Primate models of movement disorders of basal ganglia origin

Mabhlon R. DelLong

Movement disorders assoctated with basal ganglia
dysfunction comprise a spectrum of abnormalities that
range from the hypokinetic disorders (of which Parkin-
son’s disease is the best-known example) at one extreme
to the hyperkinetic disorders (exemplified by Hunting-
fon’s disease and hemiballismus) at the other. Both
extremes of this movement disorder spectrum can be
accounted for by postulating specific disturbances within
the basal ganglia—thalamocortical ‘motor’ circuit. In
this paper, Mahlon DeLong describes the changes in
neuronal activity in the motor circuit in animal models
of hypo- and hyperkinetic disorders.

Hypokinetic disorders are characterized by significant
impairments in movement initiation (akinesia) and
reductions in the amplitude and velocity of voluntary
movements (bradykinesia). Hypokinetic disorders are
usually accompanied by muscular rigidity and tremor
at rest. By contrast, hyperkinetic disorders are
characterized by excessive motor activity in the form
of involuntary movements (dyskinesias) and varying
degrees of hypotonia. In recent years, the develop-
ment of primate models of these disorders (induced
by systemic or local administration of selective
neurotoxins) has made it possible to clarify some of
the pathophysiological mechanisms underlying such
diverse symptomatology as the hypokinesia of parkin-
sonism and the involuntary, hyperkinetic movements
of hemiballismus and other dyskinesias. This range of
movement disorders can be explained using a func-
tional model of the basal ganglia—thalamocortical
‘motor’ circuit that incorporates current data from a
variety of experimental fieldsi-3,

Functional model of the ‘motor’ circuit

The main organizational features and postulated
mode of operation of the motor circuit are presented
elsewhere in this issue (see article by G. E. Alexander
and M. D. Crutcher). In brief, this circuit, like other
basal ganglia—thalamocortical circuits, represents a
re-entrant pathway through which influences emanat-
ing from specific areas of cortex are returned to
certain of those same areas after intermediate pro-
cessing within the basal ganglia and thalamus?. The
‘closed’ portion of the motor circuit comprises (1)
several precentral motor areas [including the sup-
plementary motor area (SMA) and parts of the motor
and premotor cortex], (2) the putamen, which is part
of the striatum or ‘input’ stage of the basal ganglia and
receives projections from the precentral motor areas,
(3) the ‘motor’ portions of the internal segment of the
globus pallidus (GPi) and substantia nigra pars reticu-
lata (SNr), both of which receive projections from the
putamen and are considered output nuclei of the basal
ganglia, (4) portions of the external segment of the
globus pallidus (GPe) and the subthalamic nucleus
(STN), and (5) parts of the ventrolateral thalamus that
receive projections from the motor portions of GPi
and SNr and in turn project back to specific portions of
the precentral motor fields2.
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Within the circuit are two projection systems that
arise from separate subpopulations of putamen
neurons and terminate within GPi and SNr (for
reviews, see Refs 1,2,5). The ‘direct’ pathway arises
from putamen neurons that contain both GABA and
substance P and project directly to the motor portions
of GPi and SNr. The ‘indirect’ pathway, on the other
hand, arises from putamen neurons that contain both
GABA and enkephalin and whose influences are
conveyed to the basal ganglia output nuclei only
indirectly, through a sequence of connections involv-
ing GPe and the STN.

From the polarity of the sequential connections, it
would appear that under normal conditions the direct
pathway effectively provides positive feedback to the
precentral motor fields, from which much of the
movement-related activity within the circuit is thought
to arise (see Fig. 3 of G. E. Alexander and M. D.
Crutcher, this issue). In contrast, activity conducted
along the indirect pathway appears to provide nega-
tive feedback to the precentral motor fields.

There is now considerable evidence indicating that
shifts in the balance between activity in the direct and
indirect pathways and the resulting alterations in GPi/
SNr output may account for the hypo- and hyper-
kinetic features of basal ganglia disorders. Thus, in
general, it appears that enhanced conduction through
the indirect pathway leads to hypokinesia (by increas-
ing pallidothalamic inhibition), whereas reduced con-
duction through the direct pathway results in hyper-
kinesia (by reduction of pallidothalamic inhibition)®-3,

Hypokinetic disorders: experimental
parkinsonism

There have been numerous approaches to the
production of a suitable primate model of Parkinson’s
disease, but parkinsonism induced by MPTP rep-
resents the first model with features that closely
resemble the clinical, pathological and biochemical
characteristics of the human disorder®-%. MPTP is
converted in the brain to the toxin MPP+ by the
enzyme monoamine oxidase. MPP+ is then selec-
tively taken up into nigrostriatal neurons. How MPP +
destroys nigral neurons is still uncertain, but evidence
exists for interference with mitochondrial oxidation
and redox reactions®. Animals treated with MPTP
develop signs virtually identical to those in humans
with Parkinson’s disease, including akinesia, brady-
kinesia, flexed posture, muscular rigidity, and pos-
tural tremor. Not all primate species develop the
tremor characteristic of idiopathic Parkinson’s
disease, but one species, the African green monkey,
does exhibit typical resting tremor in a high percen-
tage of cases. MPTP-treated animals exhibit the
pathological hallmark of Parkinson’s disease, i.e. loss
of melanin-containing neurons of the pars compacta of
the substantia nigra (SNc¢) and resulting loss of
dopamine in the striatum and the substantia nigra
itself. Some degree of neuronal cell loss has also been
reported in the locus coeruleus and the raphe, as is
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Fig. 1. Schematic representation of neuronal activity in the ‘motor’ circuit in
hypokinetic disorders. Excessive inhibition of GPe within the indirect pathway
leads to disinhibition of the STN, which in turn provides excessive excitatory
drive to the basal ganglia output nuclei (GPi/SNr), thus leading to excessive
thalamic inhibition. This is reinforced by reduced inhibitory input to GPi/SNr
through the direct pathway. Overall, these effects are postulated to result in a
reduction in the usual reinforcing influence of the motor circuit upon cortically
initiated movements. In this figure and in Fig. 2, inhibitory neurons are
represented by filled symbols and excitatory neurons by open symbols. Both
figures should be compared with Fig. 3 in the article by G. E. Alexander and
M. D. Crutcher, this issue, which represents the operation of the motor circuit
under normal conditions. Abbreviations: CM, centromedian nucleus; GPe,
external segment of the globus pallidus; GPi, internal segment of the globus
pallidus; MC, primary motor cortex; PMC, premotor cortex; SMA, supple-
mentary motor area; SNr, substantia nigra pars reticulata: STN, subthalamic
nucleus; VAme, nucleus ventralis anterior pars magnocellularis; VApc, nucleus
ventralis anterior pars parvocellularis; VLo, nucleus ventralis lateralis pars oralis.

the case in idiopathic Parkinson’s disease?-11,
Studies of neuronal activity in MPTP-treated
animals have been directed primarily at the globus
pallidus since the major output from the basal ganglia
portions of the motor circuit arises from GPi. In
MPTP-treated monkeys, altered tonic neuronal ac-
tivity has been observed in both pallidal segments and
in the STN1213, A major finding of these studies was a
significant increase in tonic neuronal discharge in GPi
and STN neurons after MPTP treatment. In GPe, by
contrast, the mean tonic discharge rate is significantly
decreased. These changes in tonic discharge are
consistent with the reported changes in metabolic
activity studied shortly (days) following MPTP treat-
ment!4-1%, However, they differ somewhat from

282

those reported in animals studied several weeks
following treatment!?-18, Such differences may reflect
various influences, including possible acute effects of
MPTP itself, damage to terminals and cell bodies and
changes in receptors. It should be emphasized that
regional metabolic activity reflects summed synaptic
activity of both afferents and local axon collaterals,
and therefore, may not be well correlated with local
neuronal activity. Such discrepancies underscore the
need for direct physiological measures of cellular
activity.

In addition to increases in tonic discharge, there is
evidence of enhanced phasic responses to proprio-
ceptive stimuli and voluntary movement in GPi
neurons!®-20, The responses of GP neurons to passive
manipulations of the extremities are increased in
MPTP-treated animals. Responses to passive dis-
placement of the limb are also detectable in a larger
percentage of pallidal neurons than normal and are
less specific, with loss of directional effects and
responses from multiple joints. Although phasic ac-
tivity during active movement or in more complex
tasks has not yet been studied in detail, in preliminary
studies an increase has been seen in GP neurons
during these tasks (Miller, W. C. and DeLong, M. R.,
unpublished observations). Together, these data
suggest that there is increased tonic output from the
basal ganglia (GPi) in animals rendered parkinsonian
with MPTP, and that phasic signals associated with
proprioceptive feedback and active movement are
increased in magnitude and decreased in selectivity.
By enhancing transmission through the direct path-
way and suppressing transmission through the indirect
pathway, the dopaminergic nigrostriatal inputs to the
motor circuit seem to have the net effect of augment-
ing positive feedback to the precentral motor fields,
thereby facilitating cortically initiated movements.

The MPTP-induced changes in neuronal activity
observed in GPe, GPi and the STN are consistent
with the evidence indicating that a loss of striatal
dopamine results in an increase in transmission
through the indirect pathway and a reduction in
transmission through the direct pathway. The overall
effect of such imbalances would be to increase the
output from GPi/SNr, leading to excessive tonic and
phasic inhibition of thalamocortical neurons as indi-
cated in Fig. 1.

The changes in basal ganglia output observed in
experimental parkinsonism could produce the
observed behavioral disturbances by any of several
mechanisms. For example, the increased tonic output
from GPi, by reducing the tonic activity of thalamo-
cortical neurons, might lessen the responsiveness of
those precentral motor fields that are engaged by the
motor circuit. In addition, the increased gain and
decreased selectivity within the basal ganglia circuits
would be expected to disturb the normal processing of
phasic signals associated with proprioceptive inputs
and voluntary movement within the basal ganglia.

Bradykinesia

In normal individuals, rapid limb movements are
performed with a triphasic pattern of muscle activity
involving an initial agonist burst, an antagonist burst,
and a second agonist burst?!. As movement amplitude
is increased, movement velocity is also increased.
The increase in movement velocity is produced by
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generating a greater initial agonist burst. In parkin-
sonian subjects, the normal amplitude-velocity re-
lation is disturbed and the large-amplitude movements
are performed at abnormally low velocities??. The
abnormal velocities are due to a failure to generate
adequate initial agonist bursts?3. The resultant overall
movement is therefore discontinuous, with several
segmented, small-amplitude movements apparent in
the velocity tracing.

Recent studies?* have shown that while the mag-
nitude of the first agonist burst shows scaling in
parkinsonian subjects, the range over which the
scaling occurs is diminished. It should be noted as well
that bradykinesia may also result from additional
difficulties resulting from attempts to perform more
complex simultaneous and sequential motor acts?5-29,
In normal individuals, the simultaneous or sequential
performance of two simple motor acts does not
significantly affect the movement time of each act. In
parkinsonian subjects, however, movement times are
prolonged to a greater extent when simple move-
ments are performed sequentially or simultaneously
than when performed alone. In sequential move-
ments, the deficit arises from both a prolongation of
the individual movement times and an abnormal delay
between the movements.

Altered activity in the basal ganglia motor circuit in
parkinsonian subjects could result in bradykinesia by
several mechanisms. First, there may be relatively
less grading of phasic neuronal responses during
attempted movements of different amplitudes, which
would diminish the range of velocities permitted by
the basal ganglia output. Increased tonic inhibition of
thalamic neurons by excessive output from GPi could
simply reduce the overall responsiveness of cortical
mechanisms through a reduction of thalamocortical
activation. Also, with an excessively high level of tonic
discharge in GPi neurons, it is possible that the super-
imposed phasic reductions in GPi activity that occur
during movement execution would not be transmitted
faithfully to the cortex, thereby resulting in a reduced
range of neuronal amplitude changes and scaling of
movement.

It is also conceivable that the linearly graded
neuronal responses observed in normal animals during
limb movement are not directly related to the scaling
of movement amplitude and velocity. If, instead, the
basal ganglia were involved in a monitoring or
comparator function (whereby motor commands are
compared with proprioceptive feedback), such neur-
onal responses could reflect the feed-forward of
motor commands from the motor cortex and SMA.
Abnormally large phasic output from the motor circuit
during movement in the parkinsonian condition might
lead to misinterpretation of the command by the
cortex and thus to reduced output to the agonist
musculature®®, This type of feed-forward system
would be particularly important in movements per-
formed without visual feedback, the types of move-
ments most impaired in parkinsonian subjects.
Another possibility is that increased gain in the
feedback from proprioceptors might signal apparent
excessive movement or velocity, leading to a slowing
or premature arrest of ongoing movements.

In general, the available data from studies in normal
and MPTP-treated animals are consistent with the
view that voluntary movements are normally associ-
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ated with a graded phasic reduction of thalamic
inhibition mediated by the direct pathway. Brady-
kinesia may be due to increased levels of inhibition in
the thalamic targets of basal ganglia output, resulting
from excessive tonic and phasic activity in the indirect
pathway and consequent increased negative feedback
conveyed to the precentral motor areas. In addition,
reduced activity in the direct pathway would result in
decreased positive feedback and thereby contribute to
the bradykinesia.

Akinesia

The term ‘akinesia’ is used in a variety of ways by
different authors. It may be taken to encompass the
multiple movement abnormalities seen in parkinson-
ism, including difficulty initiating movements, difficulty
performing simultaneous and repeated motor acts and
even slowing of movement (i.e. bradykinesia). In its
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Fig. 2. Schematic representation of the ‘motor’ circuit in hyperkinetic disorders.
Reduced excitatory projections from the STN to GPi, due either to STN lesions
(as in hemiballismus) or reduced striatopallidal inhibitory influences along the
indirect pathway (as in Huntington's disease and L-DOPA-induced dyskinesias),
lead to reduced inhibitory outflow from GPi/SNr and excessive disinhibition of
the thalamus. The overall effect is that of excessive positive feedback to the
precentral motor fields engaged by the motor circuit (SMA, PMC, MC), which
results in hyperkinetic movements. Abbreviations: CM, centromedian nucleus;
GPe, external segment of the globus pallidus; GPi, internal segment of the
globus pallidus; MC, primary motor cortex; PMC, premotor cortex; SMA,
supplementary motor area; SNr, substantia nigra pars reticulata; STN,
subthalamic nucleus; VAmc, nucleus ventralis anterior pars magnocellularis;
VApc, nucleus ventralis anterior pars parvocellularis; VLo, nucleus ventralis
lateralis pars oralis.
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simplest form, however, ‘akinesia’ refers to a relative
paucity of volitional movement, due to an impairment
of movement initiation.

The pathophysiological basis of akinesia remains
uncertain. Although classically attributed to loss of
nigrostriatal dopamine neurons with resultant dys-
function in striopallidal mechanisms, it has also been
proposed that akinesia might be related to damage
that occurs outside the dopaminergic neurons of the
SNc, perhaps in the dopaminergic neurons of the
ventral tegmental area, which project to the nucleus
accumbens and frontal cortex (see Ref. 31 for
review). However, the MPTP model of parkinsonism
suggests that akinesia may be produced by damage
limited to the SNc¢ and the nigrostriatal dopamine
system” 32, In these animals, akinesia appears to be a
relatively dramatic and early feature following admin-
istration of the neurotoxin. Although large doses of
MPTP have been shown to produce damage outside
the SNc¢!1-33, smaller doses with damage apparently
limited to the SNc appear sufficient for the production
of akinesia. Thus, it must be considered that akinesia
may be produced by dopamine depletion limited to the
neostriatum. In human Parkinson’s disease and in the
primate MPTP model of parkinsonism, a large per-
centage of the nigrostriatal dopaminergic projection,
especially that innervating the putamen, is lost34, It is
thus possible that akinesia results from selective
depletion of dopamine in the motor circuit at the
striatal (putamen) level. Akinesia might result simply
from increased tonic inhibition of thalamocortical
neurons that renders the cortical projection areas less
responsive to other inputs normally involved in
initiating movements. A secondary factor may be the
lowered gain in the direct pathway of dopamine-
depleted animals, which would lead to decreased
phasic disinhibition of thalamocortical neurons during
attempted movements. It is conceivable, therefore,
that akinesia may represent an extreme form of
bradykinesia. Another possibility is that some aspects
of akinesia might result from a disturbance of ‘set’
functions, which appear to be highly dependent upon
the integrity of basal ganglia pathways (see G. E.
Alexander and M. D. Crutcher, this issue).

Hyperkinetic disorders: experimental
hemiballismus

Apart from parkinsonism, the basal ganglia disorder
for which the neuropathological substratum has
seemed least in doubt, is hemiballismus. In humans,
vascular lesions restricted to the STN frequently
result in involuntary, often violent movements of the
contralateral imbs (termed ‘hemiballismus’ because of
the superficial resemblance of the movements to
throwing motions). This disorder provides one of the
clearest correlations in clinical neurology between
localized pathological change and movement abnor-
mality. In addition to the proximal ballistic move-
ments, these involuntary movements may take the
form of more distal, irregular (choreiform), or more
continuous writhing (athetoid) movements. Hemibal-
lismus has been produced in monkeys by exper-
imental lesions of the STN3>-37, This primate model
has provided new insights into the pathophysiology of
the hyperkinetic disorders.

Until recently, hemiballismus was generally thought
to result from a ‘release’ of GPi from an inhibitory

control from the STN. However, recent evidence
indicates that the projections from STN to GPi are
actually excitatory, and probably glutamatergic3839.
Moreover, monkeys with hemiballismus secondary to
inactivation of the STN show decreased metabolic
activity both in GPi and in the ventrolateral thalamus,
suggesting that GPi output may be reduced in this
disorder!4. The effect of STN lesions (produced by
the axon-sparing neurotoxin ibotenate) on GPi activity
was recently studied directly in the monkey#® and,
indeed, a significant reduction of GPi tonic discharge
was found. A decrease in the phasic responses of GPi
neurons to limb displacement was also found.
Together, these findings suggest that hemiballismus
results from a disinhibition of the thalamus due to a
reduction of tonic (and perhaps phasic) inhibitory
output from GPi. Conceivably, thalamocortical
neurons under such conditions might become increas-
ingly responsive to cortical inputs or exhibit an
increased tendency to discharge spontaneously, thus
leading to involuntary movements.

It should be mentioned that there is now evidence
of a common mechanism underlying both the chorei-
form movements of Huntington’s disease and the
dyskinetic movements that are seen in hemiballismus.
It has been shown that early in the course of
Huntington’s disease there is a selective loss of the
striatal GABA/enkephalin neurons that give rise to the
indirect pathway*!. The consequent loss of inhibition
of GPe neurons would be expected to lead to
excessive inhibition of STN neurons, and this func-
tional inactivation of the STN could thus explain the
choreiform motor disturbances in Huntington’s
disease that resemble those seen in hemiballismus
(Fig. 2). Most recently, these workers have found
that the rigid akinetic signs in advanced Huntington’s
disease are associated with evidence of additional loss
of GABA/substance P-containing striatal neurons
projecting to GPi*2. This would lead to increased
discharge of the partially deafferented GPi/SNr
neurons, by removal of inhibition.

The phenomenon of L-DOPA-induced dyskinesias
(which occur during periods of dopamine excess
associated with the pharmacological treatment of
Parkinson’s disease) can be explained on a similar
basis. That is, excessive dopaminergic inhibition of
the striatal GABA/enkephalin neurons would lead to
reduced excitatory input to GPI/SNr via the indirect
pathway, and this effect could be compounded by
excessive dopaminergic stimulation of the striatal
GABA/substance P neurons that send inhibitory
projections to GPi/SNr via the direct pathway.

Effects of STN lesions in parkinsonian animals

According to the proposed functional model of the
motor circuit, the motor disturbances of Parkinson’s
disease are postulated to result in large part from
increased thalamic inhibition due to excessive excit-
atory drive from the STN to the output nuclei of the
basal ganglia (GPi/SNr). It is predicted, therefore,
that a lesion or inactivation of the STN in parkinsonian
subjects would ameliorate some of the motor impair-
ments. This has been tested recently by selective
lesioning of the STN with the fiber-sparing neurotoxin
ibotenate in MPTP-treated monkeys (Bergman, H.,
Wichmann, T. and DeLong, M. R., unpublished
observations). Such lesions produced an immediate
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and dramatic reduction of akinesia and bradykinesia
(as well as tremor and rigidity) in the contralateral
limbs. These results provide the first direct support
for the postulated ‘positive’ role of the STN (and the
indirect pathway) in the pathogenesis of hypokinetic
disorders. The fact that STN-lesioned animals also
showed a marked reduction in contralateral tremor
and rigidity suggests that the STN and the indirect
pathway may play a critical role in the pathogenesis of
these abnormalities as well. It is noteworthy that, as
expected, the animals exhibited dyskinesias of the
contralateral limbs, but that these were transient,
whereas the amelioration of the parkimsonian signs
persisted until the time of death.

Concluding remarks

There is now considerable evidence that the
respective pathophysiological mechanisms underlying
hypo- and hyperkinetic movement disorders (rep-
resenting both ends of the clinical spectrum of basal
ganglia-associated motor disturbances) involve
changes in the operational features of the basal
ganglia—thalamocortical motor circuit that are essen-
tially polar opposites. Thus, hypokinetic disorders
(e.g. Parkinson’s disease) are thought to be as-
sociated with excessive tonic and phasic inhibitory
output from the basal ganglia to the thalamus, and the
hyperkinetic disorders (e.g. hemiballismus) with an
abnormally low level of basal ganglia outflow. Future
studies are expected to reveal that the spectrum of
basal ganglia-associated movement disorders can be
accounted for by varying combinations of these two
pathophysiological extremes.

Selected references

1 Albin, R. L., Young, A. B. and Penney, J. B. (1989) Trends
Neurosci. 12, 366—-375

2 Alexander, G. E., Crutcher, M. D. and Delong, M. R. Prog.
Brain Res. (in press)

3 Scheel-Kruger, J. (1985) in Central Cholinergic Mechanisms
of Adaptive Dysfunctions (Singh, M. M. and Lal, H., eds), pp.
105-139, Plenum Press

4 Alexander, G. E.,, DelLong, M. R. and Strick, P. L. (1986)
Annu. Rev. Neurosci. 9, 357—381

5 Graybiel, A. M. and Ragsdale, C. W., Jr (1983) in Chemical
Neuroanatomy (Emson, P. C., ed.), pp. 427-504, Raven Press

6 Bankiewicz, K. S. et al. (1986) Life Sci. 39, 7-16

7 Burns, R. S. et al. (1983) Proc. Natl Acad. Sci. USA 80,
4546-4550

8 Langston, J. W., Forno, L. S., Rebert, C. S. and Irwin, 1. (1984)
Brain Res. 292, 390-394

9 Langston, J. W. (1987) in Movement Disorders 2 (Marsden,

C. D. and Fahn, S., eds), pp. 73-90, Butterworths

Forno, L. S., Langston, J. W., Delanney, L. E., Irwin, 1. and

Ricaurte, G. A. (1986) Ann. Neurol. 20, 449455

Mitchell, 1. J., Cross, A. J., Sambrook, M. A. and Crossman,

A. R. (1985) Neurosci. Lett. 61, 195-200

Miller, W. C. and DelLong, M. R. (1987) in The Basal Ganglia

Il (Carpenter, M. B. and Jayaraman, A., eds), pp. 415427,

Plenum Press

Filion, M., Boucher, R. and Bedard, P. (1985) Soc. Neurosci.

Abstr. 11, 1160

Crossman, A. R., Mitchell, I. J. and Sambrook, M. A. (1985)

Neuropharmacology 24, 587-591

Mitchell, 1. J., Cross, A. J., Sambrook, M. A. and Crossman,

A. R. (1986) Neurosci. Lett. 63, 61—65

Schwartzman, R. ). and Alexander, G. M. (1985) Brain Res.

358, 137-143

Porrino, L. J. et al. (1987) Life Sci. 40, 1657—1664

Schwartzman, R. J., Alexander, G. M., Ferraro, T. N.,

Grothusen, J. R. and Stahl, S. M. (1988) Exp. Neurol. 102,

307-313

10
1"

12

13
14
15
16

17
18

TINS, Vol. 13, No. 7, 1990

19 Filion, M., Tremblay, L. and Bedard, P. J. (1988) Brain Res.
444, 165-176

20 Miller, W. C. and Delong, M. R. (1988) Ann. NY Acad. Sci.
515, 287-302

21 Hallett, M. and Marsden, C. D. (1979) J. Physiol. (London)
294, 33-50

22 Draper, I. T. and Johns, R. J. (1964) Bull. Johns Hopkins Hosp.
115, 465—480

23 Hallett, M. and Khoshbin, S. (1980) Brain 103, 301-314

24 Berardelli, A., Dick, J. P. R, Rothwell, J. C., Day, B. L. and
Marsden, C. D. (1986) J. Neurol. Neurosurg. Psychiatry 49,
1273-1279

25 Benecke, R., Rothwell, J. C., Dick, J. P. R., Day, B. L. and
Marsden, C. D. (1986) Brain 109, 739~-757

26 Benecke, R., Rothwell, ). C., Dick, J. P. R., Day, B. L. and
Marsden, C. D. (1987) Brain 110, 361-379

27 Benecke, R., Rothwell, J. C., Dick, J. P. R., Day, B. L. and
Marsden, C. D. (1987) J. Neurol. Neurosurg. Psychiatry 50,
296-303

28 Marsden, C. D. (1984) in Functions of the Basal Ganglia (Ciba
Foundation Symposium) (Everett, D. and O'Connor, M., eds),
pp. 225-237, Pitman

29 Schwab, R. S., Chafetz, M. E. and Walker, S. (1954) Arch.
Neurol. Psychiatry 72, 591-598

30 Moore, A. P. (1987) J. Neurol. Neurosurg. Psychiatry 50,
544-552

31 Delong, M. R. and Georgopoulos, A. P. (1981} in Handbook
of Physiology (Sect. 1: The Nervous System; Vol. ll: Motor
Control) (Brookhart, J. M., Mountcastle, V. B., Brooks, V. B.
and Geiger, S. R., eds), pp. 1017-1061, American Physio-
togical Society

32 Langston, J. W., Irwin, |. and Langston, E. B. (1984)
Neurology 34 (Suppl. 1), 268

33 Schultz, W., Studer, A., Jonsson, G., Sundstrom, E. and
Mefford, 1. (1985) Neurosci. Lett. 59, 225-232

34 Kish, S. J., Shannak, K. and Hornykiewicz, O. (1988) New
Engl. J. Med. 318, 876-880

35 Carpenter, M. B., Whittier, J. R. and Mettler, F. A. (1950)
J. Comp. Neurol. 92, 293-332

36 Hammond, C., Feger, J., Bioulac, B. and Souteyrand, J. P.
(1979) Brain Res. 171, 577

37 Whittier, J. R. and Mettler, F. A. (1949) J. Comp. Neurol. 90,
319-372

38 Nakanishi, H., Kita, H. and Kitai, S. T. (1987) Brain Res. 437,
45-55

39 Smith, Y. and Parent, A. (1988) Brain Res. 453, 353-356

40 Hamada, I. and Delong, M. R. (1988) Soc. Neurosci. Abstr.
14, 719

41 Reiner, A. et al. (1988) Proc. Nat! Acad. Sci. USA 85,
5733-5737

42 Albin, R. L., Reiner, A., Anderson, K. D., Penney, J. B. and

Young, A. B. (1990) Ann. Neurol. 27, 357-365

Acknowledgement
This work was
supported by a grant
from the USPHS (NIH
NS15417) and by
donations from the

E. K. Dunn family.

Next Month

by D. Wilkinson and R. Krumlauf

by A. Lumsden

The Korsakoff syndrome: a neurochemical

by W. J. McEntee and R. G. Mair

The August issue of TINS will include the following articles:
Patch-clamping in slices of mammalian CNS, by A. Konnerth
Brief seizure episodes induce long-term potentiation and mossy
fibre sprouting in the hippocampus, by Y. Ben-Ari and A. Represa
Molecular approaches to the segmentation of the hindbrain,

The cellular basis for segmentation in the developing hindbrain,

Target regulation of neurotransmitter phenotype, by S. C. Landis

perspective,

© 1990, Elsevier Science Publishers Ltd, (UK) 0166 - 2236/90/$02.00

285




