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Abstract 

In order to clarify the motor functions of the substantia nigra (SN), we studied the activity of 
single neurons in both the pars compacta (SNpc) and the pars reticulata (SNpr) of behaving 
primates during performance of a visuomotor arm-tracking task. We also studied the relations of 
neuronal activity to active movements and passive manipulations of the limbs and other body parts 
outside the behavioral paradigm. 

On the basis of spontaneous discharge rates, most cells within the SN fell into two categories: (1) 
low discharge rate (LDR) cells (n = 53, mean rate 2. 1 impulses/set) and (2) high discharge rate 
(HDR) cells (n = 129, mean rate 60.4 impulses/set). HDR neurons had firing rates and discharge 
patterns similar to neurons in the inner segment of the globus pallidus. Most (83%) LDR neurons 
were located within the SNpc, and all HDR neurons were located in the SNpr. 

None of the LDR neurons in SNpc exhibited detectable phasic changes in discharge in relation 
to active movements or passive manipulations. Only a small number of SNpc cells showed 
modulation in the behavioral paradigm. These findings suggest that the nigrostriatal dopamine 
system, rather than conveying highly specific information about movement to the striatum, may 
exert a more tonic modulatory effect upon the striatum. However, phasic release of dopamine in 
the striatum may be affected by presynaptic mechanisms. 

Twenty-five percent of cells in the SNpr were related to licking and chewing movements. Cells 
specifically related to limb movements were rare. Some of these arm movement-related neurons 
showed a relation to movement parameters. A small number of SNpr cells (3%) were related to eye 
movements or exhibited responses to gross visual stimulation. Neurons related to licking and 
chewing were located primarily in the centrolateral portions of the nucleus. These findings suggest 
that the lateral portion of the SNpr may play a role in the control of orofacial movements. 

Abundant clinicopathological and experimental evi- 
dence indicates an important role of the substantia nigra 
in motor function (Jung and Hassler, 1960; Martin, 1967; 
DeLong and Georgopoulos, 1981). In Parkinson’s disease 
loss of the dopamine-containing cells in the pars com- 
pacta of the substantia nigra (SNpc) is associated with 
severe motor abnormalities, including akinesia and rigid- 
ity. In the rat, interruption of the ascending dopamine 
(DA) projections results in profound abnormalities in 
posture and movement (Ungerstedt, 1971). In primates, 
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coagulative lesions of the substantia nigra (SN) result in 
hypokinesia (Stern, 1966; Viallet et al., 1981). It is clear 
that the normal functioning of the basal ganglia depends 
upon an intact nigrostriatal DA system. Nigrostriatal 
DA neurons could play a role in motor control in several 
ways: they could, for example, encode in their discharge 
information about specific parameters (e.g., direction, 
amplitude, or velocity) of movement or, alternatively, 
could have a general modulatory effect upon the stria- 
turn, where detailed aspects of movement could be con- 
trolled. 

Little is known of the role of the SNpr, although the 
afferents to this portion of the SN from the putamen 
(Szabo, 1967) and the efferent projections to portions of 
the ventrolateral and ventroanterior nuclei of the thala- 
mus (Carpenter et al., 1976) suggest a role in motor 
function. The effects of coagulative lesions of the SN on 
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motor function are generally attributed to damage to the 
SNpc. However, such lesions invariably include portions 
of the SNpr, which gives rise to major projections from 
the basal ganglia to the thalamus, superior colliculus, 
and midbrain (Mehler, 1971; Carpenter et al., 1976; Gray- 
biel, 1978). 

In order to clarify the functions of the SNpc and SNpr, 
we studied the activity of single neurons in these nuclei 
in the primate during performance of a visuomotor arm- 
tracking task, and in relation to active movements and 
passive manipulations of the limbs and other body parts 
outside the behavioral paradigm. By the latter approach, 
we sought to characterize the functional properties of 
SN neurons in relation to a wider range of movements 
and in response to natural somatosensory stimuli. These 
studies in the SN were an extension of similar studies in 
the globus pallidus and subthalamic nucleus (Georgopou- 
10s et al., 1983). 

Some of the findings have been presented in prelimi- 
nary form (DeLong and Georgopoulos, 1978,1979,1981). 

Materials and Methods 

Three rhesus monkeys weighing between 4 and 5 kg 
were used in the present experiments. These were the 
same animals for which the relations to movement in the 
globus pallidus and subthalamic nucleus are described in 
the companion paper (Georgopoulos et al., 1983). The 
methods of animal training and examination, histological 
reconstruction, extracellular recording and data analysis, 
and the details of the behavioral paradigm have been 
described fully in the companion paper (Georgopoulos et 
al., 1983). Briefly, the animals were trained to allow 
passive manipulations of the limbs and trunk by offering 
food rewards. Responses to joint rotation, muscle and 
tendon taps, light touch of the skin and hair were deter- 
mined; also, changes in neuronal discharge during active 
movements of the animal’s limbs, face, trunk, and eyes 
were observed. On the basis of correlations between 
neuronal discharge and active movements and/or passive 
manipulations of specific body parts, cells were catego- 
rized, when possible, as related to arm, leg, orofacial 
(OF), trunk, or eye movements. Cells showing a definite 
alteration of discharge during the examination of the 
animal, but without a clearly discernible relation to ac- 
tive movements or stimulation of specific body parts, 
were categorized as nonspecific (NS). Cells showing no 
discernible alteration of discharge during examination 
were termed nonresponsive (NR). 

Animals were trained to perform a visuomotor tracking 
task in which the animal grasped and moved a light- 
weight, low-friction handle from side to side or in a push- 
pull direction. Animals observed a display which con- 
sisted of two rows of light-emitting diodes (LEDs) ar- 
ranged in two horizontal rows, one below the other. Each 
row contained 128 LEDs and was 32 cm long. The 
illuminated LED of the upper row indicated the target 
position; the illuminated LED of the lower row corre- 
sponded to the current position of the handle. The illu- 
mination was enhanced when the two LEDs were aligned 
within a positional window. The animal was required to 
move the handle so as to align the lower LED with the 
upper LED. A trial began by turning on the target LED 

at an initial (starting) position. The animal had to move 
the manipulandum to align the handle position LED 
with that of the target LED and hold it in that position 
for at least 2 sec. The initial LED was then turned off, a 
new (target) LED was lighted, and the animal had to 
move the handle and align its LED below the target 
LED. A liquid reward was delivered after the animal held 
the handle for at least 0.5 set at the target position. 

Both the direction and the amplitude of movement 
were varied in the task. The effects of direction and 
amplitude of movements on the neuronal discharge rate 
were evaluated using standard statistical techniques (see 
companion paper, Georgopoulos et al., 1983). 

We sought to sample the SN as uniformly as possible 
with penetrations separated by 1 mm. Records were kept 
of the depth of each cell isolated along each penetration, 
from the earliest activity in the cortex to the termination 
of the penetration below the SN. Electrolytic marking 
lesions were made after completion of the recording 
period to verify recording sites. In addition to marking 
lesions, the patterns of the neural activity in different 
regions were helpful in identifying the location of neu- 
rons both during the recording sessions as well as in 
subsequent reconstruction of the penetrations. During 
rostra1 and lateral penetrations, entry into the SNpr was 
preceded by passage of the microelectrode through the 
subthalamic nucleus with its characteristic spontaneous 
activity (Georgopoulos et al., 1983). Entry into the SN 
in these lateral penetrations was reliably signaled by the 
appearance of neurons with high frequency discharge 
characteristic of the SNpr. Entry of the recording elec- 
trode into the medial and caudal portion of the SN where 
the pars compacta is present was less clearly determined 
at the time of recording because of the very low discharge 
rates of neurons in this region and the lack of a clear 
change from cell activity in the overlying region. 

Results 

The activity of 190 neurons in the SN was studied in 
45 histologically identified penetrations in four hemi- 
spheres of three animals. Figure 1 shows a representative 
coronal section from one animal with gliotic tracks from 
electrode penetrations and marking lesions in the SN. 

Spontaneous activity 

Cells within the SN could be grouped into two types 
on the basis of their spontaneous discharge rates: (1) low 
discharge rate (LDR, n = 53) and (2) high discharge rate 
(HDR, n = 129) cells. The mean discharge rate of LDR 
cells was 2.1 impluses/sec (range from 0.2 to 6.0 impul- 
ses/sec), whereas the mean discharge rate of HDR cells 
was 60.4 impulses/set (range from 33 to 114 impulses/ 
sec.). A small number of cells (n = 8) had discharge rates 
between 10 and 30 impulses/set. 

Location of cell types 

Most (44 of 53) LDR neurons were located within the 
SNpc, and all HDR neurons were found in the SNpr. 
This is seen in Figure 2, which shows the locations of 
LDR and HDR cells within the SN in one animal. The 
preferential localization of HDR cells within the SNpr 
was most apparent in rostra1 and lateral portions of the 
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Figure 1. Coronal section through the SN showing representative electrode penetrations through the SN of both hemispheres 
(aboue). The enlargement of the region of the SN of the right hemisphere (below) shows a typical marking lesion within the SN. 
Lesions were made by passing current (10 PA X 10 set) through the recording microelectrode. 
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Figure 2. Location of LDR (open circles) and HDR (solicl 
circles) neurons from two animals. The numbers represent 
sections. The brain was sectioned at 25-p intervals. Higher 
numbers represent more rostra1 sections. The SNpc is the 
portion of SN delimited by the dotted lines. 

nucleus where the SNpc is absent. Conversely, the pref- 
erential localization of LDR neurons in the SNpc was 
best seen in the caudal and medial portions where the 
SNpc is most developed. The localization of several cells 
(n = 8) situated at the junction between the SNpc and 
SNpr could not be positively determined because of the 
irregular and sometimes uncertain border between these 
two regions. 

Relations to movement 

SNpc 

Of 44 LDR neurons located within SNpc, only 2 (4%) 
exhibited any discernible change in discharge during the 
examination (Table I). None of the SNpc cells were 
phasically related to movements of individual body parts. 
When tested in the behavioral paradigm, however, a 
small number of SNpc cells (n = 3) showed weak mod- 
ulation. One exhibited a general increase in discharge 
during the entire period of task performance and became 
silent when the task ended. Another showed a weak 
decrease in discharge during the reaction time period of 
the task. The third, shown in Figure 3, showed a sus- 
tained inhibition following the stimulus presentation in 
all trials which lasted to the end of each trial. No signif- 
icant relations to specific movement parameters (direc- 

TABLE I 
Classification of cells in SNpc and SNpr based on responses to active 

movements and passive manipulations 

SNpr SNpc 

NO. % NO. % 

Arm 7 5 0 0 

Leg 1 1 0 0 
Orofacial 34 25 0 0 

Axial 2 1 0 0 

Eye movement 4 3 0 0 
Nonspecific 20 14 2 4 
Nonresponsive 70 51 42 96 - - - 

138 100 44 100 

tion, velocity, or amplitude) were observed in SNpc neu- 
rons. 

SNpr 

As shown in Table I, 25% of all SNpr cells were related 
to licking and/or chewing movements (OF cells). Nearly 
all OF cells were related to licking and/or chewing move- 
ments both during and outside the behavioral paradigm. 
None of the OF cells appeared to be related to movements 
of the face (i.e., lips, eyelids, brow), per se. Neurons 
related to limb movements were infrequent; seven cells 
were related to reaching movements of the arm and one 
to leg movements. None of the arm cells were related to 
distal movements of the limbs. An example of one HDR 
arm neuron which was related to the step-tracking task 
is shown in Figure 4. The activity of this cell exhibited a 
relation to both the direction (not shown in Fig. 4) and 
the amplitude of movement. Two of the seven arm cells 
showed a relation to the amplitude of movement. 

A small number of cells (3%) were related to sponta- 
neous saccadic eye movements or exhibited responses to 
gross visual stimulation. Cells related to eye movements 
typically showed an inhibition of discharge during the 
eye movements as described by Hikosaka and Wurtz 
(1981). 

Whereas only a very small percentage of LDR cells 
located within the SNpc showed increases in discharge 
during the examination, it is noteworthy that eight of 
the nine LDR cells in the SNpr did so. Six of these 
showed nonspecific changes which appeared to be largely 
related to the animal’s level of arousal, and two showed 
changes related to orofacial movements. 

Responses to passive manipulations 

Responses to passive manipulations of the limbs were 
rare, and no responses to manipulations of the distal 
parts of the limb were seen. Some of the cells related to 
licking and chewing also responded to sensory stimula- 
tion of the tongue or jaw. 

Functional grouping 

Neurons related to licking and chewing (OF cells) were 
located primarily in the centrolateral portions of the 
nucleus, as shown in Figures 5 and 6. Typically, several 
OF cells were encountered along a given penetration in 
this region. Five of the seven arm-related cells were found 
in the caudal part of the SNpr. 
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Figure 3. Stimulus-aligned raster of the activity of an SNpc neuron in the behavioral paradigm. SM, MED, and LGE represent 
step movements of 20 mm, 62.5 mm, and 100 mm, respectively. S, appearance of the target stimulus; M, onset of movement (+l 
SD). Vertical marks indicate the time of onset of movement for each trial. 

Discussion 

SNpc 

The finding that neurons in the SNpc exhibit low 
discharge rates whereas neurons in the SNpr exhibit 
high discharge rates is consistent with the results of 
earlier studies in the rat (Bunney et al., 1973; Guyenet 
and Aghajanian, 1978) and monkey (Anderson, 1976). 
Our findings, however, only partially agree with those of 
Feger et al. (1978), who found no cells in the SN in the 
monkey with rates below lO/sec. 

In the rat, antidromic stimulation studies indicate that 
low discharge rate “type I” cells in the SNpc project to 
the striatum, whereas most high discharge rate “type II” 
cells in the SNpr project to the thalamus (Guyenet and 
Aghajanian, 1978). In addition, type I cells were inhibited 
by the administration of apomorphine or the iontophor- 
etic application of DA or GABA, whereas type II cells 
were inhibited by the iontophoretic application of GABA 
but not DA. Although such pharmacological manipula- 
tions were not carried out in our studies, it is probable 
that the majority of LDR neurons located in the SNpc 
in this study, as in the rat, project to the striatum and 
that most HDR cells in the SNpr give rise to the extrinsic 
projections of the SNpr to the thalamus, superior colli- 
culus, and midbrain. 

It is of some interest that, in spite of the far greater 
density of cells in the SNpc than in the SNpr, the number 
of cells recorded per millimeter of travel of the electrode 
was no greater than in the SNpr (e.g., see Fig. 2). This, 
together with the very low rates of spontaneous discharge 
of most recorded SNpc cells, suggests that many of the 
neurons in the pars compacta in the awake monkey are 
not spontaneously active or fire very infrequently. 

None of the SNpc neurons exhibited phasic changes 
in firing in relation to active movements or passive 

manipulations outside of the task. Even the three SNpc 
cells which exhibited a change in discharge during move- 
ments in the task did not appear to encode information 
about movement parameters (direction, amplitude, or 
velocity). The lack of modulation of SNpc neurons during 
movement in the intact animal has been recently con- 
firmed in the freely moving cat (Steinfels et al., 1981). 
The present findings are in striking contrast to the 
results of similar studies in behaving primates in the 
globus pallidus, subthalamic nucleus (Georgopoulos et 
al., 1983), and putamen (Crutcher and DeLong, 1981, 
1983), which have revealed specific relations between cell 
discharge and both movement of individual body parts 
and parameters of movement. 

The lack of observed modulation of SNpc neurons by 
somatosensory stimulation in these studies is difficult to 
reconcile with the reports of such modulation in the 
anesthetized rat (Hommer and Bunney, 1980) and mon- 
key (Feger et al., 1978). This discrepancy may be due to 
the use of anesthetics in the other studies or to the fact 
that the level of neuronal activity in the SNpc in these 
studies appears to have been greater, thus allowing in- 
hibitory effects to be seen more readily. 

The present findings support the view that the nigro- 
striatal DA system, rather than conveying specific infor- 
mation about movement, may exert for the most part a 
more “tonic,” modulatory action upon the striatum. Sev- 
eral independent lines of evidence are consistent with 
this view: (1) the relatively small absolute number of 
nigrostriatal DA neurons and their rather divergent pro- 
jections to the striatum (Fallon and Moore, 1978); (2) 
the slow conduction velocities of their axons (Guyenet 
and Aghajanian, 1978); (3) the beneficial effects of L- 
dopa and direct-acting dopamine receptor agonists (such 
as apomorphine) on the behavioral disturbances result- 
ing from lesions of the nigrostriatal DA pathways; and 
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Figure 4. Rasters and histograms (difference from mean control discharge rates) of the 
activity of an SNpr neuron (HDR type) whose discharge was related to the direction (not 
shown) and amplitude of movement. S, appearance of the target stimulus (horizontal bar 
= +l SD); M, onset of movement. Binwidth of histograms is 20 msec. 

(4) the recent observation that intracerebral transplants 
of embryonic SN neurons, which almost certainly lack 
their normal afferent inputs, can compensate for behav- 
ioral disturbances following nigrostriatal DA pathway 
lesions (Bjorklund et al., 1981). It is possible that the 
level of tonic DA release in the striatum may be modu- 
lated in the SNpc by graded changes in the firing rate of 
individual neurons or by recruitment of additional neu- 
rons. 

The lack of phasic modulation of the activity of neu- 

rons in the SNpc does not rule out the possibility that 
DA release in the striatum could be phasically regulated 
by local mechanisms within the striatum, such as pre- 
synaptic modulation of DA terminals by thalamic and 
cortical afferents (Dray, 1979; Roberts and Anderson, 
1979). Chesselet et al. (1983) have recently summarized 
the evidence that the release of dopamine from terminals 
of nigrostriatal neurons can be regulated at the presyn- 
aptic level by numerous neurotransmitters present in 
striatal neurons or striatal afferents. Thus, a lack of 
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Figure 5. Location of cells of different categories in two 
animals: Arm, solid circles; orofacial, open circles; axial: X; eye 
movement or visual, V, nonspecific, horizontal dashes; nonre- 
sponsive, small dots. Higher numbers represent rostra1 sections. 

phasic modulation of SNpc neurons does not necessarily 
rule out a phasic action of dopamine within the striatum, 
although it does suggest that such phasic release is in- 
dependent of impulse flow in the nigrostriatal pathway. 
It is conceivable that the observed slow tonic discharge 
of SNpc neurons provides a continuous release of DA in 
the striatum, while the phasic and possibly more specific 
actions of DA are regulated at the presynaptic level by 
other striatal afferents (e.g., corticostriatal or thalamo- 
striatal) or intrinsic neuronal connections. 

SNpr 

The finding that a large proportion of neurons in the 
SNpr was related to orofacial movements confirms the 
observation of Mora et al. (1977), who found neurons 
related to licking and chewing in the general region of 
the SN in the behaving monkey. These findings suggest 
a role of the SNpr in the control of orofacial movements 
in feeding and licking. It is perhaps relevant clinically 
that in tardive dyskinesia, which results from long-term 
treatment with DA receptor blockers, orolingual dyski- 
nesias are the most common symptom (Crane, 1968). 
Since evidence both for release of DA from the dendrites 
of SNpc neurons within the SN (Nieoullon, et al., 1977) 
and for modulation of SNpr firing rates by iontophoret- 
ically applied DA (Ruffieux and Shultz, 1980) has been 
found, it is conceivable that chronic blockade of DA 

receptors in the SN might lead to changes in receptor 
sensitivity. This, in turn, might result in the involuntary 
orolingual buccal movements in tardive dyskinesia. The 
apparent greater proportion of SNpr neurons related to 
orofacial than to limb movement might account for the 
prevalence of orolingual movements in this disorder. 

The localization of OF neurons to the centrolateral 
portions of the SNpr suggests a somatotopic organization 
of this nucleus, as does the report of weak projections 
from the face area of the motor cortex to this portion of 
the SNpr (Kunzle, 1976). The paucity of identified arm 
or leg neurons in this study is surprising, however, since 
areas of the putamen which are related to the arm and 
leg movements are known to project to the SNpr, partic- 
ularly to its more caudal portions (Szabo, 1967). It is 
noteworthy in this regard that five of the seven arm 
neurons in this study were in the caudal portions of the 
nucleus. Hikosaka and Wurtz (1981) have also found 
SNpr cells related to saccadic eye movements primarily 
in the lateral portions of the nucleus. 

The high discharge rates and pattern of firing of neu- 
rons in the SNpr closely resemble those of neurons in 
the internal segment of the globus pallidus (GPi). Mor- 
phological similarities between GPi and SNpr have been 
repeatedly observed (Mitro, 1896; Olszewski and Baxter, 
1954; Fox et al., 1974; Parent et al., 1977). Neurons 
related to licking and chewing movements are found in 
both the lateral portion of SNpr and in the ventrocaudal 
portions of GPi. The grouping of similar neurons on 

SN 
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Figure 6. Location of cells of different categories in a third 
animal. Same conventions as in Figure 5. 
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opposite sides of the internal capsule and the similarities 
in discharge properties of SNpr and GPi neurons, to- 
gether with the strong morphological and anatomical 
similarities of GPi and SNpr, led us (DeLong and Geor- 
gopoulos, 1979, 1981) to propose that the SNpr and GPi 
represent medial and lateral portions of a single func- 
tional entity which has been divided by the internal 
capsule. A similar view has been proposed independently 
by others (Nauta, 1979). This view is given further sup- 
port by the observation that in certain mammals (whales 
and porpoises) the internal capsule does not separate the 
GP from the SN, which are combined in a single struc- 
ture (Riese, 1924). 
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