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F1G. 3. Distribution of labeled neurons in the GPi. Five representative coronal sections are arranged rostrocaudally from left to right (A-E). Each row represents
data from a single subject, as identified by the label on the left. The top two rows represent F2c¢ injection, and the bottom two rows represent F2r injection. Each dot
indicates the location of an infected neuron labeled by retrograde transneuronal transport (second-order neurons). Scale bar: 1 mm. oGPi, outer portion of GPi; iGPi,
inner portion of GPi. ; : :
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F1G. 4. Density maps of the GPi after F2 injection. (A) Procedures to construct two-dimensional density maps of the GPi. The unfolding process was begun by
drawing a line through the center of the outer or inner portion of the GPi (top). The reference points were placed at the bottom (the pink star or the red circle) and the |
top (the cyan triangle or the blue square) of the GPi. The position of each labeled neuron was projected onto the central line. Then, each line through the nucleus was
aligned on the ventral edge of the GPi (bottom). Neurons were divided into 300 X 300-um bins. B and C show the conditions after F2c injection. D and E show the
conditions after F2r injection. The top row presents maps of the outer portion. The bottom row presents maps of the inner portion. oGPi, outer portion of GPi; iGPi;
inner portion of GPi.
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'FIG. 5. Distribution of labeled neurons in the SNr. Four representative coronal sections are arranged rostrocaudally from left to right (A-D). Each dot indicates the

location of a labeled neuron. Each row represents data from a single subject, as identified by the label on the left. The top two rows present the conditions after F2¢
injection, and the bottom two rows represent the conditions after F2r injection. The number attached to each section indicates its relative rostrocaudal position within
the SN (most rostral level = 0, most caudal level = 1). The lines in each section indicate the border between the SNr and the SNc, substantia nigra pars compacta.
Scale bar: 1 mm. .
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FIG. 6. Density maps of the SNr after F2 injection. (A) Procedures to construct two-dimensional density maps of the SNr. The unfolding process was begun by
drawing a line through the center of the nucleus on each section. The reference points were placed at the medial edge (the red star) and the lateral edge (the blue
triangle) of the SNr. The position of each labeled neuron was projected onto the central line. Then, each line through the nucleus was aligned on the lateral edge of
the SNr (bottom). Neurons were divided into 300 % 300-um bins. B and C show the neuronal density after F2c¢ injection. D and E show the neuronal density after F2r
injection.
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GPe

Labeled neurons were widely distributed over the GPe following F2¢
injection, whereas labeled neurons occupied a more restricted
area after the F2r injection (Figs 2C and 7). To compare the two
distribution patterns in detail, we prepared two-dimensional density
maps of the GPe to depict the results of F2c¢ and F2r injections
(Fig. 8A). After F2¢ injection, labeled neurons were found in the
caudal and ventral portions as well as in the rostral and dorsal portions
(Fig. 8B and C), whereas those after F2r injection were located in the
rostral and dorsal portions of the GPe (Fig. 8D and E). These data
indicated that the area in which GPe neurons projected multisynap-
tically to F2r was included within the area i which the GPe neurons
projected to F2c.

The number of labeled neurons in the GPe after F2c¢ injection was
623 on average (564 cells in Ams and 682 cells in Del), whereas this
figure was 173 (202 cells in 06-22 and 144 cells in Itt) after F2r
injection. The proportion of bins containing at least one labeled neuron
was 60% on-average (360 of 569 bins in Ams, and 329 of 567 bins in
Del) after F2c injection (Fig. 8B and C), and the average proportion
was 20% (145 of 677 bins in 06-22, and 109 of 550 bins in Itt) after
F2r injection (Fig. 8D and E). These data indicated that F2c¢ received
input from the GPe that was three times as widely distributed as that
received by F2r. '

STN

Figure 9 shows the density map of the labeled neurons in the STN in
each animal. After F2r injection, neuronal labeling was located
primarily in the ventral aspect (Fig. 9, lower rows), whereas the zone of
labeling following F2c injection involved that of labeling following F2r
injection and expanded more dorsally (Fig. 9, upper rows). The
number of labeled STN neurons after F2¢ injection was 276 on average
(288 cells in Ams and 263 cells in Del), and the number after F2r
injection was 75 on average (83 cells in 06-22 and 67 cells in Itt).

F2c (Ams)

F2c (Del)

F2r (06-22)

F2r (itt)

Basal ganglia projections to area F2 291

Striatum

Large numbers of labeled neurons were observed in the striatum.
Labeled neurons were widely distributed in the striatal cell bridge
region and in adjacent areas of the caudate nucleus and the putamen
following each injection (Fig. 10). In addition, dense neuronal
labeling was seen in the ventral striatum. The labeled striatal neurons
following F2c¢ injection greatly outnumbered those following F2r
injection. The average numbers of labeled neurons were 13679
(13780 cells in Ams and 13 577 cells in Del) after F2c injection, and
3686 (3111 cells in 06-22 and 4260 cells in Itt) after F2r injection.

Discussion

We examined the organization of multisynaptic projections from the
BG to F2 in macaques. After injections’ of rabies virus F2r and F2c,
second-order neuron labeling occurred in the GPi and SNr. Subse-
quently, third-order neuron labeling was observed in the GPe, STN,
and striatum. Analysis of the distribution of labeled neurons in each
nucleus revealed several characteristics of the multisynaptic BG-F2
projections. We will discuss each of our findings individually below.

Segregation of GPi and SNr origins of multisynaptic F2c
and F2r projections

Previous studies using retrograde trans-synaptic transport of neuro-
tropic viruses have revealed that both the outer and the inner portions
of the GPi consist of at least two distinct territories (i.e. motor and
association territories) (Middleton and Strick, 2000a,b). The motor
territory, occupying the caudoventral region of the GPi, projects
multisynaptically to the primary motor cortex (M1), the supplementary
motor area (SMA), and the ventral premotor area via the motor
thalamus (Hoover & Strick, 1993, 1999; Akkal et «l., 2007). In
contrast, the association territory, occupying the rostrodorsal region of
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F1G. 7. Distribution of labeled neurons in the GPe (third-order neurons) and GPi (second-order or third-order neurous). Each row (A~E) represents data from a
single subject, as identified by the label on the left. The top two rows represent the neuronal distribution following F2¢ injection, and the bottom two rows represent
the neuronal distribution following F2r injections. Each dot indicates the location of an infected neuron. oGPi, outer portion of GPi; iGPi, inner portion of GPi.
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F1G. 8. Density maps of the GPe after F2 injection. (A) Procedures to construct two-dimensional density maps of the GPe. The unfolding process was begun by
drawing a line through the center of the GPe (top). The reference points were placed at the bottom (the red star) and at the top (the blue triangle) of the GPe. The
position of each labeled neuron was projected onto the central line. Then, each line through the nucleus was aligned on the ventral edge of the GPe (bottom). Neurons
were divided into 300 X 300-um bins. B and C show the neuronal density after F2¢ injection. D and E show the neuronal density after F2r injection.
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F1G. 9. Distribution of labeled neurons in the STN. Three coronal sections
are arranged rostrocaudally from left to right (A-C). Each STN section was
divided into 300 x 300-um bins. The number of labeled neurons in each bin
was counted and color-coded. Each row represents the data from a single
subject, as identified by the label on the left. The top two rows show
the neuronal distribution after F2¢ injection. The bottom two rows show the
neuronal distribution after F2r injection. Scale bar: 1 mim.

the GPi, projects multisynaptically to the dorsal part of area 46 and the
lateral part of area 9 in the prefrontal cortex and the pre-supplementary
motor area (Middleton & Strick, 2002; Akkal er al, 2007). This
segregation between motor and association territories has also been
revealed by electrical stimulation (Yoshida ez al., 1993).

In the present study, we found that neurons in the motor territory of
the GP1i constituted the major source of input to F2¢. Comparison of
the distribution of F2c-projecting neurons with that of SMA-projecting
neurons (Akkal er al., 2007) revealed that GPi neurons projecting
multisynaptically to F2c¢ tend to be located dorsal to those projecting
to the SMA. Furthermore, we found that GPi neurons projecting
multisynaptically to F2r were distributed in the dorsal part at the
rostrocaudal middle level. According to the topographical map of the
GP1, this region appears to be located just caudal to the association
territory (Middleton & Strick, 2002; Akkal er al., 2007), suggesting
that it is situated in the transition zone between motor and association
territories, which represent the calbindin-rich or calbindin-poor zone,
respectively (Akkal et al., 2007). Subsequently, by measuring the
proportion of labeled bins, we confirmed that GPi neurons projecting
multisynaptically to F2c were distributed more extensively than were
those projecting to F2r. This indicates that the motor territory of the
GPi is broader than its association territory.

It has been shown that the caudal and rostral parts of the dorsal
premotor area in the cebus monkey (Cebus apella) receive input from
the motor and nonmotor territories of the GPi, respectively (Dum
et al., 2004). Although this caudal part (caudal dorsal premotor area)
corresponds to our F2c, the rostral dorsal premotor area used by Dum
et al. (2004), which is located within area F7, is more rostral than our
F2r. Following the injection of rabies into the caudal dorsal premotor
area or F2c, retrograde neuron labeling was observed in the motor
territory of the GPi, indicating that the basic architecture of the GPi~
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F1G. 10. Distribution patterns of neuronal labeling in the striatum 4 days after rabies injections into F2. Six equidistant coronal sections (3 mm apart) are arranged
rostrocaudally from top to bottom (A-F). Each striatal section was divided into 500 x 500-um bins. The number of labeled neurons in each bin was counted and
color-coded. Each column represents the data from a single subject, as identified by the label on the top. The rostrocaudal level of the fourth row corresponds to that
of the anterior commissure. The left two columns represent the neuronal distribution following F2¢ injection. The right two columms represent the neuronal
distribution following F2r injection. Scale bar: 2 mm. ac, anterior commissure; Cd, caudate nucleus; Put, putamen.

F2c pathway in macaque monkeys is equivalent to that of the GPi-
caudal dorsal premotor area pathway in cebus monkeys. Moreover,
GPi neurons projecting multisynaptically to the rostral dorsal premotor
area appeared to be located in a more rostral portion than those
projecting to F2r (P. L. Strick, personal communication), suggesting
that these two regions of the dorsal premotor area receive multisy-
naptic inputs from distinct portions of the GPi.

The topographical organization of another output nucleus, the SNr,
was also revealed. The rostral and caudolateral portions of the SNr
have been shown to project multisynaptically to prefrontal cortical

areas, such as areas 46, 9, and 12 (Middleton & Strick, 2002). It has
also been reported that the caudolateral portion of the SNr sends
multisynaptic outputs to the frontal eye field and the superior
colliculus (Beckstead et al., 1981; Lynch er al, 1994), suggesting
that this portion is involved in oculomotor control (Hikosaka & Wurtz,
1983). Moreover, the caudolateral portion projects multisynaptically to
the inferior temporal cortex, indicating that this portion plays an
additional role in the processing of information about visual objects
(Middleton & Strick, 1996b). In contrast, the most medial part of the
SNr has been shown to receive inputs from the ventral striatum and the
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ventral pallidum (Haber et al., 1990, 1993). By injecting an antero-
grade tracer into the ;ventromedial portion of the GPe, where
bicuculline microinjection caused stereotypy in monkeys, Francois
et al. (2004) demonstrated that this region projected to the most
medial part of the SNr at its rostral level. These findings suggest that
the most medial part of the SNr belongs to a limbic circuit.

Furthermore, it has been revealed that the sensorimotor territory of-

the striatum projects to the central part of the SNr (Francois et al.,
1994; Kaneda et al., 2002). Taken together, these data elucidate the
topographic organization of the SNr from a functional perspective.

In this study, we found that the caudocentral portion of the SNr
projected multisynaptically to F2c. This SNr portion corresponds to
the area that receives input from the SMA-recipient region of the
striatum (Kaneda ez al., 2002). This suggests that another looping
circuit may operate through the SNr in the service of motor control. By
contrast, SNr neurons projecting multisynaptically to F2r were located
in a more rostral portion, which has been shown to project to the
prefrontal cortex (Middleton & Strick, 2002): However, the labeling in
the caudolateral portion was meager, which is consistent with the
observation that F2r is not involved in oculomotor control or in
processing information about visual objects.

In summary, our results revealed that largely segregated paits of the
GPi and SNr project multisynaptically to F2c and F2r. In general, F2¢
receives multisynaptic inputs from portions of the GPi and SNr that
are interconnected with the cortical motor-related areas, whereas F2r
receives multisynaptic inputs from the portions that are closely related
to the prefrontal cortex.

Distribution of GPe and STN origins of multisynaptic F2c and
F2r projections

Following a post-injection survival period of 4 days, the rabies virus
injected into F2¢ or F2r was transported to the GPe, STN and striatum
via the GPi and/or SNr. The existence of motor, association and
limbic territories in the GPe has been suggested by a combination of
anatomical and pathophysiological studies (Francois ef al., 2004;
Grabli et al., 2004). In the present study, GPe neurons labeled after
F2¢ injection were widely distributed, with higher density in the
rostral and dorsal portions, and those labeled after F2r injection were
also located in the rostral and dorsal portions, albeit over a more

restricted area. Furthermore, the F2r territory was observed to be’

included within the F2c territory. It has been reported that dual
somatotopic maps exist in the medial and lateral parts of the STN. The
medial part receives. inputs from area 6 (i.e. the SMA and PMd),
whereas the lateral portion receives input from area 4 (i.e. MI)
(Nambu et al., 1996, 1997; Kelly & Strick, 2004). It has also been
shown that the ventral aspect of the STN is interconnected with the
prefrontal cortex (Kelly & Strick, 2004). In our study, neurons
projecting multisynaptically to F2¢ and F2r were intermingled, and we
observed that the area containing F2r-projecting neurons tended to be
included within the area containing F2c-projecting neurons, STN
neurons labeled after F2¢ injection were distributed widely over both
the medial and the lateral parts, indicating that F2c receives inputs
from both of the dual somatotopic maps in the STN. In contrast, STN
neurons projecting multisynaptically to F2r were found mainly in the
ventral part, suggesting that F2r receives multisynaptic input from the
association territory. Altogether, the basic network architecture of the
GPi/SNr seems to differ from that of the GPe/STN. As the GPe and
STN are the intermediate stations in the indirect pathways of the BG
(Alexander & Crutcher, 1990), these findings suggest that the. mode of
information processing in the indirect pathway is essentially different

1993b, 1994; Takada et al.,

from that in the direct pathway (i.e. the direct projections from the
striatum to the GPi/SNr).

Intermingling of striatal origins of mu/tlsynaptlc F2c and F2r
projections:

The striatum, the caudate nucleus and the putamen, receives input
from various areas of the cerebral cortex. The caudate nucleus receives
inputs primarily from the association areas in the frontal and parietal
lobes (Yeterian & Van Hoesen, 1978; Selemon & Goldman-Rakic,
1985; Arikuni & Kubota, 1986; Saint-Cyr et al., 1990; Yeterian &
Pandya, 1991). By contrast, the putamen, especially its caudal aspect,
receives inputs primarily from the sensorimotor areas, including
various motor-related areas (Kiinzle, 1975, 1977; Flaherty & Graybiel,
1998a,b; Nambu et al., 2002). Further-
more, the ventral striatum receives inputs from the medial and orbital
prefrontal areas (Eblen & Graybiel, 1995; Haber ef al., 2006), the
cingulate gyrus (Kunishio & Haber, 1994), the amygdala (Fudge
et al., 2002), and the hippocampal formation (Friedman et al., 2002).
In the present study, both F2r and F2c¢ injections led to neuronal
labeling in the dorsal striatum, including the caudate nucleus and the
putamen, as well as in the region of the striatal cell bridge. The region
of the putamen that contained labeled neurons from F2c¢ overlapped
with the zone receiving direct input from F2c (Takada et al., 1998a).
This suggests the operation of an F2c-BG loop circuit. Although we
have not identified a striatal region to which F2r sends projections, the
rostral part of the dorsal premotor area has been shown to send
projections to the dorsolateral region of the caudate nucleus and the
dorsal, lateral and ventral regions of the putamen (Kiinzle, 1978). Our
own study has also shown that area F7 projects to the region of the
striatal cell bridge lying between the caudate nucleus and the putamen
(Tachibana et al., 2004). Thus, it is suggested that an F2r-BG loop
circuit operates independently from the F2¢-BG loop circuit. Addi-
tional labeled neurons were also found in widespread areas of the
striatum after F2¢ and F2r injections. These labeled neurons were
distributed in the dorsal and lateral aspects of the caudate nucleus,
which receive extensive inputs from the prefrontal cortex (e.g. areas
46 and 9) (Kemp & Powell, 1970; Selemon & Goldman-Rakic, 1985;
Calzavara et al., 2007), and also in the medial and ventral aspects of
the caudate nucleus and the ventromedial putamen, including the area
caudal to the anterior commissure, which receives inputs from the
limbic territories of the brain, such as the medial and orbital aspects of
the prefrontal cortex, the amygdala, the hippocampal formation, and
the agranular and dysgranular insular cortices (Selemon & Goldman-
Rakic, 1985; Haber et al., 1995, 2006; Fudge ef al., 2002, 2004, 2005;
Friedman ef al., 2002; Kelly & Strick, 2004; Calzavara et al., 2007).
These results suggest that F2c and F2r both receive multisynaptic
inputs from the association and limbic territories as well as from the
striatal regions to which F2¢ and F2r, in turn, specifically project.
Yeterian & Van Hoesen (1978) originally proposed that two cortical
regions linked via cortico-cortical connections send converging inputs
to the striatum. Subsequently, Graybiel and colleagues demonstrated
that M1 and the primary somatosensory cortex send converging inputs
to the putamen, and that the frontal and supplementary eye fields send
these to the caudate nucleus (Parthasarathy ez al., 1992; Flaherty &
Graybiel, 1993b). Moreover, it has been shown that single striatal
interneurons receive converging inputs from motor and sensory
cortical areas (Bolam et al., 2000; Ramanathan er «/., 2002), indicat-

_ing the existence of a convergence of multiple interconnected cortical

areas at the cellular level. Flaherty & Graybiel (1994) proposed that
multiple patches within the striatal matrix receive diverging inputs
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from a single cortical area and, in turn, send converging outputs to the
GPi and GPe. Furthermore, it has been shown that projections from
the anterior cingulate and obitofrontal cortices, carrying reward-related
signals, spatially overlap with those from the dorsolateral prefrontal
cortex, carrying cognitive signals, within the rostral striatum (Selemon
& Goldman-Rakic, 1985; Haber er al., 2006). Synthesis of these lines
of evidence suggests that the striatum receives diverging inputs from a
single cortical area and converging inputs from distinct, but anatom-
ically related, cortical areas; it also suggests that outputs from spatially
distributed striatal neurons reconverge at the level of the GPi. The
present data are consistent with such a connectional framework, which
displays the segregated distribution of GPi/SNr neurons projecting
multisynaptically to F2c¢ and F2r as well as the intermingled
distribution of striatal neurons projecting multisynaptically to these
areas. Given that F2 is characterized by widespread interconnections
with cortical areas, including the motor territory (i.e. M1, the SMA,
and the cingulate motor area), the association territory (i.e. the
prefrontal cortex), and the limbic territory (i.e. the cingulate gyrus)
(Barbas & Pandya, 1987; Luppino et al., 2003), we suggest that F2
may receive multisynaptic inputs from the striatal regions that receive
converging inputs from the cortical areas with which F2 is cortically
interconnected.

In the current study, the number of rabies-labeled neurons was
greater after F2c injection than after F2r injection, although the extent
of the injection site was comparable between the two cases. This is
probably ascribable to the fact that F2r is interconnected predomi-
nantly with areas in the frontal association cortex, whereas F2c is
interconnected not only with these areas, but also with M1 (Barbas &
Pandya, 1987; Luppino er al., 2003). Therefore, it might be the case
that F2c receives input not only from the association territory, but
also from the motor territory of the BG, whereas F2r receives input
mainly from the association territory. A greater number of neurons
labeled after F2c injection was also seen for the ventral striatum. As
previous studies have reported that M1 receives multisynaptic input
from the ventral striatum, probably via the substantia innominata
(Kelly & Strick, 2004; Miyachi et al., 2006), it can be considered
that the ventral striatum sends widespread projections indirectly to
the frontal cortex, including M1 and F2. This implies that the ventral
striatum may have broader impacts on the processing of not only
cognitive, but also motor, information. Functionally, it has been
shown' that the effect of the expected reward amount is greater on
neuronal activity in more caudal areas of the frontal association
cortex (Roesch & Olson, 2003) that might receive ample multisy-
naptic inputs from the ventral striatum. It remains to be elucidated
whether distinct portions, or distinct groups of neurons, in the ventral
striatum project to the motor and association territories of the
frontal cortex, and what kind of impact the ventral striatum has on
neuronal activity therein.

Conclusions

As a result of our analysis of the distribution patterns of BG neurons
projecting multisynaptically to F2c and F2r, we propose the operation
of two separate channels, each of which projects multisynaptically to
F2c and F2r at the output area of the BG (i.e. the GPi and SNr). We
further propose that segregation may be obscured at the input area of
the BG (i.e. the striatum), where neurons projecting multisynaptically
to F2c and F2r intermingle (Fig. 11). These results indicate that each
of the two parallel loops (i.e. the F2¢-BG loop and the F2r-BG loop)
collects diverse inputs from the motor and association territories with
which F2¢ and F2r are cortically interconnected. Because pallidal and
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Cerebral cortex

GPi/SNr

F1G. 11. A schematic diagram summarizing the results of the current study and
presenting our hypothesis concerning the origins of multisynaptic projections to
F2 from the BG. In the striatum, GPe/STN, and GPi/SNr, open and filled
circles indicate neurons projecting multisynaptically to F2¢ and F2r, respec-
tively. The arrow indicates the direction of the information flow through the
cortico-BG loop circuits. Association, association areas in the cerebral cortex,
such as the prefrontal cortex; Motor, motor-related areas in the cerebral cortex,
such as M1 and the SMA. In the output stations of the BG (GPi/SNr), the cells
of origin of multisynaptic projections to F2¢ and F2r are segregated. By
contrast, intermingling rather than segregation is prominent with respect to the
other BG components, including their input station (Striatum). Note that in
GPe/STN, which connects the input and output stations, the F2r territory tends
to be included within the F2c territory (see the text for details).

nigral neurons possess widespread dendritic trees (Yelnik e af., 1984,
1987), the GPi and SNr may constitute the sites at which diverse
inputs are sorted and integrated, enabling each of these to send outputs
to F2c and F2r separately. On the other hand, the distribution pattern
of neurons in the GPe and STN that project multisynaptically to F2c
and F2r differs from that of neurons in the GPi and SNr; the F2r
territory seems to be included within the F2¢ territory in the GPe and
STN. This suggests that the mode of information processing in the
GPe and STN differs from that in the GPi and SNr. Together with
previous data showing the precise network architecture of each
comnponent of the BG (Hazrati & Parent, 1992; Bolam et al., 2000;
Parent et al., 2000), the results obtained in the present study will
provide a novel framework for understanding the mode of information
processing in the cortico-BG loop circuits.

By analyzing the network linking F2 and the cerebellum, we
revealed that the origins in the cerebellum of multisynaptic projections
to F2c and F2r are segregated at the output station (i.e. the deep
cerebellar nuclei), whereas both integration and segregation are
evident in the cerebellar cortex (Hashimoto ef al, 2010). The
networks connecting F2 and the BG/cerebellum may be governed
by a common rule organizing the segregation at the output stage and
the intermingling rather than the segregation at the input stage.
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BG, basal ganglia; F2, caudal aspect of the dorsal premotor area; F2c, caudal
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cortex; SMA, supplementary motor area; SNr, substantia nigra pars reticulata;
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Abstract

In the caudal part of the dorsal premotor cortex of macaques (area F2), both anatomical and physiological studies have identified two
rostrocaudally separate sectors. The rostral sector (F2r) is located medial to the genu of the arcuate sulcus, and the caudal sector
(F2c) is located lateral to the superior precentral dimple. Here we examined the sites of origin of projections from the cerebellum to
Fer and F2c. We applied retrograde transsynaptic transport of a neurotropic virus, CVS-11 of rabies virus, in macaque monkeys.
Three days after rabies injections into F2r or F2¢, neuronal labeling was found in the deep cerebellar nuclei mainly of the contralateral
hemisphere. After the F2r injection, labeled cells were distributed primarily in the caudoventral portion of the dentate nucleus,
whereas cells labeled after the F2¢ injection were distributed in the rostrodorsal portion of the dentate nucleus, and in the interpositus
and fastigial nuclei. Four days after rabies injections, Purkinje cells were densely labeled in the lateral part of the cerebellar cortex.
After the F2r injection, Purkinje cell labeling was confined to Crus | and II, whereas the labeling seen after the F2¢ injection was
located broadly from lobules i1l to VIII, including Crus | and Il. These resulis have revealed that F2¢ receives inputs from broader
areas of the cerebellum than F2r, and that distinct portions of the deep cerebellar nuclei and the cerebellar cortex send major

projections to F2r and F2c, suggesting that F2c and F2r may be under specific influences of the cerebellum.

Introduction

The cerebellum plays a central role in executing a motor act in a
smooth and coordinated manner through its major connections with
the cerebral cortex and the spinal cord (Ito, 1984; Thach er al., 1992;
Kawato, 1999). With regard to the network that links the cerebellum
and the cerebral cortex, a novel tract-tracing method by means of
transsynaptic transport of neurotropic viruses (Ugolini er al., 1987,
1989; Kuypers & Ugolini, 1990; Kelly & Strick, 2003; Miyachi et al.,
2005; Callaway, 2008) has revealed that the output from the
cerebellum reaches the frontal lobe, including the primary motor
cortex and the prefrontal cortex (Middleton & Strick, 1994, 2001;
Kelly & Strick, 2003). A series of studies further suggest that each
cortical area forms a separate closed loop circuit with the cerebellum
(Hoover & Sirick, 1999; Kelly & Strick, 2003; Clower erf al., 2005;
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Akkal et «l., 2007). By synthesizing a large set of data, Strick et al.
have identified the motor and non-motor domains in the cerebellum;
the motor domain is linked predominantly with the primary motor
cortex, whereas the non-motor domain is not linked with the primary
motor cortex, but with association cortical areas, such as the prefrontal
cortex (for review, see Strick ef al., 2009).

The present study focuses on the origin of cerebellar projections to
the dorsal premotor cortex (PMd) in Brodmann’s area 6 of macaques
(Brodmann, 1909; Wise, 1985; Barbas & Pandya, 1987). We
previously recorded neuronal activity from PMd while monkeys were
performing an arm-reaching task, and found that neurons displaying
activity in relation to the process of motor planning and. preparation
were located mainly in the caudal part of PMd (Hoshi & Tanji, 2006)
that coincides well with area F2 defined by cytochrome oxidase
staining (Matelli ez al., 1985, 1991). Further, our results demonstrated
that the properties of neuronal responses were different in the rostral
and caudal sectors of area F2 (F2r and F2c) that lie medial to the genu
of the arcuate sulcus and lateral to the superior precentral dimple,
respectively. k
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TABLE 1. Summary of experiments It has been shown that the caudal (area F2) and rostral (area F7)
- ) — .. parts of PMd in the cebus monkey (Cebus apella) receive input from
) Injection  Survival Inleli“on I"chnon . the motor or non-motor domain of the deep cerebellar nuclei,
Monkey  Species site (days)  tracks (m)  volume (ul)  \oonetively (Dum et al., 2002, 2004). However, given the differential
Hyu Macaca mudatta F2r 3 3 30 funchgnal spemﬁgt}es in areas 1?’21’ and F2c, it is of importance to
0623  Macaca fuscata  Far 3 3 3.0 investigate the origins of projections from the cerebellum to F2r vs.
06-22 M. fuscata For 4 3 3.0 F2c¢ in macaque monkeys that have been widely used for exploration
It M. fuscata Far 4 3 3.0 of neural mechanisms underlying motor control. Here we show that
2;‘1 % J;Zig;’;g g‘é g j 38 distinct portions of the deep cerebellar nuclei and the cerebellar cortex
Ams M fuscata Fac 4 4 40 send maj’or projections to F2r and f2c. Thes.e 1‘esult§ suggest that 1.32r
Del M. fuscata F2c 4 4 40 and F2c in the caudal PMd may be involved in planning and executing
voluntary movements under specific influences of the cerebellum.
A D
Dorsal
Rostral Rostral
10mm 2mm
B

Instruction-induced responses

.| 13 Motor Instruction

: 3 Visuospatial
| - Nonsslective
ostral 2 mm
R S A RN R S
rostral caudal

14 Target only

£ Arm only
* Both
2mm
+6 +4 - ‘ -8
rostral caudal

FiG. 1. Locations of the injection sites in F2r and F2c. (A) Diagram illustrating the macaque lateral frontal lobe. The rectangular area drawn with broken lines in (A)
is enlarged in (B-E). (B) and (C) Distributions of neuronal activity found in prior single-neuron recordings. Two panels were adopted from Hoshi & Tanji (2006).
(B) The location of cells whose activity reflected the motor instruction (circle) or visuospatial feature of visual signals (square) after an instruction cue was presented.
(C) The location of cells whose activity reflected only target location (square), only left- or right-arm use (diamond), or both target location and arm use (dot). In each
panel, the distributions of neuronal response properties were different in the rostral and caudal parts. Two circles drawn with broken lines indicate the intended
injection sites in F2r and F2c, respectively. (D) and (E) Injection sites of rabies virus in F2r (D) and F2¢ (E). Within each site, small circles in gray (0.5 mm in radius)
indicate the estimated viral spread around the injection tracks. (B~E) The border between the premotor cortex (PMd, dorsal premotor cortex; PMv, ventral premotor
cortex) and the primary motor cortex (M1) is represented with the broken line. The genu of the arcuate sulcus (AS) is denoted with asterisks in (B) and (C). CS,
central sulcus; Dimple, superior precentral dimple; PS, principal sulcus; Spur, spur of AS.
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* Materials and methods
Animals

We used seven Japanese (Macaca fisscata) monkeys and one thesus
(Macaca nulatta) monkey of either sex weighing 4.0-7.6 kg
(Table 1). The experimental protocol was approved by the Animal
Care and Use Committee of the Tokyo Metropolitan Institute for
Neuroscience, and all experiments were conducted in accordance with
the Tokyo Metropolitan Institute for Neuroscience Guidelines for the
Care and Use of Animals (2000).

A ~ Dorsal
3 . L

Caudal

Ventral

Caudal

Dorsal gmmmmm= Veniral s=es——3 Dorsal

Caudal

Ventral €2 Dorsal

Surgical procedures

A general anesthesia of the monkeys was induced with ketamine
hydrochloride (10 mg/kg, i.m.) and maintained with sodium pento-
barbital (20 mg/kg, i.v.). During the surgical operation, hydration was
maintained with lactated Ringer’s solution (i.v.). An antibiotic
(Rocephin; 75 mg/kg, i.m.) was administered at the time of initial
anesthesia. The monkey’s head was secured in a stereotaxic frame, and
the skin and muscle were retracted to expose the skull over the left
hemisphere. A large craniotorny was made over the left frontal lobe,
and the dura mater was cut to expose the superior limb of the arcuate
sulcus, the genu of the arcuate sulcus, the superior precentral dimple
and the central sulcus, which allowed us to visually inspect the
injection sites on the cortical surface. In three of the eight monkeys,
we administered dexamethasone (Decadron; 0.5 mg/kg, i.m.) because
they showed a sign of slight swelling of the exposed area. Soon after
the administration, the cortex returned to normal conditions. After
confirming this, we started viral injections.

Viral injections

The virus was derived from the Center for Disease Control and
Prevention (Atlanta, GA, USA) and donated by Dr Satoshi Inoue (The
National Institute of Infectious Disease, Tokyo, Japan). The titer of a
stock viral suspension was 1.4 x 10° focus-forming units/mL. The
location of each injection site was based on surface landmarks and
their known relationship to the caudal sector of the dorsal premotor
area (area F2; Matelli et a/., 1985). Injection sites of the rostral sector
of area F2 (F2r) included an area 3 mm rostral to the genu of the
arcuate sulcus in the posterior bank of the superior limb of the arcuate
sulcus (Fig. 1D). Injection sites of the caudal sector of area F2 (F2¢)
included the area dorsal to the spur of the arcuate sulcus and below the
superior precentral dimple (Fig. 1E). The viral suspension was
injected through a 10-yL Hamilton microsyringe. For each injection
track, viral deposits were placed at two different depths; at 4 and
2 mm deep from the cortical surface in F2r injections, and at 2 and
1.5 mm deep in F2¢ injections. At each depth, 0.5 uL of the viral
suspension was deposited. When injections were complete, the dura
mater and bone flap were repositioned, and the scalp incision was
closed. An analgesic (Buprenex; 0.01 mg/kg, i.m.) was administered
after surgery.

Histology

After a survival period of 3 or 4 days, the monkeys were deeply
anesthetized with an overdose of sodium pentobarbital (50 mg/kg)
and killed by perfusion-fixation with a mixture of 10% formalin and
15% saturated picric acid in 0.1 M phosphate buffer (pH 7.4). The

FIG. 2. Procedures to make two-dimensional density maps of the dentate
nucleus and the interpositus nuclei of the macaque monkey. (A) Typical coronal
sections of the dentate nucleus are displayed. The color-coded segments
correspond to the colored regions on the unfolded map in (B). Each section is
aligned to a junction between the ‘a’ and the ‘b’ segment (open stars). The ‘a’
segment is the lateral vertical segment of the nucleus, the ‘b’ segment is the
main ventral segment and the ‘¢’ segment is the medial vertical segment.
(B) The broken line represents the border between the motor and the non-motor
domain that was drawn following the convention of the cebus monkey (Strick
et al., 2009). Section numbers denoted above each plot in (A) correspond to the
rostrocaudal positions depicted in (B). (C) Typical sections of the interpositus
nuclej are displayed. (D) Each section is aligned to the top edge of the
interpositus nuclei (open stars). Section numbers denoted below each plot in
(C) correspond to the rostrocaudal positions depicted in (D). AIN, anterior
interpositus nucleus; PIN, posterior interpositus nucleus.
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FiG. 3. Neuronal labeling in the cerebellum. (A) and (B) Second-order neuron labeling in the deep cerebellar nuclei 3 days after rabies injection into area F2. (A)
Coronal section through the dentate (DN), anterior interpositus (AIN) and posterior interpositus (PIN) nuclei. The rectangular area in (A) is enlarged in (B). (C) and
(D) Third-order labeling of Purkinje cells in the cerebellar cortex 4 days after rabies injection into area F2. (C) Coronal section through the lateral cerebellar
hemisphere. The rectangular area in (C) is enlarged in (D). Scale bars: 500 pum (A and C); 50 um (B and D).

brain was removed from the skull, postfixed in the same fresh fixative
overnight at 4°C, and placed-in 0.1 M phosphate buffer (pH 7.4)
containing 30% sucrose. Coronal sections were cut serially at 50 ym
thickness on a freezing microtome. Every sixth section was processed
for immunohistochemical staining for rabies virus by means of the
standard avidin-biotin-peroxidase complex method. Following immer-
sion with 1% skim milk, the sections were incubated overnight with
rabbit anti-rabies virus antibody in 0.1 M phosphate-buffered saline
(pH 7.4) containing 0.1% Triton X-100 and 1% normal goat serum.
The antibody was donated by Dr Satoshi Inoue (The National Institute
of Infectious Disease, Tokyo, Japan). The sections were then placed
in the same fresh incubation medium containing biotinylated goat
anti-rabbit IgG antibody (diluted at I :200; Vector Laboratories,
Burlingame, CA, USA), followed by the avidin-biotin-peroxidase
complex kit (ABC Elite; Vector Laboratories). For visualization of the
antigen, the sections were reacted in 0.05 M Tris—HC1 buffer (pH 7.6)
containing 0.04% diaminobenzidine, 0.04% nickel chloride and
0.002% hydrogen peroxide.

Safety issues

The entire experiments were performed in a special primate
laboratory (biosafety level 2) designated for in vivo virus experi-
ments. Throughout the experiments, the monkeys were kept in
individual cages that were installed inside a special safety cabinet. To
avoid accidental infection with the virus, all investigators received
immunization beforehand and wore protective clothing during the
experimental sessions. Equipment was disinfected with 80% (v/v)

TABLE 2. Numbers of labeled neurons in the deep cerebellar nuclei 3 days
after rabies injections

Monkey, area and Dentate Interpositus Fastigial
hemisphere nucleus nucleus nucleus Totals
Monkey Hyu, area F2r

Contralateral 50 3 0 53

Ipsilateral 1 0 [ 1
Monkey 06-23, area F2r

Contralateral 66 48 0 114

Ipsilateral 1 2 0 3
Monkey Bei, area F2c

Contralateral - 1008 354 29 1391

Ipsilateral 14 12 5. 31
Monkey Chi, area F2c

Contralateral 404 166 137 707

Ipsilateral 9 6 6 21

ethanol after each experimental session and waste was autoclaved
prior to disposal.

Analytical procedures | ‘

We digitized the outline of the deep cerebellar nuclei and the location
of labeled neurons with the MD-Plot 3 system (Accustage, Shoreview,
MN, USA) attached to a microscope system (Nikon Eclipse &0i,
Tokyo, Japan). For the cerebellar cortex, we digitized its outline and
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FI1G. 4. Distributions of labeled neurons in the deep cerebellar nuclei. Three
representative coronal sections are arranged rostrocaudally from left to right.
Each row represents data in a single subject as identified by the label on the left.
The top two rows are the cases of F2r injections, and the bottom two rows are
the cases of F2c¢ injections. Section numbers are indicated below each plot. The
rostrocaudal positions are indicated by the inverted triangles in Fig. 5. Each dot
indicates the location of one cell labeled by retrograde transneuronal transport
(second-order neurons). Scale bar: 1 mm. AIN, anterior interpositus nucleus;
DN, dentate nucleus; FN, fastigial nucleus; PIN, posterior interpositus nucleus.

the location of labeled neurons with Neurolucida (MBF Bioscience,
Williston, VT, USA) attached to another microscope system (Nikon
Eclipse 90i). Neuronal labeling was plotted on tracings of equidistant
coronal sections (300 pm apart) through the deep cerebellar nuclei and
the cerebellar cortex.

To examine the distribution and density of labeled neurons in the
dentate nucleus, we made an unfolded map (two-dimensional density
map) of the dentate nucleus by following the procedure reported by
Dum & Strick (2003). For this purpose, we developed a program that
runs on MATLAB (Mathworks, Natick, MA, USA). This program
allowed us to load and display digitized data of each section, to put
Jandmarks on the displayed section, and to draw a line onto which
labeled neurons were projected. It further allowed us to align the
positions of the projected neurons and landmarks across multiple
sections. Using this program, we drew a curved line through the
midway between the medial and lateral outline of the nucleus on each
coronal section (Fig. 2A). The transitions between the major dentate
segments and the position of each labeled neuron were projected onto
the central line. Then, each line through the nucleus was unfolded and
aligned on the transition between the ‘a’ segment (the lateral vertical
segment of the nucleus) and the ‘b’ segment (the main ventral
segment; Fig. 2B). To display the density: of labeled neurons, we
divided the unfolded map into 300 x 300-um bins. We chose this
dimension because we examined sections every 300 um. A color code
was assigned to each bin to indicate the number of labeled neurons it
included. The only difference between Dum & Strick’s method and

ours is that we divided the dentate into three segments (‘a’, ‘b’ and ‘¢’
segments) instead of five segments; the ‘a’ segment is the lateral
vertical segment of the nucleus, the ‘b’ segment is the main ventral
segment, and the ‘c’ segment is the medial vertical segment. This was
because the shape of the dentate is slightly different between cebus
and macaque monkeys. However, the alignment of the flattened map
was made at the same point of the dentate nucleus.

To make a two-dimensional density map of the interpositus nuclei,
we used the same custom-made program running on MATLAB. We first
drew a vertical line passing through the interpositus nuclei on each
coronal section (Fig. 2C). Markers indicating the dorsal and ventral
edges of the nucleus and the position of each labeled neuron were
projected onto the vertical line. Subsequently, each line through the
nuclei was unfolded and aligned at the dorsal edge of the nuclei
(Fig. 2D). To show the density of labeled neurons, we divided the
unfolded map into 300 x 300-um bins.

Results

In eight monkeys, multiple injections of rabies virus were made
into F2r or F2c¢ in the caudal PMd (Fig. 1A; Table 1). The injection
sites were determined based on our previous electrophysiological
studies, in which we recorded neuronal activity when monkeys
were engaged in planning and executing an arm-reaching move-
ment. We found that PMd activity reflecting the planning process
was observed in an area lying between the border with the primary
motor cortex and a region 3 mun rostral to the genu of the arcuate
sulcus. Because saccadic eye movements were not evoked by
intracortical microstimulation, we judged that this area corresponds
to the caudal part of PMd (Fujii et al., 2000), or area F2 (Matelli
et al., 1985, 1991). We further found that the functional properties
were different in the rostral and caudal sectors of area F2; neurons
in the rostral sector (F2r) medial to the genu of the arcuate sulcus
were more responsive to motor instructions than those in the caudal
sector (F2¢) lateral to the superior precentral dimple (Fig. 1B).
During the motor preparation period, F2r was characterized by
activity reflecting the target location, irrespective of the arm use,
whereas F2¢ was characterized by activity representing the arm use
in conjunction with the target location (Fig. 1C; Hoshi & Tanji,
2006). This rostrocaudal segregation agrees with the classification
made by analysing the anatomical connectivity (Matelli ez al., 1998;
Luppino ef al., 2001, 2003). Based on these results, we determined
the injection sites. For the F2r injection, we placed multiple
injections at three points, i.e. at one point at the level of the genu
of the arcuate sulcus and at two points <2 mm rostral to the genu
(Fig. 1D). For the F2c injection, we placed multiple injections at
four points (~1 mm apart) lateral to the superior precentral dimple
(Fig. 1E). The extent of viral spread in each penetration is
estimated to be < 0.5 mm in radius around the injection needle
based on our prior study (see Fig. 3 in Miyachi ef al, 2005).

Three days after rabies injections into F2r or F2¢, we found
labeled neurons in the deep cerebellar nuclei mainly on the
contralateral -side (Fig. 3A and B; Table 2). These neurons, which
probably reflected the second-order labeling, were viewed as sending
projections contralaterally to F2r or F2c via the ventral thalamus. At
this stage, however, we did not find labeled neurons in the cerebellar
cortex. By extending the survival time up to 4 days, we observed
third-order labeling of Purkinje cells in the cerebellar cortex (Fig. 3C
and D). In the subsequent sections, we will describe the origins of
the projections from the deep cerebellar nuclei and the cerebellar
cortex.
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FIG. 5. Quantitative analyses of labeled neurons in the deep cerebellar nuclei. Left: histograms of the rostrocaudal distribution of labeled neurons in the deep
cerebellar nuclei. The number was counted from plots of every sixth coronal section throughout the deep cerebellar nuclei. Each row summarizes data in a single
subject as identified by the label on the left. The top two rows are the cases of F2r injections, and the bottom two rows are the cases of F2c¢ injections. From left to
right, data for the dentate nucleus (DN), the interpositus nuclei (IN) and fastigial nucleus (FN) are summarized. The gray areas indicate the extent of each nucleus.
Right: pie charts showing the fraction of the number of labeled cells in the three nuclei. Blue, DN; Red, IN; Green, FN.

Origins of projections from the deep cerebellar nuclei to F2r
and F2c

Dentate nucleus

We found that the distributions of labeled neurons after the F2r
injections were different from those after the F2c injections. After the
F2r injections, labeled neurons were found primarily in the caudo-
ventral portion of the dentate nucleus (Figs 4-6). After the F2c
injections, on the other hand, labeled neurons were located mainly in a
more rostral and dorsal portion (Figs 4-6). The two-dimensional
density map of the dentate nucleus summarizing the distribution of
labeled neurons clearly illustrates that the neurons projecting to F2¢
tended to be distributed in the portion rostrodorsal to those projecting
to F2r (Fig. 7). The number of labeled neurons was much gréater after
the F2¢ injections than after the F2r injections; the number of labeled
neurons after the F2¢ injections was 706 on average (1008 and 404
cells for each monkey; Table 2), whereas the number of labeled
neurons after the F2r injections was 58 on average (50 and 66 cells for
each monkey; Table 2). To examine the extent of the area in which
labeled neurons were distributed on the two-dimensional density map
(Fig. 7), we calculated the proportion of bins containing labeled

neurons to the total bins in the dentate nucleus. After the F2r
injections, the proportion of bins with labeled neurons was 7% on
average (25 out of 425 bins in Hyu, and 40 out of 482 bins in 06-23).
After the F2c¢ injections, on the other hand, the proportion of bins with
labeled neurons was 42% on average (218 out of 427 bins in Chi, and
133 out of 392 bins in Bei). This analysis indicated that the labeled
neurons in the dentate nucleus were sixfold more widely distributed
after the F2¢ injections than after the F2r injections.

Interpositus nuclei

In each case of the F2r and F2c injections, labeled neurons in the
interpositus nuclei were localized in the caudal portion (Fig. 5). To
examine the distribution of the labeled neurons in detail, we made a
two-dimensional density map of the interpositus nuclei (Fig. 8). We
found that the difference in their distributions was seen along the
dorsoventral axis; the F2r injections led to neuronal labeling mainly in
the ventral portion, whereas the F2c injections led to broader neuronal
labeling in both the dorsal and the ventral portions (Fig. 8). Further,
the number of labeled neurons was much greater after the F2c
injections than after the F2r injections; 260 cells on average (354 and
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F1G. 6. Second-order neuron labeling in the dentate nucleus after virus
injections into F2r or F2c. Six coronal sections are arranged rostrocaudally
from left to right. Section numbers are indicated below each plot. Each dot
indicates the location of one labeled cell. Each row summarizes data in a single
subject as identified by the label on the left. The top two rows are the cases of
F2r injections, and the bottom two rows are the cases of F2c mjectlom Scale
bar: | mm. .

166 cells for each monkey; Table 2) were labeled after the F2c
injections, and 26 cells (3 and 48 cells for each monkey; Table 2) after
the F2r injections. To examine the extent of the area in which labeled
neurons were distributed on the two-dimensional density map (Fig. 8),
we calculated the proportion of bins containing labeled neurons to the
total bins. After the F2r injections, the proportion of bins with labeled

neurons was 5% on average (2 out of 198 bins in Hyu, and. 16 out of -

175 bins in 06-23). After the F2c injections, on the other hand, the
proportion of bins with labeled neurons was 39% on average (84 out

of 178 bins in Chi, and 62 out of 196 bins in Bei). Thus, the labeled
neurons in the interpositus nuclei  were - eightfold ‘more widely
distributed after the F2¢ injections than after- the F2r injections.

Fastigial nucleus

After the F2r injections, virtually no neurons were labeled in the
fastigial nucleus. A small number of labeled neurons were found after
the F2c¢ injections (29 and 137 cells for each monl\ey, Figs 4 and 5;
Table 2).

Origins of projections from the cerebellar cortex to F2r
and F2c

Four days after rabies injections into F2r and F2c, Purkinje cells in the
cerebellar cortex were labeled (Fig. 3C and D). After the F2r injections,
only a small number of labeled Purkinje cells were found in Crus I and
IT of the lateral hemisphere (75 and 65 cells for each monkey; top row
in Fig. 9). By contrast, after the F2c¢ injections, labeled Purkinje cells

were more numerous (4144 and 3251 cells for each monkey) and
distributed broadly over the lateral hemisphere, including lobules 11—
VI, VIIB and VIII (3144 and 1590 cells for each monkey; bottom row

- in Fig. 9), and Crus T and T (1000 and 1661 cells for each monkey).

Discussion

In this study, we applied retrograde transsynaptic transport of a
newrotropic virus in ‘macaque monkeys to examine the origins of
cerebellar projections to distinct sectors in the caudal PMd (area F2).
We have found that the rostral sector (F2r) and the caudal sector (F2c)
receive inputs from distinct portions of the deep cerebellar nuclei and
the cerebellar cortex.

Projections from the cerebellum to the PMd

A series of studies conducted by Strick ez al. have demonstrated the
existence of two distinct territories in the dentate nucleus. The rostral
and dorsal portion, named the motor domain, contains output channels
that innervate the primary motor cortex, supplementary motor area and
ventral premotor cortex of the frontal lobe (Fig. 2B; Dum & Strick,
1991, 2003; Hoover & Strick, 1999; Akkal ef al, 2007; Lu et al.,
2007). By contrast, the caudal and ventral portion of the dentate
nucleus, named the non-motor domain, contains output channels that
innervate the prefrontal cortex (lateral area 9 and dorsal area 46),
presupplementary motor area and area 7b in the posterior parietal
cortex (Middleton & Strick, 1994, 2001; Clower er al., 2001; Akkal
et al., 2007). By comparing our results with previous reports (Dum &
Strick, 2003) based on the flattened map of the dentate nucleus (Fig. 7),
it has been revealed that the projections to F2r originate predominantly
from the non-motor domain, whereas those to F2c arise mainly from
the’ motor domain. However we raise two 1mponant issues. First,

«although we found labeled neurons in the ‘c’ segment (Fig. 2B) of

some monkeys, the target of this segment has not yet been examined
systematically. Second, the exact border between the motor and the )
non-motor domain has not been determined in macaque monkeys.
Although these issues do not necessarily affect the interpretation of our
results, they should be solved in the near future to analyse the structural
organization of the macaque dentate nucleus in more detail.

In the interpositus nuclei, the cellular origin of the projections to F2¢

“was more widely distributed, while that of the projections to F2r was

restricted mainly to the caudal and ventral portion. These results
suggest that the interpositus nuclei may consist of functionally separate
zones, each of which is interconnected with distinct sectors of PMd. In
addition, we found that the fastigial nucleus projects to F2c only. Taken
together, the present data have shown that the medial’ aspects of the
deep cerebellar nuclei send projections to F2c rather than F2r,

In the cerebellar cortex, it has been demonstrated that the prefrontal
cortex and the primary motor cortex are linked with distinct zones
(Kelly & Strick, 2003; Lu er al., 2007); lobules IV-VI, VIIB and VIII
are linked with the arm area of the primary motor cortex, whereas Crus
1T is linked with area 46 in the prefrontal cortex. The present study has
shown that F2r receives input from Purkinje cells located in Crus II as
well as in Crus I. By contrast, F2¢ receives input from Purkinje cells
located in lobules III-VTIL, including Crus I and Crus II. Although
Crus II projects to both F2r and F2c, it still remains to be known
whether there are separate channels, each of which is interconnected
with F2r or F2c. From this point of view, the densest zones of cellular
origin to F2r and F2c were segregated rostrocaudally in the ventral
aspect of the dentate nucleus (Fig. 7), suggesting that F2r and F2c
receive cerebellocerebral inputs from Crus II via distinct channels.
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F1G. 7. Two-dimensional density maps of the dentate nucleus of the macaque monkey. Distribution and density of labeled dentate cells projecting to F2r and F2c are
displayed on an unfolded map of the dentate nucleus (for the procedures, see Materials and methods; see also Fig. 2A and B). The color code in the bottom left of
each panel indicates the number of labeled neurons in each bin (300 x 300 um). The maps were reconstructed from plots of every sixth coronal section (50 um
thickness) throughout the dentate nucleus. The top row shows the results of F2r injections, and the bottom row shows the results of F2¢ injections. The identity of
cach subject is indicated at the top right of each panel. C, caudal; R, rostral. In each panel, the broken line represents the border between the regions that contain bins
having and not having dense projections to F2r in the main ventral segment (see ‘b" in Fig. 1B).

Our results may be at odds with those reported by Strick et al., F2c (see Introduction). However, the difference in the distribution of
indicating that only the motor domain of the deep cerebellar nuclei cerebellar origin can be explained by the fact that they injected rabies
projects to the candal PMd that corresponds probably to both F2r and virus into the digit region of PMd, while we injected the virus into the
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F1G. 8. Two-dimensional density maps of the interpositus nuclei of the macaque monkey. Distribution and density of labeled interpositus cells projecting to F2r and
F2¢ are dxsplaycd on an unfolded map of the interpositus nuclei (for the procedures, see Materials and methods; see also Fig. 2C and D). The color code in the
bottom left of each panel indicates the number of labeled neurons in each bin (300 x 300 um). The maps were reconstructed from plots of every sixth coronal section
(50 um thickness) thloughout the interpositus nuclei. The top row shows the results of F2r injectious, and the bottom row shows the results of F2c injections. The
identity of each subject is indicated at the bottom right of each panel. C, caudal; R, rostral.

shoulder region of PMd where visuomotor transformation for reaching
behavior is carried out (Caminiti ef al, 1991; Wise ef al., 1997).
Because hand action is suggested to depend on neural mechanisms
largely different from arm reach (Jeannerod ez a/., 1995), the apparent
disparity could be ascribed to the difference in the target site of rabies
injection.

We found that deep cerebellar neurons labeled after the F2c
injections were more numerous than after the F2r injections. Overall,
neuronal labeling from F2¢ was 12-fold denser in the dentate nucleus
and 10-fold denser in the interpositus nuclei than that from F2r. We
here consider two factors that are deemed to account for such a great
difference. First, examination of the areas containing labeled neurons
on the two-dimensional density maps (Figs 7 and 8) revealed that the
area projecting to F2c was sixfold larger in the dentate nucleus and
eightfold larger in the interpositus nuclei than that projecting to F2r.
Second, the total injection volume was somewhat different in the cases
of F2r injections (3 pL) and F2¢ injections (4 uL). When we analysed
the patterns of neuronal labeling in the ventral thalamic nuclei at the
3-day post-injection period, we found that the thalamic neurons were
densely (to almost the same extent) labeled in each of the injection
cases. This indicates that the virus was transported retrogradely with
similar efficacy. Taken together, these two observations suggest that

the difference in the total number of labeled neurons originates mainly
from the difference in the size of the area containing projection
neurons (i.e. the intensity of the projection) and, additionally, from the
difference in the total viral uptake. In the future, it will be necessary to
inject distinct transneuronal tracers into each of F2rand F2c¢ in a single
subject to obtain quantitatively more accurate data (e.g. Ohara et al.,
2009).

Functional roles of cerebellar projections to F2r and F2c¢

Leiner et al. (1986) proposed that the phylogenetically latest structures
of the cerebellum, i.e. the ventrolateral dentate nucleus and the lateral
cerebellar hemisphere, develop in parallel with the association areas in
the cerebral cortex. These findings provide anatomical evidence for a
view that the cerebellum is involved not only in controlling motor acts
(Soechting et al., 1976; Thach et al., 1992; Asanuma & Pavlides, 1997;
Kleimer al., 1997; Lu et al., 1998; Thach, 1998; Nixon & Passingham,
2000), but also in higher-order brain functions; the involvement of the
cerebellum in various aspects of non-motor functions has been shown
by human imaging studies (Petersen ef al., 1988; Ryding er al., 1993;
Kim et al., 1994; Raichle et al., 1994; Fiez et al., 1996; Gao et al.,
1996; Allen et al., 1997; Jueptner et al., 1997a,b), clinical case studies
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F1G. 9. Reconstruction of Purkinje cell labeling in the cerebellar hemisphere. Each dot indicates one cell labeled after rabies injections into F2r (top row) or F2¢
(bottom row). The gray areas indicate cerebellar cortical regions through which coronal sections could be retrieved and analysed. F.pr, primary fissure; F.ps, posterior

superior fissure; PM, paramedian lobule.

(Fiez et al., 1992; Grafman et al., 1992; Courchesne er al, 1995;
Schmahmann & Pandya, 1997; Schmahmann & Sherman, 1998) and
structural analyses (Paradiso et al., 1997). We here demonstrated that
the lateral aspect of the cerebellar cortex projects to both F2r and F2c.
The network might play a role in motor planning or sensorimotor
transformation beyond the movement execution itself.

By examining single-neuron activity of the dentate nucleus while
monkeys performed a motor task, it has been shown that neurons in
the ventral part of the dentate nucleus are not activated in relation to
limb movements (Thach, 1978; Wetts et al., 1985), consistent with
the fact that this area corresponds to the non-motor domain. More
recently, Mushiake & Strick (1993) recorded neuronal activity from
the ventral part of the dentate nucleus in monkeys performing
sequential reaching movements and reported that neuronal activity
during the instruction-delay period was selective for a particular
sequence of movements. Subsequently, Ohbayashi et al (2003)
showed that PMd was involved in planning sequential movements.
With respect to the control of bimanual movements, it has been

revealed that Purkinje cells in the lateral cerebellar hemisphere
(lobules IV-VTI including Crus T and IT) and a subset of PMd neurons,
especially in F2r, discharge in a similar manner, no matter which arm
(left or right) is used (Cisek ez «/., 2003; Greger et al., 2004; Hoshi &
Tanji, 2006). Thus, these results suggest that PMd and the cerebellum
may be both involved in higher-order aspects of motor behavior, such
as sequencing multiple movements and controlling bimanual motor
acts. Our recent study ‘indicates that PMd transforms an abstract
representation of motor act into its physical representation that can be
executed as a movement (Nakayama et al., 2008). It is most likely that
such a transformation process may be achieved partly through the
interaction with the cerebellum.

By contrast, it has been reported that the cerebellum is not involved
in transforming object identity information into a directional motor
signal in conditional motor behavior (Nixon & Passingham, 2000),
which is consistent with the evidence that the inferior temporal cortex
involved in object recognition (Mishkin et @/, 1983) does not project
to the cerebellum (Glickstein et al., 1985). Thus, the involvement of
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the cerebellum in the cognitive control of behavior is not universal.
Given that PMd retrieves a motor instruction associated with visual
object without selectivity for the object identity itself (Hoshi & Tanji,
2000, 2006, 2007, Yamagata et al., 2009), it can be construed that
the cerebellum and PMd are posited at similar hierarchic levels for
visuomotor transformation. Very recently, Prevosto ef al (2010)
examined the cerebellocerebral projections to the medial intraparietal
area (MIP), which is interconnected with PMd (Matelli e al, 1998;
Caminiti et al., 1999). This study has demonstrated that MIP receives
inputs from the ventral region of the dentate nucleus and Crus IT of the
cerebellar cortex; these regions coincide well with those projecting to
F2r and F2c. This raises an infriguing possibility that the cerebellum
may play a central role in transformation of visuospatial information
into a motor command (Pesaran er al., 2006; Batista er al., 2007) in
cooperation with PMd and MIP. ‘

The present study has revealed that the motor domain of the
cerebellum projects almost exclusively to F2c; the rostral and dorsal
portion of the dentate nucleus, the interpositus nuclei, the fastigial
nucleus, and lobules III-VIII of the cerebellar cortex send outputs to
F2c. Physiological studies have shown that F2c¢ neurons display
prominent movement-related activity as well as set-related activity
before movement initiation (Weinrich & Wise, 1982; Wise, 1985;
Wise & Mauritz, 1985; Kurata & Wise, 1988; Kurata, 1993). Thus,
these types of motor activity might be generated, at least in part,
through the interaction with the cerebellum as is the case for the
primary motor cortex (Holdefer ef al., 2000).

In summary, the present results have demonstrated that the rostrally
located F2r and the caudally located F2c in the caudal PMd receive
their main inputs from distinct zones of the cerebellum. F2¢ receives
input mainly from the motor domain of the cerebellum, whereas F2r
receives input from the non-motor domain of the cerebellum. Further
investigations are necessary to clarify the anatomical organization and
functional interactions between the cerebellum and PMd.
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