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Summary. The distribution of corticonuclear fibers to
medial-most parts of the posterior interposed nucleus
(NIP) from lateral areas of the vermis was studied in
the squirrel monkey (Saimiri sciureus), using a silver im-
pregnation method. The origin and course of degenerat-
ed fibers were studied in serial sections. The distribution
pattern of corticonuclear fibers from a series of small
well localized lesions placed in the vermis and paraver-
mal cortex of lobule V is compatible with the interpreta-
tion that an x zone is present in Saimiri. A comparison
of the positions of lesions and the trajectory of fibers
arising therein suggests that corticonuclear input to me-
dial-most parts of the NIP originated from a narrow
cortical area (about 0.5-0.7 mm wide) located between
a cortical area projecting into the medial cerebellar nu-
cleus (the A zone) and a laterally adjacent area (the
B zone) which related to the lateral vestibular nucleus.
This NIP-projecting cortical area, located about 1.7 mm
to 2.5 mm off the midline in lobule V, is interpreted
as the x zone in this primate; it extends from lobule
IV into lobule VI in squirrel monkey. Corticonuclear
fibers of zone x in this primate form a comparatively
small terminal field in the medial-most portions of NIP.
This contrasts with the distribution of corticonuclear
fibers of the C, zone which consistently distribute to
terminal fields that are shifted into more central areas
of NIP. There appears to be no overlap of the cortico-
nuclear terminal fields in the NIP for zone x versus the
C, zone. These results were correlated with data from
the literature on the distribution of olivocerebellar fibers
to the x zone and the C, zone and the arrangement
of cerebellar nucleoolivary projections into the inferior
olive from the NIP. The x zone and the C, zone both
receive input from the contralateral medial accessory
olive (MAO), both zones project into the NIP, and the
NIP projects into those regions of the MAO which, in
turn, project to these respective cortical zones and into

* This paper is dedicated to Professor Fred Walberg on the occa-
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the NIP. This suggest that the X zone is a component
of the NIP-MAO circuit. Furthermore the proposed
function of the x zone would support the view that this
sagittal strip may have a more extensive rostrocaudal
distribution in primates as compared to the cat.

Key words: Cerebellar cortex — Corticonuclear projec-
tions — Cerebellar anterior lobe — Cerebellar zones

Introduction

It is well known that the basic unit of cerebellar cortical
organization is one of sagittal zones. These rostro-cau-
dally oriented strips are characterized and defined by
the distribution patterns of their ipsilateral cerebellar
corticonuclear fibers, and the receipt of olivocerebellar
fibers from specific subdivisions of the contralateral infe-
rior olivary complex (e.g., Voogd 1964, 1969, 1989;
Haines 1976, 1984, 1989 ; Chan-Palay et al. 1977; Brodal
and Walberg 1977a, b; Groenewegen and Voogd 1977;
Haines and Rubertone 1977, 1979; Dietrichs and Wal-
berg 1979, 1980; Groenewegen et al. 1979; Brodal 1980;
Oscarsson 1980; Brodal and Kawamura 1980; Walberg
1980; Eisenman 1981 ; Dietrichs 1981a, b, 1983; Brodal
and Brodal 1982; Haines et al. 1982; Beyerl et al. 1982;
Trott and Armstrong 1987a, b, c; Trott 1989; and
others).

The basic three-zone concept of cerebellar cortical
organization (Hohman 1929; see especially Jansen and
Brodal 1940, 1942) was further refined by Voogd (1964,
1969), who hypothesized that the vermal cortex was
composed of zones A and B, the intermediate cortex
of zones C,, C,, and C,, and the lateral cortex of zones
D, and D,. Subsequent studies (see above citations)
have revealed that these zones have olivocerebellar and
corticonuclear connections which are, in general, compa-
rable across mammalian lines. On the other hand, recent
studies have also shown that extremely precise represen-
tations of body regions are present in the cerebellar cor-
tex (Joseph et al. 1978; Shambes et al. 1978; Robertson
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et al. 1982; Robertson 1984). The relationship between
these mosaic patterns and the orientation of sagittal
zones has not been fully analyzed.

An x zone, located between zones A and B and pres-
ent primarily in lobule V, has only recently been identi-
fied. Our understanding of the connections and potential
functions of this specific region of the cercbellar cortex
is based, almost exclusively, on studies conducted only
in cats. This strip of cortex is about 0.4-0.8 mm wide
and receives short-latency input primarily from the ipsi-
lateral forelimb (Ekerot and Larson 1979a, b, 1982; Os-
carsson 1980; Campbell and Armstrong 1985; Trott and
Armstrong 1987b; Bishop 1988; see also Oscarsson
1969; Oscarsson and Sjélund 1977a, b). Though they
were once thought to originate from the dorsal accessory
olive (DAO) (e.g., Oscarsson 1980; Ito 1984) there is
now convincing evidence that olivocerebellar fibers to
the x zone originate from the contralateral medial acces-
sory olive (MAO) (e.g. Voogd 1983; Campbell and Arm-
strong 1985; Voogd et al. 1987a; Voogd and Hess 1989).

There is not only a paucity of information but also
a disparity of opinion concerning the probable distribu-
tion of corticonuclear fibers from the x zone. Based on
indirect evidence Oscarsson (1980) and Ito (1984) specu-
lated that this zone projected into the anterior interposed
nucleus (NIA). On the other hand Voogd (1983-cat) and
Trott and Armstrong (1987b-cat) have offered evidence
that corticonuclear fibers of the x zone project into the
area of the medial nucleus (NM) — posterior interposed
nucleus (NIP) interface. However, these authors did not
ascribe these terminals to cither nucleus with certainty.
Haines et al. (1982-primate) reported that lesions in lat-
eral parts of vermal cortex resulted in the simultaneous
appearance of degenerated axons in the vestibular com-
plex and in medial NIP. These authors suggested that
this may support the view that corticonuclear input to
this part of NIP may arise from an x zone. In contrast
Yu et al. (1985-cat) in their study of corticonuclear fibers
of lobule V did not find a separate projection zone be-
tween those cortical regions related to the NM (A zone)
and the lateral vestibular nucleus versus those laterally
adjacent areas which related to the NIA. Yu et al. (1985-
cat) provide no evidence of an x zone and concluded
that this zone probably projects into the NM and, there-
fore, would be part of their fastigial (A) zone.

With the single exception of the recent studies of
Voogd etal. (1987a) and Voogd and Hess (1989) on
olivocerebellar projections to x and C, zones in Macaca,
a review of the literature reveals no direct evidence for
an x zone in the primate cerebellum, and a marked dif-
ference of opinion concerning the likely target of corti-
conuclear fibers arising in this zone in the cat (NIA,
NIP-NM interface, NM). To address these points the
present study examines the distribution of cerebellar cor-
ticonuclear fibers from the vermis-intermediate cortex
interface in lobule V of the squirrel monkey (Saimiri
sciureus). The trajectories of fibers from this region of
cortex are examined in serial section, evidence of an x
zone projection to NIP offered, and these data correlated
with the known patterns of olivocerebellar input to cere-
bellar cortical zones.

Materials and methods

Fighteen adult male or female squirrel monkeys (Saimiri sciureus)
were used in this study. Animals were anesthetized with an intrave-
nous injection of sodium pentobarbital (35 mg/ml) through a su-
perficial vein on the posterior surface of the hindlimb until with-
drawal reflexes were abolished and the corneal reflex was sup-
pressed. No supplemental anesthesia was required during surgery.
The animals were stabilized in a Kopf stereotaxic instrument and
monitored during surgery.

Superficial aspects of lobules IV-VI were visualized by remov-
ing the overlying occipital lobe on one side and identifying the
folia of these lobules through the translucent tentorium cerebelli.
Sixteen animals received one lesion each, while two animals re-
ceived two lesions each for a total of twenty. Small lesions were
placed in individual folia from the midline to the lateral margin
of lobule V (n=15), in medial areas of lobule IV (#=3), and in
rostral lobule VI (n=2) by applying the heated tip of a metal
teasing needle to specific spots on the cortex through the unopened
overlying tentorium cerebelli. The space of the removed occipital
lobe was carefully packed with gelfoam, the dura was closed using
8-0 suture, and muscle and skin sutured over the defect in the
skull. Following survival times of 3-5 days the animals were anes-
thetized via the same intravenous route. A canula was inserted
into the left ventricle and secured in the arch of the aorta by a
suture just inside the aortic valve. The animals were perfused with
0.9% heparinized saline (about 400 ml) followed by 10% unbuf-
fered formalin (about 1 1). The brainstems and cerebelli were re-
moved intact and stored for several days in additional 10% forma-
lin. Serial sections of the cerebellum and brainstem were made
in horizontal and coronal planes at 40 pm; all sections were kept
in order. Every other section was impregnated using a modification
of the Fink and Heimer (1967-Procedure I) method and the inter-
vening sections were stained with cresyl violet acetate for Nissl
substance.

Interpretative comments. The criteria used to identify degenerated
axons and their endings are well known (see Heimer 1970; Giolli
and Karamanlidis 1978; de Olmos et al. 1981 for reviews). The
terms ““terminal degeneration” (or debris) or “preterminal degen-
eration” (or debris) are frequently used to describe the fine-diame-
ter processes found in the neuropil of nuclei or adjacent to neurons.
Since use of “terminal” implies an ability to visualize terminal
boutons (a level of morphological detail not reached in the present
study) we have used ‘““preterminal” to designate those tortuous
axonal processes found in the cerebellar nuclei; these are areas
of potential synaptic contacts between Purkinje cell axons and cere-
bellar nuclear neurons. Larger diameter degenerated axons ar-
ranged in bundles in the white matter are fibers of passage. The
extent of the lesion was determined not only by the extent of corti-
cal damage, but also by the fact that degenerated axons were al-
ways found in the white matter beneath the lesion, and were fol-
lowed in serial sections to their target nuclei. It is acknowledged
that cerebellar afferent fibers (such as pontocerebellar, olivocere-
bellar, and others) end in the cortex, and that such terminals would
be involved in the lesion. If the degeneration seen in the cerebellar
white matter and nuclei were the result of injury to these afferent
fibers, one would also see degeneration in the brachium pontis
and restiform body; this was never the case. Consequently, the
degenerated fibers seen in the present study represent the distribu-
tion of the axons of Purkinje cells damaged in the cortical lesion.

Results

Of the twenty lesions placed in the cerebellar cortex of
lobules IV-VI in the present study, the ten identified
by case numbers in Fig. 1 are particularly relevant to
the question at hand. These lesions, as exemplified by



Fig. 1. Drawing to show the relative positions of lesions in lobule
V and adjacent areas of lobules IV and VI. Those ten lesions num-
bered (191, 201, etc.) are specifically relevant to the present study

Abbreviations for all figures: A, zone A; C, caudal aspect of medial
accessory olive; Cy, zone C,; C,, zone C,; JRB, juxtarestiform
body; LVN, lateral vestibular nucleus; MVN, medial vestibular
nucleus; NIA, anterior interposed nucleus; mNIA4, medial area of
NIA; NIP, posterior interposed nucleus; ¢NIP, central area of
NIP; mNIP, medial area of NIP; NL, lateral cerebellar nucleus;
NM, medial cerebeliar nucleus; RB, restiform body; SCP, superior
cerebellar peduncle; SpVN, spinal (inferior) vestibular nucleus;
SVN, superior vestibular nucleus; x, zone x

the distribution of their corticonuclear fibers, were locat-
ed in vermis and intermediate cortices of lobules IV-VI
and involved zones A-C,. Two design factors in this
study facilitated the identification of the trajectory of
degencrated Purkinje cell axons. First, the lesions were
comparatively small and clearly circumscribed; degener-
ated axons issued only from the spot of cortical damage.
Second, the fact that every other section was impregnat-
ed for degenerated axons allowed a precise delineation
of these corticofugal axons as they traversed the white
matter and entered their respective nuclei.

Lesions in the A to B zones

In experiments BS198, BS199 (lobule V) and BS191 (ros-
tral lobule VI) small lesions were placed just lateral to
the midline (Fig. 1). In all three cases a small area of
undamaged cortex (about 300—400 pu wide) was present
between the midline and the medial edge of the lesion.
The results in all three of these cases were fundamentally
the same, therefore case BS198 is described as represen-
tative of these experiments.

From the lesion site degenerated Purkinje cell axons
course through the white matter in an orderly fashion.
The more medially located fibers enter lateral and ven-
trolateral regions of the NM at rostral levels, where they
ramify around the cells in this area (Figs. 2A-D, 3A,
B). Medial regions of the NM were devoid of axonal
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debris, and no degencration was seen in any of the con-
tralateral cerebellar nuclei. In addition to preterminal
axonal debris in rostral NM, some larger diameter de-
generated fibers of passage continued through ventrola-
teral NM to join in the formation of the juxtarestiform
body (JRB) (Fig. 2B, C). Those degenerated axons that
descend through the white matter lateral to the fascicles
entering the NM collect to form the JRB between the
NM and NIA. These fibers distribute to dorsal and dor-
solateral regions of the lateral vestibular nuclens (LVN)
as cerebellar corticovestibular axons (Fig. 2B-EF). The
fact that the medially located fibers enter the NM indi-
cate that the medial portions of the cortical lesion are
in the A zone (see Discussion). In like manner, the lateral
parts of the cortical lesion invade the B zone, as indicat-
ed by the passage of axons from this area into the JRB
and ultimately into the LVN. The complete lack of axon-
al debris in medial NIA (Fig. 3C) shows that this lesion
did not involve the medial portions (zone C,) of the
intermediate cortex.

In addition to those larger bundles of degenerated
axons which entered the NM and LVN, there were small
fasicles of degenerated fibers which turned caudally
(Fig. 2C, D) and were traced in serial section into the
medial NIP. Clusters of preterminal debris were found
in the most medial portions of the NIP, while the lateral
and ventrolateral areas of the immediately adjacent NM
at caudal levels contain no significant amounts of degen-
erated axons (Figs. 2E, F, 3D, E). The exceedingly
sparse amounts of axonal debris occasionally seen in
ventrolateral NM (e.g., Fig. 2E) are interpreted as pre-
terminal fibers en route to medial NIP. The trajectory
of these small fascicles is a point of particular emphasis.
They descended from the lesion as inconspicuous com-
ponents of the entire bundle of degenerated corticofugal
fibers. However, at the lateral and ventrolateral border
of the NM they turned abruptly in a caudal direction
from about the middle third of those fibers which were
collecting to form the JRB, and coursed directly into
the medial NIP (Figs. 2C, D, 4). Since cerebellar cortico-
fugal fibers descend from the cortex in an orderly man-
ner, the fact that these small fasicles coursed into the
medial NIP from about the middle third of the JRB
indicates that they originated from central portions of
the cortical lesion rather than its medial (to NM) or
lateral (to LVN) aspects (Fig. 4).

Comparable results to these described above for
BS198 (Figs. 2, 3) were also seen in experiments BS191
with a lesion in rostral lobule VI, and in BS199 with
a lesion in lobule V (both not illustrated). While the
present study does not deal with cerebellar corticonuc-
lear projections in toto, it is appropriate to note that
lesions located in more medial portions of the vermis
(BS194, BS205; Fig. 1) resulted in axonal debris in only
NM. No degenerated fibers were seen in medial NIP
or in the LVN.

Lesions in x, B and C, zones

On the basis of their distance from the midline the le-
sions in experiments BS197 and BS201 (Fig. 1) were
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Fig. 2A-F. Tracings, in coronal section, of the cerebellar nuclei
of Saimiri sciureus (case BS198) from rostral (A) to caudal (F)
showing the distribution of degenerated fibers following a lesion
in medial cortex of lobule V. Smalil dots represent the distribution
of preterminal degeneration and /arge dots represent the trajectory
of degenerated fibers of passage. The case number (198) is shown
in A and the following numbers (e.g. 232, 224, etc.) are the section
number (in serial order) from which each tracing was made. Preter-

placed so that their medial areas overlapped the same
sagittal strip of cortex involved in the lateral parts of
those lesions described above for BS198 and BS199.
These areas of cortical damage were in lobule V (BS197)
and in lobule VI (BS201). In both of these experiments
the results were essentially the same, consequently case
BS197 is described as representative.

Degenerated axons exit the lesion site and descend
through the subcortical white matter toward dorsome-
dial and dorsal aspects of the NIA (Fig. 5A). Many de-
generated fibers from the lateral portions of this bundle
ramify in the medial-most portions of the NIA where
they form a somewhat crescent-shaped terminal field

minal axonal debris is present in lateral and rostral NM (A-D)
and in LVN (B-D); the lack of degeneration in NIA indicates
that the intermediate cortex is not involved. However, small fasci-
cles of degenerated axons turn caudally (C, D) to enter and ramify
in medial areas of the NIP (E, F). The sparse amounts of degenera-
tion in ventrolateral NM (E) are fibers en route to medial NIP.
The details in F are shown in Fig. 3. Scale bar 1.0 mm

(Fig. 5B-D). Degenerated fibers of passage from the me-
dial portions of this bundle descend medial to those
which enter the NIA, and course between the NM and
NIA to form the JRB; these axons continue into the
LVN, where they ramify in the neuropil and adjacent
to cells of this nucleus (Figs. SE-G, 6 D). The distribu-
tion pattern of degenerated axons indicate that this corti-
cal lesion involved the B zone (fibers to LVN) and the
laterally adjacent C, zone (fibers to medial NTA).

In case BS197 (lobule V; and in BS201, lobule VI,
see Fig. 1) a small cluster of axonal debris was found
in the most medial regions of the NIP where it abuts
against the ventrolateral portions of the NM (Figs. 5G—
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Fig. 3A-E. Low power (A) and high power (B-E) photomicro-
graphs showing the distribution of degenerated axons in the cere-
bellar nuclei (case BS198). A is a photograph of section 224 from
Fig. 1. Axonal debris (examples shown at arrows) is present in
ventrolateral NM (B — detail from A) at rostral levels but lacking

in medial NIA (C - detail from A). The medial NIP (D) contains
a concentrated cluster of degenerated axons while the adjacent
ventrolateral areas of NM (E) at caudal levels are devoid of degen-
eration; D and E are details from section 197 (see Fig. 1F). Scale
bar 1.0 mm for A; 50 ym for B-E
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Fig. 4. Diagrammatic representation of the trajectory of fibers into
the cerebellar nuclei and the lateral vestibular nucleus from repre-
sentative lesions. Note that those fibers to medial NIP arise be-
tween those going to NM and LVN, and turn caudally out of
those fibers which are collecting to form the JRB. See text for
additional discussion

I, 6 A, B). The adjacent lateral and ventrolateral portions
of the NM contained no degenerated fibers (Fig. 6C).
An examination of serial sections revealed that these
degenerated axons to medial NIP originated from the
medial fascicles located between NM and NIA that were
collecting to form the JRB (Fig. 4). These small fascicles
of caudally directed fibers did not constitute a noticeable
separate bundle in the white matter between the lesion
and the dorsal aspect of the cerebellar nuclei. However,
as the degenerated axons between NM and NIA consoli-
dated to form the JRB, small fascicles from the medial
aspect of this larger bundle turned caudally to enter the
medial NIP (Fig. 4). Based on the orderly arrangement
of cerebellar corticofugal fibers and on their trajectory
in these cases, it is apparent that those fibers to the
medial NIP (x zone) originated from the most medial
parts of the lesion, those to the medial NIA (C, zone)
from its lateral aspect, and those to LVN (B zone) from
the intervening cortical area (Fig. 4). It should be noted
that the course of these medial NIP-directed fibers in
case BS197 (lesion in B—-C, zones) is closely comparable
to the same bundle seen in case BS198 (A-B lesion;
see Fig. 4). Essentially identical patterns of projections
into LVN, medial NIP, and medial NTA were seen in
experiment BS201. This lesion, while located in rostral
lobule VI, was in the same sagittal plane as that in case
BS197 (Fig. 1).

Lesions in C, and C, zones

A detailed description of corticonuclear fibers of the in-
termediate and lateral cortices is beyond the scope of
the present study. However, it is appropriate to consider
briefly the projection from the medial areas of the inter-
mediate cortex, as these data relate directly to what is
interpreted above as the terminal field in medial NIP
for the presumed x zone.

In three experiments, BS200, BS204, and BS207
(Fig. 1), lesions were placed in medial areas of the inter-
mediate cortex. Based on the distribution pattern of cor-
ticonuclear fibers these lesions were located in zones C,
and C,. Experiment BS200 (Fig. 7) is discussed as repre-
sentative of these cases. A bundle of degenerated axons
coursed from the lesion toward the interposed nuclei.
Fibers in the medial parts of this bundle entered medial
and rostral NIA where they terminate (Fig. 7A, B). De-
generated fibers in the lateral portions pass over the
top of the NIA then drop down to enter the NIP; axonal
debris was present in rostral and more central areas of
this nucleus. No degeneration was seen in the NM or
in the lateral cerebellar nucleus. This tendency for the
C, zone to project into dorsal, rostral and/or more cen-
tral areas of the NIP (Fig. 7A, B) is similar in its essential
features to other reports detailing the corticonuclear
projections from this area of cortex (e.g., Voogd 1964;
Haines and Rubertone 1977, 1979; Dietrichs 1983 ; Trott
and Armstrong 1987a; see Discussion).

It is important, at this point, to comment on the dis-
tribution of axonal debris in the NIP following lesions
of the C, zone, versus what is interpreted here as an
x zone projection to this nucleus. Corticonuclear fibers
from the C, zone tend to occupy terminal fields, which
are shifted laterally in the nucleus and are usually de-
scribed as being more centrally, dorsally or rostrally lo-
cated. In contrast, lesions in the lateral vermis resulted
in terminal fields in the NIP which were characterized
by two features. First, this area of axonal debris was
small, relatively compact, and found in the medial-most
portions of the NIP. Second, it occupied an area of the
nucleus which was clearly separate from the C, terminal
field; the latter is located more laterally in the NIP.
In addition, the trajectory of fibers to the medial NIP
as they course through the beginnings of the JRB, clearly
indicate that they arise lateral to those fibers going to
NM (the A zone) but medial to those fibers passing
into the LVN (the B zone).

Discussion

The results of this study show that the most medial re-
gion of the NIP receives a corticonuclear projection from
intermediate parts of the vermal cortex. A close exami-
nation of serial sections (every other section impregnat-
ed) through the cerebellum revealed that those fibers
to the medial NIP arose lateral to the area which pro-
jected into the NM (zone A) but medial to the sagittal
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Fig. 5A-1. Tracings, in coronal section, of the cerebellar nuclei
of Saimiri sciureus (case BS197) from rostral (A) to caudal (I)
showing the distribution of degenerated axons in the cerebellar
and vestibular nuclei. Axonal debris is present in medial NIA (A-

strip which projected mainly into the LVN (zone B).
This is interpreted as evidence for an x zone in lobule
V of the squirrel monkey (S. sciureus) and suggests that
this area projects into medial NIP. A comparison of
cortical lesion sites in the present study suggests that

D), in the LVN (E, F) and in medial NIP (F-I). Those degenerated
fibers which enter NIP course through the medial portions of the
JRB (see also Fig. 4). General points of presentation are as in
Fig. 2. Scale bar 1.0 mm

the x zone in Saimiri is about 0.5-0.7 mm wide, and
extends from about 1.7-2.5 mm off the midline of lobule
V. This width and location are comparable to reports
in cat (Ekerot and Larson 1979a, b; Campbell and Arm-
strong 1985; Trott and Armstrong 1987b).
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Fig. 6 A-D. Photomicrographs showing the cerebellar nuclei (A —
from section 215, Fig.5), degenerated axons in medial NIP (B
—detail from A), the lack of axonal debris in lateral and ventrolater-
al NM (C - detail from A), and the characteristic appearance of

Corticonuclear fibers of the x zone

For two reasons, our knowledge of the organization of
corticonuclear fibers of the x zone is quite limited. First,
few studies have directly studied this connection and,
second, the only animal to be investigated to date is
the cat. Voogd et al. (1987b) have identified an x com-
partment in the Macaca cerebellum based on the pat-
terns of acetylcholinesterase staining (see also Voogd
et al. 1987a; Voogd and Hess 1989). Oscarsson (1980)
and Ito (1984) speculated that the x zone projected into

axonal debris in the LVN (D - detail from Fig. 5E). In B and
D examples of degenerated axons are shown at arrows. Scale bar
1.0 mm for A; 50 um for B-D

the NIA. This view was predicated on the prevailing
opinion at the time that the dorsal accessory olive was
the main source of climbing fibers to zones C, and C,
and to this general region of the lateral vermis (Groene-
wegen and Voogd 1977; Groenewegen et al. 1979; Bro-
dal and Kawamura 1980; Ekerot and Larson 1982; see
also Brodal and Brodal 1982). The fact that zones C,
and C; projected, via their corticonuclear fibers, into
the NIA (Voogd 1964; van Rossum 1969 ; Haines 1976;
Haines and Rubertone 1977, 1979; Voogd and Bigaré
1980; Haines et al. 1982; see also Dietrichs 1981a) gave
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Fig. 7A, B. Tracings in horizontal section, of the cerebellar nuclei
of Saimiri sciureus (case BS200) showing the distribution of degen-
erated fibers of passage and preterminal debris in the NIA and
NIP. Note that degeneration in the NIP (from the C, zone) is
concentrated in more central areas of this nucleus (compare with
Figs. 2E, F and 5G-I). Scale bar 1.0 mm

some credence to this interpretation. In general it was
assumed that since C; and C;, received input from DAO
and projected into N1A, then that small area in the later-
al vermis which presumably received a DAO projection
must also project into NIA.

Recent studies have provided evidence that the Pur-
kinje cells of the x zone do not relate to the NIA. Follow-
ing injections of horseradish peroxidase into the NM—
NIP interface Voogd (1983) described labeled Purkinje
cells in the x zone. He also noted that the Purkinje cell
bodies (and axons) of the x and C, zones (and compart-
ments) were smaller than those in the adjacent A and
B or C, and C; zones. Trott and Armstrong (1987b,
¢) used *H-leucine injections into the electrophysiologi-
cally identified x zone (short latency input from the ipsi-
lateral forelimb) and arrived at similar conclusions.
These authors described an x zone projection into the
junction of NM with the NIP, but noted that it was
not possible to determine, with certainty, which of these
two nuclei was the primary target. The present study
confirms and extends these observations of Voogd (1983)
and Trott and Armstrong (1987b, c). Although the pres-
ent results corroborated the view that the x zone projects
into the general area of the NM—NIP junction, it further
suggests that these fibers in Saimiri terminate exclusively
in medial NIP. What appear to be differences between
cat (Voogd 1983; Trott and Armstrong 1987a, ¢) and
primate (present study) may actually be a reflection of
the morphology of the cerebellar nuclei. Flood and Jan-
sen (1961) in their detailed study of the cat cerebellar
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nuclei noted that the NM and NIP fuse “...in a way
which renders it impracticable in certain places to draw
definite borders between the two nuclei”. In contrast,
the NM and NIP in many primates (e.g., Courville and
Cooper 1970; Riche etal. 1971; Haines 1986; and
others), while apposing each other, are more obviously
separated into two distinct cell groups.

In contrast to the data of Voogd (1983) and Trott
and Armstrong (1987b, c), which offered evidence of
an x zone projection into the NM-NIP junction, other
investigators have not seen a comparable pattern. Bish-
op etal. (1979) described longitudinal populations of
labeled Purkinje cells in the intermediate cortex of the
anterior lobe following injections of horseradish peroxi-
dase into NIA and NIP which corresponded, in general,
to zones C,, C, and C;. These authors did not report
Purkinje cell labeling in a part of the lateral vermis that
would correlate with the x zone, even in cases with HRP
placement in more medial areas of NIP. However, in
their autoradiography experiments, Bishop et al. (1979)
reported anterogradely labeled axons coursing into
“...the caudal pole of the NIP...” following injections
in the *“...medial three-fourths of lobule III...”. Yuet al.
(1985) antidromically drove Purkinje cells in the vermis
and intermediate cortex following placement of elec-
trodes in NM, NIA and NIP. These authors described
a distinct medial area related to the NM (an A zone),
an adjacent lateral area related to the NIA (probable
C, zone), and an overlap in the lateral vermis of cells
projecting to NM and LVN. In other words they did
not see a “...spatially isolated...” B zone. Yu et al.
(1985) concluded that corticonuclear connections of the
x zone were a component of their fastigial zone (A zone)
as there were data suggesting (Voogd 1983) that these
fibers may end in the NM.

In their anterograde tracer studies in the cat Dietrichs
and Walberg (1979; see also Dietrichs 1981a) described
two distinct corticonuclear termination areas in between
the NM (A zone) and lateral NIP (C, zone); one area
was located medially in NIP and the other was found
in medial NIA. These authors, who did not comment
on a possible x zone, suggested that the former terminal
area (to medial NIP) belonged to zone C,. However,
when the now substantial evidence for a C, termination
in medial NIA (see above) is taken into account, it is
reasonable to assume that the terminal labeling in medial
NIP as reported by Dietrichs and Walberg (1979) and
Dietrichs (1981a) actually represented corticonuclear
fibers of the x zone.

Extent of the x zone

There is general agreement that the x zone is a narrow
sagittal strip of cortex in lateral areas of the vermis of
lobule V (Ekerot and Larson 1979a, b; Oscarsson 1980;
Andersson and Eriksson 1981; Trott and Armstrong
1987b, ¢) and that it may extend into rostral parts of
lobule VI and the caudal area of lobule IV (Voogd 1983;
Voogd et al. 1987a, b; see also Bishop 1988). The present
study offers evidence of a projection into medial NIP
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from intermediate to lateral areas of vermis lobules IV-
VI in a primate. Based on the apparent origin of these
fibers from cortical areas located between those project-
ing to NM versus those related to LVN, their trajectory
through the white matter, and their termination in the
most-medial NIP, these fibers are interpreted as the cor-
ticonuclear fibers of the x zone. In this respect these
data (on a primate) are in general agreement with studies
on the cat as regards the location of zone x in lobule
V and its probable extent into lobules IV and VI. Assum-
ing that this zone may relate more to medial NIP than
to NM (see above) it is appropriate to note that cortico-
nuclear projections into medial NIP have been reported
from vermis lobule IV (Eager 1963-cat; Goodman et al.
1963-rat; Armstrong and Schild 1978a-rat) and lobules
III-1V (Dietrichs 1981 a-cat). In a detailed study of corti-
conuclear fibers of the anterior lobe and posterior vermis
in a prosimian primate (Galago) Haines (1975, 1976) and
Haines and Rubertone (1977, 1979) described persistent
projections into medial NIP from vermis lobules III-VI,
with occasional sparse input from lobule II. Without
knowledge, at that time, of zones in the vermis other
than A or B (Voogd 1969) it was suggested that these
vermis-to-medial NIP fibers may originate from zone
B (Haines and Rubertone 1979). After further experi-
mentation, and when comparing the course of fibers
from lesions which crossed the midline to encroach on
progressively more lateral areas of vermal cortex, Haines
et al. (1982) noted that degenerated axons appeared first
in NM then, at about the same time, in medial NIP
and LVN. These authors speculated that this may indi-
cate an x zone-to-medial NIP corticonuclear projection.

Taken collectively these data suggest that the x zone,
as the source of corticonuclear fibers to medial NIP,
may have more extensive rostrocaudal limits in primates
(I or IT-rostral VI) than in the cat (caudal IV-rostral
VI). Based on the potential functional responsibilities
of Purkinje cells of the x zone, as recently suggested
by Bishop (1988), it is entirely possible that this zone
may be more restricted in quadrupeds (cat) than in pri-
mates; the latter have hindlimb dominated locomotor
patterns, and forelimbs that are extensively used to ma-
nipulate objects and food in the environment (see Func-
tional considerations).

Olivocerebellar, corticonuclear, and nucleoolivary circuits
related to zone x

The relationships of cerebellar cortical zones are deter-
mined not only by their corticonuclear projections, but
also by their receipt of a highly-ordered input from spe-
cific divisions of the contralateral inferior olivary com-
plex. Consequently, the observation of a corticonuclear
projection from an area of cortex interpreted as the x
zone into the medial-most areas of NIP (present study)
must be considered in this larger context. While earlier
studies concluded that the DAO was the source of oliv-
ary input to the x zone (Oscarsson 1980; Ekerot and
Larson 1982; Ito 1984) recent evidence suggests that this
area of the cerebellar cortex receives climbing fiber input

NIP

C

Fig. 8. Semidiagrammatic representation of olivocerebellar projec-
tions to zones A, x, and C, from the MAO, and of cerebellar
nucleoolivary projections from the NIP into rostral MAQ. Data
modified from Groenewegen et al. 1979; Campbell and Armstrong
1985; and Dietrichs and Walberg 1986. See text for discussion

from the MAO (Voogd 1983 ; Campbell and Armstrong
1985; Voogd et al. 1987a; Voogd and Hess 1989). Camp-
bell and Armstrong (1985) electrophysiologically identi-
fied the x zone as a strip of cortex about 0.6 mm wide
in Iobule Ve that received short latency (about 15-18 ms)
input following stimulation of the ipsilateral forepaw.
It was bordered on either side by sagittal zones (A and
B) with longer latency (+30 ms) responses (see also
Trott and Armstrong 1987a, b, ¢; Bishop 1988). Follow-
ing identification of the x zone Campbell and Armstrong
(1985) injected small amounts of horseradish peroxidase,
and reported that olivary neurons which projected to
this specific region of cerebellar cortex were located in
the MAO in an oblique band extending across the nucle-
us from mid-rostromedial to mid-caudolateral (Fig. 8 —
vertical lines). In comparison® the C, zone, which also
projects into the NIP (see Dietrichs 1981a; Haines et al.
1982), receives input from the rostral half of the MAO
(Groenewegen et al. 1979 ; Brodal and Kawamura 1980).
This creates an overlap of arcas of MAO which project
to zones x and C, (Fig. 8 — vertical lines/dots). This
point is further corroborated by Voogd etal. (1987a)
and Voogd and Hess (1989) who reported anterograde
labeling of olivocerebellar fibers in the x and C, com-
partments and zones following injections of H3-leucine
into *“...the middle portion...” of the MAO in Macaca.

! An accurate comparison of the positions of olivary cells in the
MAO that project to the x and/or C, zone (or to their correspond-
ing cerebellar nuclei) is expedited by the fact that most investigators
(i.e. Groenewegen et al. 1979; Brodal and Kawamura 1980; Camp-
bell and Armstrong 1985; Dietrichs and Walberg 1985, 1986, 1989)
illustrate their results on the unfolded horizontal view of the inferi-
or olivary complex as developed by Brodal (for example see Fig. 1
of Brodal et al. 1975). Consequently, one can superimpose these
various results to gain an accurate appreciation of the position
of cells (olivocerebellar projections) or terminals (nucleoolivary
fibers) in the MAO



The results of the present study suggest that the x
zone sends corticonuclear fibers into the most-medial
NIP. It is well known that the C, zone of the anterior
lobe (Voogd 1964 ; van Rossum 1969 ; Haines and Ruber-
tone 1977, 1979; Voogd and Bigaré 1980; Dietrichs
1981a) and of the posterior lobe hemisphere (Voogd
1964; Walberg and Jansen 1964; Brodal and Courville
1973; Courville et al. 1973 ; Haines and Whitworth 1978;
Armstrong and Schild 1978b; Dietrichs and Walberg
1979, 1980; Voogd and Bigaré 1980; Dietrichs 1981b;
Haines and Patrick 1981; Haines et al. 1982, Umetani
et al. 1986; Umetani and Tabuchi 1988; Umetani 1989)
project into what are usually described as central and/or
more lateral regions of the NIP. Medial NIP appears
to receive an inconsistent projection from posterior ver-
mis lobules VII and VIII (Armstrong and Schild 1978b;
Umetani and Tabuchi 1988; Umetani et al. 1986); most
reports do not describe such a connection (e.g., Walberg
and Jansen 1964; Haines 1975; Courville and Diakiw
1976; Haines et al. 1982; Dietrichs 1983 ; Umetani 1989;
and others). In contrast, Angaut and Brodal (1967),
Haines (1977), Bernard (1987), and Tabuchi et al. (1989)
have described a modest, yet consistent, projection into
medial NIP from intermediate and lateral regions of lob-
ule IX. This same region of the uvula (lobule IX) receives
olivary input from rostral MAO, including the dorsome-
dial cell column (Groenewegen et al. 1979; Brodal and
Kawamura 1980; Whitworth et al. 1983; Bernard 1987).

Taking these data together it is evident that areas
of the cerebellar cortex which receive input from middle
and rostral levels of MAO (x zone, C, zone, lateral lob-
ule IX) send corticonuclear fibers into the NIP; C, into
its more central and lateral regions and zone x, and
lateral IX into its medial areas. In turn, the NIP projects
to rostral areas of the contralateral MAO (Fig. 8). Die-
trichs and Walberg (1986, 1989), after implanting horse-
radish peroxidase in the NIP, reported anterogradely
labeled fibers coursing into the contralateral MAO. They
specifically described anterogradely labeled NIP axons
and retrogradely filled MAO cells in the same area of
MAO (see Fig. 8-brackets)? that contains olivary neu-
rons known to project to the x zone and the C, zone
(Groenewegen et al. 1979; Campbell and Armstrong
1985). The correlation of x zone (present study) and
C, zone (see above references) projections into NIP, NIP
projection to the contralateral middle and rostral MAO,
and projections back to the x and C, zones (and their
associated cerebellar nucleus — the NIP) from about the
middle third of MAO supports the interpretation that
the x zone is related, through its efferent fibers, to the
NIP. Regions of the MAO which project to the x zone
also overlap into areas of the MAO which are related
primarily to the A zone (Fig. 8, horizontal + vertical
lines; Groenewegen et al. 1979; Brodal and Kawamura
1980; Voogd et al. 1987b, Voogd 1989). We acknowledge
that there may not be a precise cortico-nucleo-olivary
alignment for all cerebellar zones. However, if the x zone
were related primarily to the NM (and the A zone) one
would expect to see a significant fastigioolivary projec-

2 See footnote 1 (p. 264)
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tion to those areas of MAO which, in turn, are related
to the A zone. Dietrichs and Walberg (1985, 1989) have
reported fastigial projections into caudal MAO — the
source of olivary projections to the A zone and NM
— following horseradish peroxidase implants in the NM.
However, the patterns described by these authors indi-
cate that anterogradely labeled axons, and retrogradely
labeled cells, largely or exclusively avoid those middle
regions of MAO from which olivary projections to the
x zone arise. Also, Voogd et al. (1987a) have reported
that “middle portions” of the MAO projected to x and
C, zones and, via collaterals, into only the NIP. The
apparent lack of collateral projections into NM in their
study (Voogd et al. 1987a) further supports the interpre-
tation that the x zone is related to NIP rather than NM.

Functional considerations

The x zone receives short latency (12-20 ms) inputs from
the ipsilateral forelimb and forepaw, relayed primarily
through the dorsal funiculus-spinoolivocerebellar path-
way (e.g., Ekerot and Larson 19794, b, 1982; Campbell
and Armstrong 1985; Trott and Armstrong 1987a, c).
While acknowledging a predominant input from the ipsi-
lateral forelimb, Bishop (1988) has offered evidence that
x zone Purkinje cells in lobule V also receive input from
the contralateral forelimb and the hindlimb. Of the six
Purkinje cells in the x zone which responded to hindlimb
stimulation (Bishop 1988), three responded bilaterally,
two ipsilaterally, and one contralaterally. In this respect
Oscarsson and Sjolund (1977a, b) and Robertson (1984,
1987; see also Robertson et al. 1982) have also reported
forelimb and hindlimb representation in this same gener-
al area of cortex. Bishop (1988) also reported that the
recurrent collaterals of x zone Purkinje cells had a
greater extent in the transverse plane, and a wider distri-
bution of fibers with varicosities in molecular and granu-
lar layers, than did collaterals of Purkinje axons from
cells in the medially adjacent A zone or the laterally
adjacent B zone (see also Bishop et al. 1987). Individual
Purkinje cells of the x zone appear to receive input from
flexor and extensor aspects of the same limb, from both
forelimbs, or from the hindlimb and forelimb on the
same side (Bishop 1988). Based on these structural/func-
tional characteristics Bishop (1988) suggested that Pur-
kinje cells of the x zone compare input from different
aspects of the same limb, or from different limbs, and
function in the regulation of ““...overall tone during
movement rather than controlling specific actions...”.
Viewing the hypothesis of Bishop (1988) in relation
to the extent of the x zone, one sees the following. The
cat, with an x zone located primarily in lobule V and
probably extending into rostral VI and caudal 1V, is
an animal with stereotypical movements of hindlimb
with forelimb, and forelimbs which function in toilet
behavior and in catching and restraining prey, but not
in the manipulation of food or objects. Based on the
evidence of an x zone projection into medial NIP, this
zone in squirrel monkey (Saimiri; present study) extends
from lobule IV into lobule VI; more rostral lobules were
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not explored. However, in Galago (a prosimian primate)
there is clear evidence of a projection into medial NIP
from vermis lobule VI through III, and possibly from
lobule II. This would indicate, based on the interpreta-
tion of an x zone relationship to medial NIP (see above),
that this zone in Galago, and probably Saimiri (sce
Voogd et al. 1987a, b for some data on Macaca), has
a longer rostrocaudal extent than in cat. In the light
of the hypothesis of Bishop (1988), that the x zone may
function to coordinate forelimb with hindlimb and fore-
limb with forelimb movements, this zone in Galago (and
probably other primates) should be more extensive. Gala-
go has a saltatory hindlimb-dominated style of locomo-
tion, frequently assumes an upright stance, and may
even walk upright for short distances, and routinely uses
its hands to handle food, manipulate objects in its envi-
ronment, and to groom its mate (Napier and Napier
1967; Napier and Walker 1967; Martin et al. 1974 ; per-
sonal observations). Such behavioral activities would re-
quire a more claborate cerebellar zone (Bishop 1988)
to integrate the various inputs for the coordinated inter-
actions between the forelimb and hindlimb and between
the two forelimbs. This would argue in favor of the prob-
ability that the x zone in primates is more extensive
in the sagittal plane as compared to cat and rat.
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