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Summary. Boutons presumed to use p-aminobutyric acid
as neurotransmitter (GABAergic boutons) were detected
by glutamate decarboxylase (GAD) immunocytochemistry
in all regions of the rat inferior olive. The remarkably high
concentration of these boutons allowed a clear visualization
of olivary subnuclei boundaries. Regional variations in
GAD immunostaining intensity were observed within the
nuclear complex and were graded both visually and photo-
metrically. The regional staining variations, for the most
part, followed subnuclei boundaries and olivary zonal com-
partments that have been delineated by the topography of
climbing fiber projections. Some subnuclei were grouped
by similar staining intensities. The beta nucleus and a me-
dial region in the ventral fold of the dorsal accessory olive
were most intensely immunostained, followed by the subnu-
cleus ¢ of the medial accessory olive. Lower staining intensi-
ties were observed in the dorsomedial cell column, the dor-
sal fold of the dorsal accessory olive and the dorsal cap.
The lowest intensities were observed in the subnuclei a and
b of the medial accessory olive, the ventrolateral outgrowth,
the rostral lamella of the medial accessory olive, the princi-
pal olive, and the lateral part of the ventral fold of the
dorsal accessory olive. The factors contributing to the varia-
tions in immunostaining intensity (bouton size and fre-
quency of occurrence) were investigated. The largest bou-
tons were observed in the beta nucleus. Intermediate sized
boutons were observed in the dorsomedial cell column, dor-
sal cap and the dorsal fold of the dorsal accessory olive.
The smallest boutons were present in the remaining regions
of the inferior olive, including the principal olive, the rostral
lamella of the medial accessory olive, and the ventral fold
of the dorsal accessory olive. The medial region of the dor-
sal accessory olive ventral fold contained a higher density
of GABAergic boutons than other regions. GABAergic
bouton size and innervation density therefore largely ac-
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counted for the variations in GAD immunostaining intensi-
ty. This study provides a map of the rat inferior olive based
on the distribution of GABAergic nerve terminals, and may
serve as a basis for characterizing different GABAergic af-
ferent systems in the inferior olive.

Key words: Rat — Inferior olive — GABA — Glutamate de-
carboxylase — Cerebellar circuitry

Introduction

The inferior olive (I0) is a nuclear complex which is present
in all vertebrates, albeit in varying form (Whitworth and
Haines 1986). Among all precerebellar nuclei, it is the only
one that provides afferents to the entire cerebellum (Camp-
bell and Armstrong 1983 a). The IO is the major and prob-
ably the only source of climbing fiber afferents (Courville
and Faraco-Cantin 1978; Desclin 1974; Szentagothai and
Rajkovitz 1959). Climbing fiber activation produces a direct
excitation of the Purkinje cell, bypassing the granule cell
linkage used by the mossy fiber system (Eccles et al. 1967;
Ito 1984). Unlike climbing fibers, the mossy fibers originate
from a large number of brainstem and spinal cord sources
(reviewed by Bloedel and Courville 1981). Although climb-
ing fibers are pancerebellar, the 10 receives afferents from
about twenty neural centers. These projections terminate
in distinct, although largely overlapping, regions of the 1O
(Brown et al. 1977; Swenson and Castro 1983; Walberg
1956, 1960; review of Martin et al. 1980). Their transmitter
substances and effects on olivary activity have only partly
been explored.

Some years ago, glutamate decarboxylase (GAD, EC
4.1.1.15), the synthetic enzyme for the amino acid neu-
rotransmitter gamma-aminobutyric acid (GABA), was pur-
ified and antibodies were produced against it (Oertel et al.
1981a; Wuet al. 1973; Wu 1976). It therefore became possi-
ble to localize presumed GABAergic elements in brain with
immunocytochemical procedures (McLaughlin et al. 1974;
Mugnaini and Oertel 1985; Oertel et al. 1981 b, 1982, 1983;
Roberts 1979; Saito et al. 1974; Wood et al. 1976). Immun-
ocytochemistry detects GAD exclusively in neurons pre-
sumed to be GABAergic and inhibitory (review of Krnjevié
1976; Mugnaini and Oertel 1985). This conclusion has re-
cently been strengthened by the corresponding localization
of immunoreactivity to antibodies produced against
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GABA-glutaraldehyde conjugates (reviewed by Ottersen
and Storm-Mathisen 1987). It is possible, therefore, to relia-
bly explore GABAergic projections to the 10 with the pur-
pose of morphologically distinguishing its inhibitory inputs.

During extensive immunocytochemical studies on the
mode of distribution of brain GAD in mammals (Mugnaini
et al. 1982; Mugnaini and Oertel 1985), we became im-
pressed by the regional variations in immunostaining and
by the high density of GABAergic axon terminals in the
entire IO complex. (See also Gotow and Sotelo 1987; Sotelo
et al. 1986). This mode of distribution contrasts with the
discontinuous distribution of other neurochemical sub-
stances associated with olivary afferents (see Marani 1986
and Paré et al. 1987 for references). Projections from the
IO to the cerebellar cortex and to the cerebellar nuclei are
topographically organized, and connected regions of the
cerebellar cortex, the IO and the cerebellar nuclei have been
thought of as representing separate functional units (re-
viewed by Voogd and Bigaré 1980). Variations in GAD
immunostaining intensity may correspond to differences in
the amount of GABA synthesized and released at the syn-
apse. Yet, since GABAergic boutons are present through-
out the entire IO, GABA may have a universal role in
modulating the activity of climbing fibers. Therefore, a de-
tailed study of the GABAergic innervation of the inferior
olivary complex seemed compelling.

In this paper we will describe the GABAergic innerva-
tion of the IO in rat. This laboratory animal is widely used
in neuroanatomy, and lends itself to experimental studies
requiring a large number of specimens. The comparative
aspects and the origins of the GABAergic innervation of
the IO will be presented in subsequent publications. Some
of the results have been published in abstract and review
form (Mugnaini et al. 1982; Nelson et al. 1984, 1986; Nel-
son and Mugnaini 1985, 1988) and have been presented
in an unpublished overview lecture (Soc. Neuroscience,
Dallas 1985).

Materials and methods

The results were obtained from sixteen adult Sprague-Daw-
ley rats, weighing 150-300 g. Under deep pentobarbital an-
esthesia, the rats were perfused transcardially with a saline
vascular rinse, followed by a zinc-aldehyde fixative, pH 4.5
(Mugnaini and Dahl 1983). This fixation procedure pro-
duces optimal immunostaining of axonal boutons. After
fixation, the brains were dissected out, cryoprotected in a
30% sucrose and 0.9% NaCl solution, and sectioned at
the 20-25 pum setting on a freezing microtome.

The brainstems of 9 rats were cut coronally, and sec-
tions through the IO were collected for immunostaining
at intervals of 100 um. In four of these rats, adjacent sec-
tions were processed for Nissl staining with cresyl violet.
The brainstems of 2 additional rats were also cut coronally,
but in one case every section was immunostained, and in
the other case alternate sections were Nissl stained or im-
munostained, thereby providing two complete coronal se-
ries of sections through the IO. The brainstems of 2 rats
were cut in the horizontal plane, and every section through
the dorso-ventral extent of the IO was immunostained.
Three complete sagittal series were collected through the
medial-lateral extent of the IO. Two of these series were
immunostained for GAD, and one series was stained with
cresyl violet.

Immunostaining procedure

Floating sections were immunoreacted for GAD visualiza-
tion with a sheep antiserum raised against rat GAD pro-
duced by Oertel et al. (1981 a). Tris-HCI1 (0.5 M and pH 7.6)
was used throughout the procedure as a diluent of the im-
munoreagents and as a rinsing solution. Sections were incu-
bated for one hour at room temperature in a blocking solu-
tion of 5% normal rabbit serum (Miles Scientific) and
0.25% Triton X-100. The sections were then directly trans-
ferred to a solution containing the GAD antiserum diluted
1:2000 and 1% normal rabbit serum, and incubated for
48-72 h at 4° C with continuous gentle agitation. After
thorough rinsing in several changes of buffer for one hour,
the sections were post-fixed for 15 min in 0.125% glutaral-
dehyde in buffer. After rinsing, the sections were incubated
for 40 min at room temperature in a linking antiserum (rab-
bit anti-sheep [gG, Miles Scientific) diluted 1:50, rinsed
for 30 min in buffer, and incubated for another 40 min in
goat PAP (Sternberger-Meyer Immunocytochemicals) di-
[uted 1:100. The linking antiserum and PAP solutions con-
tained 1% normal rabbit serum. After rinsing in several
changes of buffer for 30 min, incubation in the linking and
PAP antisera was repeated (Ordronneau et al. 1981). DAB
(0.05% in a 0.01% hydrogen peroxide solution) was used
as chromogen. The sections were mounted in glycerol-phos-
phate buffer (3:1) medium, or were dry mounted in Per-
mount (Fisher Scientific) for light microscopic analysis.

A series of sections from the 10 of one rat was processed
for semi-thin sectioning. The sections were immunoreacted
following the procedure described above, with the modifica-
tion that 0.025% Triton X-100 was added to the primary
antibody solution. After immunostaining, sections were
rinsed for one hour in three changes of 0.12 M phosphate
buffer (pH 7.3) and fixed for 30 min in chilled 1% osmium
tetroxide in 0.12 M phosphate buffer. After dehydration
in a series of ethanols, sections were embedded in an Epon/
TAAB resin mixture. Semi-thin sections, 2 pm thick, were
obtained on an ultramicrotome, mounted on glass slides
and coverslipped with embedding resin.

Analysis of immunostaining

Three methods were used to analyze GAD immunostaining
of the rat IO:

1) Visual inspection. A drawing tube attached to a light
microscope was used to trace the subdivision boundaries
of the IO in Nissl stained and GAD-immunostained serial
sections. Direct inspection in the light microscope was used
to judge regional differences in GAD immunostaining in-
tensity in the JO. These data are presented as a series of
light photomicrographs of the IO (Figs. 1-6). Regional
staining intensities were visually scored on a scale of 1 to
5, where 1 indicates the lowest intensity of staining.

2) Photometry. Values of immunostaining intensity were
obtained with the light meter of a Nikon Microphot FX
microscope and expressed as exposure time in seconds. (For
use of this procedure in immunocytochemistry, see Taka-
hashi et al. 1987.) The spot used to measure exposure time
had a 20 um diameter (1% of the total objective viewing
field). Measurements were made at 80X total magnification
with ASA setting of 12. The spot meter was positioned



over areas of the neuropil which lacked capillaries and large
axon bundles. In order to compare exposure times obtained
from different animals and different sections of the same
animal, exposure times obtained in the immunonegative
pyramidal tract were subtracted from the readings obtained
in the IO. Five values from each region were averaged and
are presented in Table 1. In order to facilitate comparisons
among individuals, each mean exposure time was also ex-
pressed as a percent of the value obtained from the beta
nucleus, since this was the most intensely stained region
of the I0. These percent values were averaged across three
individuals, and are illustrated in Fig. 7.

Some variation in photometrically determined intensity
occurred in corresponding regions of different animals, pre-
sumably because the intensity of immunoreaction is affected
by variables such as penetration of immunoreagents and
actual section thickness. Therefore, when measurements rel-
evant to site comparisons were made either in different sec-
tions from a single animal or in sections from different
animals, sections were chosen that had similar background
values.

3) Analysis of individual boutons. Plastic embedded GAD-
immunostained sections, 2 um thick, were used to analyze
the individual sizes and the density of GABAergic boutons
in various regions of the rat IO. Sections were photo-
graphed with a 100X, oil immersion objective lens. Photo-
graphs of eleven different regions of the IO were printed
to a final magnification of 1880X. This method gave sharp
images of bouton-like particles.

A magnifier with a micrometer scale was used to mea-
sure the long and short diameters of 30 immunostained
puncta in each region. Only particles that appeared to be
in focus and non-contiguous with other puncta were in-
cluded in the study. The diameters were then converted
to actual scale. Since the shapes of the puncta varied, the
product of the long and short diameters was used as an
approximate measure of “bouton area”. The areas of
30 bouton-like particles were averaged for each region to
obtain a “mean bouton area’ and corresponding standard
deviation. In order to identify which olivary regions con-
tained puncta of unique sizes, a multiple comparison of
mean bouton areas for eleven olivary regions was per-
formed with the Ryan-Einot-Gabriel-Welsch multiple range
test. All statistical analyses were performed with Statistical
Analysis System software (SAS Institute Inc., Cary, North
Carolina) on an IBM 370 computer.

The frequency of occurrence, or density, of GAD-posi-
tive puncta was determined for eleven regions in the IO.
Density was obtained by counting puncta in a 400 ym?
area, and six measures were averaged per region to obtain
the mean bouton density per unit area of a region.

Results

Parcellation of 10

The mammalian IO is a bilateral structure consisting of
rostro-caudally elongated regions of gray matter that are
folded and stacked dorso-ventrally and partly separated by
thin sheaths of white matter. The complex is customarily
subdivided into the principal olive (PO), the medial accesso-
ry olive (MAO), and the dorsal accessory olive (DAO).
In the following description the detailed parcellations of
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the rat IO provided by Gwyn et al. (1977), McGrane et al.
(1977), and Azizi and Woodward (1987) are used for refer-
ence, although we have found it necessary to introduce
some modifications, based on our own observations.

In rat, the PO consists of a cell group which, in its
central region, separates into two lamellae, a dorsal lamella
and a ventral lamella, that are joined ventrolaterally. Azizi
and Woodward (1987) describe the MAO as consisting of
three lamellae: the caudally located horizontal lamella, the
rostral lamella, and the vertical lamella. The horizontal la-
mella of the MAO consists of subnuclei a and b, situated
from lateral to medial, respectively. The b subnucleus forms
the caudal pole of the 10. The rostral lamella of the MAO
is composed of a single boomerang-shaped nucleus that
is described by Azizi and Woodward as the rostral extension
of subnuclei b and c. The vertical lamella of the MAO
consists of the following subnuclei: the dorso-medially lo-
cated beta nucleus; the dorsal cap, which is positioned dor-
sal to the caudal three-fourths of beta; the ventrolateral
outgrowth, a rostro-medial extension of the dorsal cap;
and the dorsomedial cell column. The vertical lamella also
includes part of the subnucleus ¢, considered by most inves-
tigators to be situated ventral to the beta nucleus. Gwyn
etal. (1977) note that the dorsomedial cell column fuses
with the ventral lamella of the PO caudally and with the
tip of the DAO rostrally, where it constitutes with the latter
the rostral pole of the I0. The prominent rat DAO consists
of a caudally extending dorsal region and a rostrally located
ventral region, which are joined laterally at about the mid-
olivary level. These regions are referred to as the “dorsal
fold” and the “ventral fold” by McGrane etal. (1977),
and these terms are adopted in our description.

In our analysis of Nissl stained and immunostained ma-
terial, we present evidence that the above parcellation of
the rat IO may need some modifications with respect to
the dorsomedial cell column, the subnucleus ¢ of the MAO,
and the subnuclei which form the rostral pole of the I0O.
We observe that the dorsomedial cell column is restricted
to the central region of the 10, between about 1200 um
and 1600 um from the caudal pole of the 10 (Fig. 3,
1344 pm and 1440 um; Fig. 5b, c). We also observe in serial
sections that the rat dorsomedial cell column fuses caudally
with the ventral lamella of the PO, whereas rostrally it does
not fuse with any other subnucleus of the 10. It terminates
far less rostrally than previously established (Gwyn et al.
1977), and therefore does not extend to the rostral pole
of the 10. By this restriction, the rostral extent of the 10
becomes the exclusive domain of the PO and the DAO,
the latter constituting the rostral pole proper (Fig. 5¢, d).
These boundaries of the dorsomedial cell column agree with
descriptions provided by McGrane et al. (1977) and Ber-
nard (1987). Gwyn describes the rostral part of the dorso-
medial cell column as fused with the ventral lamella of the
PO. McGrane and coworkers and Bernard distinguish this
region from the dorsomedial cell column by calling it the
dorsomedial cell group. It is located lateral to the dorsome-
dial cell column, and is considered by Bernard to be a part
of the ventral lamella of the PO. Likewise, we include this
region with the ventral lamella of the PO. The rostral part
of the ¢ subnucleus of the MAO is described by Gwyn
et al. (1977) and Azizi and Woodward (1987) as occupying
a location ventral to beta, but caudally extending further
than beta. Azizi and Woodward (1987) present evidence
that the rostral part of the ¢ subnucleus has the same affer-
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ent and efferent connections as the beta nucleus. We distin-
guish the areas described by Gwyn and coworkers and Azizi
and Woodward as the caudal extension of ¢ from the rostral
part of c. The caudally located subnucleus is not only cy-
toarchitecturally continuous with beta, but also has the
same GAD immunostaining pattern as beta. Therefore, we
consider this region as a caudal extension of the beta nucle-
us (Figs. 1, 4). Bernard (1987) also describes the beta nucle-
us as extending more caudally than described by Gwyn.
The region recognized by Azizi and Woodward as the ros-
tral part of ¢ is considered here as the entire subnucleus
¢ of the MAO (Fig. 4).

Immunocytochemistry

The entire rat IO contains GAD immunoreactive puncta,
interpreted as axonal boutons, that occur as isolated or
clustered entities and as varicosities of small diameter fiber
branches. Most of these puncta are located in the neuropil,
but some appear to be closely apposed to olivary cell bodies,
and in some cases, outline these GAD-negative somata
(Fig. 10). The GAD-positive innervation is dense, although
somewhat variable, in all olivary subnuclei. The subnuclei
of the 10 stand out clearly from the neighboring reticular
formation, which contains a lower density of immunoreac-
tive puncta. However, the neuropil of the entire raphe palli-
dus, located medial and ventral to the 10, is also densely
innervated, but is clearly distinguishable from the olive be-
cause of its position and relation to the pyramidal tract.
The immunocytochemical protocol employed in this study
exclusively stains GABAergic boutons, and therefore, no
GAD-positive somata were apparent in the 1O. A subse-
quent paper, based on different protocols specifically de-
signed for cell body staining, will describe the occurrence
of a small number of GABAergic neurons in the mamma-
lian IO.

Coronal sections. In order to provide a subjectively deter-
mined quantitative description of GAD immunostaining
throughout the 10, values ranging from 1 to 5 were assigned
to individual olivary regions, according to the visually per-
ceived staining intensities of the regions. Intensity scoring
was performed directly from microscopic observation, and
it must be noted that variations in staining intensity are
substantially degraded in low magnification photographs.
The following description refers to the coronally cut sec-
tions illustrated in Figs. 1-3, which are denoted by their
distance, in micrometers, from the caudal pole of the IO.
The length of the IO varies in rats of different sizes, and
therefore these distances apply specifically to the illustra-
tions obtained from a 180 g rat.

The subnucleus which forms the caudal tip of the 10,
labelled subnucleus b of the MAOQ, stains with an intensity
of 2 (Fig. 1, 100 pm). Rostrally, the b subnucleus is joined
laterally to the subnucleus a of the MAO at 250 um (Fig. 1,
280 um). Medial to the b subnucleus, the caudal tip of beta
forms at about 300 pm (Fig. 1, 280 um and 380 pm). At
a more rostral level (Fig. 2, 560 pm), four discrete areas
of different staining intensities are present. Proceeding from
lateral to medial, an area corresponding to subnucleus a
of the MAO is stained with intensity 3 and is contiguous
to an area rated 1, corresponding to subnucleus b of the
MAO. This area extends toward the midline in a narrow
band which may be part of subnucleus ¢ of the MAO.
Above this area is a dense region, rated 5, that contains

predominantly large and heavily stained puncta, and is in-
terpreted as the beta nucleus. Dorsal to the beta nucleus
is the fourth area, rated 4, which clearly corresponds to
the dorsal cap (Fig. 4, a and d). At level 1052 pm, the ros-
trolateral extension of the dorsal cap, the ventrolateral out-
growth, is rated 3. It is contiguous with the rostral part
of beta, but is distinguished from it by a lower staining
intensity and smaller sized puncta. The beta nucleus main-
tains the same immunostaining features as in its caudal
part. The MAQ can be separated here into a medial region,
interpreted as the ¢ subnucleus, that is ventral to beta and
stains with intensity 4, and a lateral region rated 3 (Fig. 4).
This lateral region is part of the rostral lamella of the MAO,
as evident in the horizontal plane in Fig. Sc, d. Staining
within the PO is also rated 3. The two folds of the DAO
are also present at this level. The dorsal fold stains with
intensity 1 at its middle, but is rated 3 to 4 at its medial
and lateral ends. The ventral fold of the DAQO, which later-
ally joins the dorsal fold, stains with an intensity of 2. At
level 1152 um few changes are observed. The ventral fold
of the DAO stains with an intensity of 3, except at its
medial end where it joins with the PO and is rated 5. This
dense area of staining is also observed at more rostral levels
of the IO (Fig. 3, levels 1344 um and 1440 pum) where it
becomes more extensive. The boutons in this region of the
ventral fold of the DAO are very densely packed, and this
contributes to the intense staining. The rostral edge of the
dorsal foid is barely discernible at this level. The rostral
lamella of the MAOQ, the ventrolateral outgrowth and the
PO retain the same staining characteristics. Beta separates
from the rest of the MAO, and becomes more sparsely
innervated, but it contains densely stained boutons of the
same size as at caudal levels. The spatial relations described
above for the medially located subnuclei in Fig. 2 are shown
at higher magnification in the GAD immunostained (a, b,
and ¢) and corresponding Nissl stained (d, ¢, and f) sections
of Fig. 4. Between level 1152 pm and 1344 um is the transi-
tional zone of Azizi and Woodward (1987), that will be
described below in horizontal sections (see Fig. 5a, arrow).
At level 1344 pm, the most medial area is interpreted as
the dorsomedial cell column, which extends medially from
the ventral lamella of the PO. The dorsomedial cell column
contains large GAD-immunoreactive puncta that produce
a staining intensity of 3. This immunostaining is considera-
bly different from that of the beta nucleus, rated 5, that
ends caudal to this level. The rostral lamella of the MAO
is rated 3, as in level 1152 um. The PO is divided into its
two lamellac. The dorsal lamella and the medial portion
of the ventral lamella are rated 3. The remaining part of
the ventral lamella appears sparsely innervated (intensity 1)
due to traversing bundles of immunonegative axons. The
dorsal fold of the DAO stains with intensity 3, except in
the previously described medial region, rated 5, that joins
the PO. At 1440 pm, the dorsomedial cell column is dis-
tinctly separate from other subnuclei of the 10. The other
regions retain the previously described characteristics, with
the exception of the ventral lamella of the PO, which is
fully represented and stains with intensity 2, as does the
dorsal lamella. At level 2018 um, the dorsomedial cell col-
umn is no longer present. No changes are observed in the
staining intensities of the rostral lamella of the MAO, the
PO, and dorsal fold of the DAQ. The rostral pole of the
IO is not illustrated in the coronal plane, because it is best
evident in horizontal sections.



Fig. 1. GAD immunostaining in caudal regions of the rat IO in coronal sections. Distance from the caudal pole of the IO is indicated
in the lower-left corner of each photomicrograph. The caudal poles of the beta nucleus and the subnucleus a of the MAO form
near level 280 pm
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1152 um

Fig. 2. (For legend see p. 115)



2018 um

Figs. 2, 3. GAD immunostaining of the rat 10 in coronal sections. The entire rat 10 is heavily innervated by GAD-positive boutons
but regional variations in staining intensity are apparent. The surrounding reticular formation contains a lower density of GABAergic
boutons, and the pyramidal tract is GAD-negative. Distance in microns from the caudal pole of the IO is shown in the lower left
corner of each photomicrograph
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Fig. 4A-F. Rostral aspects of the beta nucleus, and its relation to the subnucleus ¢ of the MAO and the ventrolateral outgrowth
in coronal sections. A-C GAD immunostaining clearly defines the boundaries of the medial subnuclei. D-F Nissl stained sections
at levels corresponding to the sections in A—C illustrate the subdivision of this region suggested by GAD immunocytochemistry

Horizontal sections. Sections cut in the horizontal plane
clearty show the rostro-caudal extent of the subnuclei, and
help to indicate where some subnuclei can be further subdi-
vided by discontinuities in GAD immunostaining patterns.
In Fig. 5, four horizontal sections are depicted in dorsal
(a) to ventral (d) order with the caudal aspect towards the

reader. The 10 on both sides of the brainstem midline is
illustrated, but the symmetry is imperfect due to a slight
tilt in the horizontal plane. The most dorsal section clearly
shows the transitional zone of Azizi and Woodward (1987)
(Fig. 5a, arrow). This zone separates the DAO into the
caudally located dorsal fold and the rostrally located ven-
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Fig. 5A-D. GAD immunostained horizontal sections through rat I0. Four levels, labelled A-D, are arranged in dorsal to ventral
order. The caudal aspect of the IO points towards the bottom of the page. Arrow in A indicates the transitional zone of Azizi and
Woodward (1987). Asterisk shows ventrolateral outgrowth in B, and dorsomedial cell column in C

tral fold. The intensity of GAD immunostaining clearly
differs in these two parts of the DAO. The dorsal fold
is sectioned through 1ts medial region, and is stained less
mtensely for GAD than all parts of the ventral fold. The
caudal end of the ventral fold contains the densely stained
region that is visible medially in the coronal plane (Figs. 2,
3, levels 1152 um to 1440 pm), whereas the remainder of
the ventral fold is stained with the same intensity as the

PO. In this plane, the PO is present rostral to the transition-
al zone. The ventral lamella is the most medially located
region, and is joined with the dorsal fold of the DAO at
the rostral end of this section. The dorsal lamella is sur-
rounded medially by the ventral lamella and laterally by
the ventral fold of the DAO. At the transitional zone, the
beta nucleus and the centrally located dorsomedial cell col-
umn appear markedly separated by white matter. The entire
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rostro-caudal extent of beta is evident by virtue of its ex-
tremely intense immunostaining. Contiguous with beta lat-
erally is the less intensely stained ventrolateral outgrowth.
At a more ventral level (Fig. 5b), only the caudal tip of
beta is present. The rostral tip of beta (asterisk) is also
seen on the left side of the brainstem with the ventrolateral
outgrowth located lateral to it. A large area ventral to beta
is more intensely stained medially than laterally. The lateral,
weakly stained area is interpreted as the b subnucleus of
the MAO, and the more intensely stained medial region
as the ¢ subnucleus. The dorsal fold of the DAO is stained
more intensely than in dorsal sections, as the lateral part
of this subnucleus is now visible. The PO is separated into
the medially located ventral lamella, and the more laterally
located dorsal lamella. On the right side of the brainstem,
the junction of the dorsal lamella of the PO and the ventral
fold of the DAO is visible, and is intensely stained for GAD.
The main body of the dorsomedial cell column is bisected
by the brainstem midline. In Fig. 5¢, the subnucleus ¢ of
the MAO is clearly continuous with the relatively pale b
subnucleus, but is separated from the rostral lamella of
the MAO. On the right side of the brainstem, the b subnu-
cleus fuses with the rostral lamella of the MAO. The ventral
tip of the dorsomedial cell column (asterisk) is visible at
the midline, between the two sides of the rostral lamella,
of MAO, and maintains the same staining intensity as at
dorsal levels. At this ventral level, the densely stained me-
dial region of the DAO ventral fold is not present in the
section, because the DAO and the PO extend ventrolater-
ally. No substantial changes occur in the staining of these
subnuclei. In Fig. 5d, the caudal pole of the 10 is visible
and is formed by a relatively densely stained region of sub-
nucleus b. About 250 um rostral to the caudal tip of the
10, the subnucleus a forms lateral to the subnucleus b,
and is continuous rostrally with the rostral lamella of the
MAO. (See also Fig. 1.) The lateral region of the DAO
dorsal fold remains separate from the less intensely stained
ventral fold. On the right side of the brainstem, the ventral
and dorsal lamellae of PO are fused, as the section contains
the lateral region of the PO.

Sagittal sections. Two immunostained and one Nissl stained
sagittal series were evaluated in order to further clarify the
boundaries of some subnuclei. Sections from one of these
sagittal series, illustrated in Fig. 6, are used to complement
the descriptions presented above. To avoid redundancy, we
do not provide a detailed description of all of the subnuclei
depicted in the sagittal plane.

The sections that comprise Fig. 6 are ordered from me-
dial to lateral, with the distance from the brainstem midline
indicated in each photograph. At level 110 pum, the densely
stained beta nucleus is present throughout its rostrocaudal
extent. The more sparsely stained dorsal cap is situated
above the caudal two-thirds of beta. The subnucleus ¢ of
the MAO is situated ventral to most of the caudorostral
extent of beta, and is less intensely stained for GAD in
its caudal aspect than it is rostrally. In this sagittal view
of subnucleus ¢, it is apparent that the area contiguous
with the ventral boundary of beta, depicted in Fig. 2, level
560 um, is part of the subnucleus ¢ of the MAO. In level
190 um, the subnucleus ¢ comprises most of the caudal
MAO, although the lateral edges of beta are present at
mid-olivary level. The rostral half of the section contains
the ventral lamella of the PO and the rostral lamella of

the MAO, but is lateral to the dorsomedial cell column.
Level 420 pm contains the b subnucleus of the caudal
MAO. No clear separation between the subnucleus b and
the rostral MAO is apparent. The densely stained area of
the ventral fold of the DAO is fused caudally with the
dorsal lamella of the PO. Section 660 um contains both
subnuclei a and b of the MAQ, the subnucleus a being
located caudal to the lighter staining subnucleus b. Level
710 um is entirely lateral to subnucleus b, as indicated by
the closeness of the caudal aspect of the IO to the ventral
surface of the brainstem. The subnucleus that extends most
rostrally at levels 420 pm, 660 pm, and 710 pm is the ventral
fold of the DAQ. The 10 extends furthest rostrally in levels
660 pm and 710 ym, and, therefore, the ventral fold of
DAO forms the rostral pole of the 10.

General remarks. For the most part, regional differences
in GAD immunostaining intensity follow the subnuclei
boundaries of the I0. A notable exception is the ventral
fold of the DAQ, which contains a region of more intense
staining where it joins the PO medially and the dorsal fold
of the DAOQ laterally. Other apparent changes in staining

_intensity within a given subnucleus, such as in the ventral

lamella of the PO, the dorsal fold of the DAQO, and the

_rostral region of subnucleus b of the MAO can be attributed

to predominant immunonegative fibers passing through
these regions. Furthermore, it appears that certain subnuc-
lei share the same staining intensity, most notably the PO,
the rostral lamella of the MAO, and the lateral part of
the DAO ventral fold.

Photometric analysis

In order to substantiate the large scale differences in GAD
immunostaining that are visually apparent among the var-
ious subdivisions of the 10, a relatively more objective mea-
sure of focal immunostaining intensities was obtained pho-
tometrically with a spot light meter (see also Discussion).
Regions with predominant GAD-negative fiber bundles
were avoided during the photometric analysis (see Meth-
ods). Intensities of regions vary among rats (Table 1). Aver-
age regional values, expressed as a percent of the most in-
tensely stained region, the beta nucleus, are shown in Fig. 7.
Values obtained from the medial part of the ventral lamella
of the DAO (91.9%), were close to those from the beta
nucleus. The ¢ subnucleus of the MAO measured 67.6%.
The dorsal cap, the dorsal fold of the DAO and the dorso-
medial cell column average from 47.2% to 57.6%. The lat-
eral part of the ventral fold of the DAO, the rostral MAO,
the PO, and the ventrolateral outgrowth have the lowest
intensities, ranging from 26.0% to 42.8%. Subnuclei a and
b of the MAO also stain with low intensities, but all parts
of the subnucleus b have slightly lower values than the
subnucleus a. Examples of these regions are depicted in
Fig. 8. Although a large variation in values occurs within
regions (see standard deviations in Table 1), these values
reflect fairly well the visually apparent differences of stain-
ing in these areas. An exception is the dorsomedial cell
column, which receives a lower intensity rating in the visual
analysis scale than in the photometric analysis scale. This
discrepancy may be due to the greater spatial resolution
of the photometric method, which measures staining inten-
sity only within the neuropil, than the visual analysis, in
which staining intensity was assigned to an entire region.



Fig. 6. GAD immunostained sagittal sections through rat IO. The rostro-caudal extent of many olivary subnuclei can be observed
in this plane. Approximate distance from the brainstem midline is indicated in the lower left corner of each photomicrograph
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Table 1. GAD immunostaining intensity® in the rat [O

Region Rat 3799 Rat 3800  Rat 3801

Beta 12.02+0.78 9.92+1.04 11.54+1.51
Medial ventral fold DAO 9.94+0.84 9.804+1.26 10.884+0.96
cMAO 9.084+0.86 6.94+046 6.60+1.18
Dorsomedial cell column 6.25+0.33 6.83+0.46 598+0.15
Dorsal fold DAO 6.36+0.67 5.16+0.85 422+40.57
Dorsal cap 6.34+1.12 5.0840.60
aMAO 5.6440.49 3.58+0.84 4.6640.45
bMAO 422+0.69 3364042 3.4840.51
Ventrolateral outgrowth 4.80+0.54 3.60+021 4.064+0.13
Rostral lamella MAQ 5.2440.56 4.02+0.50 3.461+0.42
PO 4.82+0.58 4.754+0.30 3.404+0.20
Lateral ventral fold DAO 3.23+1.28 4.73+0.93

* Mean intensities +SD (n=15 for all cases) are presented for three
different rats to indicate range of variability among specimens.
Staining intensity was measured photometrically as exposure time
(s) at ASA 12 with a Nikon Microphot spot light meter. These
values were obtained by subtracting exposure time measured in
the immunonegative pyramidal tract from exposure time measured
in a given region of 10
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Fig. 7. A Diagram summarizing regional immunostaining intensi-
ties measured photometrically in rat IO. The individual vaiues giv-
en here are the averages from the three rats presented in Table 1,
and are expressed as percent of the exposure time measured in
the beta nucleus, the most intensely stained region. B Diagram
showing nomenclature of the IO subdivisions

Due to the limited scope of these measurements and the
multifactorial nature of immunocytochemical staining (see
below), we did not attempt to statistically compare staining
intensities among regions.

Analysis of individual bouton characteristics

Since the photometrically determined staining intensities in
a given region depend on the density of boutons in the
region and the bouton size, in addition to individual bouton
staining intensity, an analysis of individual bouton charac-
teristics was performed in an attempt to further clarify the
regional differences in GAD immunostaining. The product
of long and short diameters (‘areas’) of individual immuno-
reactive puncta and the density of puncta were measured
from photomicrographs of eleven different olivary regions
(Table 2). Staining intensity of individual puncta was not
determined. The sections used for this analysis were cut
2 um thick from plastic embedded tissue in order to obtain
optimal resolution of particle edges. With the GAD antise-
rum and the protocol used in this study, GABAergic mye-
linated axons in the 1O stain only weakly (see also Gotow
and Sotelo 1987), although such axons are densely stained
by antisera against GABA itself (Ottersen and Storm-Math-
isen 1984). Furthermore, immunoelectron microscopy (our
unpublished observations; Sotelo et al. 1986) indicates that
preterminal axons, which have diameters of less than
0.5 um, are substantially smaller than the GABAergic bou-
tons in the IO (see arrowheads in Fig. 10). Bouton diame-
ters ranged from 0.85 um to 3.9 pm, and we therefore pre-
sume that the vast majority of the puncta measured in this
study were axonal boutons. It is possible that some GAD-
positive particles measured as one bouton were actually
two contiguous boutons, thus resulting in an overestimate
of bouton sizes, particularly in densely innervated regions.
However, we tried to reduce this error by including only
particles in one focal plane that lacked visible irregularities
along their edges. Thus, in the following account, puncta
will be referred to as “boutons”. Bouton fragments were
certainly included in the study, but no correction for this
factor was attempted. It should be noted that within each
region, the GABAergic boutons are by no means homoge-
neous, but rather, they range considerably not only in size,
but also shape (Fig. 10).

Table 2 lists the mean areas of boutons populating ele-
ven olivary regions. GAD-positive boutons in the beta nu-
cleus have the largest mean area, and those in the rostral
lamella of the MAO have the smallest mean area. An analy-
sis of bouton area variance in the eleven olivary regions
reveals highly significant differences by region (F=22.48,
10/319 df; p<0.0001). Multiple comparisons of mean areas
among the eleven regions delineated four groups (denoted
A to D in Fig. 9), which partly overlap. Group A is formed
by boutons in the beta nucleus only, which average
5.04+1.71 pm?. Group B contains the boutons in the dor-
somedial cell column, dorsal cap and the dorsal fold of
the DAO. Mean bouton areas of these regions range from
3.3340.85 um? to 3.72+1.01 um?. The boutons of the dor-
sal cap and the dorsal fold of the DAO do not differ signifi-
cantly from those in the medial part of the ventral fold
of the DAQ, and these three regions form group C. Mean
bouton areas of group C range from 2.9240.79 um? to
3.3940.86 um?. Group D contains boutons located in the
a, b and ¢ subnuclei of the MAO, the lateral part of the
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Fig. 8A-D. GABAergic boutons in four representative regions of the 10 which have different photometrically determined staining
intensities. A Beta nucleus. B Subnucleus ¢ of MAO. C Rostral lamella of MAO. D Dorsal fold of DAO

ventral fold of the DAO, the PO, and the rostral lamella
of the MAQ, which range in area between 2.39+0.86 pm?
and 2.61+1.04 um?. These boutons differ significantly
from all members of groups A and B (p <0.05). The bou-
tons in the medial part of the ventral fold of the DAO
do not differ significantly from those of any region of
group D, or from those of the dorsal cap or the dorsal
fold of the DAO. Therefore, boutons in the medial ventral
fold of the DAO are included in group D as well as
group C. GAD immunostaining in semithin sections from
regions representing each of these four groups is illustrated
in Fig. 10.

The densities of GAD-positive boutons in eleven differ-
ent regions of the IO are also presented in Table 2. Only
the medial part of the ventral fold of the DAO has an

outstanding density of GABAergic boutons as compared
to other regions, which probably accounts for the high in-
tensity ratings obtained from the photometric and visual
analyses (Fig. 10c¢).

Discussion

The rat inferior olive contains a great abundance of GAD
immunoreactive puncta, generally considered to be GA-
BAergic presynaptic axonal endings. Since GABA is known
to produce inhibitory responses at CNS synapses (reviewed
by Krnjevi¢ 1976), it is a good candidate for a neurotrans-
mitter which produces olivary inhibition. GABAergic bou-
tons are mostly present in the olivary neuropil, indicating
that they presumably synapse on dendrites and possibly
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Table 2. GAD-positive bouton area and density in regions of rat
IO

Region Mean bouton Mean density®
area® (um?)
Beta 5.044+1.71 28
Dorsomedial cell column 3.72+1.01 19
Dorsal cap 3.39+0.86 23
Dorsal fold DAO 3.334+0.85 17
Medial ventral fold DAO 2.9240.79 47
¢cMAO 2.61+1.00 29
bMAO 2.554+0.71 20
aMAO 2.48+0.65 22
PO 2.464+0.54 26
Rostral lamella MAO 2.384+0.71 26
Lateral ventral fold DAO 2.484+0.91 23

2 Bouton area is the product of long and short bouton diameters.
Bouton areas in each region were averaged to obtain mean bouton
area +SD. N=30 boutons per region

b Density is the number of immunoreactive boutons per area of
400 um?. N=6 areas per region
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Fig. 9. Grouping of GABAergic boutons by mean bouton area.
Letters A—D denote four groups of values defined by multiple com-
parisons of mean areas in eleven regions of the rat IO (Ryan-Einot-
Gabriel-Welsch multiple range test). Means within a group are
not significantly different (P> 0.05). Regions that compose group
C (dorsal cap, dorsal fold of DAO and medial ventral fold of
DAO) have means which overlap with those of groups B and D.
Mean areas and standard deviations used to make comparisons
are listed in Table 1

are components of glomeruli. These suggestions have been
verified at the EM level by ourselves (Mugnaini, unpub-
lished overview lecture, Soc Neuroscience 1985; Nelson and
Mugnaini 1985), and by Sotelo et al. (1986). Many GA-
BAergic synapses are situated in close proximity to gap
junctions, which may be the morphological basis for the
notion that GABA neurotransmission uncouples principal
neurons in the IO with a mechanism similar to that present
in Navanax buccal ganglion (Llinés et al. 1974; Sasaki and
Llinas 1985; Sotelo et al. 1986; Spira and Bennett 1972;
Spira et al. 1980). In addition, a substantial number of GA-
BAergic puncta synapse on dendrites and cell bodies, and
occasionally are present also on initial axon segments, loca-
tions that suggest inhibition of climbing fiber activity occurs
via GABA neurotransmission (Andersson and Hesslow
1987a, b; Barmack et al. 1987). The presence of GABAergic
synapses on virtually every portion of the receptive surface
of olivary neurons and in every part of the IO indicates
that GABAergic modulation of climbing fiber activity is
a universal feature of the olivary circuitry.

GAD immunostaining intensity varies within the I10.
To shed light on the significance of this heterogeneity, we
graded GAD immunostaining intensity visually and photo-
metrically. Visual examination was useful in establishing
a chemoarchitectural map of the IO, while the photometric
analysis provided focal measurements of staining intensities
within the neuropil areas of different subnuclei. In addition,
we measured the size and density of immunostained puncta
in various regions. Our photometrically determined mea-
sures of immunostaining and analysis of individual GA-
BAergic bouton characteristics are consistent with visually
determined regional differences in the GABAergic innerva-
tion. In general, these regional variations are consistent with
the compartments drawn for the mammalian 10 based on
climbing fiber projections to the cerebellar cortex. The vari-
ation in GAD immunostaining may be due, at least in part,
to the existence of different GABAergic afferent pathways
to subregions of the IO.

Parcellation of GAD immunostaining in rat 10

Functional subdivisions of the mammalian 10, especially
in cat and monkey, have been delineated mainly on the
basis of the distribution of olivary afferents and climbing
fiber projections. The organization of the climbing fiber
projections in rat is essentially similar to that of cat and
monkey (review of Brodal and Kawamura 1980; Campbell
and Armstrong 1983b; Wiklund et al. 1984). However, the
precise subdivision boundaries of the rat IO have been de-
bated. Since climbing fiber projections to the cerebellar cor-
tex are topographically arranged, a correct evaluation of
IO subdivisions is crucial to obtain an understanding of
olivary function, and for drawing comparisons of its organi-
zation and function between species. The regional differ-
ences in GAD immunostaining offer a particular view of
the organization of the I0. Overall, we find that subdivi-
sions of the rat IO evident in GAD immunostained sections
largely coincide with divisions of the IO determined by the
zonal organization of climbing fibers in the cerebellar cortex
that have been developed largely for cat and monkey cere-
bella.

The rat DAO is subdivided by McGrane et al. (1977)
and Azizi and Woodward (1987) into a rostrally located
ventral fold and a caudally located dorsal fold, based on
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cytoarchitecture and climbing fiber projections. These divi-
sions are clearly seen in coronal sections immunostained
with GAD (Fig. 2, levels 1052 pm and 1152 pm). A distinc-
tion has also been made between rostral and caudal parts
of the cat DAO based on climbing fiber projections to the
cerebellar cortex (reviewed by Brodal and Kawamura
1980). The feline caudal DAO projects to zone B of the
cerebellar cortex, while the rostral DAO projects to zones
C1 and C3. Like the corresponding areas in the feline DAO,
the ventral fold of the DAO in rat projects to the intermedi-
ate cerebellar cortex, while the dorsal fold projects to the
vermal anterior lobe (Azizi and Woodward 1987; Campbell
and Armstrong 1983b). A separation of the rat DAOQO into
two subdivisions is supported by GAD immunostaining dif-
ferences in the ventral and dorsal folds.

The ventral fold of DAO can be further subdivided into
a medially located region that is densely GAD immunoreac-
tive, and the remainder of the subnucleus, which stains less
intensely. This difference may have some functional signifi-
cance, since these two regions of the rat DAO project to
different areas of the cerebellar cortex: the medial part of
the DAO projects to the intermediate cortex of crus I and
II, while the climbing fiber projection of lateral DAO is
to the intermediate cortex of lobules III and IV (Azizi and
Woodward 1987).

The rostral MAO may likewise be considered as a func-
tional unit distinct from the caudal subnuclei of MAO,
based on climbing fiber topography and GAD-immuno-
staining. Azizi and Woodward (1987) describe the rostral
lamella of the MAO, which projects to intermediate regions
of the cerebellar cortex, as distinct from the caudally located
vertical and horizontal lamellae, which send climbing fibers
to vermal cerebellar lobules. These projections have also
been observed by Brown (1980) and Campbell and Arm-
strong (1983 b). McGrane et al. (1977) also describe a climb-
ing fiber projection from rostral MAO to the cerebellar
hemispheres, but they subdivide the caudal MAO into a
medial part, which projects to the posterior vermis, and
a lateral part which projects to the anterior vermis. As is
the case with the DAO, this division of the rat MAQO into
rostral and caudal areas is similar to a division that has
been made in the cat MAO (Brodal 1976; Brodal and Wal-
berg 1977; Hoddevik et al. 1976). In the cat, the caudal
MAO projects to zone A in the vermal cerebellar cortex,
and the rostral MAO projects to zone C2 in the intermedi-
ate cortex, and to the paraflocculus (Groenewegen and
Voogd 1977). By GAD immunocytochemistry, the rostral
lamella of the MAO can be distinguished from the caudally
located ¢ subnucleus. The a and b subnuclei are stained
like the rostral lamella of the MAO.

The boundaries of the ¢ subnucleus of MAO must be
clarified. In coronal sections (Fig. 2, 1052 um; Fig. 4) and
in horizontal sections (Fig. 5¢, d) the ¢ subnucleus of the
MAUO is situated ventral to beta, and is spatially separate
from the laterally located rostral lamella of the MAO. These
boundaries are consistent with those described for the ros-
tral part of ¢ by Azizi and Woodward (1987). This region
of the rat IO is included in the beta nucleus by Sotelo
et al. (1986). This area of the rat IO provides climbing fibers
to vermal lobules VI and VII of the cerebellar cortex (Azizi
and Woodward 1987; Brown 1980; Furber and Watson
1983; Wiklund et al. 1984) making it homologous to the
medial MAO of the cat I0 (Hoddevik et al. 1976) and the
b subnucleus of the rhesus monkey MAO (Brodal and Bro-

dal 1981). Since climbing fiber projections and GAD immu-
nostaining pattern of this area are different from those of
the beta nucleus and the remainder of the MAOQ, the subnu-
cleus ¢ should be considered as a discrete unit of the MAO.
The area described by Gwyn et al. (1977) as subnucleus
¢ contains GABAergic boutons of the same size and the
same immunostaining intensity as the beta nucleus, and
therefore, we have considered this area as part of beta.
We thus propose that beta extends further caudally than
previously established.

The rostral extent of beta (Fig. 2, level 1152 um; Fig. 4)
is not clearly specified by Gwyn et al. (1977). Sotelo et al.
(1986) label this area the ventrolateral outgrowth, although
it has the same GAD immunostaining pattern as the caudal
part of beta. However, the ventrolateral outgrowth is la-
belled less intensely for GAD than beta, and is located
lateral to it (Fig. 2, levels 1052 pm and 1152 pm; Fig. 4b,
e; Fig. 5a). We agree with Gwyn’s group, who describe
the ventrolateral outgrowth as a rostro-lateral extension
of the dorsal cap, as seen also in cat, rabbit (Brodal 1940),
and monkey (subnucleus f of Bowman and Sladek 1973).

The boundaries of the rat dorsomedial cell column are
controversial. Gwyn and coworkers claim that the dorsome-
dial cell column fuses rostrally with the DAO and the PO,
but ignore the medially located caudal extension of the nu-
cleus, which they depict in a Nissl stained section (Gwyn
et al. 1977, their Fig. 3). The spatial relationship between
the dorsomedial cell column and the surrounding subnuclei
evident in Fig. 3 (levels 1344 um to 1440 um) and Fig. 5b,
c 1s consistent with the cytoarchitecture of homologous ar-
eas in cat, rabbit, and rhesus monkey, except that in cat
and rabbit, but not in rat or monkey, the dorsomedial cell
column fuses rostrally with the MAO (Bowman and Sladek
1973; Brodal 1940; Whitworth and Haines 1986). In GAD
immunostained material, the dorsomedial cell column is
seen as a medial outgrowth of the ventral lamella of the
PO caudally (Fig. 3, level 1344 pm), and becomes an iso-
lated group of cells rostrally (Fig. 3, level 1440 pm; Fig. 5).
This cytoarchitectural feature is also evident in Niss] stained
material (data not shown). We find that the dorsomedial
cell column is only about 400 pum long rostrocaudally. Con-
trary to the previous notion that it spans the entire rostral
half of the 10, we conclude that the dorsomedial cell col-
umn does not extend to the rostral pole of the 10. The
climbing fiber projections of the dorsomedial cell column
in rat are similar to those in cat. In both species, the dorso-
medial cell column projects to intermediate zone A2 of the
uvula (Groenewegan and Voogd 1977; Groenewegan et al.
1979; Eisenman 1984).

Regional variations in GAD immunostaining

Five regions in the 10 are characterized by visually apparent
differences in GAD immunostaining intensity. The beta nu-
cleus and medial region of the ventral fold of the DAO
are stained for GAD with the highest intensity of 5. The
subnucleus ¢ of the MAO forms a second region rated 4.
The dorsal cap, the dorsomedial cell column and the dorsal
fold of the DAO are similarly labelled and form a third
group rated 3. The PO, the lateral part of the ventral fold
of the DAO, the ventrolateral outgrowth, and the rostral
lamella of the MAQ are grouped as one unit based on
similarities of GAD immunostaining intensity. Also, the
subnuclei a and b of the MAO are included in this latter



group, which has the lowest staining intensity in the I10.
These regions are assigned an intensity rating of 2. A rating
of 1 is assigned to the rostral part of the subnucleus b
of the MAO and to part of the ventral lamella of the PO,
regions that are traversed by large bundles of GAD-nega-
tive axons.

GAD immunostaining intensities measured photometri-
cally differ substantially in the regions rated 5 through 1
by visual analysis. The greatest photometrically determined
values of intensity are observed in the beta nucleus and
the medial part of the ventral fold of the DAO, and the
lowest values are observed in the PO, the rostral lamella
of the MAO, the ventrolateral outgrowth, and the lateral
part of the ventral fold of the DAO. Staining intensity var-
ies greatly when comparing subnuclei intensities among in-
dividual rats, and therefore are presented as a percentage
of maximum staining (observed in the beta nucleus). How-
ever, the relative intensity differences of olivary subnuclei
within individuals are similar for all three rats, and are
consistent with the visually graded intensity levels.

The relationship of GAD immunostaining intensity to regional
variation in GABAergic bouton size and density

Several components contribute to the overall GAD immu-
nostaining observed with low power lenses. Two of these
components, bouton area and the number of boutons per
unit area, were analyzed in several regions of the 10. Possi-
bly a third factor, the concentration of GAD within individ-
ual boutons, may contribute to staining intensity, but a
precise analysis of this parameter was beyond our technolo-
gy.

Statistical analysis of mean bouton area reveals the pres-
ence of three different sizes of GABAergic boutons in the
rat 10. The beta nucleus contains the largest boutons; the
dorsal cap, the dorsal fold of the DAO, and the dorsomedial
cell column contain intermediate sized boutons; and the
a, b and c subnuclei of the caudal MAO, the rostral lamella
of the MAO, the PO, and the lateral ventral fold of the
DAO contain the smallest boutons. Photometrically mea-
sured staining intensities are consistent with this grouping.
The medial region of the ventral fold of the DAO is not
distinguished by bouton size from the dorsal cap, the dorsal
fold of the DAQO, or from any of the regions containing
small boutons.

By photometric analysis the medial part of the ventral
lamella of the DAO is grouped with the beta nucleus. Parti-
cle analysis, however, reveals that this intensely stained part
of the DAO contains GABAergic boutons with a signifi-
cantly smaller mean area than the boutons in the beta nucle-
us. The mean area of these boutons in the DAO does not
differ from the populations of intermediate or small GA-
BAergic boutons. GABAergic boutons populate the medial
ventral fold of the DAQ with an extremely high density
as compared to other regions of the 10, a feature which
probably accounts for the high staining intensity observed
in this region.

Particle analysis draws no distinction between the sub-
nucleus ¢ of the MAO and the group assigned a low intensi-
ty rating by photometric analysis, which includes the PO
and the rostral lamella of the MAO. The GABAergic bou-
ton area and density in the subnucleus ¢ may be great
enough to account for the high immunostaining intensity
observed with visual and photometric methods. Immuno-

125

staining intensity of individual boutons in the ¢ subnucleus
may also contribute to the high field measurement values
of intensity, more so than in other regions of the 10.

The purpose of the analysis of GABAergic bouton size
was to detect differences by region. A correct analysis of
bouton morphometry is best achieved by electron microsco-
py, although such an approach is easily fraught with limited
sample size. The method that we have employed allowed
rapid collection of a fairly large sample size from many
easily identified olivary regions, and was sufficient to detect
statistically significant differences in bouton sizes. The pres-
ent data will thus benefit any future quantitative immunoe-
lectron microscopic study.

Significance of particle analysis

Our observation that GAD immunostaining intensity is het-
erogeneous in the IO suggests that either the IO receives
GABAergic innervation from several sources, which have
boutons that are characteristically different and, therefore,
produce regional variations in immunostaining intensity,
or that anatomical or functional regional variations of the
postsynaptic targets determine the heterogeneity of staining
intensity (see Mugnaini 1970; Scheibel et al. 1956). A com-
bination of these factors is also possible.

Papers in preparation demonstrate that at least three
regions of the 10 populated by GABAergic boutons of sig-
nificantly different sizes receive GABAergic innervation
from discrete sources. The beta nucleus contains the largest
boutons, and is innervated by a GABAergic projection from
the spinal vestibular nucleus (Nelson et al. 1986). Small
GABAergic neurons in the lateral and interposed cerebellar
nuclei project to subnuclei which contain the smallest GA-
BAergic boutons in the 10; namely, the PO, the rostral
lamella of the MAO, and the ventral lamella of the DAO
(Nelson et al. 1984; Nelson and Mugnaini 1985; de Zeeuw
et al. 1988). The dorsal fold of the DAO contains GA-
BAergic boutons which are intermediate in size, and re-
ceives a GABAergic projection from the lateral vestibular
nucleus (Nelson and Mugnaini 1988).

In conclusion, the present study demonstrates that
GAD immunostaining patterns and individual bouton
characteristics may be used as criteria for distinguishing
olivary regions. In some regions, these parameters are corre-
lated with particular GABAergic projections innervating
the regions. A better understanding of the relationship be-
tween regional variations in GABAergic bouton character-
istics and the distribution of different GABAergic projec-
tions may be derived from automated particle size analysis
over large samples (now in progress) and the complete map-
ping of GABAergic afferents in the IO.
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