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Abstract

The current view of basal ganglia organization holds that functionally corresponding subregions of the frontal cortex, basal ganglia and
thalamus form several parallel segregated basal ganglia-thalamocortical circuits. In addition, this view states that striatal output reaches

Ž Ž . Ž ..the basal ganglia output nuclei the substantia nigra pars reticulata SNR and the internal segment of the globus pallidus GP via ai
Ž .‘direct’ pathway, and via an ‘indirect pathway’ which traverses the external segment of the globus pallidus GP and the subthalamice

Ž .nucleus STN . However, the topographical relationships of GP and STN, and their topographical relationships with the basale

ganglia-thalamocortical circuits are still unclear. The present work reviewed primate data on the topographical organization of STN
Žafferents from GP , and STN efferents to the pallidum, striatum and SNR, and examined these data with respect to a tripartite motor,e

. Ž .associative and limbic functional subdivision of the striatum and pallidum. This examination indicated the following. 1 On the basis of
its efferent connections, the STN may be divided into a motor and an associative territories, as well as a smaller limbic territory, each

Ž .projecting to corresponding areas in the pallidum and striatum. 2 Efferents from GP are in a position to contact subthalamic cellse
Ž .projecting to GP rSNR, thus providing anatomical support for the existence of indirect pathways. 3 Moreover, given the tripartitei

division of the striatum, pallidum, and STN, the available data indicate the existence of indirect pathways connecting functionally
corresponding subregions of the striatum, pallidum, and STN, as well as indirect pathways connecting functionally non-corresponding
subregions. On the basis of the above we suggested that there may be two types of indirect pathways, one which terminates in the same
subregion in GP rSNR as the direct pathway arising from the same striatal subregion, and another which terminates in a differenti

GP rSNR subregion than the direct pathway arising from the same striatal subregion. We termed the former a ‘closed indirect pathway’i

and the latter an ‘open indirect pathway’. The application of these concepts to the surveyed data suggested the existence of three closed
Ž .indirect pathways, each connecting the corresponding functional motor, associative, and limbic regions of the striatum, pallidum, STN,

and SNR, as well as of two open indirect pathways, one connecting the associative striatum to the motor subregions of the basal ganglia,
and the other connecting the associative striatum to the limbic subregions of the basal ganglia. While the organization of the closed
indirect pathways fits the closed segregated arrangement of basal ganglia-thalamocortical circuitry, the organization of the open indirect
pathways fits the recently suggested open interconnected scheme of basal ganglia thalamocortical circuitry. The clinical implications of
this scheme for Huntington’s disease are discussed.
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1. Introduction

Although the basal ganglia have long been viewed as
playing a central role in motor control and movement
disorders, it is now widely accepted that they contribute to
a wide variety of behavioral functions, including cognitive
and emotional. This functional diversity is also reflected in
the complexity of the pathological conditions which are
associated with basal ganglia dysfunction, such as Parkin-
son’s disease, Huntington’s disease, and schizophrenia
w x2,5,6,21,22,40,42–44,46,48,69–71,83,92,93,98,108 . This
is not surprising given the fact that the basal ganglia
receive inputs from virtually all cortical areas, and in turn
affect the frontal cortex via their thalamic projections. The
understanding of the organization of these connections and
the flow of information from the entire cortex via the basal
ganglia to the frontal cortex, is essential for unraveling the
functions of the basal ganglia, and their involvement in
normal and pathological states.

2. The organization of the basal ganglia

The basal ganglia comprise a group of interconnected
subcortical nuclei. The striatum is the main input structure
of the basal ganglia. Its major inputs arise from the entire
cortex, the intralaminar and midline thalamic nuclei, and

Ž .the midbrain dopaminergic DA cell groups in the ventral
Ž .tegmental area, substantia nigra pars compacta SNC , and

w xretrorubral area 9,36–38,53,67,83 . The striatal projec-
tions can be viewed as participating in two types of
connections, external or internal. The external connections
carry the output of the striatum to structures outside the
basal ganglia. These connections comprise the striatal pro-

jections to the output nuclei of the basal ganglia, the
Ž .internal segment of the globus pallidus GP , the ventrali

Ž . Žpallidum VP which is the rostroventral extension of the
Ž ..globus pallidus GP , and the substantia nigra pars reticu-

Ž .lata SNR ; their subsequent projections to thalamic nuclei,
including the mediodorsal, ventral anterior and ventral

Ž .lateral nuclei all of which innervate the frontal cortex ,
and the intralaminar and midline thalamic nuclei; superior

wcolliculus; and pontormesencephalic tegmentum 2,5–
x7,46,48,83,85,85,87,92,101 . The internal connections link

between the different nuclei of the basal ganglia. These
Ž .connections include: 1 the striatal projections to the

Ž .external segment of the globus pallidus GP and to VP,e

and their subsequent projections to SNR, GP , and thei

striatum directly, as well as indirectly via their projections
Ž .to the subthalamic nucleus STN which projects to the

pallidum and SNR, and to a lesser extent to the striatum;
Ž .and 2 The striatal projections to the midbrain DA cell

w xgroups 2,5,36,37,49,53,57,59,85,88 .

2.1. The external connections of the basal ganglia

In the last 15 years, the most influential model of the
organization of the external connections of the basal gan-
glia views them as components of circuits connecting
anatomically andror functionally distinct frontocortical,

w xbasal ganglia, and thalamic areas 7,21,70,92 . The most
elaborated circuit model to date is that of Alexander and

w xcolleagues 5–7 who proposed that ‘‘the basal ganglia,
along with their connected cortical and thalamic areas, are
viewed as components of a family of ’’ basal ganglia-
thalamocortical‘‘ circuits that are organized in a parallel
manner and remain largely segregated from one another,

Žw x .both structurally and functionally’’ 6 , p. 119 . Each
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basal ganglia-thalamocortical circuit receives input from
several separate but functionally related cortical areas,
traverses specific regions of the striatum, GP , SNR, andi

thalamus, and projects back upon one of the frontocortical
areas providing input to the circuit. Based on the specific
regions of the frontal cortex that contribute to the individ-

w xual circuits, Alexander et al. 6,7 described five basal
Žganglia-thalamocortical circuits: two motor ‘motor’ and

. Ž‘oculomotor’ , two associative ‘dorsolateral prefrontal’
. Žand ‘lateral orbitofrontal’ , and one limbic ‘anterior cingu-

.late’ . Most of the data that have given rise to the concept
of parallel organization have been collected in primates. In

w xrecent years, Groenewegen and his colleges 46,47 have
described a number of parallel basal ganglia-thalamocorti-
cal circuits in the rat.

While the proponents of circuit models have stressed
structural segregation and functional specificity of the
basal ganglia-thalamocortical circuits, other writers have
emphasized the large degree of structural convergence in
the corticostriatal, striatopallidal and striatonigral projec-
tions, arguing that convergence within the basal ganglia

Žprovides evidence against the concept of parallelism e.g.,
w x.17,94–96 . It is important to realize, however, that the
proponents of these seemingly contrasting views use dif-
ferent levels of analysis. Most arguments favoring conver-
gence focus on the structure of the dendritic fields of the
neurons in the basal ganglia nuclei, i.e., the convergence
within the recipient structure of inputs arising from differ-
ent parts of the projecting structure, based on the probabil-
ity that these inputs would synapse on the same neuron
Ž w x.e.g., the convergence in the globus pallidus, see 94–96 .
In contrast, the concept of parallel segregated organization
was established on the basis of a different level of analysis,
namely, the topographical organization of the terminal
fields of the projections linking the different nuclei com-
prising the basal ganglia thalamocortical circuits.

w xParent and Hazrati 83,85,87 examined both levels of
analysis and concluded that although corticostriatal projec-
tions exhibit high degree of convergence, motor, associa-
tive, and limbic cortical areas project in a segregated
manner onto three distinct striatal subregions. The tripartite
principle of organization is maintained at the pallidal level
so that the pallidum can also be divided into motor,
associative and limbic territories, with high degree of
convergence within each territory, but a high degree of

w xsegregation between the territories 83,85,87 .
The segregation versus convergence debate notwith-

standing, it has been increasingly recognized by writers
focusing on the topographical level of organization, that
interaction between the segregated basal ganglia-thalamo-
cortical circuits is essential for producing coherent behav-
ior as well as the wide variety of symptoms associated

Ž w x.with basal ganglia dysfunction e.g., 29,46,48,53,71 . It
has been suggested that such interaction could take place

Žthrough corticocortical and intrastriatal connections e.g.,
w x.39,46,48,53 . While these connections provide a linkage

between subregions belonging to different circuits, they are
not themselves components of the circuits.

Recently, we presented a new scheme of basal ganglia-
thalamocortical organization, in which the circuits are
connected by pathways which are themselves components

w xof the circuits 64 . The major characteristic of the basal
ganglia-thalamocortical circuitry captured by this scheme
is the divergence of projections of each circuit-engaged
striatal region to the basal ganglia output nuclei and the
subsequent segregation of these projections at the thalamic
and frontocortical levels. This results in an asymmetry in
the frontal cortex–basal ganglia relationships, so that while
each frontocortical subfield innervates one striatal region,
each striatal region influences the basal ganglia output to
two frontocortical subfields. Since this type of organization
is not consistent with the closed segregated arrangement,
we have revised the basic design of the basal ganglia-
thalamocortical circuits, and introduced the concept of a
split circuit. A split circuit contains one frontocorticostri-
atal pathway and two striatofrontocortical pathways. One
of the striatofrontocortical pathways reenters the frontocor-
tical area of origin, thus forming a ‘closed circuit’, and the
other leads to a frontocortical area which is the source of a
different circuit, thus forming an ‘open pathway’. On the
basis of the available anatomical data, and using Parent

w xand Hazrati’s 83,85 tripartite subdivision of the striatum
and pallidum, we tentatively identified a motor, an associa-
tive, and a limbic split circuit, each containing a closed
circuit and an open pathway. Since split circuits are inter-
connected via their open pathways, we concluded that the
organization of the basal ganglia-thalamocortical circuitry
is better described as open interconnected rather than

w xclosed segregated 64 .

2.2. The internal connections of the basal ganglia

A related question that has arisen recently is to what
extent the segregation of the basal ganglia-thalamocortical
circuits is maintained in the internal connections of the

Ž w x.basal ganglia e.g., 29,45,53 . It is known that the con-
nections between the striatum and the DA complex do not
obey the segregation principle as the ventral striatum is in
a position to influence the DA input of the dorsal striatum
Ž w x.e.g., 48–50,76,77,81,107 . In regard to the internal con-
nections formed by GP and STN, the conventional viewe

holds that information flows from the striatum to the
output nuclei of the basal ganglia via a ‘direct’ pathway,
i.e., the inhibitory striatal projections to GP and SNR, andi

an ‘indirect’ pathway, i.e., the inhibitory striatal projec-
tions to GP , the subsequent inhibitory projections frome

GP to STN, and STN excitatory projections to GP ande i
Ž w x. w xSNR e.g., 2,5,20,93 . In Alexander et al.’s 6 scheme

these pathways are incorporated within the parallel segre-
gated arrangement so that each circuit-engaged striatal
region is considered to convey cortical information to the
output nuclei simultaneously via the direct and indirect
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w xpathways 5,6 . Underlying this suggestion is the assump-
tion that the parallel segregated principle is maintained in
the connections between GP and STN and in their connec-e

tions with the structures comprising the basal ganglia-
thalamocortical circuits.

While the interconnections between the STN and pal-
wlidum have been the subject of many studies 14–

x16,24,25,50,65,79,80,90,91,102,104,105 , the exact topo-
graphical relationships between these structures, and their
topographical relationships with the basal ganglia-
thalamocortical circuits is still obscure. Although recently
several writers have addressed this issue, their conclusions
have been inconsistent. In a thorough review of the organi-

w xzation of the basal ganglia, Parent and Hazrati 87,88
questioned the existence of a striato-GP -STN-GP path-e i

Ž .way the indirect pathway , but continued to adhere to the
segregation principle in the organization of the internal

w xconnections. In contrast to Parent and Hazrati’s 87,88
w xconclusion, the results of a study by Shink et al. 102 on

the interconnections between the STN and the two pallidal
segments, supported the existence of indirect pathways.

w xSimilarly to Parent and Hazrati 87,88 these authors con-
cluded that the connections between the STN and the two
pallidal segments respect the known functional subdivision
of these structures.

A different view has been advanced by Haber and
w xcolleagues 53,106 . According to these authors, strict seg-

regation is not maintained in the internal basal ganglia
connections as ‘‘some basal ganglia connections maintain
a general separation of different cortical circuits while in
others there is a convergence of information from different

Žw x .circuits’’ 53 , p. 71 . Consequently, the internal connec-
tions are viewed as providing an important means of
interaction between the basal ganglia-thalamocortical cir-

w xcuits 53,106 . In regard to the connections of the pallidum
w xand STN, Haber et al. 53 concluded that the segregation

principle is maintained in the striatopallidal and pallido-
subthalamic but not in the pallidostriatal and subthalam-
opallidal connections, and therefore suggested that these
projections can provide a neural substrate for integration
between circuits. Other writers also suggested that the
connections between STN and the pallidum may subserve
interaction between the basal ganglia-thalamocortical cir-

w xcuits. Thus, Groenewegen and Berendse 45 suggested
that the STN can be involved to a limited degree in

w xlimbic-motor integration, and Feger et al. 29 suggested
that VP can influence the STN output to GP, thus enabling
‘cross talk between the motor and the so-called associative

Ž .parts’ p. 378 .

3. The connections of the subthalamic nucleus

In the present work we reexamine the internal connec-
tions of the basal ganglia involving the STN and GP ine

primates. We review data on the topographical organiza-

tion of STN afferents from GP , and STN efferents to GP ,e e

GP , SNR, VP, and the striatum, with the aim of assessingi

whether they form indirect pathways. We also examine
these data with respect to the tripartite functional subdivi-
sion of the striatum and pallidum delineated by Parent and

w xHazrati 83,85,87 , in order to determine to what extent
these connections respect such functional subdivision, as
would be expected according to the parallel-segregated
principle. Our main conclusion is that these connections
indeed form indirect pathways but their organization does
not maintain strict segregation, thereby providing an addi-
tional mechanism of between-circuit interaction.

3.1. The functional subdiÕision of the striatum, pallidum,
and SNR

The corticostriatal projections are believed to impose a
functional organization upon the striatum and, subse-

Žquently, upon other nuclei of the basal ganglia e.g.,
w x.2,5–7,29,53,70,83,85,92,96 . While several versions of

Žstriatal subdivision have been proposed e.g.,
w x.6,7,23,53,70,92,96 we shall adopt here the tripartite
anatomofunctional subdivision of the striatum suggested

w xby Parent and Hazrati 83,85,87 , which was used in our
previous work describing the organization of the external

w xconnections of the basal ganglia 64 . According to this
arrangement, motor, associative, and limbic cortical areas
project in a segregated manner onto three distinct striatal
subregions referred to as motor, associative, and limbic
striatal territories. The motor striatum comprises the dorso-
lateral postcommissural putamen and a dorsolateral region
in the caudate nucleus; it is innervated by the primary

Ž . Ž .motor cortex MI , premotor cortex PMC , supplementary
Ž .motor area SMA , and postarcuate premotor area. The

associative striatum comprises large parts of the putamen
rostral to the anterior commissure and most of the head,
body, and tail of the caudate nucleus; it receives input
from associative areas of the cortex, including areas 8, 9,

Ž .10, and 46 of the prefrontal cortex PFC . The limbic
striatum comprises the nucleus accumbens and the most
ventral parts of both putamen and caudate nucleus; it
receives extensive input from limbic structures, such as the
hippocampus and amygdala, as well as from prefrontal
areas assumed to subserve limbic and autonomic functions,

Ži.e., orbitofrontal, infralimbic, and prelimbic cortices see
w x.also 6,7,53,100,114 .

w xParent and Hazrati 83,85,87 showed that the tripartite
principle of organization is maintained at the pallidal level,
so that the pallidum can also be divided into motor,
associative and limbic territories. The motor GP com-e

prises the ventrolateral two thirds of the post-commissural
GP and the motor GP comprises the ventrolateral twoe i

thirds of the post-commissural GP . The associative GPi e

comprises most of GP at anterior commissural levels and
the dorsomedial third of the post-commissural GP , and thee

associative GP comprises the dorsomedial third of thei
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post-commissural GP . The limbic pallidum comprises thei

VP, the ventromedial rim of rostral GP , and the medial tipe
Ž w x.of GP for a similar subdivision see 53 .i

There is still a controversy regarding the extent of
Žsegregation of the striatal projections to SNR e.g.,

w x. w x35,53,60,68,86,87,95 . Parent and Hazrati 86,87 con-
cluded that the projections of the three striatal territories

Žoverlap extensively in SNR for a similar conclusion see
w x53 , for discussion of the controversy regarding this issue

w x.see 64 .

3.2. The subthalamic nucleus

The STN is a small structure located between the zona
incerta dorsally and the cerebral peduncle ventrally. It is
encapsulated by major myelinated fiber bundles and is thus
considered a ‘closed’ nucleus, except for its medial border

w xthat merges into the lateral hypothalamic area 13,88 .

3.3. The efferents of the subthalamic nucleus

The STN projects to GP , GP , and SNR, and to a lessere i
w xextent to the striatum 14–16,25,79,80,88,90,91,104,105 .

A thorough description of the organization of STN termi-
nal fields and their relation to the dendritic trees in each of
these structures has been provided recently by Parent and

w xHazrati 87,88 . These authors concluded that STN termi-
nal fields in GP , GP and SNR are similar in organizatione i

w xto the striatal terminal fields in these structures 55,87,88 .
Projections from different striatal subterritories are re-
stricted to the corresponding subterritory in the pallidum,
but intermingle in SNR. Therefore, although subthalamic
axons arborize throughout large caudorostral portions of

w xthe pallidum 88 , STN projections can be expected to
respect the functional subdivision of the pallidum. Conse-
quently, inspection of the topography of STN projections
is important for revealing the relationships between differ-
ent subareas of STN and the functional subdivisions of the
structures to which it projects.

wSTN projects densely to both pallidal segments 14–
x16,25,55,56,58,80,88 . In order to delineate the topographi-

cal organization of STN projections to GP and GP , datae i

from different experiments must be combined. Using retro-
grade and anterograde tracing techniques, Carpenter and

w xcolleagues 14–16 concluded that the medial third of the
middle third of STN 1 projects to rostral GP ; most of thee

rostral third of STN and the central third of the middle
Žthird of STN project to central GP ; and the lateral espe-e

.cially more caudal STN innervates the caudal GP . Projec-e

1 w xFollowing Carpenter et al. 19,20 , the STN was divided into medial,
central, and lateral thirds along the mediolateral axis, and to rostral,
middle, and caudal thirds along the rostrocaudal axis, whereas GP was
divided into rostral, central, and caudal thirds along the rostrocaudal axis.

tions to GP arise primarily from the medial third of thei

caudal two thirds of STN and not from rostral STN.
w xCarpenter and colleagues’ 14–16 description of the

distribution of STN cells projecting to GP seems to be ine

accord with other reports, while that of STN cells project-
ing to GP seems to be more restricted compared withi

other reports in both the rostrocaudal and mediolateral
extents. In an anterograde tracing study by Nauta and Cole
w x80 it was found that projections from a medial region of
the more rostral STN reach rostral GP and ventromediale

part of rostral GP including VP, and projections from ai

more caudal and dorsal region of STN reach an area in GPe

and GP that roughly corresponds to the motor pallidum,i

i.e., there were projections to the ventrolateral two thirds
of GP and GP reaching the caudal parts of these nuclei,e i

and no projections to the rostral GP . These results alsoe
w xseem to support Carpenter et al.’s 14,15 conclusion re-

garding the dorsoventral organization of the projections to
GP, namely, that there is an inverse dorsoventral topogra-
phy in these projections with dorsal STN projecting more
ventrally, and ventral STN more dorsally in GP. In a

w xretrograde study by DeVito et al. 25 it was reported that
cells projecting to GP are found in more rostral and laterale

regions of STN and cells projecting to GP are found ini

more medial and caudal regions.
Subsequent results of Parent and colleagues

w x84,90,91,104 are generally in accord with the previous
w xfindings. Thus, in two retrograde tracing studies 84,90

retrograde tracer was injected to either substantia nigra
Ž . Ž . ŽSN including SNR and SNC or GP in the first study
tracer was injected mainly to central GP but there wasi

some involvement of the adjacent GP ; in the second studye

injections were made into the dorsolateral two thirds of the
pallidum, involving GP and GP ; in both studies injectionse i

.did not include the rostral GP . Many labelled cells weree

found throughout STN, particularly in its rostral and dorso-
lateral two thirds, after pallidal injections, while a lesser
number of labelled cells was found after SN injections.
These cells were located in the ventral part of STN after

w xinjections that included the entire SN 84 , and were
confined mostly to the ventromedial third of STN after

w xinjections into the medial two thirds of SN 90 . In another
w xstudy 91 , retrograde tracer was injected into either GP ore

Ž .GP not including their most rostral and caudal regions .i

From Fig. 2 of this study which illustrates the distribution
of retrogradely labelled cells in the striatum, it may be
concluded that GP injection involved mostly the motore

Žpart of GP retrogradely labelled cells predominated in thee
.dorsolateral striatum while GP injection involved mostlyi

Žthe associative part of GP retrogradely labelled cellsi
.predominated in the rostral and ventromedial striatum .

After both injections numerous retrogradely labelled cells
were found in the entire rostrocaudal extent of STN, with
cells labelled after injections to GP being located moree

lateral than those labelled after GP injections. In thei

rostral STN GP projecting cells were found in its laterale



( )D. Joel, I. WeinerrBrain Research ReÕiews 23 1997 62–78 67

half, and GP projecting cells in its medial half. In thei

middle STN GP projecting cells were found in its centrale

part and GP projecting cell in its medial part, while in thei

caudal STN GP projecting cells were found in the dorsale

central part of STN, while GP projecting cells werei

confined to the most medial corner of the nucleus.
Following anterograde injections into different areas of

w xSTN, Smith et al. 104 found a gross rostrocaudal topog-
raphy, with more rostral injections reaching more rostral
GP and GP and more caudal injections labeling moree i

densely more caudal regions of GP and GP . In addition,e i

injection into more rostromedial area in STN resulted in
labeling of more rostral GP , VP, and more rostral ande

Žventromedial GP an area which may correspond to thei
.associative and limbic pallidum , while injection into a

more caudal and lateral area in STN resulted in labeling in
Žmore caudal and dorsolateral areas of GP and GP an areae i

. w xwhich may correspond to the motor pallidum 104 . The
latter results are very similar to those of Nauta and Cole
w x Ž80 cited above i.e., the dorsal part of the caudal two
thirds of STN projects to ventral and lateral regions of the
caudal and central GP and GP , and a rostromedial regione i

of STN innervates the rostral GP and ventral and mediale
.areas of more rostral GP .i

w xRecently, Shink et al. 102 investigated the intercon-
nections between the STN and the two pallidal segments
by making small deposits of biotinylated dextran amine
Ž .which is transported both anterogradely and retrogradely
in the central part of GP or GP . Their figures reveal thate i

Ž .the dorsal third of central GP part of the associative GPe e

is innervated by neurons scattered in the lateral and central

thirds of the rostral two thirds of STN and in the caudome-
dial STN. The labeling mostly spared the most dorsal

ŽSTN. The ventral two thirds of the central GP part of thee
.motor GP are innervated by neurons scattered in thee

dorsal half of the lateral third of the rostral STN and in the
dorsal half of the central third of the middle third of STN.

ŽThe dorsal third of the central GP part of the associativei
.GP is innervated by neurons scattered in the ventral parti

of the central and part of the lateral thirds of middle STN.
ŽThe ventral two thirds of the central GP part of the motori

.GP are innervated by neurons scattered in the dorsal halfi

of the central and part of the lateral thirds of the rostral
w xtwo thirds of STN. Shink et al.’s 102 results are in accord

with earlier findings in several respects: They reinforce the
topographical organization of STN projections to the cen-

wtral parts of GP and GP , described previously 14–i e
x w x16,80,84,90,91,104 ; they support Carpenter et al.’s 14,15

conclusion that there is an inverse dorsoventral topography
in STN projections to GP; as other studies
w x80,84,90,91,104 , they show that STN neurons projecting
to GP are located also in the rostral parts of STN, and arei

not restricted to the more caudal parts, as reported by
w xCarpenter and colleagues 14–16 .

STN projections to VP arise from its medial part, but
the extent of the area from which the projections arise is

w xcontroversial. While Parent and Hazrati 88 suggest that it
w xis confined to the medial tip of STN, Haber et al. 53

suggest that it arises from the medial half of STN.
A summary diagram of STN projections to the pallidum

is presented in Fig. 1a. Combining the different findings
regarding these projections, it may be concluded that the

Ž .Fig. 1. A schematic representation of the localization of STN regions projecting to different regions of the pallidum a and of terminal fields in STN
Ž .arising from different regions of the GP b .e
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rostral two thirds of the medial STN projects primarily to
the rostral GP , which is part of the associative GP , to VP,e e

which is part of the limbic pallidum, and to rostral-
ventromedial GP , which includes parts of associative andi

limbic GP . The rostral two thirds of the lateral two thirdsi

of STN project primarily to central and caudal GP and GPe i
Žin both pallidal segments these areas include associative
and motor subfields dorsomedially and ventrolateraly, re-

.spectively . The ventral third of this STN region projects
to the dorsomedial third of GP and GP , which are parts ofe i

the associative pallidum. Complementarily, the dorsal two
thirds of this region project to the ventrolateral GP ande

GP , which are parts of the motor pallidum. Most of thei

caudal STN projects to the motor pallidum, except for a
small ventromedial region which projects to the associative
pallidum. Thus, the dorsolateral two thirds of the rostral
two thirds of STN and most of the caudal third of STN
innervate the motor pallidum, while the medial and ventral
parts of the rostral two thirds of STN innervate the associa-
tive and limbic pallidum.

STN projections to SN seem to be not as dense as those
w xto the pallidum 15,80,104 . The subthalamonigral fibers

terminate mostly in SNR in a patchy manner, but some
fibers ascend along the dopaminergic cell columns of the
SNC that invade the SNR. Thus, STN influences mainly
non-dopaminergic cells in SN but can also influence

w xdopaminergic cells 80,84,104 . STN projections to SN
w xarise mainly from the ventral part of STN 90,104 and

seem to display a crude mediolateral topography, with
medial STN projecting to medial SN and lateral STN

w xprojecting to lateral SN 80,88,90,104 .
STN projections to the striatum are much scarcer than

those to the pallidum and nigra and arise mainly from the
rostral two thirds of STN. The projections terminate mostly
in the motor striatum, i.e., putamen and lateral caudate and
arise from the more lateral and dorsal aspects of STN.
There is some innervation of the associative striatum, i.e.,
more medial caudate and rostral putamen, which arises

w xfrom more medial and ventral STN 79,80,88,90,103,104 .

3.4. The afferents of the subthalamic nucleus

The main inputs to STN arise from the frontal cortex
and GP . The cortical projections arise mainly from thee

primary motor cortex, which innervates the dorsal and
lateral STN, and more so in its rostral part, preserving a
crude somatotopy with the face represented more laterally
and the leg more medially. Weaker projections arise from
other frontal regions. Projections from PMC arise mainly
from its ventral part, and to a lesser extent from its dorsal

Ž .and medial including SMA parts, and terminate ventral
and medial to the projections from MI. The projections
from area 8 terminate ventral to the projections from the
face area, in the ventrolateral STN throughout most of its
rostrocaudal extent. Projections from area 9 are confined
mainly to a small rostral and ventromedial region of STN,

w xjust medial to the projections from PMC 78 . The most
medial part of STN was free of labeling in this experiment
w x78 , and an interesting question is whether this area is
innervated by limbic frontal regions. It should be noted
that there may be important differences between species
regarding the extent and area of termination of the cortico-

w xsubthalamic projections. For example, Huerta et al. 61
found considerable input to STN from area 8 in the owl
monkey and in the macaque, but virtually no such input in
the squirrel monkey.

The projections from GP to STN are topographicallye

organized. Although STN neurons have rather large den-
dritic arborizations, pallidal afferents form synapses pre-

w xdominantly with proximal dendrites and soma 88,102 ,
suggesting that their influence is mainly restricted to sub-
thalamic neurons located within their terminal fields.
Therefore the examination of the topographical organiza-
tion of the pallidal terminal fields in STN is important for
revealing the relationships between the functional subdivi-
sions of the GP and subareas of STN.e

The first thorough study of the pallidal projections to
STN was carried out by Carpenter and colleagues using a
series of anterograde and retrograde tracing experiments
w x14–16 . Summarizing the results of these papers the orga-
nization of GP projections is as follows: the rostral GPe e

projects to the medial two thirds of the rostral two thirds of
STN. The central GP , particularly its dorsal two thirds,e

Žinnervates mainly the lateral STN these projections are
.denser towards the more caudal areas of STN , and in

addition projects to the central third of the rostral two
thirds of STN. The caudal GP innervates the caudal STN,e

but these projections are weaker compared with the projec-
tions from the more rostral parts of GP . These findingse

seem to be in accord with several anterograde tracing
w xstudies. Kim et al. 65 found that the ventral part of the

caudal and central GP innervates the caudal STN and thee
Ž .lateral particularly the ventrolateral STN. DeVito and

w xAnderson 24 reported that the central part of GP projectse

to the caudal STN and to the lateral part of the middle
w xSTN. Shink et al. 102 found that the dorsal third of

Ž .central GP part of the associative GP innervates an areae e

in the ventral half of the lateral third of the rostral two
thirds of STN and in the ventral half of the central third of
the middle third of STN. The ventral two thirds of the

Ž .central GP part of the motor GP was found to innervatee e

an area in the dorsal half of the lateral and central thirds of
the rostral two third of STN. Contrary to the results of

w xCarpenter et al. 14–16 , this study suggests that the
ventral third of central GP contributes a greater projectione

to STN and that this projection is directed more rostrally
than was previously thought.

In addition to this general topography, the organization
of the projections from rostral GP can be further specified,e

such that the dorsolateral rostral GP innervates the mediale
Žpart of the middle STN from which the STN projection to

.rostral GP arises ; the ventrolateral rostral GP innervatese e
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Žthe central third of rostral STN from which part of the
.STN projection to central GP arises ; and the rostromediale

w xGP innervates the medial third of STN 14,15 . Comple-e

mentarily, the VP, which is the rostroventral extension of
GP, innervates the most ventromedial STN. There is a
mediolateral topography of VP projections to STN that is
continuous medially with that of the adjacent lateral hypo-
thalamus, with lateral VP projecting more densely to STN
and medial VP terminating more densely in the lateral

w xhypothalamus 52 .
A summary diagram of the pallidal projections to STN

is presented in Fig. 1b. When considering the topographi-
cal organization of STN afferents from GP in relation toe

its efferents to the other nuclei of the basal ganglia, the
Žfollowing picture emerges: Rostral GP part of associativee

.GP innervates the medial two thirds of rostral STN ande

the central third of middle STN, all of which project to
central GP , and projects to a lesser extent to the mediale

third of middle STN, which innervates the rostral GPe
Žitself. Regarding the central GP which includes associa-e

tive and motor areas, dorsomedially and ventrolaterally,
.respectively , most of the projections to STN arise from its

dorsal two thirds and are directed mainly to the lateral
ŽSTN and more so more caudally the area which inner-

.vates primarily the motor GP , and only weakly to thei
Žcentral part of the rostral two thirds of STN which is part

.of the STN area from which it receives projections . In
addition, there is an inverse dorsoventral topography in the
projections from the central GP , with dorsal GP project-e e

ing more ventrally, and ventral GP more dorsally in STN.e
ŽThe ventral part of central GP as well as caudal GP bothe e

.parts of the motor GP contribute the weakest projectione

to STN, compared with the other GP areas, and thise
Žprojection is directed to lateral and caudal STN which

.project back to these areas . As can be seen when compar-
ing Fig. 1a and Fig. 1b, STN afferents from GP are note

fully in register with STN efferents to the pallidum.
w xInterestingly, Shink et al. 102 reported some results

which are relevant to this conclusion. Thus, after injection
into the dorsal part of central GP , the correspondencee

between the pallidal terminal field in STN and the STN
area containing neurons projecting to this pallidal region
was not absolute, but rather, the retrogradely labelled cells
were scattered throughout a much wider area than that
containing the anterogradely labelled terminals. As can be

w xseen in Fig. 4 in Shink et al. 102 , the neurons that were
found outside the area of termination were located mainly
in the central STN, which according to previous studies, is
innervated by the rostral GP , which was not investigatede

w xin Shink et al.’s 102 study.
w xShink et al. 102 also reported that following injections

in the motor part of the central GP some retrogradelyi

labelled cells were found outside the cluster of labelled
w xvaricosities 102 . Since neurons in GP which send collat-e

erals to STN and GP are thought to be the main source ofi
Ž w x.these labelled varicosities see Shink et al. 102 , it is

possible that the STN labelled cells that were found out-
side the cluster of labelled varicosities, are innervated by
pallidal neurons which do not send collaterals to the STN
and to the injected GP region. Such neurons are unlikelyi

to be located in any of the central GP areas injected, sincee

after injection of tracer into these regions labelled varicosi-
ties in STN did not overlap the area of retrogradely
labelled cells that were found outside the cluster of la-
belled varicosities after injection of tracer into the motor
GP . This suggests that correspondence between the GPi e

terminal field in STN and the STN area containing neurons
projecting to the corresponding GP region was also noti

absolute. The other possible pallidal sites of inputs to this
STN area are the caudal and rostral thirds of GP whiche

were not injected. Since other authors reported that the
caudal GP projects only lightly to the STN, and that thesee

projections terminate mainly in the caudal and lateral STN
Ž .see elsewhere in this subsection , it seems unlikely that
the caudal GP innervates the STN cells projecting to thee

motor part of the central GP . In contrast, the rostral GPi e

was reported to project densely to the medial and central
Ž .STN see elsewhere is this subsection . Taken together,

Žthese findings make it likely that the rostral GP which ise
.part of the associative GP is in a position to influencee

some of the subthalamic neurons projecting to the motor
part of the central GP .i

When examining the topographical organization of the
connections between the pallidum and STN with respect to
the tripartite functional subdivision of the striatum and
pallidum, it can be concluded that the associative GP ise

reciprocally connected with part of STN, but innervates in
addition a different part of STN which projects primarily
to the motor pallidum. The motor GP appears to have ae

more limited influence on this STN area. Regarding the
VP, it seems clear that this structure reciprocates at least
part of its STN projections. The situation is less clear
regarding the extent of interactions with other pallidal
inputs to STN, and its resolution depends on the extent of
the STN field which projects to VP. As mentioned above,

w xaccording to Parent and Hazrati 88 the projections to VP
arise only from the medial tip of STN. If this were the
case, the VP would have reciprocal connections with STN,
with only minimal influence from other pallidal areas.

w xHowever, according to Haber et al. 53 the projections to
VP arise from the medial half of STN. Were this the case
then the associative GP would be in a position to influencee

the STN input to the limbic pallidum, similarly to its
position in relation to the motor pallidum.

4. Summary of the data: indirect pathways

4.1. Summary of the anatomical data

Before summarizing the anatomical data presented
above and suggesting a general scheme of indirect path-
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ways, it should be noted that a description of such path-
ways based on anatomical analysis at the topographical
level has several serious limitations. The anatomical evi-
dence upon which our descriptions are based remains
incomplete and is derived from comparisons of antero-
grade and retrograde labeling studies performed in differ-
ent sets of animals. Moreover, different primate species are
likely to differ in the specific details of organization.
However, most of the studies on which our analysis relies

w xused squirrel monkeys 14,15,55,56,58,84,90,91,102,104 .
More importantly, the main conclusions that emerge from
our examination when the data are combined across exper-
iments are supported by data presented within single stud-

w x w xies 14,15 , as well as within single animals 102 . In this
context, it is worthwhile to point out that Shink et al.’s
w x102 recent study, which used small deposits of a tracer
which is transported both anterogradely and retrogradely,
confirmed previous findings on the topographical organiza-
tion of the subthalamopallidal and pallidosubthalamic pro-
jections. In addition, the results of their electron micro-
scopic analysis were consistent with conclusions derived
from analysis at the topographical level. Definitive evi-
dence for the precise description of the connections re-
quires additional studies at the synaptic level using elec-
tron microscopy, double- and multiple-label tract-tracing
experiments, and studies involving transneuronal transport
of viruses which appear particularly suited to identify
multisynaptic pathways, as well as physiological data.
Such future studies are likely to clarify and revise the
details of organization described here that must now be
considered provisional.

Bearing these limitations in mind, the present data
suggest that on the basis of its efferent connections, the
STN may be divided into a motor and an associative
territories, as well as a smaller limbic territory, each
projecting to corresponding areas in the striatum, GP ande

GP . More specifically, the dorsolateral two thirds of thei

rostral two thirds of STN and most of the caudal third of
STN project to the motor pallidum and motor striatum, and
thus comprise the motor STN. The ventral and medial
parts of the rostral two thirds of STN project mainly to the
associative pallidum, associative striatum, and SNR, and to
a lesser extent to the limbic pallidum. These parts of STN
comprise the associative STN and the limbic STN. The
exact definition of the limbic STN according to relevant

Ž .STN efferents is still unclear see above .
The cortical afferents of STN seem to obey this func-

tional division. The motor STN receives its major cortical
input from MI and a smaller input from PMC. These
cortical areas provide also a major input to the motor
striatum. Part of the associative and limbic STN is the

Žrecipient of projections from areas 8 and 9 associative
.PFC , which also provide input to the associative striatum.

This part of STN receives also input from PMC, which is
not a contributor of innervation to the associative striatum,
and thus cannot be regarded as part of an associative

circuit according to the parallel segregated scheme. How-
ever, in the open interconnected scheme, the PMC is the

Žtarget of the open associative pathway which traverses the
.associative GP and thalamus and therefore is part of thei

w xassociative split circuit 64 .
In contrast to the segregated organization of STN effer-

ents, it seems that its afferents from GP do not maintaine

this segregation, since the main input to STN arises from
Žthe associative GP i.e., the rostral GP and dorsal part ofe e
.post-commissural GP while the main output of STN ise

directed to the motor parts of GP and GP . More specifi-e i

cally, there are reciprocal connections between the motor
GP and motor STN as well as between the associative GPe e

and associative STN, but the afferents from the associative
GP also project to the motor STN, which does not providee

a reciprocal input. A similar organization might exist in the
STN input to the limbic pallidum. As detailed above, there
are reciprocal connections between VP and the limbic
STN, but it is possible that the associative GP contributese

a significant input to the STN region which innervates the
VP.

4.2. Indirect pathways

The present data suggest that in general, efferents from
GP are in a position to contact subthalamic cells project-e

ing to GP rSNR, and thus provide anatomical support fori

the existence of an indirect pathway, i.e., a set of connec-
tions from the striatum, via GP and STN, to GP rSNR.e i

This conclusion differs from that of Parent and Hazrati
w x88 although most of the data on which it is based are the
same. Parent and Hazrati concluded that inputs from GPe

seem to spare the area containing subthalamic cells pro-
jecting to GP rSNR, and therefore, that there is no firmi

anatomical support for the existence of the indirect path-
way. They based this conclusion on the findings of Car-

w x w xpenter et al. 14,15 but later findings 80,91,104 showed
that cells projecting to GP can be found throughout mosti

Ž .rostrocaudal extent of STN for details see above . The
latter results lead us to conclude that the indirect pathway
may exist. While this conclusion is primarily based on
analysis at the topographical level, it is reinforced by

w xShink et al.’s 102 findings at the electron microscopic
level that GP terminals form synapses with STN neuronse

projecting to GP .i
Moreover, given the tripartite division of the striatum,

pallidum, and STN, the parallel segregated principle pre-
dicts the existence of indirect pathways connecting func-
tionally corresponding subregions of the striatum, GP ,e

STN, and GP . The available data indicate that this organi-i

zational principle holds true for the three functional subre-
gions of the striatum, pallidum, and STN, and in addition
point to a different organizational principle which does not
obey this functional subdivision.

More specifically, segregation seems to be maintained
with regard to the associative subregions of the striatum,



( )D. Joel, I. WeinerrBrain Research ReÕiews 23 1997 62–78 71

pallidum and STN. Thus, the anatomical data support the
existence of an indirect pathway passing from the associa-
tive striatum, via the associative GP and associative STN,e

to the associative GP and SNR. This conclusion is sup-i
w xported by Shink et al.’s 102 findings at the electron

microscopic level that terminals from part of the associa-
tive GP form synapses with STN neurons projecting toe

part of the associative GP . The available data are noti

sufficient to determine whether different neurons in the
associative parts of the striatum, GP , and STN are in-e

volved in the transfer of information to the associative GPi

and SNR, thus giving rise to two segregated indirect
pathways rather than to one pathway which diverges at one
of these stations to reach SNR and the associative GP .i

The anatomical data seem also to support the existence
of an indirect pathway connecting the motor subregions of
the basal ganglia, passing from the motor striatum, via the
motor GP and motor STN, to the motor GP . This sugges-e i

w xtion is again supported by Shink et al.’s 102 findings at
the electron microscopic level that terminals from part of
the motor GP form synapses with STN neurons projectinge

to part of the motor GP .i
Strict segregation, however, does not seem to be main-

tained in the connections of the motor STN, since this
subregion is innervated not only by the motor GP but alsoe

by the associative GP . This raises the possibility that theree

may be an indirect pathway connecting functionally non-
corresponding subregions of the basal ganglia, i.e., the
associative striatum and the motor GP , via the associativei

GP and motor STN.e

The available data do not suffice to determine the
degree of segregation between the motor and associative
pallidal inputs in the motor STN. If the projections from
the motor and associative pallidal subregions converge on
the same neurons in STN, the motor STN would relay to
the motor GP the combined inputs from the associativei

and motor GP . If these projections remain segregated,e

some of STN neurons would channel information from the
motor striatum via the motor GP and motor STN, to thee

Žmotor GP i.e., an indirect pathway from the motor stria-i
.tum to the motor GP , as described above , while othersi

would channel information from the associative striatum,
via the associative GP and motor STN, to the motor GPe i
Ži.e., an indirect pathway from the associative striatum to

. w xthe motor GP . While Shink et al.’s 102 demonstrationi

that terminals from part of the motor GP form synapsese

with STN neurons projecting to part of the motor GP ,i

supports the existence of indirect pathway connecting the
motor striatum to the motor GP , it does not suffice toi

determine whether these STN neurons are contacted by
motor pallidal neurons only, or by motor and associative
pallidal neurons. However, their report that some retro-
gradely labelled cells were found outside the cluster of
labelled varicosities following the injections in part of the
motor GP , suggests that some STN neurons may conveyi

information from the associative GP only. The centrale

point here is that, regardless of whether the projections
from the motor and associative GP remain segregated ine

the motor STN or converge on the same neurons, there is
transfer of information from the associative striatum, via
the associative GP and motor STN to the motor GP ,e i

which is the pallidal target of the motor and not of the
associative striatum.

The anatomical data seem also to support the existence
of an indirect pathway connecting the limbic subregions of
the basal ganglia, passing from the limbic striatum, via the
VP and limbic STN, to the VP. Since there are different
views in regard to the exact STN territory which inner-

Ž .vates the VP see above , it is not clear whether the limbic
STN is innervated only by the VP or also by the associa-
tive GP . If the VP is the only pallidal input to the limbice

STN, then strict segregation is maintained in the connec-
tions of the limbic subregions of the basal ganglia, similar
to the connections of the associative subregions. If the
limbic STN is innervated also by the associative GP , thene

Ž .there is indirect transfer of information from the associa-
tive striatum to the VP, via the associative GP and limbice

STN, similar to the transfer of information from the asso-
ciative striatum to the motor GP .i

As stated in the introduction, the possibility that the
STN may provide a substrate for interaction between
functionally different subregions within the basal ganglia

w xhas been raised before 29,45,53 . Moreover, the proposi-
tion that the subthalamopallidal pathway has a reciprocal
but also a non-reciprocal component can be found in the

w xwork of Haber et al. 53 . These authors concluded that
discrete pallidal regions project to restricted regions of
STN, while specific regions of STN project to a large area
of the VP, and thus suggested that specific parts of STN
modulate also regions of GP and VP from which they doe

w xnot receive input. We concur with Haber et al.’s 53
general position that in addition to a reciprocal component
there is also a non-reciprocal component in the connec-
tions of the pallidum and STN, so that areas of STN can
influence pallidal areas which do not reciprocate their
projections. However, the details of the organization de-

w xscribed here differ from that of Haber et al.’s 53 in that
we suggest that discrete projections exist in both directions
although their extent is not symmetrical, so that an area
which is a major contributor of projections may not be a

Žmajor recipient of reciprocal projections e.g., associative
. Ž .pallidum and vice versa e.g., motor pallidum . This gives

rise to a specific mode of interaction between the pallidum
and the STN.

The possibility that there may be an additional principle
of organization of the connections of the STN and pal-
lidum, in addition to the parallel segregated principle, has

w xalso been raised by Shink et al. 102 . Although the bulk of
their data could be accomodated by the principle of paral-
lel organization, their finding that following deposits of
tracer in GP occasionally retrogradely labelled cells werei

located outside of the region of terminal labeling in STN,
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has led them to suggest that ‘‘another alternative is that the
organizational principle that we have identified, overlies an
additional, albeit less prominent, system in which there is
not a correspondence between functionally related neu-

Ž .rons’’ p. 354 . It should be reiterated in this context that
w xShink et al. 102 did not study the organization of the

connections of the rostral GP , which is part of the associa-e

tive GP . This pallidal area seems to be particularly rele-e

vant as a potential neural substrate of the connections
between associative and motor subregions of the basal
ganglia, since other studies pointed to this region as a
major contributor of innervation to the subthalamic area
we defined here as motor STN.

We suggest that the anatomical data reviewed here can
be interpreted as indicating that different principles of
organization apply to different pallidal regions. The motor
and limbic pallidum seem to have reciprocal connections
with STN, as expected according to the parallel segregated
principle. The associative pallidum seems not to obey such
segregation, but rather to be involved in an asymmetrical
relations with the STN, in that it innervates a wider area of
STN than the area from which it receives its innervation.

It has long been recognized, in both primates and rats,
that different principles govern the organization of the
nigrostriatonigral connections of different striatal regions.
Thus, while the motor and associative striatum have recip-
rocal connections with the SNC, the connections of the
limbic striatum with the DA system are asymmetrical, in
that the limbic striatum innervates a wider area of the DA
cell groups than the area from which it receives its inner-

w xvation 34,49,51,53,62,63,67,68,76,77,81,86,87,89,107 .
The operation of different organizational principles in dif-
ferent subregions of the same structure may, therefore, be
a general characteristic of the internal connections of the
basal ganglia.

4.3. Open and closed indirect pathways

The analysis of the topographical relations between
STN afferents and efferents, raises the possibility that there
may be two types of indirect pathways. One type of
indirect pathway terminates in the same GP rSNR subre-i

gion as the direct pathway arising from the same striatal
subregion, thus connecting functionally corresponding sub-
regions of the striatum, pallidum, and STN, as conceived
by the parallel segregated scheme. The second type of
indirect pathway terminates in a different GP rSNR subre-i

gion than the direct pathway arising from the same striatal
subregion, thus connecting functionally non-corresponding
subregions of the striatum, pallidum, and STN. We suggest
to term the former a ‘closed indirect pathway’ and the
latter an ‘open indirect pathway’. Fig. 2 presents a

Ž .schematic diagram of a closed indirect pathway panel a
Ž .and an open indirect pathway panel b . Closed indirect

pathways contribute to the processing of information within
basal ganglia-thalamocortical circuits, while open indirect
pathways connect between circuits.

Fig. 2. A schematic diagram of a direct and an indirect pathway. Both
pathways originate in the same striatal subregion, but the former leads
directly to its target in the output nuclei, whereas the latter traverses parts
of GP and STN before reaching the output nuclei. a: a closed indirecte

pathway terminates in the same subregion in the output nuclei as the
direct pathway arising from the same striatal subregion. b: an open
indirect pathway terminates in a different subregion in the output nuclei
than the direct pathway arising from the same striatal subregion. A and B
represent corresponding subregions in the striatum and in GP rSNR.i

While future studies are needed to substantiate the
concept of closed and open indirect pathways, the applica-
tion of this concept to the data surveyed here suggests that

Ž .there may be: 1 three closed indirect pathways, each
Žconnecting the corresponding functional motor, associa-

.tive, and limbic regions of the striatum, pallidum, STN,
Ž .and SNR; and 2 two open indirect pathways, one con-

necting the associative striatum to the motor GP , via thei

associative GP and motor STN, and the other connectinge

the associative striatum to the VP, via the associative GPe

and limbic STN.

4.4. The indirect pathways and the split-circuit scheme

A novel feature that emerges in the organization of the
internal connections of the basal ganglia described here, is
that indirect pathways can connect between functionally
non-corresponding subregions of the basal ganglia. This
reinforces the newly suggested concept of open intercon-
nected organization of the basal ganglia-thalamocortical

w xcircuitry 64 . According to this concept, connectivity is
inherent in the neural architecture of the basal ganglia-
thalamocortical connections, so that the same set of con-
nections subserves both segregated and integrated process-
ing. Thus, the basic design of the external connections is
that of striatofrontocortical pathways which consist of a set
of connections from a striatal subregion via parts of GP ori

SNR and the thalamus to a frontocortical region. A stri-
atofrontocortical pathway that reenters the frontocortical
area which is the source of cortical input to this striatal
subregion, forms a closed circuit and thus subserves segre-
gated processing. A striatofrontocortical pathway that ter-
minates in a frontocortical area which innervates a differ-
ent striatal subregion, forms an open pathway and thus
subserves integrated processing. This characteristic of the
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basal ganglia-thalamocortical circuitry has been captured
w xby the concept of split circuit 64 . We suggest that the

same principle governs the organization of the internal
connections. Thus, the basic design of the internal connec-
tions is that of indirect striatopallidalrnigral pathways
which consist of a set of connections from a striatal
subregion, via parts of GP and STN, to a GP rSNRe i

subregion. An indirect pathway which terminates in the
same GP rSNR subregion as the direct pathway originat-i

ing from the same striatal subregion, forms a closed indi-
rect pathway, and thus contributes to segregated process-
ing. An indirect pathway which terminates in a different
GP rSNR subregion than the direct pathway, forms ani

open indirect pathway, and thus contributes to integrated
processing. Thus, both the external and the internal con-
nections of the basal ganglia provide a neural substrate for
the transfer of information within as well as between basal
ganglia-thalamocortical circuits.

5. Some clinical implications: Huntington’s disease

Ž .Huntington’s disease HD is an inherited progressive
neurodegenerative disorder of mid-life onset. Clinically
this disease is characterized by progressive involuntary
choreiform movements, cognitive decline, and personality

w xchanges 2,28,33,72,73,92,93,113 . The first and most
severely affected neurons are in the striatum
w x2,54,66,72,73,93,109–111,115 . In later stages death of
neurons occurs in other brain regions, including the cortex
w x72,73 . In addition, the early stages of the disease are
marked by a selective loss of striatal neurons projecting to
GP and SNR, while neurons projecting to GP are loste i

Žw x w x.only in later stages 3,4,97,99 , but see 31 .
The leading model of HD, launched by Penney and

w xYoung 2,92,93 , views this disease as a dysfunction of the
motor circuit resulting from abnormal functioning of the
indirect pathway. More specifically, loss of striatal inner-
vation to GP results in overactivity of GP which leads toe e

underactivity of STN, which in turn leads to underactivity
of GP and thus overactivity of the thalamus, resulting ini

w x w xchorea 2,10,18,74,75,93 . Alexander et al. 6 suggested
that in addition to the degeneration of neurons in the
putamen, which results in the disruption of the motor
circuit, there should be a degeneration of neurons in the
caudate nucleus, i.e., a disruption in the associative cir-
cuits, which subserves the cognitive symptoms of this
disease.

A survey of the relevant literature points to two bodies
of relevant data for delineating specific subregions that are

Ž .likely to be involved in Huntington’s chorea. a Data from
human and non-human primate research implicate the mo-
tor parts of STN, GP , and thalamus in the production ofi

w xchorea 2,8,10,18,19,27,41,74,75,82 . The involvement of
these subregions in Huntington’s chorea is only suggestive,
and awaits confirmation by functional neuroimaging in HD

Ž .patients. b Anatomical and physiological studies in HD
patients reveal that in the early stages of HD, when chorea
is most prominent, striatal dysfunction is most evident in

Ž .the associative striatum as defined here
w x32,54,66,109,111,115 . Only in later stages, which are
marked clinically by the replacement of chorea with rigid-
ity, bradykinesia and dystonia, the motor striatum is in-

w xvolved as well 2,30,32,54,66,75,97,109,111,115 . Relat-
edly, in patients with benign hereditary chorea there is

w xcaudate hypometabolism 106a , and although chorea is a
rare outcome after striatal lesions in humans, it is much

w xmore common after caudate than after putamen lesion 10 .
It follows from the above that the basal ganglia subre-

gions likely to subserve Huntington’s chorea include the
motor parts of STN, GP , and thalamus, which are knowni

to subserve the production of chorea in humans and ani-
mals, and the associative striatum, which is affected in HD
patients. Therefore, a model of HD should account for a
dysfunction of the motor circuit that results from damage
to the associative striatum. This poses a serious difficulty
for the parallel segregated scheme because in this scheme,
abnormal functioning of the motor STN can stem only
from pathology in the motor GP or motor striatum. Ine

contrast, the topographical organization of the internal
connections outlined here is congenial to a constellation in
which pathology in the associative striatum leads to dys-
function of the motor STN. Since one of the inputs to the
motor STN arises from the associative GP , abnormale

functioning of the motor STN can result from a pathology
in the associative GP or associative striatum. Indeed,e

abnormal functioning of the motor STN following pathol-
ogy of the associative striatum can be viewed as a dysfunc-
tion of the open indirect pathway which connects the
associative striatum with motor subregions of the basal
ganglia.

As stated above, the early stages of HD are marked by
cognitive and emotional symptoms, in addition to motor
symptoms. This symptomatology presumably results from
the selective loss of the associative striatal projections to

ŽSNR and GP which is the main pathological changee
.found in HD patients at this stage , and the resulting

abnormalities in their projections. As detailed in this work,
the associative GP projects to the motor and associativee

STN, which project to the motor GP and to the associativei

GP and SNR, respectively. In describing the projections ofi

GP and SNR to the thalamus and cortex we will rely oni

the split circuit scheme of the basal ganglia-thalamocorti-
w xcal circuitry described in our previous work 64 .

The projections of the associative striatum to the asso-
ciative GP and to SNR and their subsequent projections,i

via the thalamus, to the frontal cortex, as well as the
projections of the associative striatum to the associative
GP and the subsequent projections, via the STN, to thee

SNR and pallidum, are depicted in Fig. 3. We suggest that
loss of the associative striatal projections to the associative
GP and SNR can give rise to the complex motor, cogni-e
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Fig. 3. Summary diagram of the areas and projections affected following
selective loss of the associative striatal projections to GP and SNR in thee

early stages of HD. The degenerated projections are depicted in dashed
lines. The loss of associative striatal input to the associative GP leads toe

overactivity of the associative GP and a resultant underactivity of bothe

the associative and motor STN. Motor symptoms result from disrupted
Žinput from the motor STN to the motor GP which projects via thei

.thalamus to the MI and SMA , as well as from disrupted input from the
Žassociative STN to the associative GP which projects via the thalamus toi

.the PMC . Frontal-like cognitive deficits result from disrupted input from
Žthe associative STN and the associative striatum to SNR which projects

.via the thalamus to the associative PFC . Emotional symptoms may result
Žfrom disrupted input from the limbic STN to VP which projects via the

.thalamus to the limbic PFC . The corticostriatal projections and the
subthalamic projections to GP and the striatum are not depicted.e

tive and emotional symptomatology of the early stages of
Ž .HD in the following manner see Fig. 3 .

The loss of associative striatal projections to the asso-
ciative GP should result in disruption of the subsequente

projections, via the STN, to the pallidum and SNR, i.e.,
disruption of the indirect pathways arising from the asso-
ciative striatum. Disruption of the indirect pathway con-
necting the associative striatum to the motor GP , via thei

associative GP and motor STN, can account for the choreae

exhibited by HD patients. Disruption of the indirect path-
way connecting the associative striatum to the associative
GP , via the associative GP and associative STN, is alsoi e

expected to result in motor symptoms, since according to
the split circuit scheme, the output from the associative

Ž . w xGP reaches via the thalamus the PMC 64 .i

Disruption of the indirect pathway connecting the asso-
ciative striatum to SNR, via the associative GP and asso-e

Ž .ciative STN, should disrupt SNR output via the thalamus
to the associative PFC. Further disruption of this output is
expected to result from degeneration of the associative
striatal projections to SNR. Disruption of SNR output will
result in the dysfunction of the associative PFC, leading to
prefrontal-like cognitive deficits observed in HD patients
w x11,12,26,111,113 . Interestingly, although chorea is usu-

ally considered the first sign of HD, cognitive changes are
usually present when the movement disorder begins and

w xmay even precede it by a decade or more 26,69,77 .
Finally, as was noted above, the associative GP projec-e

tions to STN may form also an open indirect pathway
connecting the associative striatum, via the associative GPe

and limbic STN, to the VP. Disruption of this pathway
may result in emotional disturbances. Some of the emo-
tional symptoms reported in HD, such as aggression, in-
creased irritability, impulsivity, erratic behavior, and emo-

w xtional outbursts 25,26,32,112 were suggested to be stri-
w xatal release symptoms 112 . It is possible that emotional

‘release’ symptoms could result from a dysfunction of the
open indirect pathway from the associative striatum to the
VP, similarly to the motor ‘release’ symptoms which result
from disruption of the open indirect pathway from the

Žassociative striatum to the motor GP a detailed applica-i

tion of the split circuit model to HD will be presented in
.Joel & Weiner, in preparation .

The pathological mechanism suggested here to underlie
the symptomatology of HD raises a possibility of a treat-
ment for this disease. According to the present model, in
the early stages of the disease, associative striatal pathol-
ogy results in overactivity of the associative GP whiche

leads, via the resultant underactivity of STN, to motor,
cognitive, and emotional abnormalities observed in the
early stages of HD. We suggest that lesion of the overac-
tive associative GP could ameliorate some of these symp-e

toms. The rational for this treatment is based on the
assumption that it is better to have no input from a
component of a system than to have an abnormal ‘noisy’

w xinput 71 , similar to the rational underlying lesioning of
the overactive motor GP in order to ameliorate some ofi

Žthe hypokinetic symptoms in Parkinson’s disease e.g.,
w x.22,71 . There is some evidence that stereotaxic pallidal
lesions can ameliorate hyperkinetic movements in affected

w x 2patients 1 .

6. Parallel segregated versus open interconnected orga-
nization and neuropathology

Models of basal ganglia-thalamocortical organization
have major implications for the construction of models of
neuro- and psychopathology. The pioneer circuit models of

w xbasal ganglia related disorders of Penney and Young 92
w xand Swerdlow and Koob 108 have had a major impact in

this respect by promoting the view that complex behav-
ioral pathology must reflect a malfunction of a circuit
rather than of a lesion in an isolated brain structure. This
view has received a powerful impetus from the concept of

2 The possibility that GP lesions might result in Parkinsonian symp-e

toms and the possible mechanisms that can prevent such symptoms, are
Ž .discussed in detail elsewhere Joel and Weiner, in preparation .
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parallel segregated organization of the basal ganglia-
w xthalamocortical circuits 7 . A major advantage of the

parallel organization principle is that it enables to delimit
the scope of symptoms of the different basal ganglia
related disorders that can be attributed to specific functions
of individual circuits, and moreover, to specific alterations
in the components within each circuit. However, the em-
phasis on the closed segregated nature of the parallel
circuits has a serious drawback, in view of the fact that
during recent years it has become increasingly apparent
that most of the basal ganglia-related pathologies comprise
motor, cognitive and emotional symptoms, and are not
limited to one class of symptoms, as would be expected

w xaccording to the principle of functional segregation 53 .
Since according to this scheme, dysfunction of a circuit
can result only from a pathology of a station within this
circuit, the only way that a closed segregated model can
explain symptom coexistence is by postulating a disruption

Žin each of the relevant circuits, as was the case for HD see
. w xabove . Likewise, DeLong and Wichmann 22 recently

suggested that the segregated circuit model predicts that
the behavioral deficits of Parkinson’s disease reflect abnor-
mal processes in the motor, oculomotor, and the associa-
tive circuits, and possibly in the limbic circuit.

A major strength of the open interconnected model for
explaining neuropathological mechanisms is its ability to
accommodate coexistence of different classes of symptoms
as a result of damage to only one station in one of the
circuits, as was exemplified above with regard to HD.
Thus, whereas the closed segregated organization provides
a framework whereby damage to different stations of an
individual circuit results in selective disturbances of motor,
cognitive, or emotional behaviors, the open interconnected
organization provides in addition a framework whereby
such damage may lead to different combinations of motor,
cognitive, and emotional behaviors. Thus, the spectrum of
the symptoms in a given disorder will result from specific
disturbances at one or more of the different levels of a

Ž .given circuit frontal cortex, basal ganglia, thalamus as
well as from a subsequent disruption of the normal interac-
tion and flow of information between the different circuits
that enable to produce integrated output.
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