficially in order to minimize brain move-
ments.

Intracellular recordings were obtained
with glass micro-pipettes, filled with 5%
horseradish peroxidase (HRP: Boehringer) in
0.05 M Tris/HCI buffer (pH 7.6) with 0.2 M
KCl. These pipettes, whose tips had been
broken against a glass rod, had a DC resis-
tance between 40 and 60 MQ. Recordings
were digitized and stored on a VHS tape
recorder.

Penetrated olivary neurons could be easi-
ly recognized by their characteristic ac-
tionpotential  (Crill,’70; Llinas and
Yarom,’81a) that can be triggered by passing
direct depolarizing current pulses (0.5 nA)
through the recording pipette. Subsequently,
the reaction to mesodiencephalic stimulation
was recorded using a small burst of three
pulses (660 hz, Jeneskog’87) through either
of the stimulation electrodes, with a period of



100V, BIV 50, Ope BV

cell 188718

SQOmV/DIV 50. Omu/01V

cell 1863.04

cny L/‘\%Mw
cHE VL/—L\M

1 W W
S VN WU W W

i

CHI

cHr

=2 CHI

= cHe

2Q0nV/D1V 50 Ome/O1Y.
Pl

cell 1863.04

Fig. 2. Intracellular responses of inferior olivary
neurons to mesodiencephalic stimulation. A:
Response of cell 1887.18, 3 superposed traces.
A brief train of three stimulation pulses evokes
a short latency actionpotential followed by a
long latency, rebound, actionpotential. The
reconstruction of this cell is shown in Fig. 8 D.
B: Responses of cell 1863.04, 4 traces with
increasing stimulation strength. Note that
initially only a short latency actionpotential is
triggered, that, after enhancing the stimulation
strength may be followed by up to three
rebounds. C: Recordings from the same cell
(1863.04), 7 superposed traces. Note that the
variance in latency of the first and especially of
the second rebound increases dramatically. The
reconstruction of this cell is shown in Fig. 8 A.
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1.5 sec. The stimulation threshold was esta-
blished (usually between 100 - 250 pA) and a
number of recordings was made at approxi-
mately 2 to 3 times threshold. Finally, HRP
was injected iontophoretically (4 nA for a
period of 3 to 6 min, pulsed 0.2 sec on, 0.2
sec off, anode in pipette) in cells that still
demonstrated a stable resting potential of at
least -30 mV and discharging clearly recog-
nizable olivary spikes. This way, a total of 10
to 15 neurons was injected on one side of the
brain at intervals of at least 500 microns. The
position of the injection sites was marked
with respect to the reference pipette.

To indicate the stimulation sites, lesions
were made at the end of the experiment by
passing a negative current of 1 mA for 10 to
20 sec through the stimulation electrodes.

One to 16 hours after injection of the
neurons the animal was perfused under deep
sodium pentobarbital anaesthesia, using a
protocol suited to perform GABA-postem-
bedding immunocytochemistry (de Zeeuw et
al.,’89b). In short, after clamping the
descending aorta, the cats were perfused
transcardially with 100 ml physiological saline
in 0.18 M cacodylate buffer (pH 7.3) under
artificial respiration, followed by 2 1 of 5%
glutaraldehyde in the same cacodylate buffer.

The midbrain was, after immersion in
30% sucrose in 0.1 M phosphate buffer (pH
7.3) for at least 24 hours, serially sectioned
on a freezing microscope (40 pm). Sections
were mounted on glass slides and Nissl stai-
ned in order to evaluate the location of the
stimulation electrodes.

The brainstem containing the inferior
olive was left in fixative for 1 to 2 hours, cut
transversally on a vibratome in 70 um sec-
tions and incubated with diaminobenzidine
(DAB, Sigma) according to Graham and Kar-
novsky (°66) for 1 hour. Most incubated
vibratome sections were rinsed in 8% (D+)
glucose dissolved in 0.1 M phosphate buffer
(pH 7.3) and osmicated for 40 min at 45 °C
with 1.5% osmiumtetroxide in the same phos-
phate buffer. Some sections were rinsed and
osmicated without glucose, or not osmicated
but, after mounting on glass slides, drying
and counterstaining with cresylviolet,
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dehydrated in graded series of ethanol and
xylene and, finally, coverslipped in Permount.
The osmicated sections were rinsed in dis-
tilled water (4x), blockstained in uranyl
acetate for 60 min at 4 °C, and, without
rinsing, directly dehydrated in dime-
thoxypropane (DMP, Muller and Jacks,’75;
Truter et al,’80) and flat embedded in
Araldite between teflon coated glass cover-
slips (Bishop and King,’82). This way the
injected neurons could be studied with the
light microscope prior to electron micros-
copical investigation (de Zeeuw et al,
submitted a,b).

ANALYSIS. Well stained neurons were
studied with a Wild light microscope equip-
ped with Wild objectives and a Zeiss 100x
(n.a. 1.25) oil objective. Camera lucida
drawings were made with the aid of a
drawing apparatus attachment.

As a measure for the soma size, an equi-
valent soma diameter was determined u-sing
a drawing of the soma’s contour (using the
100x objective) on a piece of cardboard. Its
cut out weight represented a measure for its
surface area. From this, and assuming a circle
to be an approximation of the soma contour,
the equivalent soma diameter was calculated
(see also Foster and Peterson,’86).

In a similar way, an estimate was cal-
culated for the volume of neuropil enveloped
by the dendritic tree of a neuron. The cross-
sectional area of the entire dendritic tree in
the transverse plane was determined using
the card board technique, and the number of
sections containing dendrites of the neuron
was established. These values were entered in
the equation for the volume of an ellipsoid*.

All cells were classified subjectively into
either the type I or type II category on basis
of the overall morphology of their dendritic
tree (Foster and Peterson, 1986). Two cells

Note* The equation for the volume of an
ellipsoid is: V=4/3 mabc, where a,b,c, are the
radil in the three dimensions; mab was deter-
mined with the cardbord technique, ¢ was
calculated from the number (n) of 70 micron
sections in which elements of the dendritic tree

could be found: ¢ = 70(n-1)/2 pm.
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of each category (type I cells 1863.04 and
1868.05; type II: cells 1886.15 and 1887.18)
were chosen for serial reconstruction on tra-
cing paper (using the Zeiss 100x objective)
and the drawing apparatus attachment. Sec-
tioned dendrites were indicated and aligned
with the cut dendrites of adjacent sections.
These four reconstructed cells formed the
basis for the ultrastructural studies presented
in the companion papers (de Zeeuw et al.,
submitted a,b).

Results

PHYSIOLOGY. In 6 cats, with stimulating
electrodes in the mesodiencephalic junction
(Fig. 1), a total of 44 neurons were impaled
that reacted to stimulation. A typical res-
ponse pattern is shown in Fig. 2A. A short
burst (at 660 Hz) of three stimulation pulses
triggered a characteristic olivary action-
potential, consisting of a fast initial part
followed by an after-depolarizing potential
that lasted for 10 to 15 msec on which one to
several spikelets could be seen (Crill,’70;
Llinas and Yarom,’81a). The afterdepolari-
sation was terminated by a large and long-
lasting (at least 100 msec) afterhyperpo-
larization. In 70 % of the cases (31 neurons)
this respons was followed by a long latency
(or rebound) actionpotential after 115 to 300
msec (mean: 188 + 42 msec). Occasionally,
especially with higher stimulation strength, a
second or even third rebound actionpotential
was triggered (Fig. 2B,C). The mean latencies
of the short and long latency (when present)
actionpotentials were determined at approxi-
mately 2 to 3 times stimulation threshold
from at least three consecutive stimulations.
The frequency distribution of these mean
responses from the 44 neurons is presented
in Fig. 3A, B.

The shortest latency found was about S
msec (mean 7.2 + 2.6). Since one or two sti-
mulation pulses were not as effective in trig-
gering olivary actionpotentials, it will be
obvious that the time elapsing between the
onset of the first pulse and the rising fase of
the action potential may be overestimated by
1.5 or 3.0 msec. Therefore, the short latency






actionpotential is most likely monosynap-
tically triggered from the mesodiencephalon
which leaves, after an additional extraction of
approximately 1.0 msec for synaptic transmis-
sion (Eccles,’64), an actual conduction time
in the order of 1 to 3 msec for an estimated
pathway length of 14 to 18 mm.

MORPHOLOGY. The Araldite embed-
ded tissue sections which were osmicated in
the glucose solution had a light, golden
brown colour. The HRP labeled cells ap-
peared as black structures and could be
easily recognized and followed in the 70 pm
thick sections (Fig. 4A,B). Injected cells,
located in sections that were osmicated
without the use of glucose were evaluated
with much more difficulty, while the small
spiny appendages could hardly be identified.
The labeled neurons in non-osmicated and
ethanol dehydrated sections, could also easily
be evaluated, however, the dendrites
appeared rather wrinkled, indicating severe
shrinkage of the tissue (Fig. 4H).

In 8 cats, 21 olivary neurons located
within the MAO were judged to be suf-
ficiently well labeled to warrant further
research. All 21 neurons were grouped into
either type I (n=5) or type II (n=16)
neurons. The approximate position of these
neurons was plotted on a series of transverse
diagrams of the cat inferior olive (Fig. 5).
Most of the type I cells (4 out of 5) were
situated in the caudal half of the MAO,

Fig. 4. A,B: Photomicrographs of an intracel-
lularly injected olivary neuron (cell 1886.16,
type II). Two adjacent 70 pm sections. C: De-
tail of soma and proximal dendrites of the sa-
me cell. Note the sparse distribution of simple
spiny appendages (arrow heads). D, E, F, G:
Photomicrographs of various spiny appen-
dages on second and higher order dendrites.
Note their thin stalks, frequently carrying
clusters of spine heads. H: Part of dendrite with
spiny appendages (arrowheads) of an injected
neuron that was dehydrated in a graded
ethanol series. Note the convoluted course of
the dendrite indicating severe shrinkage. Bars
equal 50 pm in A.B; 10 pm in C, D, E, F, G,
and 25 pm in H.
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whereas the type II cells were all located in
its rostral half.

The equivalent soma diameter was calcu-
lated from the surface area in the transverse
plane (see Material and Methods). The mean
values are depicted in Table 1. Between 4
and 7 primary dendrites were found to origi-
nate from the soma. Some of them divided
almost immediately (within 10 pm) into
second order branches. The number of pri-
mary dendrites correlated well with the soma
size (Fig. 3C).

In most cases, it could be established
whether the axon originated from the soma
or from a dendrite. Some doubtful cases
could be verified electron microscopically (de
Zeeuw et al, submitted b). All but two of the
type II cells had its axon originating from a
first order dendrite. One stemmed from a
second order dendrite while the last one was
derived directly from the soma (Fig. 6: cell
1886.20 and 1903.18, respectively). The axons
of four of the type I neurons also stemmed
directly from the soma, while one was deri-
ved from a primary dendrite (Fig. 6: cell
1858.02). No collaterals could be observed on
any of the axons, though all could be follo-
wed until they left the neuropil of the MAO
and, frequently, even to the contralateral side
of the brain. The cone shaped, axon hillock
usually carried one or several spinelike
appendages (see de Zeeuw et al.,, submitted
b).

An estimate of the volume of neuropil
enveloped by the dendritic tree was based on
its transverse surface area and the number of
sections containing elements of the dendritic
tree of a given cell. The resulting volume is
plotted against the equivalent soma diameter
in Fig. 3D. From this plot it can be deduced
that the type I cells usually, but not always,
have smaller soma sizes correlated with lar-
ger dendritic trees. The position of the soma
and the transverse extent of its dendritic tree
is depicted in Fig. 7. Note that in most cases
the soma is positioned eccentrically. Since the
inferior olive is a closed nucleus (Cajal,’09),
such an eccentric position is rather obvious
for the somata located along the border of
the neuropil (e.g. cells 1858.02, 1863.04,
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Fig. 5. Series of standardized transverse diagrams of the cat inferior olive, spaced 280 um. The
approximate location of all 21, morphologically studied, neurons are indicated by filled (type I)
and open (type II) circles. Abbreviations: B: ’beta’ nucleus; DAO: dorsal accessory olive; DC:
dorsal cap; DMCC: dorsomedial cell column; MAO: medial accessory olive; PO: principal olive;
VLO: ventrolateral outgrowth. Bar equals 1 mm.

1858.02

- 190318

Fig. 6. Reconstructions of three type I (1858.01, 1858.02 and 1886.19) and three type II (1892.20;
1886.20 and 1903.18) cell bodies with their proximal dendrites. The axons are indicated with
arrows. Note that the axons of cells 1858.01 and 1892.20 are derived from a first order dendrite,
whereas the axon of cell 1886.20 originated from a second order dendrite. The spiny appendages
were not indicated in these reconstructions. Bar equals 20 pm.
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Fig. 7. Series of transverse diagrams depicting the medial accessory olive. Numericals on the right
hand side of each level correspond to levels in Fig. 5. The approximate postions of the examined
somata are indicated along with the transverse extent of their dendritic tree. Type I cells are
marked with an asterisk. Cells 1892.20 and 1876.04 are hatched for clearity. See text for further

explanation. Bar equals 500 pm.

1887.16, 1903.16). However, also more
centrally located neurons (e.g. 1868.04,
1886.20, 1887.18, 1892.20) may show a

dendritic tree that is not symmetrically
distributed around its soma.

Four neurons, two of each type, were
reconstructed and are shown in Fig. 8. Cells
1863.04 and 1868.05 were classified as type I
neurons and were positioned rather caudally
within the MAO. Cells 1886.15 and 1887.18
belonged to the type II group and were found
more rostrally (see Fig. 5). The most striking
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differences between both cell types (besides
the obviously larger area of neuropil enve-

loped by the dendritic tree) are the higher
branching incidence and the abundance of
very complex spiny appendages on especially
the more distal parts of the dendrites of the
type II neurons. The spiny appendages of
both cell types showed ome to numerous
swellings, termed spine heads, and could
attain a length of several tens of microns
(Fig. 4D,EF,G). Usually, the dendrites
terminated as long, thin, threadlike fibers



carrying several swellings and thus appeared
reminiscent of the spiny appendages. Occas-
sionally, a dendrite terminated as a cluster of
swellings (Fig. 8A). The somata of both cell
types omly gave rise to some, simple spiny
appendages (Fig. 4C).

CORRELATION PHYSIOLOGICAL
AND MORPHOLOGICAL DATA. An at-
tempt was made to correlate physiological
and morphological data. Of the 21 neurons
examined morphologically, 6 neurons, located
in three animals could not be investigated
with respect to their respons to mesodi-
encephalic stimulation, since no stimulation
electrodes had been placed (cat 1858) or due
to misplacement of the stimulation electrodes
(cats 1876 and 1892). Two additional neurons
did not respond to mesodiencephalic stimu-
lation, although a third cell from the same
cat (1886.19) did. The remaining 13 neurons
all reacted with a short latency action-
potential and, in 11 cases, also with a long
latency actionpotential. Their mean values
were well within the range of the 44 recorded
cells described earlier. The responses of cell
1863.04 (type I, Fig. 8A) and cell 1887.18
(type II, Fig. 8C) are shown in Fig. 2B,C and
2A, respectively.

Since it has been speculated that the
" neuronal morphology of olivary cells may
influence the frequency of the intrinsic oscil-
latory tendencies (Llinas,’84), we plotted both
the equivalent soma and volume of the den-
dritic area, against the latency of the rebound
spike (Fig. 3E,F). However, at this level of
analysis, no significant correlation could be
established.

Discussion

The present study was designed to study
the morphology of olivary neurons in the
medial accessory olive (MAO) of the cat and
their response to mesodiencephalic stimu-
lation. Responses of 44 inferior olivary
neurons were recorded, while the morphology
of 21 neurons located in the MAO was stu-
died. The material comprises 13 neurons,
located within the MAO that also reacted to
mesodiencephalic stimulation.
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PHYSIOLOGY. The mesodiencephalic
area has been shown to be a major source of
afferents to the inferior olive. More
specifically, olivary afferents have been
described to take their origin from the
nucleus of Darkschewitsch, the interstitial
nucleus of Cajal, the parvicellular red
nucleus, the prerubral field and the fields of
Forel (Onodera’84; Saint-Cyr and Cour-
ville,’80; ’81; ’82; Spence and Saint-Cyr,’88).
Most, if not all of these afferents are non-
GABAergic (de Zeeuw et al.’89ab). There-
fore, it was attractive to stimulate this area to
study the olivary responses. Indeed, it was
shown that 1) the olivary cells (located in
either MAO or principal olive: PO) could be
activated by stimulation of the mesodi-
encephalic junction and 2) the observed
latencies (mean 7.2 + 2.6 msec, measured to
the onset of the rising phase of the action-
potential) were very suggestive for a mono-
synaptic  excitatory pathway. A  similar
conclusion was reached by Jeneskog (’87)
using a similar stimulation paradigm but
recording climbing fiber responses from the
cerebellar surface.

Crill (*70) was the first to record from cat
olivary neurons in vivo. When stimulating the
cerebral cortex, he obtained similar responses
as presented here, although the latencies of
the triggered actionpotentials were slightly
higher (at least 7 msec with a mean of 9.5 +
2.1 msec, measured to the onset of the synap-
tic potential). The difference in latencies with
our studies can be explained by the fact that
a longer pathway was stimulated, or more
likely, that the pathway was not monosynap-
tic. Indeed, it was demonstrated anatomically
by Saint-Cyr (’83) that cortico-olivary
projections are only found in the medial part
of the caudal MAO, an area that can only
partly, and with difficulty (due to the thick-
ness of the pyramidal tract) be reached in the
experimental approach used by Crill (’70)
which was the same as in our study. There-
fore, it seems likely that the cortical
stimulation excites other areas, presumably at
the mesodiencephalic junction (Saint-Cyr and
Courville,’80; Saint-Cyr,’87), which in turn
excite the olivary cells in MAO and PO



monosynaptically.

An interesting and characteristic pheno-
menon of the olivary respons to mesodience-
phalic stimulation is the triggering of a long
latency or rebound response. Usually, only
one rebound actionpotential was observed,
however, occasionally up to 3 rebounds could
be recorded after a single stimulation burst.
Working with the guinea pig slice preparation
Llinas and Yarom (’8la,b; ’86; Yarom and
Llinas,’87) have demonstrated that the olivary
neurons are equipped with a number of spe-
cific membrane conductances that may ex-
plain their propensity to discharge rhyth-
mically (e.g. Sasaki and Llinas,’85). The
preferred firing frequency appears to be dif-
ferent for either actively depolarized (3 - 6
Hz) or hyperpolarized cells (9 - 12 Hz; Llinas
and Yarom,’86). In our material we found a
mean latency of the first rebound spike of
188 msec, when adjusted for the latency of
the fast response (mean 7.2 msec), a fre-
quency of 5.5 Hz can be deduced, which fits
well within the range of preferred frequencies
for depolarized guinea pig olivary cells in
vitro. Therefore, especially in this pento-
barbital anaesthetized preparation, it is highly
unlikely that the rebound actionpotential may
be synaptically activated due to long rever-
berating loops (Tsukahara et al.’83). Also,
chronic ablation of the (hemi-) cerebellum,
including the deep cerebellar nuclei, did not
abolish the rebound action potential, but
rather facilitated it (Ruigrok et al.,’89).

Apparently, it is important to trigger an
ensemble of olivary cells in order to induce
this rebound spike. At lower stimulation
thresholds, the rebound was less frequently
recorded, whereas at higher stimulation
strengths, sometimes, a second and third one
could be recorded. So, it would appear that
an ensemble of simultaneously triggered neu-
rons may give rise to the slow membrane
potential changes that, synchronized and
strengthened by the electrotonic coupling
between cells (Llinas et al.’74; Sotelo et
al.,’74; Llinas and Yarom,’81a; Benardo and
Foster,’86; Ruigrok et al. ’89), are neccessary
to evoke the rebound actionpotential. Due to
the fact that the time of onset of the rebound
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showed quite some variability (e.g. Fig. 2A),
this may contribute to the fact that the like-
lihood of triggering a second rebound is quite
small, thus damping the respons.

Although the rebound actionpotential is
not always triggered by mesodiencephalic
stimulation, the neurons may be highly recep-
tive for incoming information between appr.
150 and 200 msec after discharging. In this
respect, it is relevant to point out, that the
cerebellar nuclei, which are under direct and
indirect influence of climbing fibers (e.g.
Voogd and Bigaré,’80; Llinas and Miihletha-
ler,’88 a,b; van der Want et al.’89), besides
giving rise to a massive GABAergic pathway
to the inferior olive (Nelson and Mugnaini,
’85; ’89; de Zeeuw et al.’89 a,b; de Zeeuw et
al, in press) also give rise to an extensive
projection to the mesodiencephalon and tha-
lamus (Voogd,’64). Indeed, olivary neurons in
the MAO can be orthodromically activated
by stimulating the cerebellar nuclei,
presumably through a cerebello-mesodien-
cephalo-olivary pathway (Ruigrok et al,

unpublished results). The cerebello-
mesodiencephalic, mesodiencephalic-olivary
and cerebello-olivary interactions are

presently being studied in our laboratory
(Ruigrok and Voogd,’88; ’90; de Zeeuw et
al.’89a,b; de Zeeuw et al., in press).
MORPHOLOGY. Two distinct types of
olivary neurons could be readily identified in
the intracellularly labeled material. Neurons
in, especially, the caudal part of the MAO,
displayed long, relatively sparsely ramifying
dendrites, that radiated away from the soma,
but remained within the boundaries of the
MAO neuropil (Type I). Type II neurons
(terminology from Foster and Peterson,’86),
possessed dendrites that branched frequently
at short distances from the soma. These
dendrites were curved and remained within
100 to 200 microns from the soma, forming a
ball-like structure. These different types of
olivary cells have been recognized and descri-
bed in various mammalian species using
Golgi techniques (e.g. oppossum: Bowman
and King,’73; rat: Gwyn et al.,’77; guinea pig:
Foster and Peterson,’86; cat: Scheibel and
Scheibel,’S5; Sotelo et al.,’74; monkey:



cell 1863.04
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cell 1868.05

Fig. 8 Reconstructions of two type I olivary neurons: cell 1863.04 (A: see also Fig. 2 B,C) and cell
1868.05 (B) and two type II neurons: cell 1886.15 (C) and cell 1887.18 (D: see also Fig. 24).
These cells were also used for the ultrastructural analysis as reported in both companion
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cell 1886.15

cell 1887.18

papers (de Zeeuw et al, submitted ab). Axons are indicated by arrows. Arrowheads denote
dendrites that were not fully reconstructed. Bar equals 100 um. Note that magnification for C,D, is
higher than for A,B.
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Scheibel and Scheibel,’5S; Rutherford and
Gwyn,’80; man: Scheibel and Scheibel,’55).

The Scheibels (°55) noted that the extent
of the dendritic tree of the type II neurons
decreased in conjunction with a diminution of
the ’packing’ density of the olivary neurons
when advancing in the phylogenetic scale
from cat, to monkey, to man, indicating that
the amount of overlap between the individual
dendritic trees would become less in this
order. However, their conclusions were doub-
ted by Foster and Peterson (’86), who indica-
ted that the dendritic tree of the type II
guinea pig inferior olivary neurons was at
least as compact as that of the cat dendritic
tree. We tend to support this notion, with the
following annotations. The type II neurons in
the cat olive, although equipped with a larger
dendritic tree than the guinea pig olivary
neurons, also displayed a much more com-
plex dendroarchitecture (cf.Fig. 8C,D with
Fig. 4 of Foster and Peterson,’86). Also,
spiralling dendrites did not occur in our
material of the cat although we could con-
firm the existence of spiralling dendrites (the
spirals having appr. the size of a cell body) in
our own material of intracellularly injected
guinea pig and rat olivary cells (unpublished
observations). Finally, although we did not
determine the packing density in the quinea
pig inferior olive, it is much higher as compa-
red to cat. It seems more likely, therefore,
that the morphology of inferior olivary neu-
rons is adapted to the functional demands of
different animals, rather than obeying a spe-
cific evolutionary trend.

As Foster and Peterson (’86) demonstra-
ted, the spatial extent of the dendritic tree
can best be described as an ellipsoid. How-
ever, in literature usually only the diameter
of the dendritic tree is given. Scheibel and
Scheibel (*55) determined a mean diameter
for cat olivary cells (presumably only type II
neurons) of 211 + 48 pm. When we consider
our volumetric data (based on an ellipsoid)
as a measure for a globular dendritic tree, we
come to a mean diameter of 364 + 67 pm
(n=21) for both cell types, and of 338 + 45
pm (n=16) for the type II cells only. There
may be several reasons for this discrepancy.
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Firstly, the dendrites illustrated by the
Scheibels did not take a straight course but
appeared rather ‘’wrinkled’, suggesting a
certain amount of shrinkage of their material.
Indeed, it was recently indicated by Uylings
et al. ("86) that linear tissue shrinkage of
various Golgi techniques may be as high as
10 - 20%. In our material, using a 5% glutar-
aldehyde perfusion fixation, followed by an
additional osmiumtetroxide fixation, chemical
dehydration and Araldite embedding, shrin-
kage did not appear to be severe, as judged
from the course of the dendrites (Figs 4A,B;
8). Secondly, the Golgi technique requires
the use of young animals (the Scheibels used
kittens of one to several weeks of age).
Therefore, the olivary neurons may not have
matured by then. Thirdly, the olivary cells
may have a preference for a longitudinal
organization, since, in our material, the mean
diameter of the dendritic tree, solely based
on their covered surface area in the trans-
verse plane (331 + 49 pm), was slightly less,
than when calculated from the volumetric
area. Finally, and possibly more important,
may be the fact that it is difficult to obtain
correct values for the entire extent of the
dendritic tree in Golgi material, since many
neighbouring cells may obscure the course of
certain dendrites. Also, incomplete Golgi
impregnation (especially of rather thin den-
dritic elements) may biase the measurements.
Such a biase was demonstrated for spinal
motoneurons, where the dendritic extent of
intracellularly HRP labeled cells was found
to be significantly larger compared to Golgi
stained material, (Brown,’81). From Fig. 8
CD it can be seen that within the entire
dendritic tree, a more or less spherical
concentration of dendrites can be distin-
guished. When the diameter of this sphere is
determined for the type II cells, the mean
value of 248 + 36 pm is close to the value
given by the Scheibels (°55). This diameter
represents a globular neuropil volume of 8.0
* 10° pm’. The Scheibels (°55) estimated a
mean packing density of appr. 23 neurons per
1.6 * 10° pm’, indicating that an average of
approximately 115 neurons would be positio-
ned within the dense globular part of the



TABLE 1. Some morphological data on HRP injected MAQ neurons (' indicates if type I neurons
differ significantly from type II neurons (p<0.05)).

equivalent number of number of cells vol. of neuropil
soma first-order with axon enveloped by
diameter dendrites originating dendritic tree
(mean + s.d.) (mean + s.d.) from a dendrite (mean + s d. %
in pm in 10° L m
Type I 17.5 + 3.7F 5.0+ 1.0 1* 48.7 + 20.3%
(n=5)
Type II 23.0 £ 2.6 5.6 £ 1.0 15 21.4 + 8.8
" (n=16)
Total 21.7 + 3.7 5.4+ 1.0 16 27.9 + 16.8
(n=21)

dendritic tree. Much higher numbers will be
“involved when the entire dendritic tree is
taken into account (appr. 290).

Most somata are not positioned in the
center of their dendritic tree, but rather
slightly to extremely eccentrically. This is
obviously the case for neurons bordering the
nucleus, however, also within the nucleus it
can be seen that some cells display a clearly
preferred direction of their olivary tree (see
e.g- cell 1887.18, Fig. 8D). This could be in
accordance with the suggestion made by
Sotelo et al. ('74) that neurons within the
olivary neuropil are located in clusters. The
dendrites of a number of cells may seek each
other out to become intricately interwoven.
From our calculations, outlined above, we
suggest that such a cluster may contain up to
100 neurons.

Besides the differences in dendritic
architecture of the type I and II neurons, it
was noted that the type I neurons generally
had a smaller cell soma that carried less
primary dendrites compared to the type II
cells. Furthermore, axons of the type I cells
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were usually derived from the soma, whereas
they originated from a first, and in one case
even a second, order dendrite in case of the
Type II cells. Presently, we do not know
whether these differences may have functio-
nal implications (see also de Zeeuw et al,
submitted b).

From Golgi studies of various animals,
reviewed by King (*80), it would appear that
about 20 % of the olivary neurons carries
recurrent axon collaterals. However, although
in our material of the cat all axons could be
followed outside of the MAO neuropil and
frequently could be observed to cross the
midline of the brain, no axon collaterals
could be found, as was also reported for the
6 intracellularly HRP labeled cat olivary
neurons by King (’80). To explain the discre-
pancy between the Golgi and the HRP stu-
dies, it should again be stressed that the
Golgi techniques usually require the use of
newborn animals or even foetuses (see King,
’80, for review). Therefore, it seems possible
that olivary axons of immature animals may
be equipped with recurrent collaterals, which



disappear later.

One of the most striking features of the
intracellularly injected cells were their spiny
appendages. Especially the second and higher
order dendrites carried an abundance of long
and frequently very complex spines. Although
the abundance of a variety of spines have
been noted in Golgi studies of various ani-
mals (e.g. Scheibel and Scheibel,’55; Gwyn et
al.,’77; Rutherford and Gwyn,’80; Foster and
Peterson,’86), they were not described as very
long (in our material frequently measuring up
to tens of microns), possibly because of a
failure to impregnate these very delicate
structures. Most spiny appendages started as
a thread-like protrusion from the dendrite
and after or before branching displayed one
up to numerous swellings (spine heads). As
will be shown in the companion paper (de
Zeeuw et al, submitted a), the spines are
involved in glomeruli, which form a charac-
teristic feature of the neuropil in the MAO
(Sotelo et al.,’74; de Zeeuw et al.’89 ab; de
Zeeuw et al., submitted ab). Furthermore,
theoretical studies have indicated the enor-
mous importance of spines for the compu-
tational capabilities of neurons (Pongracz,’85;
Segev and Rall,’88; see also de Zeeuw et al
’89b; de Zeeuw et al., in press), while, in
addition, they also may play a role in neuro-
nal plasticity (e.g. Fifkova and Harreveld,’77;
Lee et al.’80; Crick,’82; Caceres et al,’83).
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Conclusions

Olivary cells in the medial accessory olive
can be activated monosynaptically from the
mesodiencephalic junction. When an ensem-
ble of olivary neurons is triggered simul-
taneously, a rebound actionpotential may be
recorded with an interspike frequency of
appr. 5.5 Hz.

Lightmicroscopical analysis of intra-
cellularly labeled cells reveals two types of
neurons. Type 1 has sparsely branched
neurons that stream away from a wusually
small cell body that also gives rise to the
axon. Type II cells are located more rostrally
in the MAO, possess dendrites that branch
frequently, forming a ball-like structure
around a frequently eccentrically placed
soma. The axon is usually derived from a first
order dendrite. The extent and morphology
of the dendritic tree of the type II cells
suggest that they are intensively overlapping
the dendritic field of approximately 100 other
olivary neurons.

The abundance, length, and complexity of
the spiny appendages suggest important roles
in: 1) connecting individual olivary cells
(through gap junctions, located in glomeruli),
2) the computational capabilities of the
neurons (especially in time sensitive proces-
ses), 3) neuronal plasticity.



b. Intracellular labeling of neurons in the medial accessory olive of
the cat: II. Ultrastructure of dendritic spines and their GABAergic innervation

Abstract

In order to describe the morphology of
dendritic spines of identified neurons in the
cat inferior olive together with their gamma-
aminobutyric acid (GABA) synaptic input, a
technique was used combining intracellular
labeling of horseradish peroxidase with post-
embedding gold-immunocytochemistry. With
this technique physiologically identified
olivary cells were reconstructed with the light
microscope, and the horseradish peroxidase
reaction product and immunogold labeling
were subsequently examined in serial sections
at the ultrastructural level. In addition, a
degenerating neuron was observed resulting
in a triple labeling in single ultrathin sections.

Quantitative and three-dimensional
analysis showed that the dendritic spines
were composed of long, thin stalks ending in
one or more spine heads. The spines of cells
located in the caudal haif of the medial
accessory olive (type I cells, characterized by
dendrites which run away from the soma)
were found to be less complex than those of
cells located rostrally in this olivary
subnucleus (type II cells, characterized by
dendrites which tend to turn back towards
the soma). Most, if not all, of the spines of
both cell types were located within glomeruli.
On average, the spines within individual
glomeruli originated from 6 different den-
drites (with a maximum of 8). Different
spines within the same glomerulus were
never derived from different dendrites of the
same olivary neuron but single spines fre-
quently gave rise to several spine heads
which could be located either within different
glomeruli or inside a single glomerulus. The
glomerular spine heads originating from the
same spine were rarely located near one
another. All spines and most of the spine
heads were contacted by both GABAergic
and non-GABAergic terminals. Most of the
GABAergic terminals contained pleio-
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morphical vesicles and displayed symmetric
synapses whereas the non-GABAergic termi-
nals showed usually round to oval vesicles
and asymmetric synapses.

Introduction

Most, if not all, of the cells of the inferior
olive (IO) give rise to the olivo-cerebellar fi-
bers which terminate as climbing fibers inner-
vating the Purkinje cells of the cerebellar
cortex (Szentdgothai and Rajkovits,’59;
Eccles,’66; Desclin,’74). Short axon cells seem
to be absent in the olive, with the possible
exception of a few GABAergic interneurons
(Nelson et al.,’88; Walberg and Otterson,’89).
The light microscopical morphology of olivary
neurons was described for humans (Vincenzi,
1886; von Kolliker, 1893; van Gehuchten,03;
Ramon y Cajal,’09) and for various animals
(Ramon y Cajal,’09; Scheibel and Scheibel,
’55; Scheibel et al.’56; Ramon-Moliner,’62;
Bowman and King,’73; Gwyn et al.,’77; Sotelo
et al.’74; Rutherford and Gwyn,’80; Foster
and Peterson,’86; Iwahori and Kiyota,87;
Szteyn,’88). Scheibel and Scheibel ('55) were
the first to show that two basic types of
neurons can be distinguished in Golgi mate-
rial of the IO of various animal species.
Later, these findings were confirmed in expe-
rimental studies of the guinea pig (Foster and
Peterson,’86) and the cat (Ruigrok et al., sub-
mitted) in which olivary cells were intracel-
lularly injected with horseradish peroxidase
(HRP). Both cell types have a relatively
small cell body and contain dendrites with
spiny appendages, but the morphology of
their dendritic tree is different. The first cell
type (type I) is mainly present in the caudal
medial and dorsal accessory olive. Its dendri-
tes are relatively long, running away from the
soma. They are sparsely branched and cover
a large receptive field. The dendritic tree of
the second type (type II) is more complex.
The dendrites are highly branched and tend
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to turn back towards the soma. This type of
neuron predominates the rostral olivary
subnuclei but is also present in the caudal
parts (Scheibel and Scheibel,’55; Scheibel et
al.,’56; Foster and Peterson,’86). It occupies a
more limited area of the three dimensional
space than the type I cells (see also Ruigrok
et al,, submitted).

Two of the major afferent systems of the
medial accessory olive (MAQO) and principal
olive (PO) are a GABAergic input (Nelson et
al.,’84; de Zeeuw et al.’88a) derived from the
cerebellar nuclei (Tolbert et al.’76) and a
non-GABAergic innervation (de Zeeuw et
al.’88a) from the mesodiencephalic junction
(Ogawa,’39; Onodera,’84). The cerebellar and
mesodiencephalic terminals are widely distri-
buted over the extraglomerular and glomeru-
lar neuropil (de Zeeuw et al,’89a). Frequent-
ly, the boutons of both inputs establish
synaptic contacts with the same glomerular
spines, some of which are electrotonically
coupled by gap junctions (de Zeeuw et al.,
’88b; de Zeeuw et al., in press).

Fig. 1. Electron micrographs showing
GABAergic terminals (white arrows) apposed
to a cell body of an HRP labeled olivary
neuron. The rectangular area indicated in B is
magnified in A. Note that all GABAergic
terminals are directly apposed to the soma and
not to somatic spines. Scale bar in A = 0.9
um, in B = 3.2 pm.

Fig. 2. Electron micrograph of an HRP labeled
olivary neuron. Note the unstained inclusion of
the cell membrane (arrow head) suggesting
endo- or exocytotic processes to or from the
nearby located Golgi apparatus. The nucleus
(N) is labeled with HRP reaction products but
not as heavily as the perikaryon. Scale bar
12 pm.

Fig. 3. Electron micrograph of two HRP
labeled dendrites located near one another.
Note that the dendrite indicated by the asterisk
is much weaker labeled than the other one.
Scale bar = 1.1 pm.
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Presently, it is not known whether the two
cell types differ with respect to the mor-
phology of their spines and whether they
have a different synaptic input. Therefore, an
attempt was made to study both types of cells
in the MAO of the cat at the ultrastructural
level by means of a combination of intracel-
lular labeling of HRP with postembedding
GABA-immunocytochemistry. The dendritic
spines were analysed quantitatively in single
and serial ultrathin sections in order to find
out 1) whether all spines are located in
glomeruli, 2) how many spines of how many
different neurons are involved in a single
glomerulus, and 3) whether all spines are
contacted by both GABAergic and non-
GABAergic terminals.

The physiological and most of the light
microscopical data (Ruigrok et al., submitted)
and the electron microscopical results of the
olivary axons and their input (de Zeeuw et
al., submitted) are published in both com-
panion papers.

Material and methods

Details on the experimental procedure
used to obtain intracellular recordings from
olivary neurons and the subsequent ionto-
phoretic injection of HRP are reported in a
companion paper (Ruigrok et al., submitted).
Briefly, cats were anaesthetized with pento-
barbital and in each cat it was attempted to
penetrate at least 10 olivary cells, to identify
them physiologically and to inject them with
HRP (5% in saline). The injected cells were
spaced at least 500 pm. After 1 to 16 hours
the cats were deeply anaesthetized with
pentobarbital and perfused transcardially with
100 ml. 0.9% saline in 0.18 M cacodylate
buffer (pH' 7.3) under artificial respiration,
followed by 2 liters of 5% glutaraldehyde in
the same buffer. The brainstem containing
the IO was left in the fixative for 1 to 2
hours, cut transversely on a vibratome in 70
um sections and incubated with diamino-
benzidine (DAB) according to Graham and
Karnovsky (°66). Most of the incubated vibra-
tome sections were rinsed in 8% (D+)gluco-
se dissolved in 0.1 M phosphate buffer (pH



112



7.3), osmicated during 40 min at 45 °C with
1.5% osmiumtetroxide in the same solution,
rinsed in distilled water (4 times), block-
stained in 2% aqueous uranyl acetate for 60
min at 4 °C, without rinsing directly dehydra-
ted in dimethoxypropane (DMP), (Muller
and Jacks,’75; Truter et al.’80), and flat
embedded in Araldite between teflon coated
glass slides (Bishop and King,82). Some
vibratome sections were rinsed and osmicated
without glucose. After polymerization of the
embedded sections, the intracellularly labeled
neurons were studied in the light microscope
(LM). A total of 21 intracellularly labeled
neurons were located in the MAO and suited
for light microscopical study. The neurons
were classified according to the morphology
of their dendritic tree as either type I or type

Fig. 4. Electron micrographs of a simple
looking glomerulus containing four different
spines (1, 2, 3, and 4). Most of the spines can
be seen two or three times within the plane of
a single section. The parent dendrite of the
HRP labeled spine (4) is present at the bottom
of the micrograph. Note that the GABA
labeling (terminals indicated by the stars) is
consistent in both serial sections A and B.
Scale bar = 1.2 pm.

Fig. 5. Electron micrographs of a complex
glomerulus (surrounded by small arrow heads).
The parent dendrite in the right upper corner
gives rise (follow the open arrows in A) to a
spine (no. 1 in B) which branches in other
spiny appendages (no. 2 and 3). Note that the
secondary spiny appendages are located in
"subglomeruli” which are more or less separated
from the main glomerulus by invaginations of
the glial sheath (follow small arrow heads). In
A two spiny profiles of the same HRP labeled
spine are located directly near one another
(large arrow heads). However, following the
serial sections it was evident that this only
happened immediately after a branching point
(compare A and B). In B a club pedunculated
spine (arrow) is derived from the soma. Scale
bar = 1.3 pm.
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II neurons. Two type I neurons of the caudal
MAO and two type II neurons of the rostral
MAO were selected for electron microsco-
pical examination (these cells, which were
reconstructed in the preceding companion
paper (Fig. 8 of Ruigrok et al., submitted)
and were numbered as 1868.05, 1863.04,
1887.18, and 1886.15, will be referred to as
cell A, B, C, and D, respectively). Serial

photographes were made with an interval of
5 pm throughout the 70 pm thick embedded
tissue sections. The tissue blocks containing
the soma of these neurons were glued on
plastic capsules. Pyramids were made (with a
surface area of approximately 600 pm x 300
pm) from which about 1000 ultrathin sections
with a silver interference colour were cut
with a Diatome diamond knife on a Reichert
ultratome (Ultracut). The ultrathin sections
were mounted on formvar coated nickel slot
grids and processed for postembedding
GABA-immunocytochemistry. The grids were
rinsed in a solution of 0.05 M Trisbuffer (pH
7.6) containing 0.9 % NaCl and 0.1% Triton
X-100 (TBS-Triton) and left overnight in a
droplet of GABA-antibody diluted 1:1000 in
TBS-Triton. The GABA-antibody, which was
raised in rabbit, had been tested on its speci-
ficity (Buijs et al.’87; Seguela et al.’84). The
next morning the grids were rinsed in TBS-
Triton (2 times), stored in the same solution
for half an hour, rinsed in TBS-Triton (pH
8.2) and incubated for one hour in a droplet
of goat anti-rabbit IgG labeled with gold
particles (diameter 15 nm; Janssen Pharma-
ceuticals), diluted 1:40 in TBS-Triton (pH
8,2). After this final incubation the grids were
rinsed in TBS-Triton (2 times) and in distil-
led water (2 times). The sections were coun-
terstained with uranyl actetate and lead
citrate, and examined and photographed in a
Philips (300) Electron Microscope (EM).

Analysis

In the present study the HRP labeled
dendritic spines and their GABAergic input
were analysed both in non-serial and serial
sections. From each of the 4 HRP injected
cells 1 tissue block was selected.



SINGLE SECTION ANALYSIS.
Numerous HRP labeled spines were ran-
domly selected and photographed by scree-
ning the surface area of non-serial ultrathin
sections at regular distances. It was deter-
mined for each tissue block 1) what percen-
tage of the HRP labeled spines were contac-
ted by both a GABAergic and/or a non-
GABAergic terminal, 2) what percentage of
the HRP labeled spines were located within a
glomerulus, 3) how many HRP labeled spiny
profiles were located on average within the
glomeruli which contained HRP labeled spiny
appendages, and 4) what the average ratio
was between the number of HRP labeled spi-
nes and the total number of spines in these
glomeruli. In this analysis a profile was
supposed to be HRP labeled when a dark
granular HRP/DAB reaction product was
equally distributed over the cytoplasm. The
HRP labeled spines were distinguished from
HRP labeled dendrites by their thin diameter
(05 to 1.0 pm), the presence of several
deformed vesicles including large granulated
vesicles, coated wvesicles, tubules of smooth
endoplasmic reticolum, and multivesicular
bodies, and by the absence of regularly
interspaced microtubuli. A terminal was con-
sidered to be GABA-positive when the
number of gold particles overlying it was at
least 8 times higher than the number of
particles over the surrounding non-labeled
structures (De Zeeuw et al.’89a). A complex
synaptic arrangement was supposed to be a
glomerulus when it was composed of a cen-
tral core of at least 3 dendritic elements
surrounded by at least 2 axon terminals, and
enwrapped in an astrocytic sheath (Sotelo et
al.’74; de Zeeuw et al.’89b). The data of the
4 cells were averaged and the standard devia-
tions (SD) were calculated (Table 1).

SERIAL SECTION ANALYSIS. A total
of 67 HRP labeled spines obtained from all 4
selected neurons were followed through serial
sections (up to 74 ultrathin sections). From
each of the 4 studied cells a single spine and
the glomerulus, in which the spine was loca-
ted, were selected for a computer reconstruc-
tion. The outlines of all HRP labeled and
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non-labeled spines, and GABAergic and non-
GABAergic terminals located within the
glomerulus were drawn, marked and made
into a three dimensional reconstruction by
means of a 3-D program (Macreco 3.2 by E.
Otten, R.U. Groningen, the Netherlands).
For each glomerulus it was determined 1)
how many spines were incorporated and from
bow many different dendrites these spines
emerged, 2) whether all the spines were
contacted by both a GABAergic and non-
GABAergic terminal, 3) how many spine
heads were present, 4) whether all these
spine heads were contacted by both a
GABAergic and non-GABAergic terminal,
and 5) how many GABAergic and non-
GABAergic terminals were located within the
glomerulus. A spine was defined as the whole
of branching appendages and spine heads
which originated from one single stalk (i.e.
spine stem) arising from its parent dendrite.
A spine head was distinguished from a spiny
stalk by its relatively thick diameter (>0.5
pm) and the accumulation of deformed vesi-
cles (see above), granular material and mito-
chondria. The data were averaged and the
SD’s were calculated (Table 2).

Results

LIGHT MICROSCOPY. Prior to ultra-
structural investigation, the injected cells
were investigated using the light microscope.
The addition of glucose during the osmica-
tion appeared to be important for a optimal
evaluation of these osmicated sections, since
they turned out to be less darkly stained,
revealing beautifully the finest dendritic
ramifications and spiny appendages of the
injected cell (see also Ruigrok et al,
submitted). Light microscopical data on 21
injected olivary cells, all located within the
MAO were published in the companion
paper (Ruigrok et al., submitted). Five cells,
4 of which were located in the caudal half of
the MAO, displayed the characteristics of
type I neurons, whereas 16 cells were classi-
fied as type Il neurons and were all positio-
ned in its rostral half.



Fig. 6. Electron micrographs showing triple labeling: Intracellular labeling of HRP (of a type II
neuron) combined with postembedding GABA-immunocytochemistry (stars) and cellular
degeneration (D). The parent dendrites of the HRP labeled and degenerated spines are present
respectively at the bottom and top of the Figure (A). The degenerated spiny profiles are somewhat
shrinked, they contain multivesicular bodies (open arrow in A), they receive misshapen synaptic
contacts (arrow heads), and at several locations they are apposed to HRP labeled (arrows in B) or
non-labeled spiny profiles (asterisks in B). Scale bar = 1.9 pm.

GENERAL ELECTRON MICROS-
COPICAL OBSERVATIONS. In the elec-
tron microscope we found numerous HRP
labeled and GABAergic structures, and in
addition some degenerating profiles. The
HRP labeled structures included the cell
body, axon, dendrites and spines. Most of
these structures could be traced back in the
LM photomicrographs and the LM recon-
structions. The HRP reaction product ap-
peared as granular densities ubiquitously
distributed throughout the cytoplasm. Gene-
rally, multivesicular bodies and microtubuli
could still be identified in the HRP labeled
cells. Intraneuronal structures like mito-
chondria and the Golgi apparatus were
mostly spared and sometimes unstained inclu-
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sions were observed in or near the cellular
membrane of the soma or proximal dendrites
suggesting the presence of endo- and/or exo-
cytotic processes (Fig. 2). The accumulation
of reaction products in the nuclei of the
olivary cells made it clear that HRP had
penetrated through the nuclear pores. How-
ever, the nuclei were never stained as heavily
as the perikaryon.

Different dendrites from the same HRP
labeled olivary cell always remained apart. In
only two cases of all studied ultrathin sec-
tions two HRP labeled dendrites were tou-
ching one another. In both cases one of the
dendrites of both pairs was much weaker
labeled than the other one (Fig. 3), and than
could be expected from the staining intensity



Table 1. Quantification of HRP labeled spiny profiles (SP’s) selected randomly in

single sections.

CELL A CELL B CELL C CELL D X + SD
Cell type Type 1 Type I Type II | Type II
Number of examined SP's 41 45 179 110 94 + 66
SP's contacted by GABAergic &nd 22 (54%)) 29 (64%)] 86 (58%)| 65 (59%) 59% + 4
non-GABAergic terminals
SP's located within glomeruli 34 (83%)| 33 (73%)| 144(80%)| 90 (82%)] 80% + 5
Average number of HRP labeled SP'’s 1.3 1.3 1.6 2.0 1.6 + 0.3
in a glomerulus
Ratio of HRP labeled SP’'s to 0.24 0.22 0.25 0.25 0.24 £ 0.0
total number of SP's in glomeruli
Table 2. Quantification of four reconstructed HRP labeled spines and their glomeruli.

GLOM A GLOM B GLOM G GLOM D X+ 8D
Cell type Type I Type 1 Type II | Type II
Number of spines 6 5 8 6 6+ 1
Spines contacted by GABAergic and 6 (100%){ 5 (100%){ 8 (100%)] 6 (100%)] 100%
non-GABAergic terminals
Number of spine heads 15 18 19 23 19 + 3
Spine heads contacted by GABAexgic 11 (73%)| 12 (67%)| 15 (79%)| 14 (61%)| 70% + 8
4nd non-GABAergic terminals
Number of GABAergic terminals 6 5 3 5 5+1
Number of non-GABAergic terminals 6 5 5 7 6 +1

of all other labeled profiles of the same cell.
This might indicate that HRP leaked from
one dendrite into the other.

While the somata only rarely gave rise to
spiny appendages (Fig. 1), the proximal
dendrites contained usually two or three
spines. These centrally located appendages
were relatively simple, resembling peduncu-
lated club shaped spines (cf. Gwyn et al.,’77).
The distal dendrites, however, gave off most
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of the spines. These spines often branched in
different parts like racemose appendages with
a complex appearance (Figs 5 and 7). These
differences between the centrally and peri-
pherally located spines were found for both
type I and type II neurons. In some fortuitous
sections, it was seen that many spines belon-
ging to the same HRP labeled olivary celi
were observed to contact the same unlabeled
cell at various (up to 6) locations.



The HRP labeled spines were never
found to be linked by gap junctions with non-
labeled dendritic elements, whereas gap
junctions between different non-labeled
dendritic elements were frequently observed
in the same material.

Concerning the GABAergic labeling we
observed that gold labeled structures were
present throughout the neuropil. In the serial
analysis it was found that the profiles of the
same GABAergic structures were consistently
stained. These GABAergic structures were
mainly terminals but labeled preterminal
profiles and myelinated axons were observed
as well. We did not find GABAergic somata
or proximal dendrites. The presence of a few
GABAergic neurons in the IO (Nelson et
al.’88; Walberg and Otterson,’89) could
therefore not be confirmed. As described
previously (de Zeeuw et al,’89a), the
GABAergic terminals usually contained
pleiomorphic vesicles and symmetric sy-
napses, whereas the non-GABAergic termi-
nals showed mainly round to oval vesicles
and asymmetric synapses. Occasionally, the
non-GABAergic (Figs 8E and F) but also the
GABAergic terminals showed subsynaptic
densities as described by Taxi (°61). The
densities subsynaptic to GABAergic terminals
were much more frequently observed in the
caudal MAO than in the rostral MAO. The
GABAergic and non-GABAergic terminals
were apposed to HRP labeled somata, proxi-
mal and distal dendrites, and axons (de
Zeeuw et al., submitted). While the terminals
apposed to the soma usually contacted direct-
ly the perikaryon (Fig. 1; cf. de Zeeuw et
al.’89a), the terminals at the dendritic level
mostly contacted the HRP labeled spines
which arose from the dendritic shafts (Figs 4
to 10). In most cases the GABAergic and
non-GABAergic terminals established synap-
tic contacts. When individual HRP labeled
dendrites and their branching points were cut
longitudinally, it could be observed that they
received both GABAergic and non-GABA-
ergic terminals, although the major part of
their shafts was covered by glial sheaths.

Electron dense, shrinked profiles of
structures incorporating cellular organelles
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like mitochondria and multivesicular bodies
were detected in the tissue block containing
one of the HRP labeled cells in the rostral
MAO (Fig 6). These structures resembled the
profiles of degenerating neurons (for a review
of the ultrastructural morphology of neuronal
degeneration, see Lieberman,’71), and they
could be distinguished from the HRP labeled
structures, which appeared much darker and
contained a more granular reaction product.
Their restricted distribution in the glomeruli
and the extraglomerular neuropil would be
comparible with the location of dendrites and
spines of an olivary neuron. The GABAergic
and non-GABAergic terminals apposed to
these degenerating spines frequently dis-
played an accumulation of presynaptic vesi-
cles but the synaptic clefts seemed to be
narrowed by the degeneration. In some cases
the degenerating profiles were located toge-
ther with HRP labeled and non-labeled spiny
profiles in the same glomerulus (Fig. 6B),
providing direct evidence that these synaptic
clusters contained dendritic elements of at
least three neurons. At several locations in
these glomeruli, the degenerating profiles
were apposed to the non-degenerating struc-
tures. Gap junctions, however, were never
found between these degenerated and non-
degenerated dendritic elements.

SINGLE SECTION ANALYSIS. In the
ultrathin sections 41 and 45 HRP labeled
spiny profiles were obtained from non-serial
sections of cell A and B, respectively (both
belonging to type I; see Table 1). From cell
C and D (type II) 179 and 110 HRP labeled
spines were selected using the same sampling
procedures. Analysis of the spines of all four
cells showed that an average of 59% received
both a GABAergic and a non-GABAergic
terminal, and that an average of 80% of
these spines was located in a glomerulus.
Type I and type II neurons did not differ in
this respect (see Table 1). Regarding the
glomeruli which contained one or more of
the selected HRP labeled spiny profiles it
was found that an average of 1.3 (SEM 0.01)
HRP labeled spiny profiles (varying between
1 and 4) were located within a single glome-
rulus of neurons A and B (type I), whereas



Fig. 7. Electron micrographs of a parent HRP labeled dendrite (white D) and one of its spines
(white 5). Note that both a presumably GABAergic terminal (star) and a non-GABAergic terminal
is apposed to the stalk (white arrow in B) of the HRP labeled spine but that a synaptic membrane
specialization can not be observed at this location. The glomerulus containing five (1, 2, 3, 4, and
5) different spines can be followed through four serial sections (A, B, C, and D). Scale bar = 1.6
pm.
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the glomeruli from neurons C and D (type
II) contained on average 1.8 (SEM 0.2) HRP
labeled spiny profiles (with a maximum of 6;
cf. King,’80). This difference was significant
(Student T-test; p<0.05). However, the ratio
of the number of HRP labeled spines to the
total number of spines in the glomeruli con-
taining these labeled spines was almost the
same for both cell types (Table 1). For all
cells, approximately one out of four spiny
profiles located within a glomerulus was HRP
labeled. Together these data indicated that
glomeruli with an HRP labeled spine from
cell A or B contained fewer spiny profiles in
the plane of a single section than those of
cell C or D.

SERIAL SECTION ANALYSIS. Almost
all HRP labeled spines which were followed
through serial sections appeared to be
located within glomeruli (65 out of 67), and
most of them were composed of long stalks
(varying from 0.5 to 6 gm) and one or more
spine heads (up to 9). The three-dimensional
analysis showed that when different HRP
labeled spiny profiles (mostly spine heads)
were located within an individual glomerulus,
they were nearly always derived from a
common spine. Only in one case (of type I
neuron A) it was found that different HRP
labeled spine heads located in the same
glomerulus were derived from two different
spines (Fig. 8B). These spines arose near one
another from the same dendrite (Fig. 8A). It
was seldomly found that two different spines
or their spine heads belonging to the same
HRP labeled cell were apposed to each
other. When this occurred (Fig. 5A), the
apposition was located just after a branching
point of the spine (Fig. SB). Spines which
were intermingled with each other and which
had large contact areas, usually entered the
glomerulus from different directions (Figs 6
and 10).

Different dendrites from the same HRP
labeled neuron never emitted different spines
to the same glomerulus, but different spine
heads of the same HRP labeled spine were
frequently located within different glomeruli.
This holds true for spine heads which ori-
ginated after a bi- or trifurcation of a spine
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but also for different spine heads of a non-
branching spine chain. Sometimes, the stalks
of peripheral spines were very long resem-
bling small distal dendrites. Especially these
long spines ran from one glomerulus to the
other giving off one or more spine heads at
each glomerulus.

The four glomeruli which were reconstruc-
ted by means of the Macreco program contai-
ned an average of six different spines
(varying from 5 to 8) and nineteen different
spine heads (varying from 15 to 23). Glorne-
ruli C and D, which belonged to the two type
II neurons, contained slightly more spines
and spine heads than glomeruli A and B of
the type I neurons (Table 2). All spines
(100%) and most of the spine heads (70%)
of these four glomeruli were contacted by
one or more GABAergic as well as one or
more non-GABAergic terminals. On average
there were five GABAergic and six non-
GABAergic terminals in each glomerulus
(different types of neurons did not differ in
this respect). The GABAergic and non-
GABAergic afferents entered the glomeruli,
like the spines themselves, from different
directions. They made synaptic contacts pri-
marily with the spine heads but frequently
they were apposed to the spiny stalks as well
(Fig. 7). In the center of one of the four
reconstructed glomeruli (C) a gap junction
was present between the stalks of two non-
labeled spines (Figure 9A and C). In this
case a non-GABAergic terminal established
an asymmetric synaptic contact with both
coupled dendritic elements (a so-called
strategically located terminal; Sotelo et
al.,’86; de Zeeuw et al.,’89a).

Discussion

TECHNICAL ASPECTS. Our technique
of intracellular labeling of HRP combined
with GABA postembedding immunocyto-
chemistry allows physiological and light
microscopical identification, and a simul-
taneous visualization of the HRP reaction
product and the gold particles of the immu-
nocytochemical reaction at the ultrastructural
level. When light microscopic examination of



Fig. 8 Electron micrographs (A to F) and reconstruction (G) of two HRP labeled spines together
with their GABAergic input (indicated by stars in electron micrographs, and represented by white
profiles filled with black dots in reconstruction) and non-GABAergic input (not indicated in
electron micrographs, and represented by empty white profiles in reconstruction). Both spines give
rise to two spine heads (1 and 3, and 2 and 4) which are linked by thin stalks (note stalk between
spine head 1 and 3 in Fig. 8D, and stalk (arrow) between spine head 2 and 4 in Figs. 8C and D),
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and both spines are contacted by at least one GABAergic and one non-GABAergic terminal. The
first two spine heads (1 and 2) of both spines are located together in the same glomerulus (sur-
rounded by small arrow heads in 8B) while spine heads 3 and 4 are located separately each with
their own group of spiny neighbours (8E and F). Arrow heads in 8E and F indicate asymmetric
synapse of non-GABAergic terminal with subsynaptic densities in the HRP labeled dendrite. The
HRP labeled spines and dendrite originate from type I neuron A. Scale bar (8a) = 0.9 pm.
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cells in a thick vibratome section is needed
1) the sections preferably should be osmica-
ted and dehydrated in DMP because a dehy-
dration by a graded ethanol series results in
excessive shrinkage (wrinkling of the den-
drites: Ruigrok et al., submitted), and 2) the
osmication should be performed in a glucose
solution since otherwise the sections will be
stained too darkly, masking the fine dendritic
branchlets. Apparently, the use of glucose
counteracts the osmication without compro-
mising the ultrastructural preservation. Since
osmium is generally known to have a nega-
tive effect on the identification of antigens by
antibodies (Priestly,’84), this may also explain
why the use of glucose enhances the GABA
immunogold staining (de Zeeuw et al.,’88a).

An additional advantage of the present
combination technique is the fact that an
endless serie of ultrathin sections can be cut
from an embedded vibratome section (70 gm
in the present study) prior to the postem-
bedding GABA-immunocytochemistry proce-
dure. This makes it possible to reconstruct
long structures, like axons (see de Zeeuw et
al,, submitted), of physiologically identified
neurons together with their GABAergic
input. Other known ultrastructural cormbina-
tion techniques of cellular labeling with
GABA-immunocytochemistry do not allow to
make complete reconstructions through long
neuronal structures (Freund et al.,’83 and ’85;
Somogyi et al.,’83) and/or to combine this
with physiological identification of the
neurons (Somogyi et al,)81,’83 and ’85;
Freund et al.,’83; Cipolloni and Keller,’89). In
these cases intracellular HRP labeling was
combined with postembedding GABA-immu-
nocytochemistry on semithin sections
(thickness of about 1 to 2 pm) using the PAP
method (Freund et al,’85), or Golgi impreg-
nation was combined with GABA immuno-
gold labeling (Somogyi et al.’85; Cipolloni
and Keller,’89), with glutamic acid decarbo-
xylase(GAD)- or GABA-immunocytoche-
mistry using the PAP method (Freund et
al.’83; Somogyi et al.’83; Somogyi et al.,’85),
or with high affinity uptake of tritiated
GABA (Somogyi et al.,’81).

A drawback of the present intracellular
HRP staining of olivary cells is the fact that
gap junctions between HRP labeled structu-
res or between an HRP labeled profile and a
non-labeled structure can no longer be iden-
tified. This could not have been due to the
general ultrastructural preservation because
many gap junctions were found between two
non-labeled dendritic elements. Possibly the
HRP reaction product masks the gap junc-
tions since they only occupy a very narrow
interneuronal space of about 2 nm (Peters et
al.,,’70; Sotelo et al./74). It should be noted
that HRP probably does not pass through the
pores in these gap junctions, because two
HRP labeled dendrites or spiny appendages
were rarely located in apposition. Also, it was
observed that presynaptic profiles never con-
tained HRP reaction product, indicating that,
with the used survival times (1 - 16 hours) no
significant transsynaptic transport had occur-
red.

Fig. 9. Electron micrograph (94) and recon-
structions (9B and C) of a glomerulus contai-

"'ning GABAergic terminals (indicated by stars
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in electron micrograph, and represented by
black profiles filled with white dots in
reconstructions) and non-GABAergic termi-
nals (not indicated in electron micrograph, and
represented by unfilled black profiles in
reconstructions), and an HRP labeled spine
and several non-labeled spines two of which (1
and 2) are linked by a gap junction (indi-
cated by small arrows in electron micrograph
and by long arrows in the reconstruction). Note
that in this case the gap junction is rather
located between the stalks of the spines than
between their spine heads. A non-GABAergic
terminal is positioned strategically contacting
both dendritic elements which are coupled (in
electron micrograph see arrow heads, in the
reconstruction the non-GABAergic terminal is
largely located behind the spines). In 9B the
whole glomerulus is reconstructed including all
its spines (white profiles) and terminals. The
HRP labeled spine is derived from type II
neuron C. Scale bar in 94 = 0.8 pm.
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Our results demonstrate the possibility to
use cell degeneration as a dendritic marker,
thus providing, together with the combination
method described above, triple labeling in
single ultrathin sections (Fig. 6). These
degenerating profiles presumably originated
from a single neuron which was damaged by
a microelectrode penetration.

INTERNEURONAL RELATIONS.
Apposition of dendrites, spines and/or spine
heads of the same HRP labeled olivary neu-
ron was only occasionally observed. It was
found in the single section analysis that a
single glomerulus may contain up to 6 diffe-
rent spiny profiles of the same neuron. This
is in agreement with a previous ultra-
structural study of intracellularly injected
HRP labeled neurons in the cat MAO (King,
’80). Our serial section analysis showed that
all these profiles usually belong to the same
spine and that glomeruli rarely incorporate
more than a single spine from the same HRP
labeled neuron. These data strongly suggest
that dendritic elements of the same olivary
neuron avoid each other and that they occupy
their own receptive field both at the dendritic
and spiny level. This excludes the possibility
that gap junctions do exist between elements
of the same olivary neuron.

It was seen in some fortuitous sections
that dendrites and spines of one non-labeled
olivary cell were adjacent to spines of an
HRP labeled neuron at several places. In
addition it was found that HRP labeled and
degenerating dendrites were at several extra-
and intraglomerular locations apposed to
each other. Although it is known from Golgi
studies and from the ultrastructure of the IO
that dendrites of neighbouring cells inter-
twine with each other, the amount of functio-
nal interactions (i.e. the proportion of gap
junctions or glomeruli shared by the two
cells) between these cells has not yet been
determined. According to Sotelo et al. ('74)
the dendritic arbors of cells in the IO consi-
derably overlap and the somata of these cells
are located in clusters each comprising up to
eight neurons (with an average of six). These
findings are supported by a study of Benardo
and Foster (°86) who, after intracellular

injections of Lucifer Yellow in brainstem
slices of the guinea pig, observed dye
coupling in aggregates comprising 5 to 6 type
II olivary neurons. Our reconstructions
showed that the olivary glomeruli contain six
(average) to eight (maximum) spines. Since
these spines originated from different dendri-
tes, and since different dendrites of the same
HRP labeled cell never gave off spines to the
same glomerulus, a glomerulus in the MAO
may indeed comprise dendritic elements of
an average of 6 different cells. Taken toge-
ther, it seems likely that most of the spines
within the glomeruli of a single neuron are
derived from cells within a cluster.

However, there is no evidence that
dendritic fields of neighbouring clusters are
strictly separated from each other. On the
contrary, the dendritic field of a cluster may
be several times larger than the area occu-
pied by its somata (Sotelo et al.’74; Ruigrok
et al, submitted). In addition, there are
physiological data which suggest that various
clusters of cells may be in contact with each
other. E.g. it is possible to induce synchro-

‘nous activity in large groups of cells in the
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caudal MAO and DAO by the application of
harmaline (de Montigny and Lamarre,’73;
Llinas and Volkind,’73; Sjélund et al.’80).
Furthermore, Ruigrok et al. ('89) recently
noted that in cerebellectomized cats, rebound
actionpotentials are more easily triggered as
the result of mesodiencephalic stimulation, in
many cases; even without a direct (short
latency) response, indicating that under these
experimental conditions oscillations, started
by direct stimulation, may spread electro-
tonically towards other, not directly stimu-
lated areas. Moreover, there are differences
between different mammals, and between the
two types of olivary neurons, with respect to
the size of the dendritic tree. The average
diameter of the dendritic arbor of olivary
cells .(type II) progressively decreases from
opossum (280 pgm), to cat (211 pm), macaque
(152pm), and humans (115 pm), (Scheibel
and Scheibel’55; Bowman and King,73),
while the ’packing densitiy’ also decreases in
the same order (Scheibel and Scheibel,’55).
Although these results are not unequivocally



Fig. 10. Electron micrographs (10B, 10C, and 10D) and reconstruction (104) of a glomerulus
containing GABAergic terminals (indicated by black dots in electron micrograph, and repre-sented
by black profiles filled with white dots in reconstruction) and non-GABAergic terminals (not
indicated in electron micrographs, and represented by unfilled black profiles in reconstruc-tion),
and an HRP labeled spine and four non-labeled spines. It is evident that the spines enter the
glomerulus  from different sides (see for example spine 2 and 4 in Fig. 104). Note that the
different spines intermingle with one another and that they avoid their own brother elements. The
HRP labeled spine is derived from type Il neuron D. Scale bar in 10D = 1.4 pm.
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interpreted (Foster and Peterson,’86; Ruigrok
et al.,, submitted), they suggest that the over-
lap between neighbouring cells is higher in
lower mammals. With regard to the diffe-
rence between the neurons of type I and type
11, it should be noted that the dendrites of
type I neurons radiate away from the soma
and occupy a large receptive field with a
diameter of approximately 450 pm in cat
while those of type II turn back towards the
cell body covering a more restricted area
with a diameter of about 250 pm (Scheibel
and Scheibel,’55; Ruigrok et al. submitted).
Therefore, the dendrites and spines of the
neurons of type II may indeed remain prima-
rily restricted to the area of their cluster of
cells, while the dendritic elements of the
neurons of type I intermingle with neurons of
a much larger area. In this respect it is
interesting to note that the cells of type I are
primarily located in the caudal accessory
olives (Scheibel and Scheibel,’55; Scheibel et
al.’56; Foster and Peterson,’86), which are
the regions most affected by harmaline (de
Montigny and YLamarre,’73; Llinas and
Volkind,’73; Sjolund et al.,’80).

CAUDAL AND ROSTRAL MAO. In
the present study, the type I neurons were
selected from the caudal MAO while the type
IT cells were located in the rostral MAO. Our
results indicated that the morphology of these
cells also differs at the level of their spines.
The average number of HRP labeled spiny
profiles which are located within a glome-
rulus in the plane of a single section is
significantly lower for the neurons of type I
than for the ones of type II (Table 1). This
implies that the anatomical complexity of
individual spines of type II is higher than of
type 1. However, both cell types did not give
off more than one spine to a single glome-
rulus, and the ratio of the number of HRP
labeled spines to the total number of spines
within individual glomeruli (Table 1) was
almost the same for both cell types*. This
suggests that the total number of spines in a
glomerulus is not different in the caudal and
rostral MAO. In addition, it was found in the
serial reconstructions that the number of ter-
minals, which innervated individual glomeruli

was similar for cells of type II (located in the
rostral MAO) and type I (caudal MAOQ, see
Table 2). Since it was found previously that
the rostral part of the MAO contains relati-
vely more glomerular terminals than the
more caudally located areas of the MAO (de
Zeeuw et al.’89b), these data suggest that a
greater number of glomeruli is present in the
rostral MAO.

Although the neuropil of the caudal MAO
does probably not differ from the rostral
MAO in number of spines or terminals with-
in individual glomeruli, the differences in the
complexity of their spines and the total num-
ber of glomeruli between these diffferent
subdivisions may be related to differences in
their response to pathological circumstances.
Contralateral cerebellectomy can induce oli-
vary hypertrophy in cats (Verhaart and
Voogd,’62; Voogd and Boesten,’76). This
phenomenon usually starts in cells of the
rostral MAO (Boesten and Voogd,’85). Re-
cent evidence suggests that electrotonic
coupling is enhanced between hypertrophic
olivary neurons (Ruigrok et al.;’89; de Zeeuw
et al.,’89¢). Therefore, it can be hypothesized
that the high number of glomeruli, the major
residence for the gap junctions (Sotelo et
al.’74), favours the development of
hypertrophy in neurons of the rostral MAO.

Note*. In the gquantitative analysis of HRP
labeled spiny profiles in single sections it was
found that the average ratio between the
number of HRP labeled spiny profiles and the
total number of spiny profiles within a
glomerulus was 0.23 for type I neurons and
0.25 for type II neurons (Table 1), suggesting
that in both cases the glomeruli contain spines
of 4 different cells. This is less than the average
of 6 cells which was found following the serial
reconstructions. The underestimation of the
results from the single section analysis can be
explained by the fact that in this analysis we
examined randomly selected glomeruli in which
at least one HRP labeled profile was located in
the plane of the section, while the glomeruli
which contained HRP labeled spines outside
the plane of the section were not included in
the calculations.
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GABAERGIC AND NON-GABERGIC
INPUT. It has been estimated that about 1/3
of both the GABAergic and non-GABAergic
terminals in the rostral MAO are located
within glomeruli (de Zeeuw et al.’89b). This
calculation was based on the assumption that
a glomerulus contained at least three spiny
profiles and two terminals. In the present
study, it was found in the single section ana-

lysis, in which the above definition was used,

that 80% of the HRP labeled spines were
located within glomeruli, whereas in the se-
rial section analysis of material of the same
cells it was observed that most, if not all, of
the HRP labeled spines were incorporated in
glomeruli. Therefore, the actual proportion of
GABAergic and non-GABAergic terminals
which are located within glomeruli is higher
than 1/3 of the total number.

The GABAergic and non- GABAerglc
input to neurons of type I and type II is
similar. The quantification of randomly
selected HRP labeled spines examined in
single sections showed that 59% of them
were contacted by both GABAergic and non-
GABAergic terminals, while the recon-
structions of a limjted number of spines
showed that 100% of these spines and 70%
of their spine heads were apposed by both
terminals. Together these data allow to con-
clude that the vast majority of the spines of
olivary neurons of both type I and II are
innervated by at least one GABAergic and at
least one non-GABAergic terminal. These
results confirm and extend the findings that
single olivary glomeruli in the MAO and PO
of the cat receive both a cerebellar and
mesodiencephalic input (de Zeeuw et al., in
press).

FUNCTIONAL IMPLICATIONS. Phy-
siological studies have indicated that olivary
neurons are electrotonically coupled (Llinas
et al,’74; Llinas and Yarom,8la) by gap
junctions (Sotelo et al.,’74; King,’76; Gwyn et
al.,”77; Rutherford and Gwyn,’77), which are
known to be the morphological correlate of
electrotonic coupling (Bennett,’72). This
coupling is thought to be dynamic (Bower
and Llinas,’83) and may be modulated by a
GABAergic input (Sasaki and Llinas,’85).
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The electrophysiological properties of olivary
neurons are further characterized by their
tendency to fire rhythmically (Armstrong et
al.’68; Benardo and Foster,’86; Llinas and
Yarom,’86). This is probably due to conduc-
tances which are distributed differentially
over the cell membrane (Llinas and Yarom,
’81a,b).

Sofar, no physiological studies have been
made on a possible interaction between the
GABAergic and non-GABAergic input to the
olivary glomerular spines. However, based
upon computational studies by Segev and
Rall (°88) and Yarom (°89; Yarom and Adan,
’88), it was proposed (de Zeeuw et al, in
press) that the combined GABAergic cere-
bellar and excitatory mesodiencephalic
terminals regulate the electrotonic coupling
between olivary cells and simultaneously their
firing frequency, and that these regulating
capabilities may be extremely sensitive to the
exact timing of both inputs. This would mean
that succesfull inhibition by the GABAergic
cerebellar input of mesodiencephalic exci-
tation has a very narrow time resolution. In
this respect it is relevant to point out that the
GABAergic cerebello-olivary projection is
derived from rather small cells, with thin
axons (Nelson et al,’84; Ruigrok and Voogd;
submitted), whereas larger cerebellar nuclear
cells, besides terminating in the thalamus,
also provide a projection to mesodiencephalic
regions from where the excitatory olivary
projections are derived (Ruigrok and Voogd,
’88; Ruigrok et al; submitted). The hypo-
thesis that the spiny appendages of olivary
cells may act as timing sensitive instruments
was confirmed in the present study by three
findings. Firstly, because it was shown that
indeed all glomerular spines received both a
GABAergic (inhibitory) and non-GABAergic
(probably for a major part excitatory) synap-
tic input. Secondly, because it was found that
most of the olivary spines had long and thin
stalks which terminated in one or more spine
heads. Both morphological features were pre-
requisites in the model of timing sensitive
excitable spines made by Segev and Rall
(’88). Thirdly, most, if not all, spines were
located within glomeruli, and most spines



were found on secondary or higher order
dendrites.

Presently, it is not known whether or not
dendritic spines carry excitable channels.
However, it is tempting to speculate on their
excistence for a number of reasons. 1) It has
been demonstrated that the high-threshold
Calcium conductance is mainly present in a
remote place from the soma (Llinas and
Yarom,’81); 2) If the spines are not excitable,
it would be difficult to understand how they
would function since the thin, and frequently
very long stalk would represent an enormous
resistor; 3) Segev and Rall ('86) indicated
that cluster formation (as seen in olivary
spines) of excitable spines may enhance their
properties and 4) excitable spines are most
likely found on distal dendrites to function as
current boosters to compensate for the atte-
nuation from the distal dendritic region
(Shepherd et al.,’85; Segev and Rall,’88).
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Conclusions

It may be concluded that, when physio-
logical, morphological and immunocytoche-
mical identification and serial reconstruction
of neurons and their afferents is required, the
present ultrastructural combination technique
of intracellular HRP labeling with postem-
bedding immunogold labeling offers a usefull
and reliable method.

The present study provides evidence that
the dendritic spines within the olivary glo-
meruli have a propensity to be located near
spines derived from other neurons. The mor-
phology and location of the glomerular spines
and their ubiquitous combined GABAergic
and non-GABAergic input are in line with
the hypothesis that they may serve to modu-
late the electrotonic coupling of the olivary
cells and simultaneously their firing frequency
in a timing sensitive way.



c. Intracellular labeling of neurons in the medial accessory olive of the cat: III. Ultrastructure
of axon hillock and initial segment, and their GABAergic innervation.

Abstract

The gamma-aminobutyric acid (GABA)
synaptic input of identified axons in the cat
inferior olive was studied using a combi-
nation of intracellular labeling with horse-
radish peroxidase and postembedding gold-
immunocytochemistry. With this technique
olivary cells were physiologically identified
and light microscopically reconstructed, and
the horseradish peroxidase reaction product
and the immunogold labeling were subse-
quently simultaneously visualized for electron
microscopical investigation using serial ultra-
thin sections.

The axons of cell type I (characterized by
dendrites which radiate away from the cell
body) originated from the soma whereas
those of type II neurons (characterized by
dendritic trees which curve back towards the
soma) were derived from a primary dendrite.
The axons of olivary neurons stand out by
the length of their axon hillock (up to 21 pm)
and initial segment (up to 40 pm). The hil-
lock contained various spiny appendages
which were located within glomeruli together
with dendritic spines of other olivary neurons.
Axonal spines of type II neurons were more
numerous and complex looking than those of
type I. The axonal spines, the shaft of the
axon hillock, and the transition between the
hillock and initial segment were primarily
innervated by GABAergic terminals (65%)
but non-GABAergic terminals (35%) were
present as well, The terminals apposed to the
axons of type I contacted mainly the axonal
shafts whereas most of the terminals adjacent
to the axons of type II established synagtic
contacts with the axonal spines. The initial
segments were largely devoided of synaptic
input. Distally, the initial segment acquired a
myelin sheath.
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Introduction

Two types of neurons can be distinguished
in the inferior olive (IO) of many mammalian
species (Scheibel and Scheibel,’55; Bowman
and King,’73; Gwyn et al.,’77; Rutherford and
Gwyn,’80; Benardo and Foster,’86; Foster and
Peterson,’86; Iwahori and Kiyota,’87; Szteyn,
’88; Ruigrok et al, submitted). One type
(type 1) is mainly present in the caudal acces-
sory olives. Its dendrites are relatively long,
sparsely branched, running away from the
soma and therefore covering a large receptive
field. The other type (type II), which is pre-
dominantly present in the rostral parts of the
accessory olives and principal olive, has den-
drites which tend to turn back towards the
soma, at times creating spirals (Ramon y
Cajal,’09). The extent of the dendritic tree of
type II neurons is smaller than of type I neu-
rons. It was demonstrated for the medial ac-
cessory olive (MAO) that the dendritic spines
of neurons of type Il are more complex than
those of type I (de Zeeuw et al., submitted).
However, the spines of both cell types recei-
ve a similar GABAergic and non-GABA-
ergic synaptic input (de Zeeuw et al,
submitted). The GABAergic input to the
spines is mainly derived from the cerebellar
nuclei (Tolbert et al.,’76; Nelson et al.,’84; de
Zeeuw et al.,’88 and ’89a).

So far, no information is available on the
morphology and innervation of the axon hil-
lock and initial segment of olivary cells. The
synaptic input to somata of olivary neurons is
mainly GABAergic and appears to be deri-
ved, at least in part, from a non-cerebellar
origin (de Zeeuw et al.’89a). The morpho-
logy and innervation of the axon hillock and
initial segment were studied in identified
neurons of the MAO by means of a combina-
tion of intracellular labeling of horseradish
peroxidase (HRP) and postembedding
GABA-immunocytochemistry.



Material and methods

Details on the technical procedures are
published in both companion papers (Ruig-
rok et al, submitted; de Zeeuw et al,
submitted). Briefly, they consist of the
following steps. In pentobarbital anaes-
thetized cats, HRP was injected intracel-
lularly into electrophysiologically identified
inferior olivary cells. Afterwards the cats
were perfused transcardially with glutar-
aldehyde fixative. The brainstem containing
the 10 was cut transversely on a vibratome
(70 pm) and incubated with diaminoben-
zidine (DAB) according to Graham and
Karnovsky (’66). The incubated vibratome
sections were rinsed and osmicated in a
phosphate buffered glucose solution. Subse-
quently, all sections were blockstained in
uranyl acetate, dehydrated in dimetho-
xypropane (Muller and Jacks,’75; Truter et
al.’80) and flat embedded in Araldite
between teflon coated glass slides (Bishop
and King,’82). After curing, the intracellularly
labeled neurons were studied with the light
microscope (LM), and reconstructed (using a
100x objective and a drawing apparatus
attachment). Two type I and two type II cells
were selected from the caudal and rostral
MAO, respectively, for electron microscopical
examination (these cells, which are numbered
in the companion paper of Ruigrok et al. as
1868.05, 1863.04, 1887.18 and 1886.15 will be
referred to as cell A, B, C, and D, respecti-
vely). An important criterion for their selec-
tion was that the initial part of the axon was
oriented perpendicular to the plane of
section (allowing identification of all boutons
including all their synapses). Subsequently,
the selected cells were photographed at inter-
vals of 5 pm throughout the 70 pm thick
embedded tissue sections (Figs 4A to G).
The tissue blocks containing the soma and
the axon of these neurons were glued on a
capsule filled with hardened plastic, cut by a
rasor blade in an asymmetric pyramid, and
then sectioned with a diamond knife on an
ultramicrotome (Reichert) in about 1000

serial ultrathin sections mostly with a silver
interference colour. The ultrathin sections
were mounted on coated nickel slot grids and
processed for postembedding GABA-immu-
nocytochemistry (for details, see de Zeeuw et
al.’88). The grids were left overnight in a
diluted droplet of GABA-antibody (for speci-
ficity tests see Buijs et al,’87; Seguela et
al.’84) and incubated in goat anti-rabbit IgG
labeled with gold particles (diameter 15 nm).
Subsequently, the sections were counter-
stained with uranyl acetate and lead citrate,
and examined and photographed in a Philips
(300) Electron Microscope (EM).

Figs. 1-4. Light microscopical photographs of
olivary cells (cell A, B, C, and D) and their
axon hillocks which are intracellularly labeled
with HRP. The sections are 70 um thick, and
osmicated in a glucose solution and embed-
ded in araldite. The neurons depicted in Figs 1
and 2 are of type I, while those in Figs 3 and 4
are of type II. In each Figure the axon hillock
is indicated by an arrow. In Fig. 2 and 4, it is
evident that the hillock arises from the soma
and a primary dendrite respectively. Figs 44-G
show the axon focussed at different depths of
the same vibratome section. In Fig. 4B it can
be seen that several spines are located nearby
the hillock. Following electron microscopical
examination (see Fig. 9) these spines appeared
to originate partly from dendrites and partly
from the axon hillock. The initial segment is
located between the double arrow heads in Figs
4D and E, and the single arrow heads in Figs
4F and G. After this region one can see the
lumpy appearance of the myelinated part of the
olivary axon (Fig. 4G). Cell A is obtained from
cat 1868 (no. 05), cell B from cat 1863 (no.
04), cell C from cat 1887 (no. 18), and cell D
from cat 1886 (no. 15); for LM reconstructions
of these cells, see Ruigrok et al, submitted.
Scale barin 1 = 21 pm, in 2 = 29 ym, in 3
and 4 = 25 pm.
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Analysis

Guided by the findings in the light micros-
cope the HRP labeled axons of the 4 selec-
ted cells could be localized in the ultrathin
sections. The axons were followed through
the serial sections and photographed. By
superimposing all the photomicrographs on
tracing paper the axons were reconstructed
(Figs 6, 7F, and 9C). The hillock was defined
as being located between the base of the
axon and the beginning of the dense under-
coating of the axolemna, while the initial
segment extends from this point up to the
disappearance of fascicles of mutually linked
microtubuli and the appearance of the mye-
line sheath (Palay et al.,’68; Peters et al.,’68).
When the myelin sheath was not present in
the same embedded vibratome section as the
axon hillock it was traced in the next section.
The length of the axon hillock and initial
segment were measured by counting all the
ultrathin transversal sections containing these
structures and by multiplying this number
with 70 nm (the average thickness of the
ultrathin sections according to their silver
interference colour (Peachey,’58) and com-
puted from the thickness of the vibratome
sections (70 pm) divided by the total number
(approximately 1000) of ultrathin sections).
For all sections which were not cut suffi-
ciently perpendicular to the axis of the axon
we determined the angle and calculated the
length of the hillock and/or initial segment
according to Pythagoras’ theorem.

All GABAergic and non-GABAergic
terminals associated with the axon hillock or
initial segment were included in the recon-
struction. In the analysis a terminal was con-
sidered to be GABA-positive if the number
of gold particles overlying it was at least 8
times higher than the number of particles
over postsynaptic structures (with appro-
ximately the same surface area). In addition
we determined for each of these terminals
whether they established a synaptic contact
with the axon and, if so, the type of synapse.
Synapses were identified by the presence of a
synaptic cleft, a post synaptic density and a
cluster of presynaptic vesicles adjacent to the
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presynaptic membrane (Gray and Guillery,
’66). They were classified as asymmetric
(Gray’s type I) or symmetric (Gray’s type II)
synapses, when the width of the synaptic cleft
was about 30 nm, or 20 nm, and when the
thickness of the postsynaptic density was
about 40 nm, or 20 nm, respectively (Gray,
’59).

For each axon these morphological fea-
tures were quantified. The values obtained
for each of the 4 axons were averaged and
the standard deviations (SD) were calculated
(Table 1). A proximal dendrite of one of the
four selected neurons was also analysed, re-
constructed, and compared with the axon
hillock of the same cell (Fig. 7F).

Results

LIGHT MICROSCOPY. The axons of the
4 selected cells were distinguished from
dendrites by their long, smooth, unbranched
outline. The axons could be traced outside
the 1O neuropil and, frequently, even to the
opposite side of the brainstem. Axon A and
B (both cell type I) and axon D (from type
II) clearly originated from the soma (Fig. 2)
and a primary dendrite (Figs 4A and B), res-
pectively. However, the exact site of origin of
the other axon (C) could not be determined
unequivocally in the LM. The axon hillock
was wide at its base. Its course was either
straight or it made an angle just after its
appearance (for light microscopical appea-
rance see Figs 1 to 4; for reconstructions see
Figs 6, 7F, and 9C), and at the end it became
gradually thinner. In some of the light
microscopical examinations the hillock was
found to give rise to 1 or 2 spiny protrusions
(Fig. 4B). Then, after a small bend, a smooth
and straight thin shaft could be observed,
supposedly corresponding to the initial
segment. At its end (i.e. the beginning of the
myelin sheath as determined by electron
microscopy), the initial segment altered its
course and became thicker and more lumpy
again. The light microscopic measurements
showed that the mean length of the axon
hillock was 18 pm and of the initial segment
33 pm (Table 1).



Table 1. Summary of the properties of olivary axons as examined in the electron microscope (the
cell types are identified in the light microscope).

AXON A AXON B AXON C AXON D X + SD
Cell type Type I Type I Type II | Type 1II
Source of axon Soma Soma Dendrite| Dendrite
Length axon hillock 20 pm 18 um 21 pm 18 pum 19 + 2
Diameter axon hillock 3.1 pm 3.6 um 2.7 pm 3.5 pm 3.2 + 0.4
Length initial segment 33 um 33 pum 35 pum 40  um 35 +3
Diameter initial segment 0.9 pgm 1.3 pm 1.3 pm 0.8 um 1.1 +£0.3
Total number of axonal spines 1 5 8 7 5 + 3
Number of spine heads 1 5 10 18 9 + 7
Number of branching axonal spines 0 0 0 3 1 + 2
Table 2. Summary of the terminals apposed to the examined olivary axons.
AXON A | AXON B | AXON C | AXON D X + SD
Total number of terminals 30 30 23 36 30 +5
GABAergic terminals 20 (67%4)| 23 (77%)| 13 (57%)| 21 (58%)]| 65% = 9
On axonal shaft 18 (90%)| 15 (65%) 3 (23%2)| 3 (l4%)| 48% + 36
With synapse on shaft 17 (94%)| 13 (87%)| 3 (100%)| 3 (100%)| 95% + 6
On axonal spine 2 (1l0%)| 8 (35%)| 10 (77%)| 18 (86%)| 52% + 36
With synapse on spine 2 (100%)| 8 (100%)| 9 (90%)| 16 (89%)| 95%2 + 6
Non-GABAergic terminals 10 (30%)| 7 (23%)] 10 (43%)| 15 (42%)] 35% + 10
On axonal shaft 9 (90%)| 5 (71%)| 2 (20%)| 2 (13%Z)]| 49% + 38
With synapse on shaft 7 (78%)} 3 (60%)] O 2 (100%)| 60% + 43
On axonal spine 1 (10%)| 2 (29%)| 8 (80%)| 13 (87%)| 52% + 38
With synapse on spine 1 (100%)| 2 (100%)| 8 (100%)| 12 (92%)| 98% % 4

ELECTRON MICROSCOPY. In con-
trast to the light microscopical examination,
the source of all 4 studied axons was readily
identified by examining the serial sections in

this base of the axon hillock microtubuli
funneled into the axon and some of the
microtubules assembled into fascicles. The
hillock did not contain cisterns of endo-

the EM. The axons of both type I cells were
derived from the cell body whereas the axons
of both type II cells originated from a proxi-
mal dendrite. The diameter of the base of
these axons varied from 2.7 gm to 3.6 pm. At
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plasmic reticulum but in some cases free
ribosomes were observed. Most of the shaft
of the hillock was covered with astrocytic
lamelles but occasionally dendritic shafts
were directly apposed to them (Figs 9A and



Fig. 5. Electron micrographs of an HRP labeled axon hillock (cell A). The axon gives off a spine
(black stars in 5A, B and D), which is located together with spines (asterisks in 5A and D) of
another cell in a small glomerulus. Both the axonal shaft and spine are contacted by GABAergic
(black gold particles) and non-GABAergic terminals. The GABAergic terminals reveal symmetric
synapses (triangles in 5D) while in Fig. 5C it can be seen that a non-GABAergic terminal contacts
the axonal shaft with an asymmetric synapse (arrows) showing subsynaptic densities (small arrow
heads). The non-GABAergic terminal filled with dense core vesicles (large arrow heads in 5A, B,
C, and E) which was apposed to the axonal shaft over a long distance (see asterisk in Fig. 6) did
not show a membrane specialization in any of the serial sections. Note that the non-GABAergic
terminal in Fig. 5D contains relatively many coated vesicles. Scale bar = 1.8 pm.

134



Fig. 6. Reconstructions of the axon hillocks of the two neurons of type I (picture on the right side
represents axon hillock of cell A, and the figure on the left side gives a reconstruction of the axon
hillock of cell B). Both axons arise from the soma, and receive many GABAergic (profiles filled
with black dots) and non-GABAergic (empty profiles) terminals. Hatched profiles indicate
structures which are located behind non-shaded structures. Terminals labeled with an asterisk are
large granular terminals. In the upper right the axonal part is indicated which is represented in the
electron micrographs of Fig. 5. Scale bar = 2.8 ym
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B). Each axon hillock gave rise to one or
more spines (varying in number from 1 to §;
see Table 1). All axonal HRP labeled spines
were located within glomeruli, together with
non-labeled spines of other olivary neurons
(Figs 5, 7, 8, and 9). In all cases where the
non-labeled spines could be traced back to
their origin, it was found that they were
derived from a dendrite. Morphologically, the
axonal spines resembled the dendritic spines
(de Zeeuw et al., submitted). The heads of
the axonal spines were often filled with
multivesicular bodies and large irregular
shaped vesicles, and an occasional mito-
chondrion, but they did not contain micro-
tubules or small presynaptic vesicles. The
spines of the axons of type I cells were rela-
tively simple, sometimes they consisted of a
spine head which emerged almost directly
from the shaft. Spines of cell type II axons
were more complex, giving off several spine
heads from a single stalk. Some of the axonal
spines of one of the type II neurons (axon D)
even branched (Fig. 9). From this single axon
18 different spine heads originated. The
maximum distance between a spine head and
the axonal shaft was approximately 8 pm.

In agreement with the light microscopical
observations, the initial segment of the axons
was found to be smoother and thinner as
compared to the hillock. The beginning of an
initial segment was recognized by the appea-
rance of its dense undercoating. Frequently it
could be observed that the microtubules
within the segments were linked by small
cross bands at regular distances of about 25
nm. In this way sometimes a closed chain of
tubuli appeared (Fig. 11A). At the end of the
initial segments the mean diameter was 1.1
pm. At this point all axons acquired a mye-
line sheath., The mean diameter of the axon
without its myeline sheath was 1.4 pm. The
greatest lengths of the axon hillock and initial
segment amounted to 21 pm and 40 pm
respectively. There were no important diffe-
rences in the measurements of the two cell
types (see Table 1).
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TERMINALS ON AXONS. Most of the
terminals contacted the axon hillock but
some of them were apposed to the proximal
part of the initial segment. A total of 119
terminals were observed adjacent to the 4
selected axons. Most of these terminals
(65%) were GABAergic (Table 2). The
GABAergic terminals established in 95% of
the cases symmetric synapses, they contained
primarily pleiomorphic vesicles, and they
varied in diameter from 0.6 gm to 2.5 um.
GABAergic terminals terminating on the
axon were never associated with a subsynap-
tic cistern containing ribosomes. In this
respect they are different from the somatic
terminals in the IO (de Zeeuw et al.’89a).
Free subsynaptic polyribosomes, which have
been associated with GABAergic synapses on
axon initial segments in various brain regions
(Steward and Ribak,’86), were observed only
in 2 cases. The GABAergic terminals con-
tacted both the axonal shafts (48%) and the
axonal spines (52%). Of all the GABAergic
terminals apposed to the olivary axons, 53%
was also adjacent to one or more dendrites
and about half of these GABAergic terminals
established an axodendritic synapse. Of the
non-GABAergic terminals (35%) apposed to
the axons, 83% showed a synaptic complex.
They were of the same size as the GABA-
ergic terminals but they usually contained
round to oval vesicles and their synapses
were asymmetric (one of them showed subsy-
naptic densities as described by Taxi (’61: see
Fig. 5C). Four out of the 42 non-GABAergic
terminals were filled with dense core vesicles
(Figs 5A, B, C, and E; indicated in the recon-
structions with asterisks). These terminals
were relatively long but they displayed no
synaptic specializations in none of the obser-
ved serial sections. Like the GABAergic
terminals, the non-GABAergic ones showed
no preference for the axonal shafts or spines
(see Table 1). However, the non-GABAergic
boutons apposed to the axons were often
(82%) located next to a dendrite and 69% of
them were in synaptic contact with these den-



drites. In this respect they did not resemble
the GABAergic terminals.

Terminals apposed to axons of cell type I
(axon A and B) mostly contacted the axonal
shaft and only 21% (4 12 SEM) was located
next to axonal spines, whereas most terminals
(82% + 4 SEM) adjacent to the axons of cell
type II (axon C and D) were apposed to spi-
nes. This difference was significant (Student
T-test, p<0.005), (see Fig. 10). More than
half of the spines of cell type II (10 out of
15) and omnly half of the spines of type I (3
out of 6) were contacted by both a GABA-
ergic and non-GABAergic terminal.

AXODENDRITIC TERMINALS. The
innervation of the reconstructed proximal
dendrite differed from the axon (axon C) of
the same cell (type II, Figure 7F). There
were relatively few (13) terminals apposed to
this dendrite, which was reconstructed over
the same length as the axon hillock and
which received 23 terminals. Of these 13
terminals 7 were GABAergic. With regard to
the morphology, both the GABAergic and
non-GABAergic axodendritic terminals
resembled the terminals in the olivary
neuropil in their general appearance (de
Zeeuw et al.’89a). In addition, it was found
that the proximal dendrite (3) gave off few
spines when compared to the axon hillock
(8), therefore, relatively few of the terminals
were in synaptic contact with the dendritic
spines.

Discussion

MORPHOLOGY OF THE OLIVARY
AXON. Characteristic properties of the
inferior olivary axons appeared to be the
great length of their axon hillock and initial
segment, and the existence of spiny appen-
dages at the hillock. The axon hillock and
initial segment had an average length of 19
pm and 35 pm, respectively, according to our
calculations from the electron micrographs.
These data were in good agreement with the
light microscopic measurements (18 pm and
33 pm). When the mean length and diameter
of the axon hillock (19 gm; 3.2 pm) and ini-
tial segment (35 pm; 1.1 pm) of cat olivary
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cells are compared with other neurons in the
central nervous system, it becomes evident
that the olivary axon hillock and initial
segment are relatively long and thin. The
axon hillock of motoneurons in the cat is
usually about 11 pm long, with a width of 8
pm at its base (Conradi,’69), while the initial
segment of a-motor axons in cats has an ave-
rage length and diameter of 26 pm and 3.5
pm respectively (Cullheim and Kellerth,’78).
The mean length of the axon hillock plus the
initial segment of Purkinje cells in humans is
35 pm (Kato and Hirano,’85) and of pyra-
midal cells in the sensory-motorcortex of the
monkey 28 pm (DeFelipe et al.’85). The
diameter of the axon hillock and initial
segment of a pyramidal cell in the cerebral
cortex of the rat is about 3.5 pm and 1.7 pym
(Peters et al,’68). The fact that the axon
hillock, initial segment, and also the initial
myelinated part (1.4 pm) of the olivary axons
are relatively thin, is in line with the findings
that the climbing fibers are thin (Busch,’61;
Szentagothai and Rajkovits,’59) and have a
relatively slow mean conduction velocity (4 to
10 m/sec), (Eccles et al.’66ab; Ito et al.,’66).

Up to now it was believed that the core of
the olivary glomeruli was composed solely of
dendritic appendages (Nemecek and Wolff,
’69; Sotelo et al.’74; King’76; Gwyn et
al.,’77; Rutherford and Gwyn,’80). The
present study showed that glomerular spines
can also be derived from the axon hillock.
Most of the axonal spines are probably incor-
porated in the glomeruli together with den-
dritic spines of other olivary cells. However,
the axonal spines could not be distinghuished
from the dendritic spines on morphological
grounds. Like the dendritic spines (de Zeeuw
et al, submitted), the axonal spines of the
neurons of type I are more numerous and
more complex than those of type II. These
data suggest that the axonal and dendritic
spines are not different. Whether this means
that the axonal spines are also linked by gap
juctions, as it was shown for dendritic spines
(Sotelo et al.’74; King,’76; Gwyn et al.’77;
Rutherford and Gwyn,’77), could not be deci-
ded in the present study. Due to the intra-
cellular injection of HRP, gap junctions could



Fig. 7. Electron micrographs (74 to E) and reconstruction (7F) of the axon hillock of type II
neuron C. In Fig. 74 to 7D one can see that the axon gives off two spines which are apposed to
one another (arrow heads in C and D), and which are both located together with other spines
(asterisks) within the same glomerulus. A GABAergic terminal straddles these two axonal spines
(symmetric synapse indicated by triangle). Fig. 7E shows the axon as given in Fig. 7D at a lower
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dendrite

TF

magnification, and additionally a nearby located proximal dendrite. Both the axon and the den-
drite are represented in the reconstruction. The plane of the section from which Fig. 7E was made
is depicted in the reconstruction (large thin arrows in 7F indicated by E’s). Note that one (arrow)
of the dendritic spines can be observed in the electron micrograph as well as in the reconstruction.
For symbols see Fig. 6. Scale barin 74 = 1.1 pm, in 7E = 2.7 pm, and in 7F = 3.3. pm.
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not be identified -(see also, de Zeeuw et al,,
submitted). Nevertheless, since the initial
segment is generally believed to be the site
of initiation of the axonally conducted action-
potential (Fuortes et al,’57; Coombs et al.,
’57; Eccles,’64), the possible existence of axo-
axonal or axo-dendritic gap junctions offers
the interesting possibility that electrotonic
coupling exists between olivary structures
which are directly involved in impulse gene-
ration.

Spines originating from an axon hillock
or initial segment have omly been reported
for pyramidal neurons in the sensory-motor
cortex of the cat (Bragina,’83) and the
monkey (DeFelipe et al.’85). In these cases
the spines were never as complex as the oli-
vary axonal spines.

INNERVATION OF THE OLIVARY
AXON. This study provides direct evidence
for the existence of axo-axonal synaptic
contacts in the IO. It was found that axons of
cells of the IO receive an average of 30
terminals. These numbers are more or less
comparable with those found for the axons of
cortical pyramidal cells (DeFelipe et al.’85)
and motoneurons (Conradi,’69) in the cat. Of
all examined terminals, 65% were GABA-
ergic. A similar percentage was found for the
GABAergic innervation of the somata of oli-
vary neurons (de Zeeuw et al.’89a). In this
study indirect statistical evidence was found
that the GABAergic projection to the olivary
somata is not only derived from the cere-
bellar nuclei but also from a non-cerebellar
source. Possible sources for these non-cere-
bellar GABAergic terminals include the
nucleus paragiganto-cellularis and/or the
raphe nuclei* (Bishop and Ho,’86; Walberg
and Dietrichs,’82; Mugnaini and Oertel.,’85;
de Zeeuw et al.’89a), or GABAergic neurons
from the IO itself (Nelson et al.,’88; Walberg
and Otterson,’89). However, a non-cerebellar
origin of the GABAergic innervation of the
olivary axons seems unlikely because: 1) The
GABAergic terminals contacting the axon
were often apposed to axonal spines located
within glomeruli while the vast majority of
the somatic GABAergic terminals are directly
apposed to the perikaryon (de Zeeuw et al.,

89a; de Zeeuw et al, submitted). 2)
GABAergic large granular terminals were
observed next to the soma (de Zeeuw et
al.’89a) but not to the axon, whereas the
opposite was found for non-GABAergic large
granular terminals. 3) The GABAergic ter-
minals adjacent to the perikaryon frequently
showed subsynaptic cisterns of endoplasmic
reticulum, which were lacking in the axons.
The fact that many of the GABAergic axonal
terminals were located within glomeruli
suggests that they are of a cerebellar origin
because statistical analysis showed that most,
if not all, GABAergic glomerular terminals
are derived from the cerebellum (de Zeeuw
et al.,’89ab).

Olivary neurons, like for example moto-
neurons (Conradi,’69), also receive an
excitatory input to their somata and axon.
The non-GABAergic terminals (35%) appo-
sed to the axon hillock and initial segment of
the IO consisted largely of terminals with an
excitatory morphology (round to oval vesicles
and asymmetric synapses; Uchizono,’65) but

non-labeled terminals filled with dense core

vesicles were also relatively frequently found
(cf. de Zeeuw et al.’89a). Terminals contai-
ning these dense core vesicles never displa-
yed any membrane specialization throughout
the serial sections. This confirms the idea
that they may contain neurotransmitters
which can be non-synaptically released
(Nieuwenhuys,’85; Zhu et al.’86; Hokfelt et
al.’86; Holstege and Kuypers,’87). Morpho-
logically, these non-GABAergic granular
terminals resembled serotonergic terminals
(Wiklund et al.,’81; King et al.,’84).
DIFFERENCES BETWEEN CELL
TYPE I AND II. The differences between
cell type I and II are not readily reflected in
their physiological properties (Llinds and
Yarom,’81ab; Benardo and Foster,’86;

Note *. This would be in accordance with a
recent study by Andersson et al. ('89) which
showed that 10 neurons can be inhibited when
an area directly rostral to the IO is stimulated.
This effect had a much shorter latency than
when  stimulating the cerebellar nuclei
(Andersson et al.,’89).
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Fig. 8. Electron micrographs of an HRP labeled spine originating from the axon hillock. The spine
is innervated by both a GABAergic (black dots) and a non-GABAergic terminal (of which the
asymmelric synapse is indicated in Fig. 84 by an arrow head), and it is located together with
spines (asterisks) of another cell in a glomerulus. This spine originates from the axon hillock of cell
C (position is indicated in Fig. 7F). Scale bar = 1.4 pm.
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Fig. 9. Electron micrographs (94 and B) and reconstruction (9C) of the axon hillock of the type 11
neuron D. Figs 94 and B show that the axon gives off a spine (white arrow in A) which enters a
glomerulus (surrounded by small arrow heads). The same spine is indicated in C with a black
arrow. The GABAergic terminals (stars) contact both the HRP labeled and the non-labeled spines
(asterisks). Note that a dendrite (d} is directly apposed to the axonal shaft. The morphology of the
axon in the reconstruction clearly corresponds with the light microscopical observations (compare
with Figs. 44 to 4G). The axon is derived from a primary dendrite and contains several complex
spiny appendages most of which are contacted by both a GABAergic and non-GABAergic terminal
(Fig. C). For symbols see Fig. 6. The beginning and end of the initial segment is indicated in the
bottom reconstruction by the arrow heads. Scale bar for this reconstruction = 7.1 pm

Ruigrok et al, submitted) but primarily in
the morphology of their dendritic trees
(Scheibel and Scheibel,’55; Foster and
Peterson,’86; Ruigrok et al., submitted) and
dendritic spines (de Zeeuw et al., submitted).
In the present study of the olivary axons,
there were no significant differences between
both types of neurons with regard to length
and diameter of the axon hillock and the
initial segment, and the numbers and propor-
tions of GABAergic and non-GABAergic
terminals they received. The axons of type I
cells originated from the soma whereas those
of type II cells were derived from a primary
dendrite. In the present ultrastructural study
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only 4 axons were studied but these obser-
vations were confirmed in the light micros-
copical analysis of a larger number (n = 21)
of intracellularly HRP stained neurons
(Ruigrok et al., submitted).

The spines on axons of type II cells were
more numerous than in type I cells, moreover
they displayed a more complicated morpho-
logy. Consequently, the majority (83%) of the
terminals on type Il axons terminated on
axonal spines in glomeruli whereas of the
terminals on type I axons only 21% ended
upon spines (Figure 10). The finding that the
axonal spines of neuron type II were more
complex than those of type I is in agreement
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with the observations of the dendritic spines
of these cells (de Zeeuw et al., submitted).

FUNCTIONAL IMPLICATIONS. The
presence of GABAergic terminals (Oertel et
al,’81; Freund et al,’83; °85; DeFelipe et
al.’85) or of terminals with symmetric
synapses and pleiomorphic vesicles (Walberg,
’63; Palay et al.’68; Conradi,’69; Muller et
al,’84) apposed to somata and/or the axon
hillock and initial segment is a commonly
known feature of neurons in many regions of
the central nervous system. It has been
emphasized that these synapses are strate-
gically well postioned to inactivate the cell
(Eccles,’ 64).

However, when we consider the synaptic
input and the unusual morphology of the
axon hillock of the olivary neurons in relation
to their complex electrophysiological pro-
perties (Llinds and Yarom,’8la,b; ’86;
Benardo and Foster,’86; Yarom and Llinds,
’87; Yarom and Adan,’88; Yarom,'89), a few
more specific suggestions on their function
can be made.

Olivary neurons have a tendency to fire
rhythmically (Armstrong et al.,’68; Benardo
and Foster,’86; Llinds and Yarom,’81a; ’81b;
’86). Llinds and Yarom (’86) demonstrated
that the preferred olivary oscillatory firing
frequency depends upon the level of parti-
cipation of the dendritic tree in this proces.
When a somatic (initial segment) Na-K
actionpotential is triggered, it will anti-
dromically invade the dendritic tree. Whether
or not, this may lead to the triggering of a
-dendritic Calcium spike, depends on the level
of active de- c.q. hyperpolarization of the cell
membrane. Therefore, as was also proposed
for the somatic GABAergic synapses (de
Zeeuw et al.’89a), the GABAergic input to
the axon hillock may be particularly well
suited to reduce the effectiveness of the
antidromically invading spike by locally
decreasing the membrane resistance. Also,
the mere existence of the axonal spines may
be important in this proces since a compu-
tational study by Pongrdcz ('85) demonstrated
that spines located in the vicinity of the soma
(e.g. axon hillock) may enhance the capabi-
lities of the Na-K spike to invade the dendri-
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Fig. 10. Graphic representations of the distri-
bution of terminals apposed to the axons of the
neurons of type I (Fig. 104) and type II (Fig.
10B). The axons of both types are primarily
innervated by GABAergic terminals. However,
most of the terminals on the axons of type I
are apposed to the shaft while the majority of
the terminals of type II are contacting the
axonal spines. For numerical data see Table II.

tic tree, which, in case of the olivary cells,
could again influence their preferred oscil-
latory firing frequency (Llinds and Yarom,
’86). If the large granular terminals apposed
to the axon hillock indeed contain serotonine,
they could counteract the GABAergic synap-
tic input because it was demonstrated that
the administration of serotonine to slices of
the guinea pig IO increases the input resis-
tence of olivary cells (Llinas and Yarom,’86).

Finally, without invalidating the above
suggestions, it should be stressed that the
GABAergic input to the olivary perikarya is
partly derived from a non-cerebellar source,



Fig. 11. Electron micrographs of typical axonal structures of olivary neurons. In Fig. 114 one can
see an initial segment (of type I neuron A) characterised by its inner dense layer (DL} and
fascicles (circle) of microtubuli linked by bars (arrow heads). Fig. 11B shows a myelinated HRP
labeled olivary axon (of type II neuron D) at the bottom, and at the top a non-labeled, presumably
olivary axon which is coincidently cut at the transition (T) between its initial segment (IS) and its
myelinated part (MYE). Scale barin A = 0.5 ym, in B = 1.7 pm.

whereas the GABAergic terminals apposed
to the axons may be derived from the cere-
bellar nuclei. This would indicate a different
function of the GABAergic inputs to either
soma and axon. Recently, it was proposed
that the combined GABAergic cerebellar and
excitatory mesodiencephalic input to the
dendritic spines in the rostral MAO and
principal olive may regulate the electrotonic
coupling and simultaneously the preferred
oscillatory firing frequency of these neurons
in a timing sensitive way (de Zeeuw et al,, in
press). The present results indicate that the
axonal spines, since they resemble in many
ways the dendritic spines (e.g. they receive a
combined inhibitory and excitatory input,
have long and thin stalks, and are located
within glomeruli), possess all the morpho-
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logical prerequisites to function as timing
sensitive instruments (Segev and Rall,’88; de
Zeeuw et al.,, submitted).

Conclusions

The axon hillock and initial segment of
cells of the IO have a unique morphology
with regard to their size and morphology.
They give rise to spines which are located
within glomeruli, and which are mainly
innervated by GABAergic but also by non-
GABAergic terminals. The synaptic input to
the axon hillock may be involved in inac-
tivating (resetting) the cell, in regulating the
oscillatory firing frequency and/or in a timing
sensitive operation.



CHAPTER V General discussion

The present study deals with the
mesodiencephalic and cerebellar synap-
tic input to the MAO and PO of the cat.
New combinations of ultrastructural
techniques were used to identify the
origin and neurotransmitter of these
afferents at different postsynaptic ele-
ments.

Below, the technical aspects, the
major morphological results, and the
functional implications will be discussed.

a. Technical aspects

Three new ultrastructural combi-
nation techniques were used in the
present study. These included WGA-
HRP anterograde tracing combined with
GABA-immunocytochemistry  (Chapter
II), a combination of anterograde tracing
of (3H)leucine and WGA-HRP (Chapter
), and an ultrastructural study
combining intracellular labeling of HRP
with postembedding GABA-immuno-
cytochemistry (Chapter IV).

WGA-HRP_anterograde tracing with
GABA-immunocytochemistry. The first

combination technique allows a visua-
lization in a single ultrathin section of
the neurotransmitter (GABA) in a ter-
minal, which is HRP labeled by antero-
grade axonal transport from its source.
To our knowledge this was the first time
that both parameters were determined
together within the same terminal pro-
file. It was demonstrated that TMB,
which is the most sensitive chromogen
(Mesulam,’78), can be used for HRP
histochemistry in combination with
immunocytochemistry at the wultrastru-
ctural level provided that the TMB crys-
_tals are stabilized with DAB-cobalt. This
stabilization (Lemann et al.’85) was es-
sential because non-stabilized TMB
crystals dissolve during the immuno
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staining. In addition, the application of
the stabilization had several side effects.
Firstly, when a stabilization was used it
was possible to perform the TMB incu-
bation at a relatively high pH of about
4.8 (in stead of the traditional pH of
3.3) without compromising the final yield
of labeling. This difference in pH resul-
ted in a much better preservation of the
ultrastructure. Despite the general im-
provement of the appearance of the neu-
ropil, the sites of the TMB/DAB-Co
reactionproducts showed electron lucent
spaces in their center. These holes were
also due to the DAB-Co- stabilization
procedure, since they were not present
in non-stabilized tissne (Mesulam,’78;
Holstege and Kuypers,’87ab; De Zeeuw
et al,’88ab) and since they also were
observed in stabilized material, which
was not processed for immunocytoche-
mistry (Lemann et al,’85). Another
advantage was that stabilized vibratome
sections could be stained en block in
uranyl acetate whereas the unstabilized
HRP reaction products were found to
disappear in this aqueous solution. This
block staining is of particular importance
for studies of the IO since it improves
the visualization of gap junctions (Sotelo
et al.,”74).

The results showed that most, if not
all, WGA-HRP labeled terminals from
the cerebellum were GABAergic. This
high ratio of double-labeled terminals
indicated that the GABA-antibody can
detect nearly all the GABAergic nucleo-
olivary terminals, - indicating that the
sensitivity of the antibody was good. In
addition, these experiments provided an
estimate for the efficacy of anterograde
tracing with WGA-HRP (using the stabi-
lization procedure for HRP histochemis-
try). Since, about ome third of the
GABAergic terminals were WGA-HRP



labeled in the experiments with the
highest yields and since probably more
than 90% of the GABAergic terminals
are derived from the cerebellum (Nelson
and Mugnaini,’87), it may be concluded
that the WGA-HRP anterograde tracing
technique as applied to the cerebello-
olivary projection, detécts about one
third of the actual number of terminals.

The WGA-HRP labeled terminals
from the mesodiencephalic junction were
never found to be GABA-positive. This
experiment demonstrated that the
WGA-HRP reaction product did not in-
duce false positive GABA-labeling pro-
viding an argument that the specificity of
the antibody was good as well (for detai-
led tests about the specificity of the
antibody used in these studies see Se-
guela et al.,’84; Buijs et al.,’87).

An important advantage of this anti-
body was that it could be applied to
osmicated sections. Sofar only GABA,
glutamate (Watson,’88), aspartate, tau-
rine, and glycine (Otterson,’88) can be
detected in osmicated tissue using anti-
bodies against conjugates of these small
molecules. Thus, when it is required to
determine the neurotransmitter of an
identified system in well preserved
tissue, WGA-HRP anterograde tracing
can be combined with gold-immuno-
cytochemistry only of the amino-acids
neurotransmitters mentioned above. In
the cases of other substances one could
try to combine anterograde tracing of
(3H)leucine with preembedding immu-
nocytochemistry (see Chapter I, part f).
However, this combination technique is
more time consuming, since the autora-
diographic procedures require long
exposure times and complex analytical
identification methods (Holstege and
Vrensen,’88).

Anterograde tracing of (3H)leucine
and WGA-HRP. The second combina-
tion technique of (3H)leucine antero-
grade tracing with WGA-HRP antero-
grade ftracing allows a simultaneous
visualization of two afferent systems of a
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different origin in a single ultrathin
section (Chapter III). Autoradiography
and HRP/DAB (Dekker,’81) or WGA-
HRP/TMB (Holstege and Kuypers,
’87ab) histochemistry were used before
at the ultrastructural level for the
combination of anterograde tracing with
retrograde tracing. However, to our
knowledge the present ultrastructural
study was the first in which (3H)leucine
and WGA-HRP anterograde tracing
were combined. In contrast to the com-
bination technique of WGA-HRP ante-
rograde tracing with postembedding
immunocytochemistry described above, it
appeared that this combination is equal-
ly effective whether the WGA-HRP
reaction products were stabilized with
DAB-cobalt or not. The efficacy of
WGA-HRP anterograde tracing was not
decreased by the stabilization. This was
in agreement with a previous tracing
study by Molinari (’87) in which the
stabilization and normal WGA-HRP
histochemistry were compared for one
afferent system in one type of animal.
Other means of anterograde tracing
which may be used in combination tech-
niques are anterograde degeneration and
anterograde tracing of Phaseolus vulgaris
leucoagglutinine (PHA-L), (Chapter I,
part f). When anterograde degeneration
is used, it should be realized that this
method is less sensitive and that it can
not be applied to every projection sys-
tem since lesions will damage passing
fiber systems (Dekker,’77). The appli-
cation of anterograde tracing of PHA-L,
which is visualized by immunocyto-
chemical means (Gerfen and Sawchen-
ko,’84; Wouterlood and Groene-
wegen,’85), seems a more promising
method to combine with other antero-
grade axonal tracers. Although not
performed yet, it may be possible to
combine anterograde tracing of PHA-L
with anterograde tracing of WGA-HRP,
since it has been shown in combined
immunocytochemical procedures, that
two different antigens which are each



visualized initially with a peroxidase
reaction, can still be labeled differently
in the same section (van den Pol and
Gorcs,’86; see also Chapter I, part f). If
future studies will show that these two
methods of anterograde tracing can in-
deed be combined, this combination has
advantages over the combination of
(3H)leucine with WGA-HRP which
would require the long exposure times
which are an inherent feature of the
autoradiographic procedure.

Intracellular labeling of HRP with
postembedding  GABA-immunocytoche-
mistry. The third ultrastructural
technique consists of a combination of
intracellular labeling of HRP with
postembedding GABA-immunocytoche-
mistry (Chapter IV). This technique
allows physiological and lightmicros-
copical identification of the injected
neuron, and makes it possible to study
this cell and its GABAergic afferents at
the ultrastructural level. The lightmi-
croscopic examination of the osmicated
material is drastically improved when
glucose is added during osmication,
resulting in less darkly stained sections.
The fact that the use of glucose counter-
acts the osmication may also explain why
it enhances the GABA immunogold stai-
ning (de Zeeuw et al,’88a), since
osmium is known to have a negative
effect on the identification of antigens
by antibodies (Priestly,’84). Fortunately,
the ultrastructural preservation was not
seriously compromised by the use of
glucose (see also Holstege and Kuypers,
'87b).

It was found that it is preferable to
osmicate the tissue sections in a glucose
solution, to dehydrate them with dime-
thoxy propane, and to embed them in
araldite even when the tissue only has to
be analysed with the light microscope.
This way, the morphology of the HRP
labeled profiles in the embedded
sections was improved with significantly
less artifacts compared to the non-osmi-
cated sections dehydrated in ethanol and
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nissl stained in cresyl violet.

An additional advantage of this com-
bination technique is the fact that an
endless serie of ultrathin sections can be
cut from an embedded vibratome section
(70 um in the present study) before the
postembedding GABA-immunocytoche-
mistry is performed. For this reason, it is
possible to reconstruct long structures,
like axons (see de Zeeuw et al,b,
submitted), of physiologically identified
neurons together with their GABAergic
input._

To our best knowledge four other
ultrastructural techniques combining
cellular labeling with GABA-immunocy-
tochemistry have been described. One
technique is described in a study in
which intracellular HRP labeling was
combined with postembedding GABA-
immunocytochemistry on semithin sec-
tions (thickness of about 1 to 2 um)
using the PAP method (Freund et al,,
’85), while in other studies Golgi im-
pregnation was combined with GABA
immunogold labeling (Somogyi et al.,’85;
Cipolloni and Keller,’89), with glutamic
acid decarboxylase(GAD) or GABA-
immunocytochemistry using the PAP
method (Freund et al,’83; Somogyi et
al.’83; Somogyi et al.,85), or with
intraneuronal uptake of tritiated GABA
(Somogyi et al.’81). However, in these
studies it was not possible to make com-
plete reconstructions through long neu-
ronal structures (Freund et al.’83 and
’85; Somogyi et al.’83) and/or to com-
bine it with physiological identification
of the neurons (Somogyi et al.’81, ’83
and °85; Freund et al.,’83; Cipolloni and
Keller,’89).

A drawback of the intracellular HRP
staining of olivary cells is the fact that
gap junctions could not be identified be-
tween HRP labeled structures or be-
tween an HRP labeled profile and a
non-labeled structure. The most likely
explanation for this failure seemed to be
that the HRP reaction product masks
the narrow interneuronal space of the



gap junctions. Despite this masking
effect, HRP did probably not pass
through the gaps in these junctions since
HRP labeled spines were rarely located
near each other, and no gradient of
labeling intensity could be detected.

It was accidently found that cell
degeneration could be used as an addi-
tional label for neurons at the ultra-
structural level. This provides triple
labeling in a single ultrathin section.
Neuronal degeneration in this case could
be the result of a lesion by the micro-
electrode penetration of the cell. Further
studies will be needed to find out
whether this phenomenon is repro-
ducable.

It can be concluded that the three
combination techniques used in our stu-
dies can provide new important data on
the ultrastructure of the CNS. They all
have their advantages and their specific
restrictions and complications. There-
fore, they should be carefully selected
and weighed against other available
combination techniques (for a review see
Table 1, Chapter I, part f).

b. Major results

The present study showed that the
bulk of the non-GABAergic and GABA-
ergic innervation of the MAO and PO is
derived from the mesodiencephalic junc-
tion and the cerebellar nuclei, respec-
tively. Below, the terminals of these
afferents will be discussed with regard to
their morphology and postsynaptic distri-
bution. In addition, special emphasis will
be put on the olivary glomerulus, soma
and axon.

bl. Types of terminals.

Based on differences in vesicle shape,
three types of GABAergic terminals and
three types of non-GABAergic terminals
were observed.

The first and most numerous GABA-
ergic terminal contained mainly small
pleomorphic vesicles. These terminals
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were often WGA-HRP labeled from the
ce-rebellar nuclei. They established pri-
marily, but not invariably, symmetric sy-
napses corresponding to Gray’s type I
This type of GABAergic terminal was
located both in the extra- and intra-
glomerular neuropil but occasionally
they were also adjacent to the olivary
somata and axon hillock. These findings
were largely in agreement with recent
studies of the GABAergic and cerebellar
innervation of the rat IO (Sotelo et al.,
’86; Angaut and Sotelo,’87). However, in
previous studies of the IO of the opos-
sum and the cat it was found that cere-
bellar terminals contained spherical ve-
sicles (King et al.’76; Mizuno et al.’80)
and exhibited asymmetric synapses (Mi-
zuno et al.’80). The difference in shape
of the vesicles may be due to a different
type and osmolarity of the buffer used
for the fixative (Valdivia,’71) and/or to
a different duration of exposure of the
tissue to aldehydes (Paula-Barbosa,’75).
These GABAergic terminals occasionally
showed single rows of subsynaptic densi-
ties. This occurred more regularly in the
caudal MAO than in the rostral MAO.
In the rostral MAO, the subsynaptic
densities were in some cases located in a
constriction of a dendrite and interposed
between two terminals with clear asym-
metric synapses. These structures, which
resembled the so-called crest synapse
(Milhaud and Pappas,’66ab; Akert et
al.’67), have been described before in
the dorsal cap of the rabbit (Mizuno et
al.’74), in the MAO of the monkey (Ru-
therford and Gwyn,’80), and in the rat
(Sotelo et al.;’86).

The second type of GABAergic ter-
minal, which was less frequently obser-
ved, contained mainly large oval vesicles.
Apart from the shape and size of the ve-
sicles, these terminals resembled the first
type. They were infrequently labeled
from the cerebellum. Some of these
terminals were apposed to perikarya. At
this location they frequently showed
subsynaptic cisterns, which were most



often present as a single cistern with a
few ribosomes. These subsurface somatic
structures, which were found previously
in the IO of the opossum (Bowman and
King,’73), were observed more fre-
quently subsynaptic to GABAergic ter-
minals than to non-GABAergic termi-
nals.

The third terminal, the GABAergic
granular type, contained a large number
of dense core vesicles, interspersed
between clear oval vesicles and tubulo-
vesicular elements. All types of vesicles
in these terminals were irregularly
shaped. These terminals were often
elongated. They rarely exhibited a synap-
se. None of them was ever found to be
WGA-HRP labeled in the cerebellar
experiments. This type of terminal,
which was not described before in
GABAergic studies of the IO, was found
primarily in the extraglomerular neuropﬂ
and apposed to somata.

The first type of non-GABAergic
terminal accounted for about 95% of the
non-GABAergic terminals, and it was
the only type, which was WGA-HRP la-
beled from the mesodiencephalic junc-
tion. They contained primarily large,
round and oval vesicles. Like the cere-
bellar terminals they usually contained
mitochondria and a few dense core vesi-
cles but sometimes they also included
some coated vesicles. The vast majority
of them formed asymmetric synapses
corresponding to Gray’s type 1. The
excitatory morphology of these terminals
(Uchizono,’65), was in agreement with
the recordings in the IO upon stimu-
lation in the mesodiencephalic junction
(part a, Chapter IV). The non-GABA-
ergic terminals dominated both the
innervation of the glomerular spines and
the shafts of the distal dendrites. These
results were in agreement with studies of
King et al. ("78) and Cintas et al. ('80),
which showed, for opossum and rat res-
pectively, that most of the mesodien-
cephalic terminals had round vesicles
and asymmetric synapses. Furthermore

they confirmed previous studies in mon-
key (Rutherford and Gwyn,’80), cat
(Mizuno et al.’76) and rabbit (Mizuno
et al.’74), which found that the majority
of randomly selected olivary terminals
bad round and oval vesicles and asym-
metric synapses. In the present study
these non-GABAergic terminals were
only infrequently found to be located
adjacent to an olivary soma. These data
agree with the study of the projection
from the mesodiencephalic junction in
rat by Cintas et al. ('80), and with the
general study of the rat IO by Gwyn et
al. (’77). However, mesodiencephalic
terminals apposed to perikarya, and
somatic terminals provided with asym-
metric synapses were never observed in
the study of the mesodiencephalic pro-
jection to the rat IO by King et al. (*78),
and in studies of the IO in cat (Walberg,
’63) and monkey (Rutherford and Gwyn,
’80). When Taxi bodies (Taxi,’61) were
observed they were more frequently lo-
cated subsynaptic to this type of WGA-
HRP-labeled and non-labeled, non-
GABAergic terminals than to GABA-
ergic terminals. Similar structures have
also been observed subsynaptic to asym-
metric synapses of round vesicle contai-
ning terminals in the IO of the opossum
(Bowman and King,’73), and the squirrel
monkey (Rutherford and Gwyn,’80). The
precise functional significance of these
subsynaptic densities, which are primari-
ly associated with excitatory synapses,
has not yet been elucidated.

The second type of non-GABAergic
terminal, contained a large number of
dense core vesicles. This type of non-
GABAergic terminals accounted for only
a fraction of all the terminals in the IO,
but they made up approximately 85% of
the total number of large granular termi-
nals. Like the GABAergic large granular
terminals, they were never WGA-HRP
labeled in the tracing experiments. They
were located primarily outside the glo-
meruli rarely establishing a synaptic
contact. These terminals were relatively
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often apposed to the axon hillock. In
morphology, both the GABAergic and
non-GABAergic large granular terminals
resembled serotoninergic terminals,
which are known to be present in the IO
(King et al,’84; Wiklund et al.’81).

The third type of non-GABAergic
terminal contained only flattened vesi-
cles. It was observed before in the 10 of
the opossum by Bowman and King (*73).
These terminals were never found to be
WGA-HRP labeled in the mesodien-
cephalic experiments. Synaptic contacts
were seldomly observed and they were
situated mainly outside the glomeruli.

b2. The olivary glomeruli.

Held (1897) introduced the name
glomerulus for the protoplasmic islets
composed of mossy fiber rosettes inter-
woven with the claw-like terminals of
granule cell dendrites and the terminal
branchlets of the Golgi cell axons in the
cerebellar cortex. The same glomeruli
were also the first complex synaptic
arrangements to be identified at the ul-
trastructural level (Palay,’61; -Gray,’61;

man and King’73; Sotelo et al,74).
Although the intrinsic organization of
the olivary glomeruli is similar, their
center consists of the profiless of
numerous spines whereas the glomeruli
of the other brain areas contain only a
single, large dendritic protuberance or
only one or two small dendrites. Thus,
the multiple elements of their central
core make the olivary glomeruli unique
among the synaptic glomeruli described
thus far.

SPINES IN GLOMERULIL The
present study unraveled several ques-
tions with regard to the composition of
the spiny center of the olivary glome-
rulus. Following serial section analysis of
HRP labeled olivary neurons in the cat
it was found that most, if not all, HRP
labeled spines were located within

‘glomeruli. Different spine heads of the

Kirsche et al.,’65). They are charac- -

terized by one or more central terminal
boutons and a peripheral mantle of den-
drites and other axon terminals. Later
the name was applied to similar struc-
tures in other parts of the central
nervous system including the dorsal
lateral geniculate nucleus (Szen-
tagothai’63; Peters and Palay,’66;
Famiglietti and Peters,’72), the medial
geniculate nucleus (Majorossy and Re-
thelyi,’68), the lateral vestibular nucleus
(Sotelo and Palay,’70), the main sensory
trigeminal nucleus (Gobel and Dubner,
’69), the pontine nuclei (Mihailoff et
al.’88), and various thalamic nuclei
(Papas et al.’66; Jones and Powell,’69).
An inversion of this organization occurs
in the thalamic pulvinar and lateral pos-
terior nuclear group (Majorossy et al,
’65), the ventrobasal complex of the
thalamus (Ralston and Herman,’69), and
the IO (Nemecek and Wolff,’69; Bow-

same spine were frequently incorporated
within the same glomerulus but they
could also be located in different glome-
ruli. However, the glomeruli rarely con-
tained more than a single spine from the
same HRP labeled cell. Moreover, when
more than one spine head of the same
spine was located within a single glome-
rulus, they were only occasionally loca-
ted near each other. These data strongly
suggested that the dendritic elements of
the same olivary neurons avoid each

"other. As a comsequence, gap junctions

151

between elements of the same olivary
neuron are excluded. It was found that
the glomeruli on average contain spines
of six different cells (with a maximum of
eight).

Sofar, the olivary glomeruli were
presumed to include spines solely of a
dendritic origin (Nemecek and Wolff,’69;
Bowman and King,’73; Sotelo et al.’74;
Gwyn et al.’77; Rutherford and Gwyn,
’80). The present study demonstrated
that axonal spines are located within
glomeruli as well. In the center of these
glomeruli, the axonal appendages were
apposed to dendritic spines of other oli-
vary cells. The axonal spines could not



be distinghuished from the dendritic
spines on morphological grounds. It
remained unclear though, whether the
axonal spines were also linked by gap
juctions, as was shown for dendritic
spines in cat (Sotelo et al.’74; de Zeeuw
et al.,’89a), rat (Gwyn et al.,’77), monkey
(Rutherford and Gwyn,’77), and opos-
sum (King,76). It will have to be exami-
ned whether axo-axonal or axo-dendritic
gap junctions indeed do exist, because it
offers the interesting possibility that
olivary structures directly involved in
impulse generation are electrotonically
coupled.

BOUTONS IN GLOMERULI. With
regard to the innervation of the glome-
ruli it was estimated in a single section
analysis that about one third of both the
GABAergic and non-GABAergic termi-
nals in the rostral MAO were located
within glomeruli (de Zeeuw et al.,’89b).
This calculation was based on the as-
sumption that a synaptic complex was a
glomerulus when it contained at least
three spiny profiles and two terminals.
In the reconstructions from intracel-
lularly injected neuroms, it was found
that most, if not all, of the HRP labeled
spines are incorporated in glomeruli.
Therefore, the actual proportion of the
terminals which are located within glo-
meruli has to be higher than one third.
No calculations were performed to esti-
mate the proportion of all the terminals
which are located in the glomeruli, but
this figure would amount to about half
of the terminals. The ratio of non-
GABAergic mesodiencephalic terminals
to GABAergic, cerebellar boutons is
independent from the actual number of
terminals located within glomeruli, since
it was found to be the same for the
extra- and intraglomerular neuropil (see
Figure 3, part ¢, Chapter II). In both
divisions of the neuropil 38% of the
terminals were GABAergic.

These conclusions were based on the
entire population of glomeruli in the
rostral MAO but it was also demon-
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strated, by calculations of probabilities,
that they are also valid for individual
glomeruli: There was no obvious separa-
tion or coexistence of the GABAergic
and mesodiencephalic terminals in the
glomeruli (see part b, Chapter II). It was
concluded, therefore, that the innerva-
tion of glomeruli in the rostral MAO by
the GABAergic-cerebellar and the non-
GABAergic-mesodiencephalic  afferent
systems is random and equal.

Many efforts were taken in the pre-
sent study, to find out whether the spi-
nes in the olivary glomeruli were inner-
vated separately by mesodiencephalic
and cerebellar terminals or by both. In
the experiments in which anterograde
tracing of WGA-HRP was combined
with GABA-immunocytochemistry, it
was found in the rostral MAO that
mesodiencephalic and GABAergic termi-
nals innervate the same glomerular spi-
nes and that the same is true for the
cerebellar and non-GABAergic termi-
nals. Direct observations of spines in the
glomeruli which were innervated by both
mesodiencephalic and cerebellar termi-
nals were made in the experiments in
which anterograde tracing of WGA-
HRP was combined with anterograde
tracing of 3H-leucine. This was confir-
med and quantitatively extended by
serial section analysis of intracellular
labeled neurons where all the dendritic
and most of the axonal spines were
innervated by both GABAergic and non-
GABAergic terminals. Taken together,
these data indicate that all olivary spines
in the glomeruli of the MAO and PO re-
ceive both an excitatory input from the
mesodiencephalic junction and an inhi-
bitory input from the cerebellar nuclei.
These findings are unusual, since it has
been shown for various regions in the
central nervous system that the vast
majority of dendritic spines are contac-
ted solely by asymmetric synapses
(Kemp and Powell,71; Palay and Chan-
Palay,’74; Wilson and Grove,’80; Wilson
et al.’83; Muller et al.’84).



GAP JUNCTIONS IN GLOME-
RULI Glomerular spines in the IO can
be linked by gap junctions. Serial section
analysis in the present study showed that
these electrical synapses are not neces-
sarily restricted to contacts between two
spine heads, but they can also occur
between the stalks of two spines.

The glomerular spines linked by gap
junctions may be a specific group with
respect to their innervation. Quantitative
analysis showed that of the terminals
strategically located next to both den-
dritic elements coupled by a gap junc-
tion significantly (p < 0.05) more ter-
minals were GABAergic (54%) than
would be expected from the distribution
of GABAergic terminals over the entire
neuropil (38%). Significant differences
were found only for the strategically
located terminals, stressing the impor-
tance of the exact location of terminals
next to the gap junctions.

About one third of the strategically
and non-strategically located GABAergic
terminals were double labeled, following
injection of WGA-HRP in the cerebellar
nuclei. Since the present .technique of
WGA-HRP tracing may detect at most
about one third of the actual number of
terminals (see above), this indicates that
most if not all GABAergic terminals
associated with gap junctions originate
from the cerebellum. These findings,
which provided the first direct evidence
for the cerebellar origin of the GABA-
ergic terminals associated with gap
junctions, extended the results of pre-
vious ultrastuctural studies of the
cerebellar (King et al.’76; Angaut and
Sotelo,’87) and GAD positive (Sotelo et
al.’86) terminals of the IO of the rat.
Later, the same double labeling tech-
nique was applied to the rat IO and
gave similar results (Angaut and Sotelo,
’89).

The present study was also the first
to show that dendrites of olivary cells
which are linked by gap junctions are
contacted by non-GABAergic terminals
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as well. For the rostral MAOQ, it was de-
monstrated that most of them probably
originate from the mesodiencephalic
junction. It should be noted that, al-
though relatively many GABAergic
terminals were located next to gap junc-
tions, still about half of all terminals
strategically or non-strategically located
next to dendrites coupled by gap junc-
tions, were non-GABAergic.

These data allow the conclusion that
electrotonically coupled spines receive
more strategically located GABAergic
terminals derived from the cerebellum
than would be expected from their gene-
ral distribution over the olivary neuropil,
but that the innervation of these spines
is not fundamentally different from all
other spines.

DIFFERENCES BETWEEN CELL
TYPES AND SUBNUCLEI IN THE
INFERIOR OLIVE. The morphological
differences between cell type I and II
are not readily expressed in their phy-
siological properties (Llinas and Yarom,
’81ab; Benardo and Foster,’86, Chapter
V, part a). These differences mainly in-
volve the morphology of their dendritic
tree (Scheibel and Scheibel,’55; Foster
and Peterson,’86; Chapter V, part a) and
their dendritic and axonal spiny appen-
dages (Chapter V, part b and c). The
dendrites of type I radiate away from
the soma, while those of type II tend to
curl back in the direction of the soma.
Following electron microscopical exami-
nation of the intracellular injected cells
it was found that the glomerular spines
of cell type II were more complex than
those of type I. This holds both for the
dendritic and axonal spines. In addition,
the axons of type II neuron mostly origi-
nated primarily from a primary dendrite
while those of type I neurons emerged
from the soma. Type II axons were more
amply provided with spines, and, in
accordance with this, the majority (83%)
of the terminals on these axons termi-
nated on axonal spines in glomeruli,
whereas of the terminals on type I axons



only 22% ended upon spines. However,
the proportion of GABAergic terminals
apposed to dendrites and axons, remai-
ned the same for the two types of neu-
TOIS.

Type I neurons are primarily located
in the caudal accessory olives whereas
type II neurons are present in each oli-
vary subnucleus and outnumber type I
neurons (Scheibel and Scheibel’s5;
Scheibel et al,’56; Foster and Peter-
son,’86; Chapter V, part a). The serial
reconstructions showed that the number
of terminals, which innervated individual
glomeruli of the type II cells (located in
the rostral MAQO), was in the same
range as the number of terminals inner-
vating glomeruli of type I (caudal
MAO). Since it was found previously
that the rostral part of the MAO con-
tains relatively more glomerular termi-
nals than the more caudally located
areas of the MAO (de Zeeuw et al,
’89b), these data suggest that the
number of glomeruli is increased in the
rostral MAO.

CONSEQUENCES FOR THE DIS-
TRIBUTION OF OLIVARY HYPER-
TROPHY. Although the neuropil of the
caudal MAO probably does not differ
from the rostral MAO in the numbers of
spines or terminals within individual
glomeruli, the differences in the comple-
xity of their spines and the total number
of glomeruli between these subnuclei
may explain why they respond differently
to certain pathological conditions.

Contralateral cerebellectomy can
induce olivary hypertrophy in MAO and
PO of cats (Verhaart and Voogd, 62;
Voogd and Boesten,’76). The enlarge-
ments of the cells usually starts in the
rostral MAO and only rarely in the
caudal MAO (Boesten and Voogd,’85).
Recent evidence suggests that electro-
tonic coupling of hypertrophic neurons is
enhanced (Ruigrok et al.’89; de Zeeuw
et al.’89¢). Therefore, it is attractive to
hypothesize that the neuropil of the
rostral MAO with its complex spines and
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its relatively high number of glomeruli
(the major residence for the gap junc-
tions; Sotelo et al.’74), provides better
conditions for the development of hyper-
trophy than the caudal MAO.

Differences in the level of electro-
tonic coupling may also explain why
hypertrophy occurs in the MAO and PO
but not in the DAO. In various animal
species gap junctions have been obser-
ved in the MAO (King,’76; Gwyn et al,
*77; Rutherford and Gwyn,’77; de Zeeuw
et al.’89a) and PO (King,’76; Gwyn et
al.,’77; Angaut and Sotelo,’87; Angaut
and Sotelo,’89; de Zeeuw et al., in press)
but also in the DAO (King,’76; Gwyn et
al.,’77; Rutherford and Gwyn,77). How-
ever, the glomeruli are most prominent
and numerous in the PO and rostral
MAO (Gwyn et al,’77; Chapter IV),
while the neuropil of the DAO appears
to be dominated by dendritic thickets
rather than synaptic clusters (Gwyn et
al.’77; Molinari,’87). These morpholo-
gical data, which suggest that the elec-
trotonic coupling is more extensive in
the rostral MAO and PO than in the
DAO, are well in accordance with phy-
siological recordings made in the IO of
in vitro guinea pig brain stem slices
(Llinds and Yarom,'8la). They found
that electrotonically coupled cells were
most readily found in the MAO. More-
over, the size of the somatosensory
receptive fields in the DAO of the cat
are such small, that they don’t seem to
be blurred by extensive electrotonic
coupling " (Gellman et al,’83). Fur-
thermore, the fact that hypertrophy
occurs in cat and higher mammals, and
not in rat also supports the hypothesis
that the level of electrotonic coupling
influences the appearance of hyper-
trophy, because the glomeruli of the rat
were found to be smaller than those of
the cat (Chapter III).

Differences in the level of electro-
tonic coupling in the glomeruli between
the olivary subnuclei may well be a pre-
requisite but do not constitute the only



factor responsible for the appearance of
olivary hypertrophy. Firstly, because
hypertrophy probably omly occurs when
the cerebellar input to the olive is dis-
rupted (Verhaart and Voogd,62; Voogd
and Boesten,”76; Boesten and Voogd,
’85). In this respect it is interesting to
note that the DAO is probably the only
one of the three main olivary subnucei
which receives an additional GABAergic
input from the cuneate nucleus in the
hindbrain (Nelson and Mugnaini,’89).
This could possibly compensate for the
loss of cerebellar GABAergic input to
this region and prevent the occurrence
of hypertrophy. Secondly, it may be
relevant that the MAO and PO receive
a strong excitatory input from the meso-
diencephalic junction (also in the hyper-

trophic 10; de Zeeuw et al.’89c) while:

the DAO is devoid from such afferents
(Onodera,’84). Finally, we have sugges-
tive evidence that hypertrophy only
occurs when the cats are allowed to
move freely around for at least a few
hours a day (unpublished results).

Taken together, the data suggest that -

the electrotonic coupling between olivary
cells will be enhanced when the GABA-
ergic cerebellar input is removed from
their dendrites. Locomotion apparently
activates the remaining mesodiencepha-
lic input of these neurons, which will
then react with an extensive retrograde
reaction, involving expansion, distension,
and vacuolization of their rough endo-
plasmatic reticulum on transection of
their axons.

b3. The innervation of soma and axon of
olivary neurons.

Both the somata and axons of olivary
cells received an afferent input which
consisted for about 65% of GABAergic
terminals. This was significantly higher
than the proportion of GABAergic ter-
minals selected randomly from the enti-
re neuropil (38%). For both the somata
and axons, the proportion of GABAergic
terminals would be even higher when
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only terminals with synaptic junctions
were considered. The findings for soma-
ta generally agree with previous studies
of the IO in different species, which
described that most or all of the ter-
minals contacting the IO somata contai-
ned pleomorphic vesicles and established
Gray’s type II synapses (Walberg, ’63;
Bowman and King,’73; Gwyn et al.,’77;
Rutherford and Gwyn,’80).

The terminals which were in contact
with the axon hillock were often appo-
sed to axonmal spines located within
glomeruli, whereas terminals on somata,
which gave rise to only few spines, were
directly apposed to the perikaryon. In
addition, GABAergic large granular
terminals were observed next to the
soma but not to the axon, whereas the
opposite was true for the non-GABA-
ergic large granular terminals. Moreover,
the GABAergic terminals adjacent to
the perikaryon frequently showed subsy-
naptic cisterns of endoplasmic reticulum,
while these profiles were not observed in
the olivary axons. Therefore, the origin
of the GABAergic terminals apposed to
the somata and axon hillock does not
appear to be the same.

The GABAergic terminals on the
olivary axons are not yet studied in
combination with anterograde tracing,
but the fact that many of them were
located on axonal spines within glome-
ruli suggest that they were of a cere-
bellar origin because most of the
GABAergic terminals within glomeruli
are derived from this source (Chapter
II).

The origin of the GABAergic input
to somata probably is heterogeneous. In
experiments combining  anterograde
tracing of WGA-HRP with postembed-
ding GABA-immunocytochemistry, it
was found that the proportion of the
GABAergic terminals, which was labeled
with WGA-HRP from the cerebellum
was significantly lower among the
somatic terminals than among the ter-
minals selected randomly from the



entire neuropil. This suggests that, in the
cat at least, a relatively small proportion
of the GABAergic input to somata is
derived from the cerebellum. Cerebellar
axosomatic terminals were not observed
in previous studies of the IO of the
opossum (King et al’76) and the cat
(Mizuno et al,’80), but in the rat they
appear to be present (Angaut and Sote-
lo,’87). The possible existence of a non-
cerebellar GABAergic projection to the
the olivary somata is supported by seve-
ral studies. First of all, it is evident that
there has to be a non-cerebellar source
for GABAergic terminals in the IO be-
cause Nelson and Mugnaini (85) showed
that total cerebellectomy does not cause
a complete depletion of GAD-positive
terminals in the rat IO. Secondly,
Scheibel and Scheibel (’55) demon-
strated in their Golgi studies of the 10
of various species the existence of fibers
projecting specifically to somata and
nearby dendrites. Thirdly, stimulation in
the brachium conjunctivum of the cere-
bello-olivary fibers exerted an inhibition
of climbing fiber responses with a rela-
tively long latency while stimulation in
an area just rostral from the IO evoked
a direct inhibition with a much shorter
latency (Anderson et al’89). This could
be explained by the fact that the cere-
bellar input innervates the dendrites and
the spines while the other projection
would innervate the somata.

A non-cerebellar GABAergic pro-
jection to the somata indeed could be
derived from nearby regions. Scheibel
and Scheibel (°55) described that the
fibers, which innervated primarily the
olivary somata, entered the IO from the
dorsomedial side and the adjoining reti-
cular formation. It was found in the
present study that a minority of the
GABAergic terminals could be classified
as large granular terminals. Large granu-
lar terminals were never, neither in the
present nor in a previous study (King et
al.,’76; Mizuno et al.’80; Angaut and
Sotelo,’87), found to originate from the
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cerebellum and part of them were appo-
sed to somata. These terminals resem-
bled morphologically serotoninergic ter-
minals (Wiklund et al.’81; King et al,
’84), possibly indicating a coexistence of
GABA and serotonine. This projection
probably takes its origine from the near-
by located nucleus reticularis paragigan-
tocellularis (NPGC) and/or the nucleus
raphe pallidus (NRP), both regions are
known for the coexistence of GABA and
serotonine (Belin et al.’83; Mugnaini
and Oertel,’85; Millhorn et al.’87; Ha-
randi et al,’87) and for their projection
to the IO (Walberg and Dietrichs,’82;
Bishop and Ho,’86).

Taken together these data suggest
that the GABAergic input to the somata
of olivary neurons is partly derived from
a non-cerebellar source, which may in-
clude a combined serotoninergic and
GABAergic input from the NPGC or
NRP, whereas the GABAergic input to
the axon hillock would mainly be de-
rived from the cerebellar nuclei.

b4. Conclusions from morphological
results.

Based upon direct and indirect mor-
phological evidence obtained in the pre-
sent study the following model of the
neuropil in the MAO and PO of the cat
is proposed (see Figure 1). The den-
drites and spines of an olivary neuron
are apposed to other olivary neurones
but never contact other elements of the
own cell. The olivary spines are 1) com-
plex structures comprising a long stalk
and several spine heads, 2) frequently
coupled by gap junctions, 3) always lo-
cated within glomeruli, and 4) derived
from dendrites and sometimes from a-
xons, but rarely from somata. The MAO
and PO are mainly innervated by exci-
tatory terminals from nuclei at the
mesodiencephalic  junction and by
GABAergic afferents from the cere-
bellum. About half of these terminals
end upon glomerular spines, while the
other half terminates mostly on the



shafts of distal dendrites. Most, if not
all, of the dendritic and axonal spines
and shafts are innervated by both affe-
rent systems. In addition, there probably
exists a non-cerebellar GABAergic input
which is directed mainly to the somata,
and a serotoninergic input which is pri-
marily located within the extraglomeru-
lar neuropil. Both Ilatter projections
account for only a small proportion of
the olivary boutons, and both may be
derived from areas in the proximity of
the IO.

d. Functional implications

Several morphological features dis-
tinguish the neuropil of the IO from
other regions of the central nervous
system. The shape of their dendritic
arbor and the morphology of their den-
dritic and axonal spines is unusual, the
combination of an excitatory and inhibi-
tory input to these spines is remarkable.
The total design of the olivary glomeruli,
therefore is unique. These morphological
characteristics have specific functional
implications.

Some of these implications can be
deduced from physiological experimental
studies of the olivo-cerebellar system
and theoretical studies of spines. Several
studies of Llinds and colleages have de-
monstrated that the degree of synchroni-
zation of complex spike activity in cere-
bellar Purkinje cells can be increased in
the medio-lateral direction and to less
extent in the rostro-caudal direction by
applying GABA antagonists to the IO
(Sasaki and Llin4s,’85; Lang et al.,’89) or
by lesioning the central nuclei of the
cerebellum (Llinds, personal communi-
cation). This strongly suggests that the
cerbellar GABAergic terminals located
within the glomeruli next to the gap
junctions are involved in the regulation
of electrotonic coupling. However, since
the present study indicates that the oli-
vary spines receive all both a GABA-
ergic input from the cerebellum and an
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excitatory input from the mesodience-
phalic junction, other or additional
functional implications should be con-
sidered as well.

Segev and Rall ("88) showed in a
computational study based upon the
Hodgkin and Huxley equations of exci-
table membranes (*52) that the effect of
synaptic inhibition can be enhanced in
dendritic spines that are contacted by
both excitatory and inhibitory synapses,
and that this enhanced inhibitory effect
can be extremely sensitive to the timing
between both types of inputs, with a
temporal resolution well below 100 us
(see also Diamond et al.’70; Jack et al,
’75; Koch and Poggio,’83; Segev and
Parnas,’83). These properties hold true
especially for spines of which the spine
heads contain a significant number of
voltage-dependent channels. At present,
it is not known whether the olivary den-
dritic spines have such excitable chan-
nels. However, since it has been shown
that inferior olivary neurons possess a
variety of complex and interacting con-
ductances (Llinds and Yarom,’81a, ’81b
and ’86; Yarom and Llinis,’87), some of
which may occur solely within the den-
drites (high threshold non-inactivating
Ca(2+)-channels), it seems an attractive
and likely working hypothesis that the
spines of olivary dendrites indeed carry
excitable channels. Moreover, several
morphological features of the olivary
neurons support the assumption of exci-
table channels within their spines: 1)
Olivary spines are complex with extre-
mely long and thin spine stalks. These
are thought to be favourable assets for
excitable spines (high input resistance
combined with sufficiently available
synaptic current; Segev and Rall,’88). 2)
Most olivary spines are located at secon-
dary or tertiairy dendrites (part a,
Chapter IV). These are the most likely
candidates for carrying excitable spines
which may function as current boosters
to compensate for the attenuation of the
potential from distal dendritic regions



Fig.1. Diagram (see also cover of this thesis) of the neuropil in the medial accessory and
principal olive (bottom), and its relation with the cerebellum (top) and the mesodience-
phalic junction (left side). The cerebellar cortex contains large Purkinje cells (GABA-
.ergic) and central nuclear cells which are innervated by the climbing fibers and the
collaterals of the olivo-cerebellar fibers, respectively. The excitatory central nuclear
neurons of the cerebellum innervate neurons in the mesodiencephalon, while the
excitatory mesodiencephalic cells and the GABAergic central nuclear cells innervate the
spines (half circles) of the olivary neurons. Most, if not, all spines, i.e. both the dendritic
and axonal spines, and both the spines which’ are linked by gap junctions (small lines
between spines) and those which are not electrotonically coupled, are located within
glomeruli (dotted circles) and are innervated by both mesodiencephalic and cerebellar
terminals (white and black triangles). The olivary somata receive a GABAergic input
from an unknown source (question mark).
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(Shepherd et al.’85; Segev and Rall,’88).
3) Olivary spines are coupled by gap
junctions within glomeruli. This is in line
with the idea that olivary spines contain
excitable channels because the proper-
ties of excitable spines will be enhanced
when they are located in clusters recei-
ving a synchronous synaptic input (Segev
and Rall’86 and ’88). Therefore, it is
attractive to apply the model of Segev
and Rall to the olivary spines. If we do
s0, this may have two implications. First-
ly, it would mean that the inhibitory ce-
rebellar terminals, which contact the
same spines as the excitatory mesodien-
cephalic terminals, are extremely well
positioned to block the olivary firing
induced by the mesodiencephalic input.
Thus, the cerebellar GABAergic input to
the olive is not only strategically located
with respect to the dendritic spines lin-
ked by gap junctions but also with re-
spect to the excitatory (see part a,
Chapter IV) mesodiencephalic terminals

Llinds ("87 and ’89) that olivary cells are
involved in the onset of movements,
most probably modulating the synchroni-
city of motoneuronal firing through the
effect of their climbing fibers on cerebel-
lar output. When movements need to be
performed in a strict time constraint,
such as a reaction movement after an
unexpected event (Gibson and Gellman,
’87) or a respons to a visual stimulus
(Mano et al.,’86 and ’89), specific sets of
olivary cells are synchronously activated
at the onset of the movement (Mano et
al. (°89). The activation of the climbing
fibers subsequently exert a direct effect

‘on a specific set of Purkinje cells (LIi- -

terminating on the same spine. This im-

plies that the same afferent system is
able to uncouple the olivary cells and to
reduce their firing frequency, simulta-
neously. This is in accordance with a
recent study by Yarom and Adan (’88)
which showed, by connecting an analog
simulator with an olivary neuron, that
once induced but intrinsicly maintained
oscillations of electrotonically coupled
olivary neurons can be stopped more
readily when they are disconnected from
each other. A second implication of the
model by Segev and Rall is that the ex-
citation of olivary cells can only be
stopped when the inhibitory cerebellar
terminals are firing within a specific
period of time related to the activity of
the excitatory mesodiencephalic termi-
nals.

The functional significance of the
importance of timing between the cere-
bellar and mesodiencephalic input might
be related to the proposal by Llinas that
the IO functions as a "clock” (see part
e2, Chapter I). It was postulated by
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nis,’85; see also part e4, Chapter I)
and/or a short lasting enhancement of
the simple spike activity in these cells
(Bloedel and Zuo,’89), which would indi-
rectly modulate motoractivity through
the cerebellar nuclei.

The significance of the proposed ti-
ming sensitivity of the olivary spines
could be that an external signal reaching
the olive through an excitatory system
could only be transmitted to the cere-
bellum, and thus lead to the triggering
of a motor response, when it is activated
within a specific time interval related to
the activity in the GABAergic nucleo-
olivary pathway. The timing of events in
this pathway may be one of the essential
tasks of the cerebellar cortex.

In the case of the rostral MAO and
PO (innervating the intermediate and la-
teral cerbellum) both the GABAergic
nucleo-olivary and the excitatory mesodi-
encephalic input are under control of
the cerebellar cortex (see part b,
Chapter I). Given the correct timing,
this system might be able to react to an
external stimulus with a longlasting re-
verberating activity. Proper timing of the
activities in this system would result in
well timed movements. This is supported
by the observation that patients with
lesions of the cerebellum, especially of
the lateral part, do not have an accurate
timing of motoractivity (Ivry et al.,’88).



The timing hypothesis presented
above is mainly based on the morpho-
logy and innervation of the olivary
spines. Since about half of the terminal
boutons in the IO are apposed to the
dendritic shafts and not to the spines
within the glomeruli, it must be explai-
ned why it is legitimate to characterize
the olivary function by the outstanding
properties of the spines. How do the
terminals contacting the spines interact
with the dendritic terminals? According
to the theoretical model presented by
Segev and Rall (*88) the threshold con-
ditions for an action potential at the
spine head membrane are sensitive to
the conductance loading and the distri-
bution of membrane potential along the
dendritic tree (a preexisting dendritic
depolarization reduces the spine stem
current, and lowers the spike threshold
voltage in this way), while the dendritic
and also the somatic depolarizations
themselves can be amplified several ti-
mes by the synaptic input of the spines.
Therefore, it seems clear that the synap-
tic input to the dendritic tree of the
olivary neurons probably does not over-
rule the input of the spines but rather
that the dendritic input, to be effective,
largely depends on the activity of the
synaptic inputs on the spiny appendages.

Another possibility, which is not
mutually exclusive with the one presen-
ted above, is that the spines, especially
when they are excitable (Segev and Rall,
’88), could be instrumental for learning
processes within the IO itself. Diffe-
rences in spine stem resistance (Rall,’74;
Rinzel,’82) and/or spine geometry (Pur-
pura,’74; Fifkova and van Harreveld,77;
Desmond and Levy,’81; Crick,’82; Coss
and Perkel’85) seem to be relevant
variables for controling the effectiveness
of synaptic inputs. However, many stu-
dies of the olivo-cerebellar system
indicated that long term changes occur
at the Purkinje cell spines (see Chapter
I) but evidence for plastic changes as-
sociated with learning processes within
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the IO are not available at present.
Moreover, the presence of a combined
excitatory and inhibitory input to the
olivary spines is a requirement for a
timing sensitive system but may not be
essential for a learning device (Segev
and Rall,’88).

The GABAergic input to the olivary
somata derives its special significance
from its origin from a non-cerebellar
source and from the apposition of its
terminals to the soma without the inter-
mediate somatic spines.

The property of olivary neurons to
fire rhythmically is due to specific
conductances which are distributed diffe-
rentially over the cell membrane of the
soma and the dendrites (Llinds and
Yarom,’81ab). The somatic calcium
spike is the main factor responsible for
generating sustained membrane oscilla-
tions, which form the basis for rhyth-
mical firing in the IO (Llinds and
Yarom,’86; Benardo and Foster,’86;
Yarom and Adan,’87). The neuronal fi-
ring frequency of hyperpolarized cells
will be dominated by a de-inactivation of
the somatic Calcium conductance and
this frequency may be dependent on the
level of hyperpolarization. Therefore, the
main function of the prominent GABA-
ergic input to the olivary somata, may be
to regulate the somatic hyperpolarization
level, and in this way, the excitability
and the oscillatory firing rate. This
would be in line with the findings by
Andersson et al. ("89) who showed, as
mentioned above, that stimulation in an
area just rostral to the IO (the presumed
source of the GABAergic terminals ap-
posed to the somata) exerts a more di-
rect inhibitory control of the excitability
of the olivary neurons than the cere-
bellar GABAergic input. The precise
source and the function of these pre-
sumed non-cerebellar GABAergic fibers
still has to be established.

Taken together, the combined cere-
bellar and mesodiencephalic input to the
olivary spines of neurons in the rostral



MAO and PO may regulate the electro-
tonic coupling between olivary cells and
simultaneously their firing frequency, in
a timing sensitive manner, and provide,
in this way, an instrument for the timing
of the onset of motoneuronal firing. The
GABAergic input to the olivary somata
may have an additional impact upon the
excitability of the olivary cells.

e. General conclusions

1) The combination techniques, WGA-
HRP anterograde tracing with postem-
bedding GABA-immunocytochemistry,
WGA-HRP anterograde tracing with
(3H)leucine anterograde tracing, and
intracellular labeling of HRP with
postembedding GABA-immunocyto-
chemistry can provide new data on the
ultrastructure of the CNS.

2) The dendrites and spines of an
olivary cell in the MAO are apposed to
neuronal elements of other olivary neu-
rones but not to other parts of its own
cellmembrane. The olivary spines are
mainly derived from dendrites, some-
times from axons, but rarely from soma-
ta. Their shape is complex, they are
composed of long stalks carrying several
spine heads. They are located within
glomeruli, and frequently electrotonically
coupled to other spines by gap junctions.
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3) The MAO and PO are mainly
inner-vated by excitatory afferents from
the mesodiencephalic junction and by
GABAergic afferents from the cere-
bellum. About half of the terminals end
upon glomerular spines. The other half
mostly terminates on the shafts of distal
dendrites. All the dendritic and most of
the axonal spines and shafts are inner-
vated by both afferent systems.

4) In addition, one can distinguish a
non-cerebellar GABAergic input which
is directed mainly to the somata of the
olivary neurons, and a possible seroto-
ninergic input which is primarily located
within the extraglomerular neuropil.
Both these projections constitute only a
fraction of the population of olivary
boutons, and both may be derived from
areas located nearby the IO.

5) The combined GABAergic cerebel-
lar and excitatory mesodiencephalic
input innervating the dendritic and pro-
bably also the axonal spines in the MAO
and PO may regulate the electrotonic
coupling between olivary cells and simul-
taneously their firing frequency, in a
timing sensitive manner, and provide, in
this way, an instrument for the timing of
a motor response. The GABAergic input
to the olivary somata may have an addi-
tional impact upon the excitability of the
olivary cells.
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SUMMARY

The inferior olive (I0) is the source of the climbing fibres innervating the
Purkinje cells of the cerebellum. The function of the IO is characterized by its
exceptional synchronizing and electrical properties and by the way in which these
properties are influenced by its afferent systems (reviewed in Chapter I). In this
thesis the cerebellar and mesodiencephalic innervation of the rostral medial accessory
olive (MAO) and principal olive (PO) of the cat are described. Three ultrastructural
combination techniques were developed in order to relate the origin of these synaptic
inputs to the neurotransmitter they contain (Chapter II), to study the interrelations of
the cerebellar and mesodiencephalic system in the IO (Chapter III), and to deter-
mine the termination pattern of afferents upon physiologically and morphologically
identified olivary cells (Chapter IV).

The technique described in Chapter II is a combination of anterograde transport
of wheatgerm agglutinine-conjugated horseradish peroxidase (WGA-HRP) with post-
embedding gamma-aminobutyricacid(GABA)-immunocytochemistry. With this tech-
nique both the HRP reaction product and the GABA immunogold labeling can be
visualized in a single ultrathin section provided that the HRP reaction products are
stabilized with diaminobenzidine-cobalt.

In one group of experiments GABA-immunocytochemistry was performed fol-
lowing an injection of WGA-HRP in the central nuclei of the cerebellum and in a
second group this method was applied following an injection of WGA-HRP which
labeled descending systems from nuclei located at the mesodiencephalic junction. The
results indicated that all cerebellar terminals in the MAO and PO contained GABA
while all mesodiencephalic terminals appeared to be non-GABAergic. The
GABA/WGA-HRP double labeled terminals from the cerebellum generally contai-
ned symmetric synapses and pleiomorphic vesicles while the single WGA-HRP
labeled terminals originating from the mesodiencephalon showed large round to oval
vesicles and asymmetric synapses. In addition two other GABAergic and non-
GABAergic type of terminals were observed almost none of which were WGA-HRP
labeled in the cerebellar or mesodiencephalic experiments. The GABAergic cere-
bellar and the non-GABAergic mesodiencephalic terminals in the IO established
synaptic contact primarily with dendrites and spines but also with cell bodies. The
spines contacted by these terminals were often located in glomeruli and sometimes
found to be coupled by gap junctions. The GABAergic input was found to be most
prominently present on the cell bodies and close to pairs of dendritic structures
coupled by gap junctions. At both neuronal structures the GABAergic input was
more extensive than would be expected from the general distribution of GABAergic
terminals over the neuropil of the IO. A statistical analysis of the results provided
evidence for a separate origin of part of the somatic GABAergic innervation from a
non-cerebellar source, whereas the entire GABAergic input to the dendrites linked
by gap junctions was found to be derived from the cerebellar nuclej. Despite the
strong GABAergic input to the olivary structures mentioned above, the non-
GABAergic input predominates the innervation of the extra- and intraglomerular
neuropil in the MAO. This non-GABAergic input originates primarily in the mesodi-
encephalon.

With regard to the glomeruli, the results showed that one third of both the
GABAergic cerebellar and the non-GABAergic mesodiencephalic terminals were
located within glomeruli. There was no significant difference in this respect between
the oumber of WGA-HRP labeled cerebellar and mesodiencephalic terminals in the
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glomeruli and there was no obvious separation or coexistence of GABAergic and
mesodiencephalic terminals in these synaptic complexes, indicating that the cerebellar
and mesodiencephalic afferent system have a random and equal input to the
glomeruli of the cat IO.

In Chapter III a combination technique is presented which allows labeling of two
different afferents in a single ultrathin section by combining anterograde transport of
tritiated leucine combined with anterograde transport of WGA-HRP in the same
animals. This technique was used to study the mesodiencephalic and cerebellar
afferents of the MAO and PO in the cat and the rat. It was found that at least one
third of the labeled glomeruli contained both mesodiencephalic and cerebellar
terminals. In many of these cases the terminals from both afferent systems contacted
the same dendritic spines.

Chapter 1V describes a study with a technique combining intracellular labeling of
neurons with HRP and postembedding GABA-immunocytochemistry. With this tech-
nique the olivary cells can be physiologically identified and lightmicroscopically
reconstructed (provided that the osmication has been performed in a glucose
solution), and the HRP reaction product and the immunogold labeling can be subse-
quently visualized in the electron microscope in each serial ultrathin section.

The results showed that the structure of dendritic spines of type II olivary neurons
(characterized by dendrites turning back towards the soma) were more complex than
those of type I (characterized by dendrites running away from the soma). However,
the dendritic spines of both cell types were frequently found to have extreme long
stalks and their spine heads were in most, if not all, cases located within glomeruli.
Different dendrites of the same HRP labeled olivary neuron were never observed to
emit spines to the same glomerulus. Following serial reconstruction the spines within
individual glomeruli were found to originate on the average from six different cells.
The vast majority of the spine heads within the glomeruli were contacted by both a
GABAergic and a non-GABAergic terminal.

The axons of type I neurons usually originated from the soma whereas those of
type II were mostly derived from a primary dendrite. The morphology of these axons
was found to be unusual: The axon hillock and initial segment were both rather long
and the hillock was studded with spiny appendages which were located within glome-
ruli together with the dendritic spines of other olivary neurons. Axonal spines of type
IT cells were more numerous and more complex than those of type I. These axonal
spines and the shaft of the axon hillock were primarily innervated by GABAergic
synapses but also by non-GABAergic inputs. All axons acquired a myelin sheath at
the end of the initial segment.

The major conclusions from these results obtained with the various combination
techniques were that the dendritic and axonal spines in the glomeruli of the IO have
a unique morphology, that these spines receive a strong combined GABAergic
cerebellar and non-GABAergic mesodiencephalic input, and that the soma receives a
prominent GABAergic input, a substantial part of which is probably derived from a
non-cerebellar origin. It is proposed in Chapter V that the cerebellar and
mesodiencephalic inputs are involved in regulating the electrotonic coupling between
olivary neurons in a timing sensitive way, while the GABAergic input to the soma
may be an additional instrument in modulating the firing frequency.
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SAMENVATTING

De oliva inferior (IO) is de oorsprong van de klimvezels die de Purkinjecellen van
het cerebellum innerveren. De funktie van de IO wordt gekarakteriseerd door zijn
bijzondere synchronizerende en electrofysiologische eigenschappen en de manier
waarop deze eigenschappen beinvloed worden door de afferente systemen van de
olijf (zie Hoofdstuk I). In dit proefschrift worden de cerebellaire en mesodiencefale
innervatie van de rostrale mediale bijolijf (MAO) en de hoofdolijf (PO) van de kat
beschreven. Drie nieuwe ultrastructurele combinatietechnieken werden ontwikkeld:
de eerste maakt het mogelijk om tegelijkertijd de oorsprong en de neurotransmitter
in eindigingen te kunnen bepalen (Hoofdstuk II), met de tweede methode kan de
ruimtelijke verdeling van de cerebellaire en mesodiencefale input met elkaar worden
vergeleken (Hoofdstuk III), en met de derde methode kunnen de afferente verbin-
dingen van fysiologisch en morfologisch geidentificeerde olijfcellen worden
onderzocht (Hoofdstuk IV).

De techniek zoals beschreven in Hoofdstuk II bestaat uit een combinatie van
anterograad transport van mierikswortel peroxidase gebonden aan agglutinine (WGA-
HRP) en postembedding gamma-aminobutyrinezuur(GABA)-immunocytochemie. Met
deze techniek kunnen zowel het reactieprodukt van het WGA-HRP als de
immunogoud-labeling van het GABA gevisualizeerd worden in een enkele ultradunne
coupe. Dit kan alleen als het HRP reactie produkt gestabilizeerd is met diamino-
benzidine-cobalt.

In één groep van experimenten werd GABA-immunocytochemie uitgevoerd na
een injectiec van WGA-HRP in de centrale kernen van het cerebellum en in een
tweede groep na een injectie van WGA-HRP in het mesodiencefalon. De resultaten
gaven aan dat alle cerebellaire eindigingen in de MAO en PO GABA bevatten,
terwijl alle mesodiencefale eindigingen niet-GABAerg bleken te zijn. De
GABA/WGA-HRP dubbel gelabelde eindigingen van het cerebellum waren in het
algemeen voorzien van symmetrische synapsen en zij bevatten pleiomorfe synaptische
blaasjes terwijl de uitsluitend met WGA-HRP gelabelde, mesodiencefale eindigingen
grote, ronde tot ovale blaasjes bevatten-en voorzien waren van asymmetrische
synapsen. Daarnaast werden nog twee andere typen GABAerge en niet-GABAerge
eindigingen waargenomen, waarvan er vrijwel geen met WGA-HRP gelabeld kon
worden na injecties in het cerebellum of de mesodiencefale overgang. De GABAerge
eindigingen uit het cerebellum en de niet-GABAerge eindigingen uit het mesodien-
cefalon in de IO maakten voornamelijk synaptisch kontakt met dendrieten en spines,
maar in enkele gevallen ook met cellichamen. De spines die door deze afferente
systemen geinnerveerd werden waren vaak gelokaliseerd in glomeruli en soms bleek
dat ze onderling verbonden waren door gap junctions. De GABAerge input was
vooral prominent aanwezig op de cellichamen en bij dendrietparen die gekoppeld
waren door gap-junctions. Voor beide neuronale structuren gold dat de GABAerge
input sterker was dan verwacht kon worden op grond van de algemene verdeling van
GABAerge eindigingen over de neuropil van de olijf. Statistische analyse van de
resultaten toonde aan dat een gedeelte van de GABAerge innervatie van de celli-
chamen afkomstig is van buiten het cerebellum, terwijl de GABAerge input voor de
dendrieten, die gekoppeld zijn door gap-junctions, afkomstig is van de cerebellaire
kernen.

Ondanks de sterke GABAerge input naar bovengenoemde structuren bleek dat de
niet-GABAerge input toch overheerst in het extra- en intraglomerulaire neuropil.
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Deze niet-GABAerge input komt waarschijnlijk voor het grootste gedeelte uit het
mesodiencefalon.

Met betrekking tot de innervatie van de glomeruli werd gevonden dat ongeveer
een derde van de cerebellaire en de mesodiencefale eindigingen gelokaliseerd waren
in glomeruli. Er bestond geen signifikant verschil tussen het aantal WGA-HRP
gelabelde cerebellaire and mesodiencefale eindigingen in de glomeruli. Een scheiding
of coexistentie van GABAerge en mesodiencefale eindigingen in deze synaptische
complexen kon niet worden vastgesteld.

In Hoofdstuk III wordt een techniek beschreven waarin anterograad transport van
getritieerd leucine wordt gecombineerd met anterograad transport van WGA-HRP.
Deze techniek maakt het mogelijk dat twee verschillende afferente systemen gelabeld
worden in een enkele ultradunne coupe, en werd gebruikt om de mesodiencefale en
cerebellaire afferenten in de MAO en PO bij de kat en de rat te bestuderen. Er
werd gevonden dat op zijn minst een derde van de gelabelde glomeruli zowel
geinnerveerd werd door mesodiencefale als door cerebellaire eindigingen. In veel van
deze gevallen maakten beide afferente systemen kontakt met dezelfde spines.

Hoofdstuk IV beschrijft een studie die uitgevoerd is met een combinatietechniek
van intracellulaire labeling van zenuwcellen met HRP met postembedding GABA-
immunocytochemie. Met deze techniek kunnen olijfcellen fysiologisch geidentificeerd
en licht microscopisch gereconstrueerd worden (indien de osmificatie is gebeurd in
een glucose oplossing), en kan het HRP reactieprodukt in de cel en de immunogoud-
labeling van de GABAerge eindigingen gelijktijdig zichtbaar worden gemaakt onder
de electronen microscoop, in iedere ultradunne serie-coupe.

De resultaten toonden aan dat de spines van de dendrieten van type II cellen
(gekarakteriseerd door dendrieten die terugkrullen naar het cellichaam toe)
doorgaans complexer gebouwd waren dan die van type I (gekarakteriseerd door
dendrieten die weg lopen van het soma). De spines van beide typen cellen bleken
voorzien te zijn van extreem lange steeltjes, en hun kopjes waren in de meeste, zo
niet alle, gevallen gelokaliseerd in glomeruli. Verschillende dendrieten van dezelfde
met HRP gelabelde cel gaven nooit spines af aan dezelfde glomerulus. Na recon-
structie van serie-coupes bleek dat een enkele glomerulus gemiddeld zes spines bevat,
afkomstig van gemiddeld zes verschillende neuronen. De overgrote meerderheid van
de spines werd zowel door een GABAerge als een niet-GABAerge eindiging geinner-
veerd.

De axonen van de olijf type I cellen stammen meestal af van het soma, terwijl die
van type II doorgaans aan een primaire dendriet ontspringen. De structuur van deze
axonen vertoonde een aantal bijzonderheden: de axonheuvel en het initiéle segment
bleken beiden lang te zijn en de axonheuvel gaf bovendien oorsprong aan een aantal
spines. Deze axonale spines maken tesamen met spines afkomstig van dendriten van
andere neuronen deel uit van glomeruli. De axonale spines van cell type II waren
groter in aantal en complexer van vorm dan die afkomstig van type I cellen. De
axonale spines en de schacht van het axon werden voornamelijk geinnerveerd door
GABAerge eindigingen maar ook door niet GABAerge eindigingen. Alle axonen
kregen een mergschede aan het einde van het initiéle segment.

De belangrijkste resultaten die werden verkregen met de drie combinatie-
technieken zijn: de unieke morfologie van de spines van de dendrieten en axonen van
de olijfcellen, de gecombineerde GABAerge cerebellaire en excitatoire mesodience-
fale innervatie van deze spines, en dat de GABAerge innervatie van het cellichaam
waarschijnlijk voor een belangrijk gedeelte van niet-cerebellaire oorsprong is. In
Hoofdstuk V wordt de hypothese naar voren gebracht dat de cerebellaire en mesodi-
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encefale innervatie van de spines de electrotone koppeling van olijfcellen reguleert,
dat deze regulatie afhankelijk is van de timing van de aktiviteit in beide systemen, en
dat de GABAerge innervatie van het cellichaam een modulerende invioed heeft op
de oscillatie en de vuurfrequentie van olijfcellen.
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