Movement Disorders

Vol. 16, No. 3, 2001, pp. 407-423
© 2001 Movement Disorder Society
Published by Wiley-Liss, Inc.

Review

Open Interconnected Model of Basal Ganglia-Thalamocortical
Circuitry and Its Relevance to the Clinical Syndrome of
Huntington’s Disease
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Department of Psychology, Tel Aviv University, Ramat-Aviv, Tel Aviv, Israel

Abstract: The early stages of Huntington’s disease (HD) pre- (2) the associative circuit, resulting in abnormal eye move-
sent with motor, cognitive, and emotional symptoms. Corre- ments, “frontal-like” cognitive deficits and “cognitive disinhi-
spondingly, current models implicate dysfunction of the motor, bition,” and (3) the limbic circuit, resulting in affective and
associative, and limbic basal ganglia-thalamocortical circuits. psychiatric symptoms. When relevant, this analysis is aided by
Available data, however, indicate that in the early stages of the comparing the symptomatology of HD patients to that of pa-
disease, striatal damage is mainly restricted to the associativetients with mild to moderate Parkinson’s disease, since in the
striatum. Based on an open interconnected model of basallatter there is similar dysfunction of direct pathways but oppo-
ganglia-thalamocortical organization, we provide a detailed ac- site dysfunction of indirect pathways. Finally, we suggest a
count of the mechanisms by which associative striatal pathol- potential novel treatment of HD and provide supportive evi-
ogy may lead to the complex pattern of motor, cognitive, and dence from a rat model of the disease. © 2001 Movement Dis-
emotional symptoms of early HD. According to this account, order Society.

the degeneration of a direct and several indirect pathways aris- Key words: Huntington’s disease; Parkinson’s disease;
ing from the associative striatum leads to impaired functioning basal ganglia; motor symptoms; cognitive symptoms; psychi-
of: (1) the motor circuit, resulting in chorea and bradykinesia, atric symptoms; affective disorder

Although the basal ganglia have long been viewed as Current views of the organization of basal ganglia-
playing a central role in motor control and movement thalamocortical connections is that of circuits connecting
disorders, it is now widely accepted that they contribute anatomically and/or functionally distinct frontocortical,
to a wide variety of behavioral functions, including cog- basal ganglia, and thalamic aréas:'21516.181%5¢h
nitive and emotional. This functional diversity is also circuit receives input from several separate but function-
reflected in the complexity of the pathological conditions ally related cortical areas, traverses specific regions of
which are associated with basal ganglia dysfunction, the striatum, the internal segment of the globus pallidus
such as Parkinson’s disease, Huntington’s disease, andGPi), the substantia nigra pars reticulata (SNR), the ven-
schizophrenia ™’ This is not surprising, given the fact tral pallidum (VP), and the thalamus, and projects back
that the basal ganglia receive inputs from virtually all upon a frontocortical area. Within each circuit, striatal
cortical areas, and in turn affect the frontal cortex via output reaches the basal ganglia output nuclei (GPi,
their thalamic projections. SNR, and VP) via a “direct” pathway and via an “indirect

pathway,” which traverses the external segment of the
globus pallidus (GPe) and the subthalamic nucleus
173162021y the last 15 years, the most domi-
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Models of basal ganglia-thalamocortical organization associative prefrontal cortex. Since only the striatonigral
have major implications for the construction of models portion of this pathway belongs exclusively to the motor
of neuro- and psychopathology. The pioneer circuit mod- circuit, whereas the nigro-thalamo-cortical portion is also
els of basal ganglia-related disorders of Penney and part of the associative split circuit, we termed the stria-
Young'®*®and Swerdlow and Kodf5 have had a major  tonigral portion an “open motor route.” The limbic split
impact in this respect by promoting the view that com- circuit contains a closed limbic circuit that reenters the
plex behavioral pathology must reflect a malfunction of limbic prefrontal cortex, an open limbic pathway that
a circuit rather than of a lesion in an isolated brain struc- terminates in the associative prefrontal cortex, that is, an
ture. A major advantage of the parallel organization prin- “open limbic route,” and possibly an additional open
ciple is that it enables delimiting the scope of symptoms limbic pathway which terminates in motor/premotor cor-
of the different basal ganglia-related disorders that can tices. Thus, the three split circuits are interconnected via
be attributed to dysfunction of individual circuits, and their open pathways or routés.
moreover, to specific alterations in components within  The open interconnected principle governs also the
each circuit. For example, Penney and Youtiyt® de- organization of indirect pathways. Thus, similarly to
scribed how alterations at different levels of the motor striato-frontocortical pathways, there are two types of
circuit can lead to a wide range of motor symptoms indirect pathways. An indirect pathway which terminates
ranging from hypokinesia to hyperkinesia. in the same GPi/SNR subregion as the direct pathway

However, the emphasis on the closed segregated naforms a “closed indirect pathway,” whereas an indirect
ture of the circuits has a serious drawback, in view of the pathway which terminates in a different GPi/SNR sub-
fact that most of the basal ganglia-related pathologies region than the direct pathway forms an “open indirect
comprise motor, cognitive, and emotional symptoms, pathway.” There is a closed indirect pathway within the
and are not limited to one class of symptoms. Since, motor, associative, and limbic closed circuits as well as
according to the closed segregated scheme, dysfunctionwithin the open associative pathway. In addition, there is
of a circuit can result only from a pathology of a station an open indirect pathway which connects the associative
within this circuit, the only way that such a model can striatum to the motor GPi and possibly an open indirect
explain symptom coexistence is by postulating a disrup- pathway connecting the associative striatum to the limbic
tion in each of the relevant circuits. For example, De- (ventral) pallidun?*

Long and Wichmarhrecently suggested that the segre-  The open interconnected principle also fits well the
gated circuit model predicts that the behavioral deficits organization of the connections of the striatum with the
of Parkinson’s disease reflect abnormal processes in thedopaminergic system. Thus, the basic design of these
motor, oculomotor, and associative circuits, and possibly connections is that of a “loop” comprising the projec-
also in the limbic circuit. tions from a striatal subregion to a subregion of the do-

Recently, we presented a new scheme of basal paminergic system and from this subregion to a striatal
ganglia-thalamocortical organization, the split circuit subregion. A loop which terminates in the striatal sub-
scheme, which emphasizes the open interconnected naregion from which it originates forms a “closed loop,”
ture of the circuit$®?%? (see Fig. 1). A split circuit ~ whereas a loop which terminates in a different striatal
contains one frontocortico-striatal pathway and two subregion than the one from which it originates forms an
striato-frontocortical pathways passing via the basal gan- “open loop.®2: for related views see 23-34
glia output nuclei and thalamus. One of the striato-  Figure 1 presents a summary diagram of the structural
frontocortical pathways reenters the frontocortical area organization of the motor, associative, and limbic split
of origin, thus forming a “closed circuit,” and the other circuits. As can be seen, this structural organization en-
leads to a frontocortical area which is a source of a ables four modes of between-circuit interaction: via open
different circuit, thus forming an “open pathway.” pathway, via open route, via open indirect pathway, and

Using a tripartite subdivision of the striatum and pal- via open loop. It is noteworthy that the three split circuits
lidum,** we described a motor, an associative, and a differ in their modes of connectivity. Thus, the motor
limbic split circuit. The associative split circuit contains split circuit is connected to the associative split circuit at
a closed associative circuit that reenters the associativethe level of SNR (via the open motor route). The asso-
prefrontal cortex and an open associative pathway that ciative split circuit is connected to the motor split circuit
terminates in the premotor cortex, which projects to the at the level of the cortex and pallidum (via the open
motor striatum. The motor split circuit contains a closed associative pathway and the open indirect pathway, re-
motor circuit that reenters motor and premotor cortical spectively). The associative split circuit may be con-
areas and an open motor pathway that terminates in thenected to the limbic split circuit at the level of the pall-
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FIG. 1. A summary diagram of the structural organization of the motor, associative, and limbic split circuits. Each split circuit contains a closed
circuit and an open route or an open pathway. The associative split circuit: the closed associative circuit comprises the associative staatian, subs
nigra pars reticulata (SNR), VAmc and MD thalamic nuclei, and the associative prefrontal cortex (including the frontal eye field and dorsolateral
prefrontal cortex). The open associative pathway arises from the associative striatum, traverses the associative region of the internattsegment of
globus pallidus (GPi), and VApc, and terminates in the premotor cortex, which projects to the motor striatum. The motor split circuit: the closed moto
circuit comprises the motor striatum, motor GPi, VAdc, and the primary motor cortex and supplementary motor area. The open motor route consists
of motor striatal projections to SNR. The limbic split circuit: the closed limbic circuit comprises the limbic striatum, ventral (limbic) pallGune,

and the limbic prefrontal cortex (including the orbitofrontal cortex and anterior cingulate area). The open limbic route consists of limbic striata
projections to SNR. Included within each of the closed circuits as well as within the open associative pathway is a direct and a closed indirect pathway
In addition, the associative split circuit contains an open indirect pathway which connects it with the motor split circuit, and possibly anregien indi
pathway which connects it with the limbic split circuit. Each split circuit has a closed loop with the dopaminergic (DA) system, and in addition there
are two open loops connecting the limbic split circuit with the motor and the associative split circuits. Pathways connecting between circuits are
demarcated in thick lines. MD, mediodorsal thalamic nucleus; MDmc, mediodorsal thalamic nucleus, magnocellular subdivision; VAdc, ventral
anterior thalamic nucleus, dencicellular subdivision; VAmc, ventral anterior thalamic nucleus, magnocellular subdivision; VApc, veritial anter
thalamic nucleus, parvicellular subdivision; GPe, globus pallidus, external segment; STN, subthalamic nucleus; VP, ventral pallidum.

idum (via an open indirect pathway). The limbic split of the same type (e.g., striato-frontocortical, indirect)
circuit is connected to the associative split circuit at the may connect either functionally corresponding regions
level of SNR and the striatum (via the open limbic route (e.g., closed circuits, closed indirect pathways), thus
and an open loop, respectively), and to the motor split serving segregated processing, or functionally noncorre-
circuit at the level of the striatum (via an open loop) and sponding regions (e.g., open pathways, open indirect
maybe also at the level of the cortex (via an open limbic pathways), thus serving integrated processing. It should
pathway). also be noted that the model does not include all the
It should be noted that the split circuit scheme as pre- known connections of the basal gandi?£>~*’some of

sented here is based on a meta-analysis of anatomicalwhich may be of relevance in the context of Hunting-
data available at the time (for a detailed description and ton’s disease, e.g., the direct projections from GPe to the
discussion of the data on which the model is based, seebasal ganglia output nucla?:*-44-48

references 19, 21, and 22). In recent years, new data have The major strength of the open interconnected model
been publishe?~*?supporting the general notion of the for explaining neuropathological mechanisms is its abil-
open interconnected organization, namely, that pathwaysity to accommodate coexistence of different classes of
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symptoms as a result of damage to only one station in and D2 receptor binding in the caudate and putamen of
one of the circuits. Thus, whereas the closed segregatedHD patients’37481-84
organization provides a framework whereby damage to Taken together, the bulk of data points to a greater
different stations of an individual circuit results in selec- involvement of the associative striatum (which is com-
tive disturbances of motor, cognitiver emotional be- prised mainly of the caudate) than of the motor striatum
haviors, the open interconnected organization provides in (which is comprised mainly of the putamen), and no
addition a framework whereby such damage may lead to involvement of the limbic (ventral) striatum in the early
different combinations of motor, cognitivend emo- stages of HD.
tional symptoms. The spectrum of symptoms in a given  Striatal degeneration is progressive not only with re-
disorder is suggested to reflect the specific disturbancesSpect to topography but also with respect to the targets of
at one or more of the different levels of a given circuit Striatal projection neurons, so that the early stages of the
(frontal cortex, basal ganglia, thalamus) as well as the disease are marked by a selective loss of the striatal
subsequent disruption of the normal interaction and flow innervation of GPe and SNR, while the striatal innerva-
of information between the different circuits. tion of GPi is lost only in later stage$:2>~°*Thus, there
The strength of the open interconnected model is best IS 10ss of striatal neurons of direct (to SNR) and indirect

exemplified in disorders in which there is coexistence of Pathways. This can account fgrérgg findings of reductions
motor, cognitive, and emotional symptoms with a re- N €nkephalin and substanc€’P®°?and in D1- and D2

H H ,81,83,84 H H
stricted damage to only one of the basal ganglia circuits. '€¢€Ptor binding *in the striatum of HD patients,
since neurons of the direct pathway contain gamma ami-

One such case is Huntington’s disease in its early stages. X .
nobutyric acid (GABA) and substance P and preferen-

tially express D1 receptors, while neurons of the indirect
pathway contain GABA and enkephalin and preferen-

Huntington’s disease (HD) is an inherited progressive tially express D2 receptors’>%
neurodegenerative disorder of midlife onset, character- There is some evidence that the striosomal compart-
ized clinically by prominent motor dysfunction, cogni- ment of the striatum is affected early in the dise%s¥"
tive deterioration, affective and psychiatric symp- Hedreen and Folsteifi suggested that the early loss of
toms1>49->Ipegpite the recent discovery of the genetic  striosomal neurons leads to disinhibition of nigrostriatal
mutation associated with HD, the biochemical basis of dopaminergic neurons and thus to increased dopaminer-
HD pathogenesis and of the differential vulnerability of gic input to the striatum which leads to decreased activity
different tissues to this pathological process is not un- of the indirect pathway. While this suggestion is consis-
derstood??>3 tent with other models of HD in postulating decreased

Postmortem and in vivo neuorimaging techniques activity of the indirect pathway (see below), there is no
have revealed that in the early stages of the disease thesvidence in primates (as opposed to rats) that striosomes
striatum is most severely affected although other brain provide the main striatal input to the dopaminergic neu-
regions, including the cortex, may show some pathologi- rons of the substantia nigra pars compacta (SK@nd
cal changed®°3-°! Postmortem studies further reveal striatal projections to the dopaminergic neurons of SNC
that striatal degeneration progresses along mediolateralwere found not to be affected at the early stages ofEiD.
and dorsoventral gradients, at first affecting the dorso- Therefore, while it is possible that the striosomal com-
medial caudate and dorsal putamen while sparing the partment is the first to be affected, the functional impli-
more lateral and ventral aspects of the striatum, including cations of this selective degeneration are not clear. Fi-
the nucleus accumbend>’°%62-®The results of imag-  nally, dopaminergic neurons are not affected in the early
ing studies are less conclusive. There are many reports ofstages of H[F.":69.85.86.92
caudate atrophy?°®~"put relatively few studies which o
measured the putamen. Of these, some report that the Circuit Models of HD
caudate is affected earliér’?and to a greater extent than It is widely accepted that most of the motor, cognitive,
the putameri®““whereas other report that the putamen and emotional symptoms observed in the early stages of
is more affected?”®78Although some functional imag-  HD reflect frontostriatal dysfunctioff->*°>~*However,
ing studies report similar changes in glucose metabolism the leading and most detailed model of HD, launched by
in the caudate and putamen in the early stages of Penney and Youn§® accounts only for the motor
HD,”®7""®most studies point to an earlier and greater symptoms, most notably chorea. According to the model,
caudate dysfunctiorf:°8:61:67.68.76.79.8¢mzging studies  these symptoms reflect a dysfunction of the motor circuit
assessing dopaminergic markers report changes in D1-resulting from abnormal functioning of its indirect path-

Huntington’s Disease
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way. More specifically, loss of striatal projections to GPe
results in overactivity of GPe which leads to underactiv-
ity of STN, which in turn leads to underactivity of GPi
and thus overactivity of the thalamus, resulting in cho-
rea"1,16, see also 98-100

Other writers had implicated dysfunction of the asso-
ciative and limbic circuits in order to account for the

nonmotor symptoms of HD. Thus, Alexander ef alig-

411

the “lateral orbitofrontal” and of the “anterior cingulate”
circuits. Since all three models adhere to the closed seg-
regated scheme of basal ganglia circuitry, they postulate
for each class of symptoms (motor, cognitive, and emo-
tional) a disruption in the corresponding basal ganglia-
thalamocortical circuit. Given that the three classes of
symptoms coexist in the early stages of HD, dysfunction
of the entire striatum is predicted. This contrasts, how-

gested that in addition to the degeneration of neurons in ever, with the findings that the limbic striatum is not
the putamen, which results in the disruption of the motor involved in the early stages of HD, and the associative
circuit, there should be a degeneration of neurons in the striatum is much more affected than the motor striatum.

caudate nucleus, i.e., a disruption of the “complex” cir-
cuits (“dorsolateral prefrontal” and “lateral orbitofron-
tal”), which underlies the cognitive symptoms of HD.
Similarly, Cummingg® suggested that dysfunction of the
“complex” and limbic circuits (“dorsolateral prefrontal,”
“lateral orbitofrontal,” and “anterior cingulate,” accord-
ing to the terminology of Alexander et &).underlies the
cognitive and emotional symptoms of HD. These two
accounts did not specify the specific circuit dysfunction
underlying the cognitive and emotional symptoms. Re-
cently, Litvan et af-°’suggested that the neuropsychiatric
symptoms of HD (e.qg., agitation, irritation, and euphoria)
are secondary to underactivity of the indirect pathway of

Motor Circuit

Associative Circuit

The Split Circuit Scheme and HD

According to the split circuit scheme, the complex
motor, cognitive, and emotional symptomatology of the
early stages of HD results primarily from loss of asso-
ciative striatal projections to SNR and to the associative
GPe, which leads to disruption of the following pathways
(see Fig 2): (1) the direct pathway of the closed associa-
tive circuit (to SNR), (2) the closed indirect pathway of
the closed associative circuit (via the associative GPe
and associative STN to SNR), (3) the closed indirect
pathway of the open associative pathway (via the asso-
ciative GPe and associative STN to the associative GPi),

Limbic Circuit

Frontal Cortex ] O]
Thalamus VAde [] [ IVApc VAmc MDme []
MD
‘ ]
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FIG. 2. A summary diagram of the direct and indirect pathways affected following selective loss of the associative striatal projections to GPe and

: y

Dopamine System

SNR in the early stages of Huntington’s disease (HD). Affected pathways are depicted in thick lines.
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(4) the open indirect pathway (via the associative GPe the open associative pathway, respectively. In addition,
and motor STN to the motor GPi), and if such a pathway the latter pathway subserves the suppression of motor
exists (5) an additional open indirect pathway (via the elements of competing motor programs, and the closed
associative GPe and limbic STN to the limbic pallidum). indirect pathway of the closed associative circuit sub-
Disruption of these pathways leads to impaired function- serves the suppression of the soon-to-be-executed cog-
ing of all three (motor, associative, and limbic) circuits nitive elements of the motor program while current ele-
and subsequently to the corresponding symptoms. Wements are being executed as well as the cognitive ele-
would like to note, however, that some of the symptoms ments of competing motor programs.
in each class may result directly from pathological pro-
cesses in the cortex, which although not as pronouncedMotor symptoms
as striatal pathology, are also present in the early stages Chorea is considered the hallmark of the motor abnor-
of the disease (see below). mality of HD.2*%125-227Data from human and nonhu-
Prior to describing how different symptoms of HD man primate research implicate the motor parts of
result from disruption of each of the above pathways, a the STN, GPi, and thalamus in the production of
brief description of their role in the production of behav- choreat:°8-109121.128-133, |ine with the view that chorea
ior is warranted. Of the wealth of functions ascribed to reflects dysfunction of the motor circuit resulting from
the striatum, the one which figures out most prominently underactivity of its indirect pathwa/®°8100:127.130,133
is the selection and initiation of the elements of a motor However, as detailed above, anatomical and physiologi-
program (which includes motor and cognitive compo- cal studies in HD patients reveal that in the early stages
nents), as well as their serial ordering into a coordinated of HD, when chorea is most prominent, striatal dysfunc-
sequential pattert-1320-192-11%he different functional  tion is most evident in the associative striatum. Although
regions of the basal ganglia are thought to subserve dif- some neuroimaging studies in HD patients failed to find
ferent aspects of this function. Performance of single significant correlations between chorea and measures of
movements depends on the function of the motor stria- atrophy or glucose metabolism in the caud&t’ the
tum and motor pallidum (that is, the closed motor cir- involvement of the associative striatum in the production
cuit); performance of chains of movements depends on of chorea is strengthened by the findings that: (1) in
the associative striatum and associative pallidum (that is, patients with benign hereditary chorea there is caudate
the open associative pathwafy)}0?-104106.108-111115  hynometabolisnt?* and (2) although chorea is a rare
and the sequencing of the elements of a motor programoutcome after striatal lesions in humans, it is much more
was suggested to depend on the closed associativecommon after caudate than after putamen legfon.
circuit.”19:116-119 Clearly, the involvement of the associative striatum in
Direct and indirect pathways are considered to sub- Huntington’s chorea awaits confirmation by functional
serve different functions, with the former promoting the brain imaging of HD patients during choreiform move-
execution of motor programs by facilitating cortically ments; unfortunately, currently such data are extremely
driven elements of the program, and the latter suppress-difficult to obtain since movements interfere with func-
ing unwanted elements:**® A major role in the sup-  tional imaging.
pression mechanism has been attributed to the STN, It follows that Huntington’s chorea reflects abnormal
which provides excitatory input to the inhibitory output functioning of the motor circuit which results from pa-
nuclei of the basal ganglia. The STN has been suggestedthology of the associative striatum. While this poses a
to: (1) assist in the suppression of unwanted muscle ac-serious difficulty for the parallel segregated scheme, be-
tivity during performance of single movement§;'2°-122  cause in this scheme abnormal functioning of the motor
(2) contribute to the ending of an action during perfor- circuit cannot stem from pathology in a different circuit,
mance of a single movement and to the beginning/endingit is readily accommodated by the split circuit scheme,
of movements during execution of a sequence of move- according to which associative striatal pathology leads to
mentsi®3104.121.2353n9 (3) suppress the soon-to-be- disruption of the connections between the associative
executed motor acts while current components of the and motor split circuits and subsequently to dysfunction
motor program are being execute§:*% of the motor split circuit. More specifically, degeneration
We propose that each of these three functions is sub-of associative striatal projections to the associative GPe
served by a different indirect pathway, namely, the leads to disruption of the open indirect pathway and of
closed indirect pathway of the closed motor circuit, the the closed indirect pathway of the open associative path-
open indirect pathway which links the associative and way. Since these indirect pathways subserve the transi-
motor split circuits, and the closed indirect pathway of tion between the motor elements of a motor program as
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well as suppression of the soon-to-be-executed motor Bradykinesia in HD and PD is even more pronounced
elements of the current motor program and of the motor during the performance of simultaneous and sequen-
elements of other motor programs, their disruption is tial movements. Under these conditions, movement
expected to be manifested clinically as Huntington’s times of PD and to a lesser extent of HD patients are
chorea, which is described as representing the intrusionprolonged to a greater extent than when performed

of fragments of undesirable motor programs into the nor-
mal flow of motor acts.

Bradykinesia is another fundamental, albeit less rec-
ognized, feature of the motor deficit in HD, seen already
in the early stages of the dised$é**>~*1It was sug-
gested'**that bradykinesia in the early stages results

alone!33:135.137.140154 aqddition, both patient groups
exhibit longer pauses between movements in a sequence
compared with control subjectd>***and HD patients
show also a greater within-subject variabifi§?. The dif-
ficulties in the performance of sequential and simulta-
neous movements in PD patients were suggested to result

from underactivity of the direct pathway of the motor
circuit, similar to the mechanism underlying bradykine-
sia in Parkinson’s disease (PBj:*®However, in HDthe  pathway'*° We suggest that in HD patients these diffi-
direct pathway of the motor circuit degenerates only in culties result primarily from difficulties in switching be-
later stages. Therefore, although such degeneration istween movements, which reflect underactivity of indirect
likely to contribute to the bradykinesia observed in the pathways.

late stages of HI5>#8°jt cannot account for the bra- Particularly revealing in the present context is a set of
dykinesia of the early stages. experiments by Bradshaw and colleagid&s$°*~*>tom-

It follows that although both HD and PD patients show paring the performance of HD and PD patients on two
bradykinesia, the underlying mechanisms and thereforeversions of a sequential button-pressing task. In both
some of the clinical manifestations are expected to differ. tasks, information about the next button to be pressed
Indeed, several studies point to such differences. Thewas provided by illuminating it. In the first tagR®1°3
electromyogram (EMG) patterns recorded during volun- the next button to be pressed was illuminated after the
tary movement in early stage HD patients were charac- release of the present button (no advance information),
terized by prolongation and high within-subject variabil- after depression of the present button (low advance in-
ity of the first burst of activity in the agonigf?**4in formation), or after release of the previous button (high
contrast to its reduced amplitude and normal duration in advance information). In the second tdsk,*>'the entire
pp133.144 sequence was illuminated in advance, but the illumina-

Moreover, ballistic movements, which are normally tion of the next button to be pressed was extinguished
presented by a triphasic pattern of muscle activity (ago- after the release of the present button (no information
nist, antagonist, agonist), are characterized in PD patientsreduction), after depression of the present button (low
by a number of cycles of agonist-antagonist activity, information reduction), or after release of the previous
whereas in HD patients a variety of patterns is observed, button (high information reduction). Two measures were
including tonic activation, cocontraction, and a triphasic taken, time from the depression of a button to its release
patternt33143-148n careful analysis of movement kine-  (down time), and time between the release of one button
matics of HD and PD patients’ handwriting revealed that and the depression of the next (movement time).
although both groups exhibited bradykinesia, HD pa- Both PD and HD patients had longer down time than
tients showed less efficient and more variable move- controls in the first task®¢>* However, whereas PD
ments compared with PD patieri§:14214°The authors  patients improved when advance information was pro-
suggested that PD patients may have problems in generwided, no such improvement was seen in HD patients.
ating appropriate movement forces, whereas HD patientsHD patients, and to a much lesser degree PD patients,
may have problems in force efficieng§?:142:149%: see also 143 had Jonger movement time. In addition, whereas controls
Taken together, these differences are consistent with theand PD patients improved as the amount of advance
idea that different mechanisms underlie bradykinesia in information increased, HD patients’ movement time im-
the two diseases. We further suggest that whereas braproved when information about the next button to be
dykinesia in PD results from underactivity of the direct pressed was provided before the release of the present
pathway of the motor circuit and subsequently from dif- button, but there was no further improvement (seen in
ficulties in activation of relevant musclés;*®139144  controls and PD patients) when this information was pro-
bradykinesia in the early stages of HD results from un- vided after the release of the previous button. Impor-
deractivity of indirect pathway(s), and subsequently from tantly, several of the subjects at risk for developing HD
inappropriate termination of muscle activity. had longer movement time than controls under this high

primarily from difficulties in the initiation and execution
of movements, which reflect underactivity of the direct
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advance information conditiol¥° A similar pattern was partly slowness in performing single movements. The
seen in the second task, namely, HD patients’ down time latter is subserved by the same mechanisms that underlie
and movement time were particularly prolonged at the bradykinesia of single movements, i.e., underactivity of
high information reduction condition, in which informa- indirect pathway(s) (see above). The former results from
tion regarding the next button press was provided after interference in the performance of the current movement
the release of the previous buttbi¥.Finally, in the sec- arising from the preparation of other movements in the
ond task, HD patients had prolongation of down time and sequence. Such interference may reflect underactivity of
movement time comparable to those in the first ti&k,  the closed indirect pathway of the open associative path-
whereas PD patients showed an opposite pattern, i.e., avay, which suppresses the soon-to-be-executed motor
dramatic prolongation of movement time with relatively acts while current components of the motor program are
mild prolongation of down timé>* being executed. In this respect, it is of interest to note that
Bradshaw and colleagu€®d*°***3concluded that  the HD group showed a particularly prolonged move-
both patient groups are deficient in sequencing motor ment time (compared with controls) under conditions in
programs effectively under conditions in which external which two movements had to be prepared in advance,
cues are not available, as reflected in prolongation of i.e., information regarding the next button press was pro-
movement preparation time (down time) and movement vided after the release of the previous button (high ad-
execution time (movement time) under these conditions. vance information condition in the first task, and high
This conclusion is consistent with the view that PD information reduction condition in the second task).
patients have difficulties in the initiation and execution Since these conditions necessitate the preparation of the
of movements, particularly when no external guidance is second movement, the interference of the execution of
available?**>* However, the deficits exhibited by the the first movement was most pronounced.
HD group do not seem to follow the same pattern. Thus, Our emphasis on difficulties in switching between
PD patients had a very mild prolongation of movement movements and in suppressing movements is in line with
time in the first task, in which an external cue to which Bradshaw and colleagues’ interpretation of some of their
the movement should be directed was always available data. Specifically, they suggested that the performance of
once the movement was initiated, but they had a very HD patients in the second task reflects difficulties in
large prolongation in the second task, in which such an switching between motor segment§,and that the dis-
external cue was absent. In contrast, HD patients exhib- proportionate difficulty of HD patients in performing the
ited similar down time and movement time prolongation first task with the nonpreferred hand reflects difficulties
in both tasks. Similarly, whereas PD patients had a par- in suppressing unwanted activity®
ticularly prolonged down time when there was no infor- In summary, we suggest that in the early stages of HD,
mation on the target at the time of movement initiation both chorea and bradykinesia result from disruption of
(no advance information condition in the first task), HD the connections between the associative striatum and the
patients exhibited similar down time under the no- motor circuit which normally subserve the sequencing of
advance information and the low-advance information movements of a motor program by beginning/ending the
conditions of the first task. movements of the program (the open indirect pathway)
These results suggest that the slowed performance ofand by suppressing inappropriate movements of the cur-
HD patients does not stem from deficits in initiating or rent and of competing motor programs (the closed indi-
executing movements when external information is not rect pathway of the open associative pathway). Bradyki-
available. Rather, we suggest that the prolonged down nesia may result in addition from disruption of the closed
time of the HD group reflects difficulties in termination  indirect pathway of the motor circuit, which assists in the
and initiation of sequential movements (e.g., pressing suppression of unwanted muscle activity during perfor-
and then releasing a button), that is, difficulties in mance of single movements.
switching between two movements in a sequence. These N
difficulties reflect underactivity of the open indirect Cognitive symptoms
pathway connecting the associative striatum to the motor HD patients undergo a gradual loss of cognitive func-
circuit, which contributes to the beginning/ending of tions, often preceding the appearance of the movement
movements during execution of a sequence of move- disorder by many years, which invariably leads to the
ments. development of dementia. The early stages of the dis-
The prolonged movement time of the HD group in ease, however, are characterized by a specific pattern of
these button press tasks is suggested to reflect partlycognitive deficits>**°>156which are very similar to
slowness in performing movements in a sequence andthose observed in patients with dorsolateral prefrontal
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cortex lesion’®%>® |t is widely accepted that these
symptoms reflect dysfunction of the “complex” loops

415

cognitive deficits in HD and PD, although these are often
overlooked. HD but not PD patients are reported to have

(which correspond to the closed associative circuit in the concentration difficulties®® HD patients are more im-
present scheme) resulting from pathology at both striatal paired on the arithmetic, digit span, and digit symbol

and cortical level§1:69:81.82,96,97,152,156.184n\yaver, the

subsets of the Wechsler Adult Intelligence Scale

specific circuit dysfunction subserving these symptoms (WAIS),**>*®2which comprise a concentration and “free-

has not been delineated.
We suggest that the disrupted functioning of the

dom from distraction” factof? In a study of cognitive
flexibility and complex integration, both HD and PD

closed associative circuit in HD is due to the degenera- patients had decreased solution fluency, but HD patients

tion of its direct (associative striatal projections to SNR)

showed, in addition, impulsive responding to partial in-

and closed indirect (associative striatal projections to the formation and difficulties in set maintenance and shift-

associative GPe) pathways as well as to pathology of theing,

prefrontal corteX*’789-82.97.5ageneration of the di-

rect pathway is expected to result in underactivity of the
prefrontal cortex, further contributing to prefrontal dys-
function due to direct prefrontal pathology. Loss of func-
tions normally subserved by the prefrontal cortex is ex-
pected to follow. In contrast, degeneration of the indirect
pathway is expected to lead to “disinhibition” of func-
tions.

The distinction between these two groups of symp-
toms, one reflecting underactivity of the prefrontal cortex
(resulting directly from prefrontal pathology and indi-
rectly from degeneration of the direct pathway) and the
other reflecting underactivity of the indirect pathway, is
best exemplified by comparing the cognitive symptoms
exhibited by patients with early HD to those exhibited by

172 which can also be attributed to inability to sup-

press a dominant cognitive set. Similarly, in a study in-
vestigating attention in HD and PD patients, both groups
were slower than matched controls, but only HD patients
exhibited a specific impairment in inhibiting inappropri-
ate responses and in responding in the face of conflicting
information52:173

According to the present scheme, these cognitive
symptoms, characterized by impaired ability to suppress
interfering information, reflect “cognitive disinhibition”
which results from underactivity of the indirect pathway
of the closed associative circuit.

In addition to its involvement in cognitive functions,
the associative circuit has an important role in the control
of eye movements. Therefore, examination of the spe-
cific pattern of eye movement abnormalities in HD al-

patients with mild to moderate PD. In both diseases there lows further analysis of the deficits arising from abnor-

is a prefrontal patholody*°¢1°815%s well as an un-

deractivity of the direct pathway of the closed associative
circuit (resulting from different pathologies, degenera-
tion of striatal neurons in HD versus loss of striatal do-

mal functioning of the associative circuit.

Descriptions of abnormal eye movements appeared al-
ready in early reports on HD, but have received more
attention in the last two decad&¥ The main ocular

paminergic input in PD). Therefore, in both diseases, the motor abnormalities in the early stages of HD include

prefrontal cortex is expected to be underactive. However,

in contrast to HD, in PD there is overactivity of the
indirect pathway, due to loss of striatal dopaminergic
input*>1¢

The similarity of the cognitive deficits in HD and PD,
considered to reflect frontal underactivity, has been
repeatedly recognizet:**¢159-16%n poth conditions, sev-
eral “executive” functions are impaired, such as, planning,

difficulties in initiating the more voluntary types of sac-
cades and in suppressing unwanted reflexive saccades.
The former is reflected in increased latency in the initia-
tion of volitional (i.e., on command), remembered and
predictive saccades, which is often accompanied by head
movements or blinking. The latter is reflected in abnor-
mal fixation and smooth pursuit, which are disrupted by
extraneous saccades which take the eye off the target, as

selecting, initiating and sequencing motor programs, mental well as in the “antisaccade” task, in which patients are

flexibility, and set shiftingf®-51:82:95.154.156.159.160.1gqth

patient groups have memory impairments, which al-
though more pronounced in HD, are thought to result
from impairment in the strategic aspects of memory
function.49,51,95,125,126,154—156,158,160,16271|§fha”y, HD

and PD patients are impaired on “frontal” neuropsycho-

required to generate a saccade to the mirror location of a
suddenly appearing target. Most HD patients have
marked difficulty in suppressing the reflexive saccade to
the target.”>'°The ocular motor abnormalities of early HD
have been attributed to disruption of the basal ganglia circuitry
involving the SNR and frontal eye fields, in particular, their

logical tests, such as the stylus maze, verbal fluency, projections to the superior colliculdg’-174-176.178-180

Tower of Toronto, and the Wisconsin Card Sorting
Test49'7°'81’95'155‘157'161'165_171

According to current schemes of the neural mecha-
nisms subserving saccade generation, more reflexive sac-

There are, however, some differences between thecades are triggered by parietal regions, while more vol-
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untary saccades are generated by frontal regions. Theties in maintaining attention, particularly when no exter-
production of both types of saccades is dependent on thenal cue is available, but not in shifting attentitst:* 73185
superior colliculus, and can be gated by its tonic inhibi- Better performance of both patient groups when external
tory input from the SNR/4176-18%rthermore, facilita-  guidance is available may reflect intact passive (exog-
tion of the generation of voluntary saccades is dependentenous) orienting of attention, which is dependent on pos-
on excitatory frontocaudatal projections, which disinhibit terior cortical regions (Posner’s posterior attention sys-
the superior colliculus, i.e., the direct pathway of the tem), together with deficient internal control of attention,
associative circuit, whereas the suppression of unwantedwhich is thought to depend on regions of the frontal
reflexive saccades and the termination of saccadescortex and basal ganglia (Posner’'s anterior attention
are subserved by the indirect pathway of this cir- system)?"'#9-1924HD and PD patients have difficulties,
cuit 118:124.174.176.18 yiew of the above, it is likely that  however, with relatively distinct aspects of the internal
deficits in the initiation of voluntary saccades and in the control of attention. We suggest that difficulties in self-
suppression of unwanted saccades in the early stages ofjenerated attention shift, which are observed only in HD
HD reflect frontal eye field (FEF) pathology combined patients, result from difficulties in inhibiting or terminat-
with degeneration of the direct pathway of the associa- ing selective attention to a current target, and reflect
tive circuit, and degeneration of the indirect pathway of underactivity of the indirect pathway of the closed asso-
the associative circuit, respectively. ciative circuit. These difficulties in shifting attention may
The above suggestion receives support from a com- be analogous to the difficulties of HD patients in shifting
parison between eye movement abnormalities in early cognitive set, which were also attributed to an inability to
HD and in mild to moderate PD. Thus, like HD patients, suppress a dominant cognitive set as a result of under-
parkinsonian patients exhibit difficulties in the initiation activity of the same indirect pathway (see above). The
of several types of voluntary saccades (i.e., predictive difficulties in maintaining attention found in both patient
and remembered). These difficulties, which are reflected groups (although more pronounced in PD patients), are
in increased latency and decreased amplitude (i.e., hy-suggested to reflect an inability to maintain a sufficient
pometric saccadesy®*82-8%re not identical, however, level of activity in a subgroup of prefrontal or collicular
to those of HD patients, who show increased latency and neurons, due to underactivity of the direct pathway of the
decreased, normal or increased mean amplitude withclosed associative circuit.
greater within-subject variability than normd*78-18° The attentional deficits of HD and PD patients are
In addition, HD, but not PD patient§?186-188hayve reminiscent of their eye movement abnormalities in that
great difficulties in the antisaccade task, in which they both saccadic eye movements and the control of attention
cannot suppress reflexive saccades to the target. The in-are particularly impaired when external information is
creased latency in the initiation of voluntary saccades in unavailable and performance is internally generated.
HD and PD as well as the deficits of HD but not PD This probably reflects the fact that in both diseases there
patients in the antisaccade task, are in line with our sug- is dysfunction of the prefrontal cortex rather than of pos-
gestion that the former reflects underactivity of the direct terior cortical regions. However, the specific pattern of
pathway whereas the latter reflects underactivity of the attentional deficits in HD and PD may seem inconsistent
indirect pathway. The differences in saccade amplitude with that of their eye movements abnormalities. Thus,
may also reflect the opposite nature of dysfunction of the HD but not PD patients exhibit an inability to suppress
indirect pathway in the two diseases. unwanted saccades as well as difficulties in shifting at-
The brain regions subserving the control of eye move- tention, whereas both patient groups exhibit difficulties
ments have been implicated also in the control of spatial in saccade initiation as well as difficulties in maintaining
attention'®®-19Therefore, the different mechanisms un- attention. This inconsistency may be resolved when con-
derlying eye movement dysfunction in HD and PD are sidering the mechanisms underlying attention as de-
expected to be reflected also in different patterns of spa- scribed in Rizzolati’s premotor theory of attentibi.
tial attention deficits in these diseases. According to Rizzolati’'s theory, spatial attention to a
In reaction time tasks which assess both motor and specific location is a consequence of activation of col-
attentional processes, both HD and PD patients showlicular neurons resulting from the preparation to perform
behavioral slowness. However, whereas HD patients a saccade to that location. The reorientation of attention
show profound difficulties in shifting attention, particu- to a new location is dependent on a change in the saccade
larly when no external guidance is provid&d:**1%%and program. It follows that the ability to initiate a saccade or
a milder deficit in the ability to maintain attention in the to maintain attention is dependent on activation (by dis-
absence of an external cif&,PD patients have difficul-  inhibition) of a group of collicular neurons or on main-
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taining the activity of a group of collicular neurons, re- tively. However, these two striatal regions are not in-
spectively, whereas the ability to suppress unwanted sac-volved in the early stages of HD. According to the split
cades or to shift attention is dependent on the preventioncircuit scheme, psychopathological symptoms in HD re-
of activation of a group of collicular neurons or on in- flect dysfunction of the limbic circuit resulting from un-
hibition of currently active collicular neurons, respec- deractivity of the open indirect pathway connecting the
tively. Thus, the difficulties exhibited by both patient associative striatum to the limbic circuit.

groups in initiating saccades and maintaining attention is  Dysfunction of the limbic circuit has been implicated
suggested to reflect the disruption of the direct pathway in the pathophysiology of schizophrenia, depression, and
of the closed associative circuit, which is involved in Obsessive compulsive disordet’° One of the most
initiating and maintaining activity in a subset of frontal influential and detailed models of basal ganglia-related
(or collicular) neurons. Complementarily, the finding PSychiatric disorders is that of Swerdlow and Kddb.
that HD but not PD patients show difficulties in inhibit-  This model is similar to the present one in maintaining
ing unwanted saccades and in the volitional termination that striatal projections to the limbic pallidum (the direct
of attention to a current target is suggested to reflect Pathway) serve to promote the activity of a set of cortical
disruption of the indirect pathway of the closed associa- N€urons. In Swerdlow and Koob’s model, however, in-
tive circuit, which is involved in the suppression and hibition of ongoing thalamocortical activity is attributed

termination of activity in a subset of frontal (or collicu- (© the dopaminergic input to the striatum, which is pre-
lar) neurons. sumed to inhibit striatal neurons projecting to the limbic

Finally, although it is difficult to compare motor im- pallidum, and thus disinhibit the latter, whereas in the

pairments to cognitive impairments, it should be noted present scheme this function is attributed to indir_ect
that both the eye movement and cognitive abnormalities pathways. Swerdlow and Koob suggested that schizo-

in HD patients are characterized by a similar pattern, i.e., phreplc a_nd_ manic psychpses resglt from |ncr‘?ase_d. do-
difficulties in initiating and facilitating wanted activity ~P2Minergic input to the striatum which leads to “inability

(motor or cognitive) coupled with difficulties in sup- to filter inappropriate cognlqvg or emotional processes gt
pressing unwanted activity. These difficulties are sug- the accu_mbens level and similarly to_select anq ”?a'”‘a'”
gested to originate from a common mechanism, i.e., un- appropriate processes among corticothalamic interac-

deractivity of the direct and indirect pathways of the tions” (p. 2(.)4)'. S'nce’ accordllng'to current modgls'o.f
. o basal ganglia circuitry, dopamine is considered to inhibit
closed associative circuit.

striatal neurons of the indirect pathway® increased
dopaminergic input to the striatum may be analogous to
a functional lesion of the indirect pathway. Therefore,
Affective and psychiatric symptoms appear in many degeneration of the indirect pathway connecting the as-
HD patients, and may precede the appearance of thesociative striatum to the limbic circuit in HD is expected
movement disorder by many ye&fs;1:95:125.126.193 to result in a circuit dysfunction similar to the one hy-
though their systematic assessment is relatively scarce.pothesized to subserve schizophrenic and manic psycho-
The most prevalent behavioral disturbances associatedses according to Swerdlow and Kobb.
with HD include: (1) personality and behavioral changes, ~ Swerdlow and Koob' further suggested that depres-
which include on the one hand impulsive and erratic sion may result from underactivity of the dopaminergic
behavior, increased irritability, aggressiveness and labile system. The latter results in an inability to inhibit corti-
mood, and on the other hand, reduced spontaneity andcothalamic activity by limbic pallidal input, and this “ex-
initiative;*9-°0:125.126.193 14 (2) definable psychiatric dis-  cess of corticothalamic positive feedback would be ac-
orders, namely, depressive and manic-depressive moodcompanied by an inability...to switch or initiate new
disorder, schizophreniform psychosis, and less com- ‘cognitive sets™ (p. 205). This mechanism is reminiscent
monly, obsessive compulsive disorder!12>126:171.193-197  of the one we propose to underlie the difficulties of HD
Since damage to the frontal cortex or basal ganglia can patients in cognitive set shifting and in self-generated
lead to symptoms similar to those outlined abdv&®2%°  attention shift, i.e., inability to terminate or suppress the
the emotional disturbances in HD were suggested to re- current cognitive or attentional set, which results from
flect disturbed frontostriatal functionin:>°* As noted underactivity of the closed indirect pathway of the closed
above, Litvan et at* suggested that the symptoms of associative circuit. Therefore, the depression of HD pa-
agitation, irritation, and euphoria in HD are secondary to tients may reflect difficulties in suppressing a dominant
underactivity of the indirect pathways which arise from cognitive or emotional state, resulting from underactivity
the ventromedial caudate and ventral striatum, respec-of the closed indirect pathway of the closed associative

Emotional symptoms
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circuit and of the open indirect pathway connecting the larly in nonhuman primates, to further evaluate the po-
associative and limbic circuits, respectively. Similar dif- tential of GPe lesion for the treatment of HD. Moreover,
ficulties may also underlie the obsessions and compul- even if the suggested treatment is found to be effective in
sions reported in some HD patients, i.e., inability to sup- alleviating HD symptoms at the early stages of the dis-
press a dominant thought or action. ease, it may not lead to long-lasting positive effects,
Underactivity of the open indirect pathway connecting since the pathological process in HD is progressive, ul-
the associative striatum to the limbic circuit may also timately leading to a degeneration of extensive regions of
lead to emotional “disinhibition” analogous to the cog- the brain.
nitive and motor “disinhibition” seen in HD patients,
which, as detailed above, also reflect degeneration of Conclusion
indirect pathways. This emotional disinhibition is evi- The present work has provided a detailed account of
dent in a subgroup of emotional symptoms exhibited by HD symptomatology based on the open interconnected
HD patients, including aggression, increased irritability, model of basal ganglia-thalamocortical circuitry and the
impulsivity, erratic behavior, and emotional outbursts. known pathophysiology of HD. We have suggested that
Interestingly, in line with our view, these symptoms have specific motor, cognitive, and emotional symptoms of
been suggested to be striatal “release” symptoms analo-HD are related to specific disturbances in the functioning
gous to the motor “release” symptoms of this dis€d$e.  of the motor, associative, and limbic circuits which result
, . ) from the degeneration of a direct pathway and of several
Lesion of the Associative GPe: A Potential indirect pathways arising from the associative striatum.
Treatment for HD? This analysis highlights the advantages of the open
The pathological mechanism suggested here to under-interconnected model for explaining neuropathological
lie the symptomatology of HD raises a possibility of a mechanisms, namely, its capacity to account for the co-
treatment for this disease. According to the present existence of symptoms as a result of damage to one
model, in the early stages of the disease, associativestation within one of the circuits, as well as its utility in
striatal pathology results in overactivity of the associa- explaining how disruption of different types of connec-
tive GPe which leads, via the resultant underactivity of tions (e.g., direct versus indirect pathways) leads to
STN, to motor, cognitive, and emotional abnormalities. qualitatively different types of symptoms (e.g., difficul-
We have suggested that lesion of the overactive associaties in initiation versus suppression) within each symp-
tive GPe could ameliorate some of these symptés. tom domain. The latter further enables the delineation of
The rationale for this treatment is similar to the rational analogies between symptoms from different domains
underlying lesion of the overactive motor GPiin order to (e.g., motor, cognitive, and emotional disinhibition).
ameliorate hypokinetic symptoms in Parkinson’s dis-  With regard to HD, the present approach has allowed
ease>*There is some evidence that stereotaxic pallidal 3 more comprehensive delineation of HD symptomatol-
lesions can ameliorate hyperkinetic movements in af- ogy by drawing attention to symptoms which were pos-
fected patient$?® tulated to exist according to the model, but are usually
We have begun to investigate this possibility in one of overlooked, such as those reflecting “cognitive disinhi-
the leading rat models of HD, namely, quinolinic acid pition.” Likewise, it has enabled a better differentiation
(QA) striatal lesion:**?%*-2°%\e showed that bilateral  petween HD and PD, particularly in the cognitive do-
electrolytic lesions to the rat globus pallidus (GP, the rat main, by directing attention to types of symptoms which
analog of the primate GPe) ameliorated the deleteriouswere expected according to the model to be manifested
effects of bilateral QA striatal lesion on several behav- differently in the two patient groups.
ioral measures (postsurgery weight, activity level, and  |n general, it is suggested that a model-driven analysis
performance in a water maze tasRj.We have recently  of symptoms of individual basal ganglia-related disor-
found that an excitotoxic (axon sparing) lesion of the rat ders, and in particular a comparison between the symp-
GP has the same ameliorating effect as an electrolytic GPtomatology of two such disorders with related but dif-
lesion, and that this ameliorating effect is obtained both ferent underlying pathologies (such as HD and PD), may
when the GP is lesioned simultaneously with the striatum |ead to a better understanding not only of each disorder
and when it is lesioned 1 month following the striatal but also of the normal functioning of the circuits, their
lesion; moreover, this ameliorating effect is also obtained subcomponents and their connections.
when the GP is inactivated by intrapallidal injection of

muscimol (manuscript in preparation). While these re-  acknowledgments: The author is indebted to Prof. I.
sults are promising, future studies are needed, particu-Weiner for her invaluable critical reading of the manuscript.

Movement Disorders, Vol. 16, No. 3, 2001



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

BASAL GANGLIA CIRCUITRY AND HUNTINGTON’S DISEASE

REFERENCES

. Albin RL, Young AB, Penney JB. The functional anatomy of

basal ganglia disorders. Trends Neurosci 1989;12:366—375.

. Alexander GE, Crutcher MD. Functional architecture of basal

ganglia circuits: neural substrates of parallel processing. Trends
Neurosci 1990;13:266-271.

. Alexander GE, Crutcher MD, Delong MR. Basal ganglia-

thalamocortical circuits: parallel substrates for motor, oculomo-
tor, “prefrontal” and “limbic” functions. Prog Brain Res 1990;85:
119-146.

. DeLong MR, Georgopoulos AP. Motor functions of the basal

ganglia. In: Brookhart JM, Mountcastle VB, Brooks VB, editors.
Hanbook of physiology. Bethseda: American Physiological So-
ciety; 1981. p 1017-1061.

. DeLong MR, Wichmann T. Basal ganglia-thalamocortical cir-

cuits in parkinsonian signs. Clin Neurosci 1993;1:18-26.

. Goldman-Rakic PS, Selemon LD. New frontiers in basal ganglia

research. Trends Neurosci 1990;13:241-244.

. Gray JA, Feldon J, Rawlins JNP, Hemsley DR, Smith AD. The

neuropsychology of schizophrenia. Behav Brain Sci 1991;14:1—
84.

. Graybiel AM. Neurotransmitters and neuromodulators in the

basal ganglia. Trends Neurosci 1990;13:244-254.

. Groenewegen HJ, Berendse HW, Wolters JG, Lohman AHM.

The anatomical relationship of the prefrontal cortex with the stria-
topallidal system, the thalamus and the amygdala: evidence for a
parallel organization. Prog Brain Res 1990;85:95-118.
Groenewegen HJ, Berendse HW. Anatomical relationships be-
tween the prefrontal cortex and the basal ganglia in the rat. In:
Thierry A-M, Glowinski J, Goldman-Rakic P, Christen Y, eds.
Motor and cognitive functions of the prefrontal cortex. Springer-
Verlag: Fondation IPSEN; 1994:51-77.

Marsden CD. The mysterious motor function of the basal ganglia.
Neurology 1982;32:514-539.

Marsden CD. Movement disorders and the basal ganglia. Trends
Neurosci 1986;9:512-515.

Marsden CD, Obeso JA. The functions of the basal ganglia and
the paradox of stereotaxic surgery in Parkinson’s disease. Brain
1994;117:877-897.

Parent A. Extrinsic connections of the basal ganglia. Trends Neu-
rosci 1990;13:254-258.

Penney JB, Young AB. Speculations on the functional anatomy of
basal ganglia disorders. Ann Rev Neurosci 1983;6:73-97.
Penney JB, Young AB. Striatal inhomogeneities and basal gan-
glia function. Mov Disord 1986;1:3-15.

Swerdlow NR, Koob GF. Dopamine, schizophrenia, mania and
depression: toward a unified hypothesis of cortico-striato-pallido-
thalamic function. Behav Brain Res 1987;10:215-217.
Alexander GE, Delong MR, Strick PL. Parallel organization of
functionally segregated circuits linking basal ganglia and cortex.
Ann Rev Neurosci 1986;9:357-381.

Joel D, Weiner I. The organization of the basal ganglia-
thalamocortical circuits: open interconnected rather than closed
segregated. Neuroscience 1994;63:363-379.

DeLong MR, Crutcher MD, Georgopoulos AP. Primate globus
pallidus and subthalamic nucleus: functional organization. J Neu-
rophysiol 1985;53:530-543.

Joel D, Weiner |. The connections of the primate subthalamic
nucleus: Indirect pathways and the open-interconnected scheme
of basal ganglia-thalamocortical circuitry. Brain Res Brain Res
Rev 1997;23:62-78.

Joel D, Weiner |. The connections of the dopaminergic system
with the striatum in rats and primates: an analysis with respect to
the functional and compartmental organization of the striatum.
Neuroscience 2000;96:451-474.

Groenewegen HJ, Berendse HW, Wouterlood FG. Organization
of the projections from the ventral striato-pallidal system to ven-
tral mesencephalic dopaminergic neurons in the rat. In: Percheron

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

419

G, McKenzie JS, Feger J, eds. The basal ganglia IV: new ideas
and data on structure and function. New York: Plenum Press;
1994:81-93.
. Haber SN, Lynd E, Klein C, Groenewegen HJ. Topographic or-
ganization of the ventral striatal efferent projections in the rhesus
monkey: an anterograde tracing study. J Comp Neurol 1990;293:
282-298.
Haber SN, Lynd-Balta E, Spooren WPJM. Integrative aspects of
basal ganglia circuitry. In: Percheron G, McKenzie JS, Feger J,
eds. The basal ganglia IV: new ideas and data on structure and
function. New York: Plenum Press; 1994:71-80.
Hedreen JC, DeLong MR. Organization of striatopallidal, stria-
tonigral, and nigrostriatal projections in the macaque. J Comp
Neurol 1991;304:569-595.
Jimenez-Castellanos J, Graybiel AM. Subdivisions of the
dopamine-containing A8-A9-A10 complex identified by their dif-
ferential mesostriatal innervation of striosomes and extrastrio-
somal matrix. Neuroscience 1987;23:223-243.
Jimenez-Castellanos J, Graybiel AM. Evidence that histochemi-
cally distinct zones of the primate substantia nigra pars compacta
are related to patterned distributions of nigrostriatal projection
neurons and striatonigral fibers. Exp Brain Res 1989;74:227-238.
Lynd-Balta E, Haber SN. The organization of midbrain projec-
tions to the ventral striatum in the primate. Neuroscience 1994;
59:609-623.
Lynd-Balta E, Haber SN. The organization of midbrain projec-
tions to the striatum in the primate: sensorimotor-related striatum
versus ventral striatum. Neuroscience 1994;59:625-640.
Mogenson GJ, Jones DL, Yim CY. From motivation to action:
functional interface between the limbic system and the motor
system. Prog Neurobiol 1980;14:69-97.
Nauta WJH, Smith GP, Faull RLM, Domesick VB. Efferent con-
nections and nigral afferents of the nucleus accumbens septi in the
rat. Neuroscience 1978;3:385-401.
Parent A, Hazrati LN. Functional anatomy of the basal ganglia.1.
The cortico-basal ganglia-thalamo-cortical loop. Brain Res Brain
Res Rev 1995;20:91-127.
Swanson LW, Mogenson GJ. Neural mechanisms for the func-
tional coupling of autonomic, endocrine and somatomotor re-
sponses in adaptive behavior. Brain Res Brain Res Rev 1981;3:
1-34.
Bevan MD, Smith AD, Bolam JP. The substantia nigra as a site
of synaptic integration of functionally diverse information arising
from the ventral pallidum and the globus pallidus in the rat.
Neuroscience 1996;75:5-12.
Bevan MD, Clarke NP, Bolam JP. Synaptic integration of func-
tionally diverse pallidal information in the entopeduncular
nucleus and subthalamic nucleus in the rat. J Neurosci 1997;17:
308-324.
Groenewegen HJ, Galis-de Graaf Y, Smeets WJ. Integration and
segregation of limbic cortico-striatal loops at the thalamic level:
an experimental tracing study in rats. J Chem Neuroanat 1999;
16:167-185.
O’Donnell P, Lavin A, Enquist LW, Grace AA, Card P. Inter-
connected parallel circuits between rat nucleus accumbens and
thalamus revealed by retrograde transynaptic transport of pseu-
dorabies virus. J Neurosci 1997;17:2143-2167.
Shink E, Bevan MD, Bolam JP, Smith Y. The subthalamic
nucleus and the external pallidum: two tightly interconnected
structures that control the output of the basal ganglia in the mon-
key. Neuroscience 1996;73:335-357.
Smith Y, Bevan MD, Shink E, Bolam JP. Microcircuitry of the
direct and indirect pathways of the basal ganglia. Neuroscience
1998;86:353-387.
Zahm DS, Williams E, Wohltmann C. Ventral striatopallidotha-
lamic projection: IV. Relative involvements of neurochemically
distinct subterritories in the ventral pallidum and adjacent parts of
the rostroventral forebrain. J Comp Neurol 1996;364:340-362.
. Zahm DS. Functional-anatomical implications of the nucleus ac-

Movement Disorders, Vol. 16, No. 3, 2001



420

43.
44,
45,

46.

47.

48.

49.

50.
51.
52.
53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

D. JOEL

cumbens core and shell subterritories.nA Y Acad Sci1999;
877:113-128.

Albin RL, Young AB, Penney JB. The functional anatomy of
disorders of the basal ganglia. Trends Neurosci 1995;18:63—64.
Chesselet MF, Delfs JM. Basal ganglia and movement disorders:
an update. Trends Neurosci 1996;19:417-422.

Feger J. Updating the functional model of the basal ganglia.
Trends Neurosci 1997;20:152-153.

Levy R, Hazrati LN, Herrero MT, et al. Re-evaluation of the
functional anatomy of the basal ganglia in normal and Parkinso-
nian states. Neuroscience 1997;76:335-343.

Parent A, Cicchetti F. The current model of basal ganglia orga-
nization under scrutiny. Mov Disord 1998;13:199-202.

Parent A, Hazrati LN. Functional anatomy of the basal ganglia. Il.
The place of subthalamic nucleus and external pallidum in basal
ganglia circuitry. Brain Res Brain Res Rev 1995;20:128-154.
Fedio P, Cox CS, Neophytides A, Conal-Frederick G, Chase TN.
Neuropsychological profile of Huntington’s disease: patients and
those at risk. Ad Neurol 1979;23:239-255.

Folstein SE, Folstein MF, McHugh PR. Psychiatric syndromes in
Huntington’s disease. Ad Neurol 1979;23:281-289.

Wilson RS, Garron DC. Cognitive and affective aspects of Hun-
tington’s disease. Ad Neurol 1979;23:193-201.

Albin RL, Tagle DA. Genetics and molecular biology of Hun-
tington’s disease. Trends Neurosci 1995;18:11-14.

Vonsattel JP, DiFiglia M. Huntington disease. J Neuropathol Exp
Neurol 1998;57:369-384.

Albin RL. Selective neurodegeneration in huntington’s disease.
Ann Neurol 1995;38:835-836.

DiFiglia M, Sapp E, Chase KO, et al. Aggregation of huntingtin
in neuronal intranuclear inclusions and dystrophic neurites in
brain. Science 1997;277:1990-1993.

Hayden MR, Martin WRW, Stoessl AJ, et al. Positron emission
tomography in the early diagnosis of Huntington’s disease. Neu-
rology 1986;36:888—-894.

Kowall NM, Ferrante RJ, Martin JB. Patterns of cell loss in
Huntington’s disease. Trends Neurosci 1987;10:24-29.
Mazziotta JC, Phelps ME, Pahl JJ, et al. Reduced cerebral glucose
metabolism in asymptomatic subjects at risk for Huntington’s
disease. New Engl J Med 1987;316:357-362.

Vonsattel J-P, Myers RH, Stevens TJ, et al. Huntington’s disease:
neuropathological grading. In: Carpenter MB, Jayaraman A, eds.
The basal ganglia Il: structure and function—current concepts.
New York: Plenum Press; 1987:515-531.

Waters CM, Peck R, Rossor M, Reynolds GP, Hunt SP. Immu-
nocytochemical studies on the basal ganglia and substantia nigra
in Parkinson’s disease and Huntington’s chorea. Neuroscience
1988;25:419-438.

Young AB, Penney JB, Starosta-Rubinstein S, et al. PET scan
investigations of Huntington’s disease: cerebelar metabolic cor-
relates of neurological features and functional decline. Ann Neu-
rol 1986;20:296-303.

Augood SJ, Faull RL, Love DR, Emson PC. Reduction in en-
kephalin and substance P messenger RNA in the striatum of early
grade Huntington’s disease: a detailed cellular in situ hybridiza-
tion study. Neuroscience 1996;72:1023-1036.

Ferrante RJ, Kowall NW, Richardson EO, Bird ED, Martin JB.
Topography of enkephalin, substance P and acetylcholinesterase
staining in Huntington’s disease striatum. Neurosci Lett 1986;71:
283-288.

Hedreen JC, Folstein SE. Early loss of neostriatal striosome neu-
rons in Huntington’s disease. J Neuropathol Exp Neurol 1995;
54:105-120.

Richfield EK, Maguire-Zeiss KA, Vonkeman HE, Voorn P. Pref-
erential loss of preproenkephalin versus preprotachykinin neu-
rons from the striatum of Huntington’s disease patients. Ann Neu-
rol 1995;38:852—-861.

Bamford KA, Caine ED, Kido DK, Plassche WM, Shoulson |.
Clinical-pathologic correlation in Huntington’s disease: a neuro-

Movement Disorders, Vol. 16, No. 3, 2001

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

psychological and computed tomography study. Neurology 1989;
39:796-801.

Bartenstein P, Weindl A, Spiegel S, et al. Central motor process-
ing in huntington’s disease. A PET study. Brain 1997;120:1553—
1567.

Grafton ST, Mazziotta JC, Pahl JJ, et al. Serial changes of cere-
bral glucose metabolism and caudate size in persons at risk for
Huntington’s disease. Arch Neurol 1992;49:1161-1167.
Starkstein SE, Brandt J, Folstein S, Strauss M, McDonnell A,
Folstein M. Brain atrophy in Huntington’s disease: correlations
with clinical and neuropsychological findings. Neurology
1988;38(Suppl 1):359.

Weinberger DR, Berman KF, ladarola M, Driesen N, Zec, R.
Prefrontal cortical blood flow and cognitive function in Hunting-
ton’s disease. J Neurol Neurosurg Psychiatry 1988;52:94-104.
Aylward EH, Brandt J, Codori AM, Mangus RS, Barta PE, Harris
GJ. Reduced basal ganglia volume associated with the gene for
Huntington’s disease in asymptomatic at-risk persons. Neurology
1994,44:823-828.

Aylward EH, Codori AM, Barta PE, Pearlson GD, Harris GJ,
Brandt J. Basal ganglia volume and proximity to onset in pre-
symptomatic Huntington disease. Arch Neurol 1996;53:1293—
1296.

Antonini A, Leenders KL, Spiegel R, et al. Striatal glucose me-
tabolism and dopamine d-2 receptor binding in asymptomatic
gene carriers and patients with huntington’s disease. Brain 1996;
119:2085-2095.

Ginovart N, Lundin A, Farde L, et al. PET study of the pre- and
post-synaptic dopaminergic markers for the neurodegenerative
process in Huntington’s disease. Brain 1997;120:503-514.
Harris GJ, Pearlson GD, Peyser CE, et al. Putamen volume re-
duction on magnetic resonance imaging exceeds caudate changes
in mild Huntington’s disease. Ann Neurol 1992;31:69-75.

Harris GJ, Aylward EH, Peyser CE, et al. Single photon emission
computed tomographic blood flow and magnetic resonance vol-
ume imaging of basal ganglia in Huntington’s disease. Arch Neu-
rol 1996;53:316-324.

Kuwert T, Lange HW, Langen KJ, Herzog H, Aulich A,
Feinendegen LE. Cortical and subcortical glucose consumption
measured by PET in patients with Huntington’s disease. Brain
1990;113:1405-1423.

Pahl JJ, Mazziotta JC, Bartzokis G, et al. Metabolic dysfunction
in tardive dyskinesia and Huntington’'s disease. Neurology
1988;38(Suppl 1):361.

Fenske T, Martin WRW, Ammann W, Clark C, Hayden MR.
Specificity of cerebral metabolic abnormalities in Huntington’s
disease. Neurology 1988;38(Suppl 1):359.

Hasselbalch SG, Oberg G, Sorensen SA, et al. Reduced regional
cerebral blood flow in Huntington’s disease studied by SPECT. J
Neurol Neurosurg Psychiatry 1992;55:1018-1023.

Backman L, Robbins-Wahlin T-B, Lundin A, Ginovart N, Farde
L. Cognitive deficits in Huntington’s disease are predicted by
dopaminergic PET markers and brain volumes. Brain 1997;120:
2207-2217.

Lawrence AD, Weeks RA, Brooks DJ, et al. The relationship
between striatal dopamine receptor binding and cognitive perfor-
mance in Huntington’s disease. Brain 1998;121:1343-1355.
Turjanski N, Weeks R, Dolan R, Harding AE, Brooks DJ. Striatal
D1 and D2 receptor binding in patients with Huntington’s disease
and other choreas. Brain 1995;118:689-696.

Weeks RA, Piccini P, Harding AE, Brooks DJ. Striatal D1 and D2
dopamine receptor loss in asymptomatic mutation carriers of
Huntington’s disease. Ann Neurol 1996;40:49-54.

. Albin RL, Reiner A, Anderson KD, Penney JB, Young AB. Stria-

tal and nigral neuron subpopulations in rigid Huntington's dis-
ease: implications for the functional anatomy of chorea and
rigidity-akinesia. Ann Neurol 1990;27:357-365.

Albin RL, Young AB, Penney JB, et al. Abnormalities of striatal
projection neurons and N-methyl-D-aspartate receptors in pre-



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

BASAL GANGLIA CIRCUITRY AND HUNTINGTON’S DISEASE

symptomatic Huntington’s disease. New Engl J Med 1990;322: 108.
1293-1298.

Pearson SJ, Heathfield KW, Reynolds GP. Pallidal GABA and
chorea in Huntington’s disease. J Neural Transm Gen Sect 1990; 109.
81:241-246.

Reiner A, Albin RL, Anderson KD, D’Amato CJ, Penney JB,

Young AB. Differential loss of striatal projection neurons in Hun-
tington’s disease. Proc Natl Acad Sci USA 1988;85:5733-5737. 110.
Richfield EK, Herkenham M. Selective vulnerability in hunting-
ton’s disease: preferential loss of cannabinoid receptors in lateral
globus pallidus. Ann Neurol 1994;36:577-584.

Sapp E, Ge P, Aizawa H, et al. Evidence for a preferential loss of
enkephalin immunoreactivity in the external globus pallidus in
low grade Huntington’s disease using high resolution image 112.
analysis. Neuroscience 1995;64:397—-404.

Storey E, Beal MF. Neurochemical substrates of rigidity and
chorea in Huntington’s disease. Brain 1993;116:1201-1222.
Ferrante RJ, Beal MF, Kowall NW. Mechanisms of neural de-
generation in Huntington’s disease. In: Percheron G, McKenzie
JS, Feger J, eds. The basal ganglia IV: new ideas and data on
structure and function. New York: Plenum Press; 1994:149-161. 114.
Gerfen CR, Wilson CJ. The basal ganglia. In: Swanson LW,
Bjorklumd A, Hokfelt T, editors. Handbook of chemical neuro-
anatomy. Amsterdam: Elsevier Science B.V.; 1996:371-468.

Reiner A, Anderson KD. The patterns of neurotransmitter and 115.
neuropeptide co-occurrence among striatal projection neurons:
conclusions based on recent findings. Brain Res Brain Res Rev
1990;15:251-265.

Brandt J, Butters N. The neuropsychology of Huntington’s dis-
ease. Trends Neurosci 1986;9:118-120.

Cummings JL. Frontal-subcortical circuits and human behavior.
Arch Neurol 1993;50:873-880.

Sprengelmeyer R, Lange H, Homberg V. The pattern of atten-
tional deficits in Huntington’s disease. Brain 1995;118:145-152.
Bhatia KP, Marsden CD. The behavioural and motor conse-
quences of focal lesions of the basal ganglia in man. Brain 1994,
117:859-876.

Mitchell 13, Jackson A, Sambrook MA, Crossman AR. The role of
the subthalamic nucleus in experimental chorea. Brain Res 1989;
112:1533-1548.

Mitchell 13, Brotchie JM, Graham WC, et al. Advances in the
understanding of neural mechanisms in movement disorders. In:
Bernardi G, Carpenter MB, Di Chiara G, Morelli M, Stanzione P,
eds. The basal ganglia Ill. New York: Plenum Press; 1991:607—
616.

Litvan I, Paulsen JS, Mega MS, Cummings JL. Neuropsychiatric
assessment of patients with hyperkinetic and hypokinetic move-
ment disorders. Arch Neurol 1998;55:1313-1319.

Aldridge JW, Jeager D, Gilman S. A comparison of single unit
activity in primate caudate nucleus and putamen in a sensory cued
motor task. In: Bernardi G, Carpenter MB, Di Chiara G, Morelli
M, Stanzione P, eds. The basal ganglia Ill. New York: Plenum
Press; 1991:303-310.

Brotchie P, lansek R, Horne MK. Motor function of the monkey
globus pallidus: neuronal discharge and parameters of movement.
Brain 1991;114:1667-1683.

Brotchie P, lansek R, Horne MK. Motor function of the monkey
globus pallidus: cognitive aspects of movement and phasic neu-
ronal activity. Brain 1991;114:1685-1702.

Hikosaka O. Basal ganglia—possible role in motor coordination
and learning. Cur Opin Neurobiol 1991;1:638-643.

Kimura M. The putamen neuron: activity and the association of a
sensory stimulus with movement in the monkey. In: Carpenter
MB, Jayaraman A, eds. The basal ganglia II: structure and
function-current concepts. New York: Planum Press; 1987:337—
347.

Lidsky TI, Manetto C, Schneider JS. A consideration of sensory
factors involved in motor functions of the basal ganglia. Brain
Res 1985;356:133-146.

111.

113.

116.

117.

118.

119.

120.

121.

122.

123.

124.

421

Mink JW, Thach WT. Basal ganglia motor control. I. Nonexclu-
sive relation of pallidal discharge to five movement modes. J
Neurophysiol 1991;65:273-300.

Mink JW, Thach WT. Basal ganglia motor control. Il. Late pal-
lidal timing relative to movement onset and inconsistent pallidal
coding of movement parameters. J Neurophysiol 1991;65:301—
329.

Mink JW, Thach WT. Basal ganglia motor control. Ill. Pallidal
ablation: normal reaction time, muscle cocontraction, and slow
movement. J Neurophysiol 1991;65:330-351.

Nambu A, Yoshida S, Jinnai K. Discharge pattern of pallidal
neurons with input from various cortical areas during movement
in the monkey. Brain Res 1990;519:183-191.

Robbins TW, Brown VJ. The role of the striatum in the mental
chronometry of action: a theoretical review. Rev Neurosci 1990;
2:181-213.

Rolls ET, Johnstone S. Neurophysiological analysis of striatal
function. In: Wallesch C, Vallar G, eds. Neuropsychological dis-
orders with subcortical lesions. Oxford: University Press; 1992:
61-97.

Rolls ET, Williams GV. Sensory and movement-related neuronal
activity in different regions of the primate striatum. In: Schneider
JS, Lidsky TT, eds. Basal ganglia and behavior: sensory aspects
and motor functioning. Bern: Hans Huber; 1987:p 37-59.
Trouche E, Viallet F, Apicella P, Alamy M, Pons J-C, Legallet E.
Pallidal and nigral hypokinesia: an experimental analysis in the
monkey. In: Percheron G, McKenzie JS, Feger J, eds. The basal
ganglia IV: new ideas and data on structure and function. New
York: Penum Press; 1994:337-348.

Gabrieli J. Contribution of the basal gnaglia to skill learning and
working memory in humans. In: Houk JC, Davis JL, Beiser DG,
eds. Models of information processing in the basal ganglia. Cam-
bridge: MIT Press;1995:277-294.

Graybiel AM, Aosaki T, Flaherty AW, Kimura M. The basal
ganglia and adaptive motor control. Science 1994;265:1826—
1831.

Hikosaka O. Role of basal ganglia in control of innate move-
ments, learned behavior and cognition. In: Percheron G, McKen-
zie JS, Feger J, eds. The basal ganglia IV: new ideas and data on
structure and function. New York: Penum Press; 1994:589-596.
Joel D, Weiner |. Striatal contention scheduling and the split
circuit scheme of basal ganglia-thalamocortical circuitry: From
anatomy to behaviour. In: Miller R, Wickens JR, eds. Conceptual
advances in brain research: brain dynamics and the striatal com-
plex. Amsterdam: Harwood Academic Publishers; 1999:209—
236.

Feger J, Mouroux M, Benazzouz A, Boraud T, Gross C, Cross-
man AR. The subthalamic nucleus: a more complex structure than
expected. In: Percheron G, McKenzie JS, Feger J, eds. The basal
ganglia IV: new ideas and data on structure and function. New
York: Plenum Press; 1994:371-382.

Obeso JA, Guridi J, Herrero M-T. Role of the subthalamic
nucleus in normal and pathological conditions. In: Percheron G,
McKenzie JS, Feger J, eds. The basal ganglia IV: new ideas and
data on structure and function. New York: Plenum Press; 1994:
365-370.

Smith Y, Wichmann T, DeLong MR. The external pallidum and
the subthalamic nucleus send convergent synaptic inputs onto
single neurons in the internal pallidal segment in monkey: ana-
tomical organization and functional significance. In: Percheron G,
McKenzie JS, Feger J, editors. The basal ganglia IV: new ideas
and data on structure and function. New York: Plenum Press;
1994:51-62.

Wichman T, Bergman H, DeLong MR. The primate subthalamic
nucleus. I. Functional properties in intact animals. J Neurophysiol
1994;72:494-506.

Matsumura M, Kojima J, Gardiner TW, Hikosaka O. Visual and
oculomotor functions of monkey subthalamic nucleus. J Neuro-
physiol 1992;67:1615-1632.

Movement Disorders, Vol. 16, No. 3, 2001



422

125

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146

D. JOEL

. Martin JB. Huntington’s disease: new approaches to an old prob-

lem. Neurology 1984;34:1059-1072.

Martin JB, Gusella JF. Huntington’s disease: pathogenesis and 147.
management. New Engl J Med 1986;315:1267-1276.

Penney JB, Young AB, Shoulson I, et al. Huntington’s disease in
Venezuela: 7 years of follow-up on symptomatic and asymptom- 148.
atic individuals. Mov Disord 1990;5:93-99.

Aziz TZ, Peggs D, Sambrook MA, Crossman AR. Lesion of the 149.
subthalamic nucleus for the alleviation of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in the
primate. Mov Disord 1991;1:288-292.

Crossman AR. Primate models of dyskinesia: the experimental
approach to the study of basal ganglia-realted involuntary move-
ment disorders. Neuroscience 1987;21:1-40.

DeLong MR. Primate models of movement diorders of basal
ganglia origin. Trends Neurosci 1990;13:281-285.

Emerich DF, Sanberg PR. Animal models of Huntington’s dis-
ease. In: Boulton AA, Baker GB, Butterworth RF, eds. Neuro-
mothods 21: animal models of neurological disease, I. Neurode-
generative diseases. New Jersey: Humana Press; 1992:65-134.
Graham WC, Robertson RG, Aziz TZ, et al. The role of the 153.
internal segment of the globus pallidus in mediating dyskinesia.

In: Percheron G, McKenzie JS, Feger J, eds. The basal ganglia

IV: new ideas and data on structure and function. New York:

150.

151.

152.

Plenum Press; 1994:349-355. 154.
Brown RG, Jahanshahi M. Cognitive-motor dysfunction in par-
kinson’s disease. Eur Neurol 1996;36(Suppl 1):24-31. 155.
Suchowersky O, Hayden MR, Martin WR, Stoessl AJ, Hilde-
brand AM, Pate BD. Cerebral metabolism of glucose in benign
hereditary chorea. Mov Disord 1986;1:33-44. 156.

Agostino R, Berardelli A, Formica A, Accornero N, Manfredi M.
Sequential arm movements in patients with parkinson’s disease, 157.
Huntington’s disease and dystonia. Brain 1993;115:1481-1495.
Bradshaw JL, Phillips JG, Dennis C, et al. Initiation and execu- 158.
tion of movement sequences in those suffering from and at-risk of
developing Huntington’s disease. J Clin Exp Neuropsychol 1992;
14:179-92.

Brown RG, Jahanshahi M, Marsden CD. The executation of bi-
manual movements in patients with parkinson’s, Huntington’s
and cerebellar disease. J Neurol Neurosurg Psychiatry 1993;56:
295-297.

Georgiou N, Bradshaw JL, Phillips JG, Chiu E, Bradshaw JA.
Reliance on advance information and movement sequencing in

159.

160.

Huntington’s disease. Mov Disord 1995;10:472-481. 161.
Georgiou N, Phillips JG, Bradshaw JL, Cunnington R, Chiu E.
Impairments of movement kinematics in patients with Hunting-

ton’s disease: a comparison with and without a concurrent task.

Mov Disord 1997;12:386—396. 162.

Hefter H, Homberg V, Lange HW, Freund H-J. Impairment of

rapid movement in Huntington’s disease. Brain 1987;110:585—

612.

Jahanshahi M, Brown RG, Marsden CD. A comparative study of 163.
simple and choice reaction time in Parkinson’s, Huntington’s and
cerebellar disease. J Neurol Neurosurg Psychiatry 1993;56:1169—
1177.

Phillips JG, Bradshaw JL, Chiu E, Bradshaw JA. Characteristics
of handwriting of patients with Huntington’s disease. Mov Disord
1994;9:521-530.

Stelmach GE, Phillips JG. Movement disorders-limb movement 165.
and the basal ganglia. Phys Ther 1991;71:60-67.

Thompson PD, Berardelli A, Rothwell JC, et al. The coexistence
of bradykinesia and chorea in Huntington's disease and its im-
plications for theories of basal ganglia control of movement.
Brain 1988;111:223-244.

Baroni A, Benvenuti F, Fantini L, Pantaleo T, Urbani F. Human
ballistic arm abduction movements: effects of L-dopa treatment in
Parkinson’s disease. Neurology 1984;34:868-876.

. Berardelli A, Accornero N, Argenta M, Meco G, Manfredi M.

164.

166.

167.

Movement Disorders, Vol. 16, No. 3, 2001

Fast complex arm movements in Parkinson’s disease. J Neurol
Neurosurg Psychiatry 1986;49:1146-1149.

Hallett M, Shahani BT, Young RR. Analysis of stereotyped vol-
untary movements at the elbow in patients with Parkinson’s dis-
ease. J Neurol Neurosurg Psychiatry 1977;40:1129-1135.
Hallett M, Khoshbin S. A physiological mechanism of bradyki-
nesia. Brain 1980;103:301-314.

Phillips JG, Stelmach GE, Teasdale N. What can indices of hand-
writing quality tell us about parkinsonian handwriting? Human
Movement Science 1991;10:301-314.

Oertel WH, Quinn NP. Parkinsonism—movement disorders.
Neurological disorders: course and treatment. San Diego: Aca-
demic Press; 1996.

Georgiou N, Bradshaw JL, lansek R, Phillips JG, Mattingley JB,
Bradshaw JA. Reduction in external cues and movement sequenc-
ing in Parkinson'’s disease. J Neurol Neurosurg Psychiatry 1994;
57:368-370.

Georgiou N, Bradshaw JL, Phillips JG, Bradshaw JA, Chiu E.
The simon effect and attention deficits in gilles de la tourette’s
syndrome and huntington’s disease. Brain 1995;118:1305-1318.
Jones DL, Phillips JG, Bradshaw JL, lansek R, Bradshaw JA.
Programming of single movements in Parkinson’s disease: com-
parison with Huntington’s disease. J Clin Exp Neuropsychol
1992;14:762-772.

Brown RG, Marsden CD. Cognitive function in Parkinson’s dis-
ease: from description to theory. Trends Neurosci 1990;13:21-29.
Butters N, Albert MS, Sax D. Investigations of the memory dis-
orders of patients with Huntington’s disease. Adv Neurol 1979;
23:203-213.

Savage CR. Neuropsychology of subcortical dementias. Psychiatr
Clin North Am 1997;20:911-931.

Saint-Cyr JA, Taylor AE, Lang AE. Procedural learning and neo-
striatal dysfunction in man. Brain 1988;111:941-959.
Sprengelmeyer R, Canavan AG, Lange HW, Homberg V. Asso-
ciative learning in degenerative neostriatal disorders: contrasts in
explicit and implicit remembering between Parkinson’s and Hun-
tington’s diseases. Mov Disord 1995;10:51-65.

Owen AM, James M, Leigh PN, et al. Fronto-striatal cognitive
deficits at different stages of Parkinson’s disease. Brain 1992;
115:1727-1751.

Hanes KR, Andrewes DG, Pantelis C, Chiu E. Subcortical dys-
function in schizophrenia: a comparison with Parkinson’s disease
and Huntington’s disease. Schizophr Res 1996;19:121-128.
Lundervold AJ, Karlsen NR, Reinvang I. Assessment of ‘subcor-
tical dementia’ in patients with Huntington’s disease, Parkinson’s
disease, multiple sclerosis and AIDS by a neuropsychological
screening battery. Scand J Psychol 1994;35:48-55.

Pillon B, Dubois B, Ploska A, Agid Y. Severity and specificity of
cognitive impairment in Alzheimer’s, Huntington’s, and Parkin-
son’s diseases and progressive supranuclear palsy. Neurology
1991;41:634-643.

Pillon B, Deweer B, Agid Y, Dubois B. Explicit memory in
Alzheimer’s, Huntington’s, and Parkinson’s diseases. Arch Neu-
rol 1993;50:374-379.

Weingartner H, Caine ED, Ebert MH. Imagery, encoding, and
retrieval of information from memory: some specific encoding-
retrieval changes in Huntington’s disease. J Abnorm Psychol
1979;88:52-58.

Beatty WW. Remote memory for visuospatial information in pa-
tients with Huntington’s disease. Psychobiology 1989;17:431—
434.

Cools AR, van den Bercken JHL, Horstink MWI, van Spandonck
KPM, Berger HJC. Cognitive and motor shifting aptitude disor-
der in Parkinson’s disease. J Neurol Neuros Psychiatry 1984;47:
443-453.

Cooper JA, Sagar HJ, Doherty SM, Jordan N, Tidswell P, Sulli-
van EV. Different effects of dopaminergic and anticholinergic
therapies on cognitive and motor function in Parkinson’s dis-



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

BASAL GANGLIA CIRCUITRY AND HUNTINGTON’S DISEASE

ease—a follow-up study of untreated patients. Brain 1992;115: 188.
1701-1725.

Goldberg TE, Berman KF, Mohr E, Weinberger DR. Regional
cerebral blood flow and cognitive function in Huntington’s dis-
ease and schizophrenia. A comparison of patients matched for 190.
performance on a prefrontal-type task. Arch Neurol 1990;47:418—

189.

422. 191.
Josiassen RC, Curry LM, Mancall EL. Development of neuro-
psychological deficits in Huntington’s disease. Arch Neurol
1983;40:791-796.

Lund-Johansen M, Hugdahl K, Wester K. Cognitive function in 192,

patients with Parkinson’s disease undergoing stereotaxic thala-
motomy. J Neurol Neurosurg Psychiatry 1996;60:564-571.
Zappacosta B, Monza D, Meoni C, et al. Psychiatric symptoms do

not correlate with cognitive decline, motor symptoms, or CAG 193,
repeat length in Huntington’s disease. Arch Neurol 1996;53:493—
497.

Hanes KR, Andrewes DG, Pantelis C. Cognitive flexibility and
complex integration in Parkinson’s disease, Huntington's disease, 1gg
and schizophrenia. J Int Neuropsychol Soc 1995;1:545-553.
Cope MT, Georgiou N, Bradshaw JL, lansek R, Phillips JG.
Simon effect and attention in Parkinson’s disease: a comparison
with Huntington’s disease and Tourette’s syndrome. J Clin Exp
Neuropsychol 1996;18:276—290.

Lasker AG, Zee DS. Ocular motor abnormalities in Huntington’s
disease. Vision Res 1997;37:3639-3645.

Avanzini G, Girotti F, Caraceni T, Spreafico R. Oculomotor dis- 19
orders in Huntington’s chorea. J Neurol Neurosurg Psychiatry
1979;42:581-589.

Kennard C, Lueck CJ. Oculomotor abnormalities in diseases of 1
the basal ganglia. Rev Neurol 1989;145:587-595.

Lasker AG, Zee DS, Hain TC, Folstein SE, Singer HS. Saccades
in Huntington’s disease: initiation defects and distractibility. Neu-
rology 1987;37:364-370.

Lasker AG, Zee DS, Hain TC, Folstein SE, Singer HS. Saccades
in Huntington’s disease: slowing and dysmetria. Neurology 1988; 200.
38:427-431.

Leigh RJ, Newman SA, Folstein SE, Lasker AG, Jensen BA.
Abnormal ocular motor control in Huntington’s disease. Neurol-
ogy 1983;33:1268-1275.

Tian JR, Zee DS, Lasker AG, Folstein SE. Saccades in Hunting-
ton’s disease: predictive tracking and interaction between release
of fixation and initiation of saccades. Neurology 1991;41:875—
881.

Hikosaka O. Role of basal ganglia in saccades. Rev Neurol Paris
1989;145:580-586.

Lueck CJ, Tanyeri S, Crawford TJ, Henderson L, Kennard C. 203.
Antisaccades and remembered saccades in Parkinson’s disease. J
Neurol Neurosurg Psychiatry 1990;53:284-288.

Lueck CJ, Tanyeri S, Crawford TJ, Henderson L, Kennard C. 204.
Saccadic eye movements in Parkinson’s disease: I. Delayed sac-
cades. Q J Exp Pshol. [A] 1992;45:193-210.

Lueck CJ, Crawford TJ, Henderson L, Van Gisbergen JA, Duys-

ens J, Kennard C. Saccadic eye movements in Parkinson’s dis- 205.
ease: Il. Remembered saccades—towards a unified hypothesis? Q
J Exp Psychol [A] 1992;45:211-233.

Yamaguchi S, Kobayashi S. Contributions of the dopaminergic
system to voluntary and automatic orienting of visuospatial at-
tention. J Neurosci 1998;18:1869-1878.

Fukushima J, Fukushima K, Miyasaka K, Yamashita |. Voluntary
control of saccadic eye movement in patients with frontal cortical
lesions and parkinsonian patients in comparison with that in
schizophrenics. Biol Psychiatry 1994;36:21-30.

Kitagawa M, Fukushima J, Tashiro K. Relationship between an-
tisaccades and the clinical symptoms in Parkinson’s disease. Neu-
rology 1994;44:2285-2289.

98.

199.

201.

206.

207.

423

Vidailhet M, Rivaud S, Gouider-Khouja N, et al. Eye movements
in parkinsonian syndromes. Ann Neurol 1994;35:420-426.
Posner MI. Attention: the mechanisms of consciousness. Proc
Natl Acad Sci USA 1994;91:7398-7403.

Posner MI, Dehaene S. Attentional networks. Trends Neurosci
1994;17:75-79.

Rizzolatti G, Riggio L, Sheliga BM. Space and selective atten-
tion. In: Umilta C, Moscovitch M, eds. Attention and perfor-
mance XV. Conscious and nonconscious information processing.
Cambridge: A Bradford Book, MIT Press; 1994:231-265.
Georgiou N, Bradshaw JL, Phillips JG, Chiu E. The effect of
Huntington'’s disease and Gilles de la Tourette’s syndrome on the
ability to hold and shift attention. Neuropsychologia 1996;34:
843-851.

Caine ED, Shoulson I. Psychiatric syndromes in Huntington’s
disease. Am J Psychiatry 1983;140:728-733.

94. Cummings JL, Cunningham K. Obsessive-compulsive disorder in

Huntington’s disease. Biol Psychiatry 1992;31:263-270.

. De Marchi N, Morris M, Mennella R, Lapia S, Nestadt G. Asso-

ciation of obsessive-compulsive disorder and pathological gam-
bling with huntington’s disease in an Italian pedigree: possible
association with huntington’s disease mutation. Acta Psychiatr
Scand 1998;97:62—65.

96. Shoulson I. Huntington disease: functional capacities in patients

treated with neuroleptic and antidepressant drugs. Neurology
1981;31:1333-1335.

7. Williamson PC, Malla A, Cortese L, Stoessl AJ, Drost D, Stanley

JA. Phosphorus 31 magnetic resonance spectroscopy in patients
with huntington disease. Arch Gen Psychiatry 1997;54:186-187.
Eslinger PJ, Damasio AR. Severe disturbances of higher cogni-
tion after bilateral frontal lobe ablation: patient EVR. Neurology
1985;35:1731-1741.

Kolb B, Whishaw 1Q. Fundamentals of human neuropsychology.
New York: W.H. Freeman and Company; 1990.

Laplane D, Levasseur M, Pillon B, et al. Obsessive-compulsive
and other behavioural changes with bilateral basal ganglia le-
sions. A neuropsychological, magnetic resonance imaging and
positron tomography study. Brain 1989;112:699-725.

Caine ED, Ebert MH, Weingartner H. An outline for the analysis
of dementia. The memory disorder of Huntingtons disease. Neu-
rology 1977;27:1087-1092.

02. Whittier J. Hereditary chorea (Huntington’s chorea): A paradigm

of brain dysfunction with psychopathology. In: Suagass C, Ger-
suon S, Frieduoff A, eds. Psychopathology and brain dysfunction.
New York: Raven Press; 1977:267-277.

Aizawa H, Kwak S, Shimizu T, et al. A case of adult onset pure
pallidal degeneration. I. Clinical manifestations and neuropatho-
logical observations. J Neurol Sci 1991;102:76-82.

Beal MF, Kowall NW, Ellison DW, Mazurek MF, Swartz KJ,
Martin JB. Replication of the neurochemical characteristics of
Huntington’s disease by quinolinic acid. Nature 1986;321:168—
171.

Ellison DW, Beal MF, Mazurek MF, Malloy JR, Bird ED, Martin
JB. Amino acid neurotransmitter abnormalities in Huntington’s
disease and the quinolinic acid animal model of Huntington’s
disease. Brain 1987;110:1657-1673.

Roberts RC, Ahn A, Swartz KJ, Beal MF, DiFiglia M. Intrastria-
tal injections of quinolinic acid or kainic acid: differential patterns
of cell survival and the effects of data analysis on outcome. Exp
Neurol 1993;124:274-282.

Joel D, Ayalon L, Tarrasch R, Veenman L, Feldon J, Weiner I.
Electrolytic lesion of globus pallidus ameliorates the behavioral
and neurodegenerative effects of quinolinic acid lesion of the
striatum: a potential novel treatment in a rat model of Hunting-
ton’s disease. Brain Res 1998;787:143-148.

Movement Disorders, Vol. 16, No. 3, 2001



