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SUMMARY AND CONCLUSIONS 

1. We examined cells with saccade-related activity in the supe- 
rior colliculus (SC) of monkeys performing saccades to both so- 
matosensory and visual targets. Our goals were 1) to determine 
whether signals from these separate sensory systems have con- 
verged onto a common motor pathway by the level of the SC; 2) 
to determine the frame of reference of somatosensory saccade sig- 
nals in the SC; and 3) to relate collicular motor activity to the 
behavioral characteristics of somatosensory saccades. 

2. Somatosensory targets consisted of vibrotactile stimuli deliv- 
ered to the hands, which were held in fixed spatial positions. Sac- 
cades of different directions and amplitudes were elicited from dif- 
ferent initial eye positions. Of 86 cells with motor-related activity, 
85 (99%) discharged for saccades to both visual and somatosensory 
targets. The remaining cell was active only for visual saccades. 

3. Cells with saccade-related activity had movement fields rep- 
resenting the direction and amplitude of saccades to both visual 
and somatosensory targets. We found no cells that discharged for 
saccades to a particular somatosensory target regardless of the 
vector of the saccade. 

4. Small modality-dependent differences in the spatial tuning 
of the movement fields were observed, but these variations formed 
no clear pattern. Given the large population of cells active in con- 
junction with each saccade, these small tuning differences may 
have no net effect. Because the visual and somatosensory move- 
ment fields of individual cells were similar to each other, the inac- 
curacy of somatosensory saccades is likely to be the result of 
inaccurate signals reaching the SC, rather than an error signal added 
downstream. 

5. The peak discharge frequency of collicular motor cells was 
lower for somatosensory saccades than for visual saccades, al- 
though the number of spikes in the discharge was about the same. 

6. The latency of the onset of the prelude of motor activity 
following the cue to initiate a saccade was about the same for 
somatosensory and visual trials, even though somatosensory sac- 
cades have longer reaction times than visual saccades. However, 
the peak of the motor activity was delayed on somatosensory trials 
such that the timing of the peak was the same with respect to the 
movement on somatosensory and visual trials. 

7. We conclude that the same population of saccade-related 
neurons in the SC that represents saccades to visual targets also 
represents saccades to somatosensory targets. Somatosensory sac- 
cades are encoded by these cells as the change in eye position 
necessary to bring the target onto the fovea, rather than the location 
of the stimulus on the body surface. Modality-dependent differ- 
ences in the frequency and timing of collicular motor activity may 
contribute to velocity and reaction time differences. 

INTRODUCTION 

All saccadic eye movements 
extraocular mu scles ? regardless 

are produced by the same 
of the sensory modal ity of 

the target eliciting the movement. However, the locations 
of visual, auditory, and somatosensory signals are initially 
encoded in different coordinates. Visual stimuli excite a par- 
ticular region of the retina, an eye-centered coordinate sys- 
tem. Localization of auditory stimuli is based on interaural 
time and intensity differences as well as spectral cues, yield- 
ing a head-centered coordinate system. Tactile stimuli are 
detected by receptors on the body surface, a body-centered 
coordinate system. To generate a saccade, each of these 
sensory signals must be transformed into a format appro- 
priate for accessing a common motor circuitry. The frame 
of reference at the level at which these different sensory 
signals converge reveals the coordinate framework of the 
endpoint of this sensorimotor transformation. Accordingly, 
we sought to determine whether the motor-related cells in 
the primate superior colliculus (SC) are active for somato- 
sensory as well as visual saccades. 

The SC is a site of convergence of signals from different 
sensory modalities. Cells exhibiting sensory responses to 
visual, auditory, and/or somatosensory stimuli are found in 
a wide variety of species (for review see Groh and Sparks 
1996b) ‘, as are cells with activity associated with visual, 
auditory, and memory-guided saccades (Jay and Sparks 
1987; Mohler and Wurtz 1976; Schiller and Koerner 197 1; 
Sparks 1975; Stanford and Sparks 1994; Wurtz and Goldberg 
1971, 1972a). At least two classes of cells with motor activ- 
ity exist: cells with both sensory and motor activity, such as 
visual-movement (V-M) or visual-auditory-movement cells, 
and cells with only motor activity, such as saccade-related 
burst or motor (M) cells (Jay and Sparks 1987; Wurtz and 
Goldberg 1972a). Both cell types have movement fields and 
discharge maximally for saccades of the preferred direction 
and amplitude, regardless of the orbital positions of the eyes. 
Thus they encode movements as a desired change in eye 

’ Much of the literature on the sensory responses of collicular neurons 
to stimuli of different modalities derives from experiments that have been 
conducted in anesthetized and/or paralyzed animals. Because animals do 
not make orienting movements under such conditions, it is impossible to 
discriminate between sensory and motor activity, and the convention has 
been to designate all responses as sensory. In awake animals, sensory and 
motor activity can, however, be distinguished, at least operationally. We 
use the term sensory to denote responses that are time-locked to, and follow- 
ing, the presentation of the sensory stimulus, and that occur regardless of 
whether or not a saccade is generated. We use the term motor to denote 
activity that is time-locked to, and preceding, the saccade. We stress, how- 
ever, that we use these terms operationally, to describe the activity patterns 
rather than to ascribe a function to them. Possible function is considered 
explicitly in the DISCUSSION section of this and the succeeding paper (Groh 
and Sparks 1996b). 

428 0022-3077/96 $5.00 Copyright 0 1996 The American Physiological Society 



COLLICULAR MOTOR CONTROL OF SOMATOSENSORY SACCADES 429 

position, rather than signaling a desired orbital goal. These 
cell types might also discharge in conjunction with saccades 
to tactile stimuli, but because no systematic physiological 
experiment on the motor control of somatosensory saccades 
has previously been conducted, the possibility that an en- 
tirely distinct population of collicular cells is responsible for 
mediating these saccades cannot be discounted. Such cells 
would have been entirely overlooked or classified as merely 
having spontaneous activity in most previous studies. 

In the present study we entertain three hypotheses regard- 
ing the neural basis of somatosensory saccades: 1) somato- 
sensory and visual saccades are represented by the same 
population of motor cells in the SC; 2) somatosensory and 
visual saccades are represented by different populations of 
motor cells, but both within the SC; or 3) somatosensory 
signals bypass the SC and only converge with visual signals 
onto a common motor pathway downstream from the SC. 

Because somatosensory signals are initially encoded in a 
somatotopic frame of reference, whereas visual signals are 
encoded in a retinal frame of reference, a second goal of 
this experiment is to determine the coordinate framework of 
motor-related activity for somatosensory saccades. If so- 
matosensory saccades are represented by a separate popula- 
tion, this motor-related activity could potentially encode the 
saccade goal in a body-centered frame of reference. Individ- 
ual cells could discharge for any saccade to a somatosensory 
stimulus delivered to a particular location on the body sur- 
face, regardless of the vector of the saccade. However, if a 
common motor pool represents both somatosensory and vi- 
sual saccades, somatosensory saccades should be encoded 
in an eye-centered, motor error frame of reference like that 
employed for visual saccades. In this frame of reference, 
cells are tuned for the vector of the saccade rather than the 
spatial location of the saccade endpoint. 

A final objective of this study is to relate neural motor 
activity to the behavioral characteristics of somatosensory 
saccades. In the previous paper (Groh and Sparks 1996a) 
we found that somatosensory saccades were less accurate, 
had lower velocity, and had longer reaction times than sac- 
cades to visual targets. If a separate population of cells repre- 
sents somatosensory saccades, this alone could account for 
the differences in accuracy, velocity, and reaction time. If 
the same population of cells represents both types of sac- 
cades, there may still be differences in the discharge patterns 
of individual cells. For example, modality-specific differ- 
ences in the spatial tuning for the saccade vector could affect 
accuracy, whereas differences in discharge frequency could 
affect saccade velocity. Differences in the time course of 
the motor activity could reveal whether the delay(s) that 
causes the reaction time differences occurs upstream or 
downstream from the population of neurons under study. If 
only a subset of cells is active for somatosensory saccades, 
the difference in the size of the active population could 
contribute to the velocity and/or reaction time differences. 

A preliminary report of this work has appeared elsewhere 
(Groh and Sparks 1993). 

METHODS 

Monkeys and surgical procedures 

One female (monkey 778) and one male (monkey 153) rhesus 
monkey (Macaca mdatta) served as subjects. These two animals 

also served as subjects in the preceding paper (Groh and Sparks 
1996a). The experimental protocols were approved by the Univer- 
sity of Pennsylvania Animal Care and Use Committee. As de- 
scribed previously, in a sterile surgical procedure under isoflurane 
anesthesia each animal was fitted with a scleral eye coil (Judge et 
al. 1980; Robinson 1963) and a fixture for immobilizing the head. 
After ~3 mo of behavioral training, the animals underwent a sec- 
ond surgical procedure in which a cylinder for chronic single-unit 
recording was implanted. 

Apparatus and sensory stimuli 

The apparatus was described in detail in the preceding paper. 
Visual stimuli consisted of light-emitting diodes (LEDs), whereas 
somatosensory stimuli (Sherrick 1965) were delivered by vibration 
of the posts grasped by the monkeys’ hands. The frequency of 
vibration was 60 Hz, but the stimulators were turned on for 17 ms 
( 1 cycle at 60 Hz) then off for 83 ms, providing a pulse of vibration 
every 100 ms. The stimulators made no audible sounds. The posts 
were mounted in fixed positions and were not moved during the 
course of these experiments. 

Behavioral paradigms 

The training techniques are described in the preceding paper. 
Only data collected using the delayed saccade trial type are pre- 
sented here. In this task, the monkey fixated an initial visual target 
for a variable interval (500- 1,000 ms) . The monkey maintained 
fixation for an additional 600- 1,000 ms while a second visual or 
somatosensory target was presented; then the fixation light was 
extinguished, cueing the monkey to make a saccade to the location 
of the target within 500 ms. Fixation of the target for 300-500 ms 
was required for a reward. In this trial type, activity coupled with 
the onset of the sensory target was temporally dissociated from 
activity coupled to the onset of the movement. 

Recording techniques 

Extracellular recordings were made using parylene-insulated 
tungsten microelectrodes ( Microprobe). An X -Y positioner ( Kopf 
Instruments) was placed over the cylinder and a 21-gauge needle 
was used to pierce the dura. An electrode was advanced into the 
brain through this needle using a hydraulic microdrive (Kopf In- 
struments). Electrical potentials were amplified and filtered, and a 
window discriminator (Bak) was used to discriminate the spikes 
of individual cells on the basis of peak amplitude and rise time. 
The time of occurrence of each discriminated spike was stored for 
analysis (resolution 100 ms) . 

In a typical recording session, the electrode was advanced to the 
SC while the animal either looked around the dimly lit room or 
performed the visual and somatosensory saccade tasks. The SC 
was easily identified on the basis of visual and oculomotor activity 
as well as through the eye movements elicited by electrical stimula- 
tion through the recording electrode (typically 280-Hz, SO-ms, 50- 
mA, 0.2-ms cathodal pulses). The stimulation-induced movement 
and the location of the visual receptive fields were used to guide 
placement of initial fixation target with respect to the fixed-position 
somatosensory target so that the somatosensory target lay as close 
as possible to the center of the response field of the unit activity 
encountered at that site. 

Using randomly interleaved somatosensory and visual targets, 
we searched for cells with activity associated with saccades to 
targets of either modality. Once such a cell was isolated, we sam- 
pled its movement field by requiring the animal to make saccades 
to somatosensory and visual targets at the same spatial location 
from a variety of different initial fixation points. Targets at other 
locations were randomly interleaved as well, so that target location 
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was unpredictable. Sampling of the movement field was limited 
by the oculomotor range of the animal (because the somatosensory 
targets were fixed in position in the lower portion of the range), 
by the spacing of the LEDs (0.5- 1 in. apart at a distance of 4- 
9.5 in. = 3- 14”)) and by the inaccuracy of somatosensory sac- 
cades, which made it difficult to obtain matched pairs of somato- 
sensory and visual saccades. Accordingly, we concentrated on sam- 
pling the same region or slice through the movement fields for both 
visual and somatosensory targets. Usually we sampled saccades in 
a limited range of amplitudes along a variety of directions, but 
occasionally we sampled saccades of a variety of amplitudes along 
a particular direction. 

Data collection and analysis 

Data were collected on a PDP 1 l/73 computer and analyzed 
off-line on Sun Sparcstations as described in the preceding paper 
(Groh and Sparks 1996a). Horizontal and vertical eye position 
signals were sampled every 2 ms. The amplitude and direction of 
saccades were measured for further analysis using velocity criteria 
for determining time of movement onset and offset. Saccade traces 
were inspected to ensure that the movements were accurately mea- 
sured. The peak firing frequency and number of spikes occurring 
within a time window around the movement were measured for 
further analysis. This time window depended on the characteristics 
of each cell and typically varied from 250 to t 100 ms around 
movement onset time. The duration of the window after saccade 
onset was made long enough to extend through the end of the 
saccade for all the movements in the data set for that cell. Window 
duration before movement onset was usually the same as the dura- 
tion after movement onset. For cells with some degree of sustained 
activity throughout the delay interval, a shorter premovement win- 
dow time was used. 

A subset consisting of the 20 cells for which we collected the 
most data was selected for a more detailed analysis of neural corre- 
lates of the velocity and reaction time of saccades. In this data 
set we matched pairs of somatosensory and visual saccades and 
compared the neural activity for these saccades. Matches consisted 
of pairs of saccade vectors that differed by < 10% of the amplitude 
of the somatosensory saccade (i.e., the magnitude of the difference 
between the somatosensory and visual saccade vectors was < 10% 
of the magnitude of the somatosensory saccade vector). Matching 
saccades were obtained within the data sets of the individual cells. 
Only trials in which the cell discharged at least two spikes were 
included. We also used a burst detection algorithm to measure the 
onset times of the motor activity for this dataset. Burst onset was 
the point where yz consecutive interspike intervals exceeded a firing 
rate r. These criteria were tailored to suit individual cells, but were 
not adjusted for individual trials. The typical value of r was 20 
spikes/s, whereas the value of y1 was usually three interspike inter- 
vals. 

RESULTS 

We recorded 86 cells with motor-related activity in the 
SC (Table 1). Motor activity was defined as activity time- 
locked to and preceding saccades with a short latency. All 
but one of these cells discharged for both visual and somato- 
sensory saccades. Many of these cells also exhibited sensory 
responses, where sensory responses were defined as activity 
that was time-locked to, and followed, presentation of a 
sensory stimulus. Twenty-eight of the motor-related cells 
also had visual responses and were classified as V-M cells, 
and another 21 had both visual and somatosensory responses 
and were classified as somatosensory-visual-movement (SV- 
M) cells. The remaining 37 were classified as saccade-re- 

TABLE 1. Summary of sampled cell types by modality of . 
sensory and motor activity 

Cell Types 
Percent 

N of Total 

Cells with motor activity 
Type of motor activity 

Motor activity only for visual saccades 
Motor activity only for somatosensory saccades 
Motor activity for both visual and somatosensory 

Type of sensory activity 
None 
Visual only 
Somatosensory and visual 

86 100 

1 1 
0 0 

85 99 

37 43 
28 33 
21 24 

lated burst or motor (M) cells. The sensory activity of SV- 
M cells will be discussed in greater detail in the following 
paper (Groh and Sparks 1996b). The one cell that did not 
fire for both types of saccades was a V-M cell active only 
for visual saccades. 

Figure 1 illustrates the firing pattern of three typical cells 
with motor-related activity associated with somatosensory 
and visual saccades. Instantaneous firing rate and horizontal 
and vertical eye position are shown as a function of time 
for single trials. An M cell with no sensory activity is shown 
in Fig. 1 A, whereas a V-M cell and an SV-M cell are shown 
in Fig. 1, B and C. Each cell exhibited motor-related activity 
for similar saccades elicited by targets of either modality, 
but varied as to the presence or type of sensory activity. 
[Note that the latency of the sensory activity was longer for 
somatosensory stimuli than for visual stimuli in the SV-M 
cell. On average, somatosensory response latencies were 39 
ms longer than visual response Iatencies in cells with bi- 
modal sensory responses (Groh and Sparks 1996b).] 

How are somatosensory saccades encoded by these cells? 
These cells might signal the desired change in eye position 
necessary to acquire a somatosensory target, as is the case 
for visual saccades, or they might represent somatosensory 
saccades of all directions and amplitudes to a target at a 
given location on the body. Accordingly, we examined the 
activitv of these cells as a function of the direction and 
amplitude of the saccade to a given somatosensory or visual 
target. Because of the aforementioned limitations of the ap- 
paratus, we did not attempt to map the complete movement 
fields of each cell for both visual and somatosensory sac- 
cades. Instead, we constructed slices through the movement 
fields that included saccades of a common range of ampli- 
tudes or directions to both somatosensory and visual targets. 

Figure 2 shows the saccade direction tuning of three mo- 
tor-related cells. The distributions of visual and somatosen- 
sory saccade endpoints after alignment of saccades on a 
common starting position are shown at left to illustrate that 
there was no systematic bias in the amplitude of the sampled 
saccades as a function of target modality within the slice. 
The number of spikes associated with the movement (see 
METHODS) is shown at right as a function of saccade direction 
for both visual and somatosensory targets. These cells, like 
the others in our sample, were all tuned for the vector of , 
the movement, and fired maximally for saccades of the ap- 
propriate direction and amplitude. We found no cells that 
discharged for saccades to a given somatosensory target re- 
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FIG. 1. Examples of different types of motor (M) cells. A : cell with no sensory activity for either somatosensory or 
vi ;ual targets. Instantaneous firing rate and horizontal and vertical eye position are shown as a function of time for single 
tr 31s with a somatosensory target (left) and a visual target (right). The 1st asterisk in each panel indicates the time of target 
onset, whereas the 2nd marks the offset of the fixation light, the cue to make a saccade. B: cell with motor activity and 
visual sensory activity but no somatosensory activity. C: cell with sensory activity and motor activity for both sensory 
modalities. 
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gardless of the change in eye position necessary to look to 
that target. 

The visual and somatosensory saccade movement fields 
of all of the individual cells were similar to each other. Cells 
discharged for substantially overlapping ranges of visual and 
somatosensory saccades. However, a close inspection of the 
movement field slices shown in Fig. 2 reveals that the spatial 
tuning for saccade vector was not identical. The cell shown 
in Fig. 2A, an M cell, was active for a range of somatosen- 
sory saccades that included more downward directions than 
did the direction range for visual saccades. The arrow indi- 
cates the direction of the stimulation induced movement elic- 
ited at that site, whereas the asterisks indicate that the mean 

FIG. 2. Saccade-related activity for somato- 
sensory and visual saccades as a function of sac- 
cade direction for 3 cells (A-C) . L@: distribution 
of saccade endpoints for the saccades included in 
slices through the movement field. Right: activity 
as a function of saccade direction, and a line con- 
necting average activity levels calculated for incre- 
mental windows of direction, with standard error 
bars. Asterisks: modality-dependent difference in 
the mean number of spikes with a statistical sig- 
nificance of P < 0.05 (t-test) for the correspond- 
ing average window. The probability of r out of n 

t-tests being significant at that level is n !  / [ r !  (n - 

r) !  ] (0.05 ) ‘, which is <0.05 for each of the cells 
shown. Arrows: mean direction of stimulation-in- 
duced movements at each site. The cells shown in 
A and C are M cells; the cell shown in B is a 
somatosensory-visual-movement (SV-M) cell. 
The slice for the cell in A includes 15 -20” move- 
ments, the slice in B includes 20-25” movements, 
and the slice in C includes 15-20” movements. 
The mean amplitudes of the stimulation-induced 
movements at each site were 18”, 28”, and 14’, 
respectively. Note that in this and in subsequent 
figures, negative horizontal amplitudes correspond 
to leftward movements, positive amplitudes corre- 
spond to rightward movements. Negative vertical 
amplitudes correspond to downward movements 
and positive amplitudes correspond to upward 
movements. A direction of 0” means a straight 
rightward movement. 

activity for somatosensory and visual saccades differed at 
the P < 0.05 level for the corresponding range of directions 
(t-test). The SV-M cell shown in Fig. 2B had a somatosen- 
sory movement field that was slightly broader than the visual 
movement field and may have been shifted toward saccades 
of more upward directions. The somatosensory movement 
field of the M cell in Fig. 2C was shifted toward more 
downward directions. 

Three more cells are illustrated in Fig. 3; two V-M cells 
(A and C) and one SV-M cell (B). The cells in Fig. 3, A 
and B, both had similar spatial tuning for the somatosensory 
and visual saccade vector, but the cell in A discharged more 
vigorously for visual saccades whereas the cell in B was 
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more active for somatosensory saccades. The location and 
level of the peaks of the somatosensory and visual movement 
field were similar for the cell in Fig. 3C, but its tuning for 
somatosensory saccades was more broad. 

We examined the saccade vector tuning in 21 cells (cho- 
sen for the best sampling of the movement field). The cells 
illustrated in these two figures are representative of the 16 
cells in which we were able to identify tuning differences 
in two respects. First, the differences in tuning were small 
in magnitude, with substantially overlapping regions of sac- 
cade-related activity for targets of either modality. Second, 
the nature of the differences was often difficult to character- 
ize and varied from cell to cell. No consistent trend emerged 
toward higher activity (in terms of the number of spikes) 

FIG. 3. Saccade-related activity for somato- 
sensory and visual saccades as a function of sac- 
cade vector for 3 additional cells (A-C) . For the 
cell shown in A, a vertical slice through the move- 
ment field including saccades with 10-15” hori- 
zontal components was used. The mean horizontal 

component of the stimulation induced movement 
was 8”. The slice for the cell in B includes saccades 
of 20-30” in amplitude. The mean amplitude of 
the stimulation-induced movement at that site was 
30”. The slice in C includes lo- 15” amplitude 
movements, and stimulation produced movements 
with a mean amplitude of 11”. Asterisks: individ- 
ual t-tests significant at P < 0.05; overall, the 
visual and somatosensory movement field slices 
of all 3 cells differed significantly. 

for visual saccades or shifts in a particular direction, for 
example. The overall proportion of motor-related cells with 
tuning differences is unknown, because identification of dif- 
ferences was heavily dependent on the amount of sampling 
of overlapping regions of the movement field. Although the 
somatosensory movement fields were not identical to the 
visual movement fields, the activity clearly depended on the 
direction and amplitude of the somatosensory saccade, rather 
than simply the location of the stimulus on the body. 

A cell that did not appear to have saccade vector tuning 
differences is illustrated in Fig. 4A. The directional tuning 
of the motor-related activity is similar for visual and somato- 
sensory saccades (right). The only cell that did not fire for 
somatosensory saccades is shown in Fig. 4B. The activity 
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of the cell as a function of amplitude for visual and somato- 
sensory saccades (right) reveals that the cell was nearly 
silent for somatosensory saccades within a range of ampli- 
tudes that substantially overlapped the range of visual sac- 
cade amplitudes associated with vigorous activity. 

In the preceding paper we reported that somatosensory 
saccades were slower than visual saccades (Groh and Sparks 
1996a). Is the discharge of collicular motor cells correlated 
with the differences in the peak velocity of visual and so- 
matosensory saccades? Because of the movement field tun- 
ing differences in individual cells, we combined data from 
the 20 best-sampled cells (excluding the cell that did not 
discharge for somatosensory saccades) and examined cell 
discharges for matched pairs of somatosensory and visual 
saccades. Matches consisted of pairs of saccade vectors that 
differed by < 10% of the amplitude of the somatosensory 
saccade. We found that although the mean number of spikes 
in the discharge did not differ between somatosensory and 
visual trials (mean difference 0.11, not significantly different 
from 0), the peak frequency of the discharge was signifi- 
cantly higher for visual than for somatosensory trials (mean 
difference 73.5 spikes/s, significantly >O, P < 0.0001) . 

Somatosensory saccades have longer reaction times than 
do visual saccades, even in the delayed saccade paradigm 
(Groh and Sparks 1996a). Because there is ample time avail- 
able for sensory processes such as stimulus detection and 
localization in this task, this finding suggests that motor 
processing delays might differ for somatosensory and visual 
saccades. If these modality-dependent delays occur upstream 

FIG. 4. Cell with similar tuning for both visual 
and somatosensory saccades (A), and cell with 
activity for visual saccades only (B). The slice in 
A includes movements of 20-30” in amplitude; 
stimulation produced movements with a mean am- 
plitude of 25”. The slice in B is an amplitude slice 
including movements at angles between -20 and 

-40”. Stimulation at this site produced movements 
with a mean direction of - 13”. The somatosensory 

and visual movement field slices of the cell in A 
did not differ significantly, whereas those of the 
cell in B did. 

from collicular motor cells, then motor activity in these cells 
should occur later with respect to the movement initiation 
cue (offset of the fixation light) for somatosensory trials, 
but a fixed time should elapse between the activity and the 
saccade on both somatosensory and visual trials. If there 
are modality-dependent delays downstream, then more time 
should elapse between the motor activity and the saccade 
on somatosensory trials than on visual trials. 

In the matched movement data set, somatosensory saccade 
reaction times (with respect to the offset of the fixation 
light) were 13.6 ms longer than visual saccade reaction times 
(significantly >O, P < 0.0001, Table 2). We found that the 
peak of the burst of motor activity occurred later with respect 
to the offset of the fixation light (by 14.9 ms, P < 0.0001) 
but at about the same time with respect to the movement 

TABLE 2. Relative latencies of saccade, burst, and prelude on 

somatosensory and visual trials 

Latency Difference 
(Somatosensory - Visual) 

Saccade Burst peak Prelude onset 

With respect to 
Fixation light offset 
Saccade onset 

13.6* 14.9* 3.7 

0 1.3 -9.9* 

Values are in ms. Positive numbers indicate that the saccade, burst, or 
prelude occurred later on somatosensory than on visual trials. * Significantly 
different from 0, P < 0.0001. 
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(Table 2). These data suggest that modality-dependent de- 
lays in delayed saccade trials occur primarily upstream from 
collicular M cells. Interestingly, though, when we measured 
the onset of the motor activity, which often included a lower- 
frequency prelude of activity, we found that this early activ- 
ity had about the same latency with respect to the offset of 
the fixation target on visual and somatosensory trials, which 
meant that it preceded the movement by a greater amount 
on somatosensory trials. This prelude does not appear to 
trigger saccades (Glimcher and Sparks 1992; Sparks 1978)) 
but its timing does suggest that at least some saccade related 
signals reach the collicular motor cells at about the same 
time on somatosensory and visual trials. 

DISCUSSION 

IMotor convergence and coordinates of somatosensory 
signals 

A major goal of these experiments was to determine 
whether somatosensory and visual signals have converged 
onto a common motor pathway by the level of the SC. The 
results of these experiments provide strong support for the 
hypothesis that saccades to somatosensory stimuli are gener- 
ated by the same population of collicular motor-related cells 
that represents saccades to visual targets. The degree of con- 
vergence of somatosensory and visual signals onto a com- 
mon motor pool in the SC (99%) is higher than that reported 
by Jay and Sparks (1987) for auditory and visual saccades 
(79%). If auditory movement fields also differ from visual 
movement fields, then incomplete sampling of one or the 
other movement fields may have caused Jay and Sparks to 
overestimate the number of cells that discharged for saccades 
to only one target modality. 

A second goal was to examine the coordinate framework 
in which somatosensory signals are encoded in the SC. Our 
examination of the saccade-related activity as a function of 
saccade vector revealed that somatosensory movement 
fields, like visual movement fields, are tuned for saccades 
of particular directions and amplitudes. An alternative possi- 
bility was that motor-related activity for somatosensory sac- 
cades could have represented the endpoint of the saccade in 
body-centered coordinates. Such a cell would have fired for 
all saccades to a tactile stimulus within its body-centered 
movement field, regardless of the direction and amplitude 
of the saccade. None of the cells we recorded exhibited 
this pattern of activity. All were tuned for somatosensory 
saccades of a particular vector. Thus somatosensory signals 
have been translated into an eye-centered motor coordinate 
framework shared in common with the visual system and, 
by extension, the auditory system as well (Jay and Sparks 
1987). Where and how the transformation from body-cen- 
tered to eye-centered coordinates occurs are not known, but 
like the analogous auditory coordinate transformation from 
a tihead-centered to an eye-centered frame of reference, it 
must occur by the level of the SC. 

Relationship to behavioral data 

Our third objective was to correlate collicular neural activ- 
ity with the behavioral differences between somatosensory 
and visual saccades. In the preceding study (Groh and Sparks 

1996a), we reported that somatosensory saccades were less 
accurate and had lower velocities and longer reaction times 
than saccades to visual targets. Although the results of the 
current neurophysiological experiments do not fully account 
for these differences, they do eliminate some possibilities 
and suggest further experiments for addressing others. 

ACCURACY. The reduced accuracy of somatosensory sac- 
cades may be due to inaccurate signals occurring at multiple 
points along the pathway between the sensory input and 
the motor output. It is theoretically possible to distinguish 
between inaccurate signals present above the SC and inaccu- 
racies added downstream (Stanford and Sparks 1994). If 
the location of the target is miscomputed upstream from the 
SC, then the wrong population of cells will be activated, 
and an inaccurate saccade will be executed. However, the 
movement fields of these cells will appear to be the same, 
regardless of whether the saccade is directed to a visual 
target or a somatosensory target. Inaccurate signals reaching 
the SC could occur because of errors in cutaneous localiza- 
tion of the stimulus or errors in position sense, or because 
the monkeys considered the goal of the saccade to be the 
entire hand rather than the vibrating post itself. In contrast, 
if the signal of somatosensory target location reaching the 
SC is accurate and a bias is added downstream, then the 
somatosensory movement fields of collicular neurons will 
appear to be shifted with respect to their visual movement 
fields. The direction and magnitude of the shift should corre- 
spond to that part of the saccade error produced by down- 
stream bias. 

Stanford and Sparks ( 1994) used this strategy to examine 
the neural basis of the inaccuracy of memory-guided sac- 
cades. Memory-guided saccades typically exhibit an upward 
bias, with saccades landing above the true position of the 
target (Barton and Sparks 1992; Gnadt et al. 1991; Stanford 
and Sparks 1994; White et al. 1994). Stanford and Sparks 
found that the movement fields of collicular motor-related 
cells were consistently shifted upward under these conditions 
as well. Collicular activity was more reflective of target 
location than the saccade vector on memory trials, sug- 
gesting that an unbiased saccade is represented by these 
cells and that the upward bias of memory-guided saccades 
is produced by a signal added downstream. 

In the present study we found that collicular movement 
fields for somatosensory and visual saccades were not iso- 
morphic. However, these differences were small in magni- 
tude, with the movement fields substantially overlapping one 
another, and did not form any consistent pattern. Unlike the 
finding of Stanford and Sparks for memory saccades, when 
the activity of these neurons was examined as a function of 
target location instead of the saccade vector the correspon- 
dence between somatosensory and visual tuning did not im- 
prove (data not shown). Therefore we conclude that the 
errors in somatosensory saccades, including the failure to 
fully compensate for initial eye position, are primarily the 
result of inaccurate signals impinging on the SC rather than 
biases added downstream. 

VELOCITY. Another major difference between somatosen- 
sory and visual saccades is their peak velocity -saccades to 
somatosensory targets are of lower velocity than comparable 
saccades to visual targets (Groh and Sparks 1996a). Two 
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types of differences in collicular activity could account for 
the differences between somatosensory and visual saccade 
velocity. The first possibility is that a smaller population of 
cells could be active for somatosensory saccades than for 
visual saccades. This could occur either through incomplete 
convergence onto a common motor pool in the SC or if 
somatosensory movement fields were smaller than visual 
movement fields. Our data show nearly complete conver- 
gence of somatosensory and visual signals onto collicular 
neurons with saccade-related activity. Furthermore, we 
found no evidence that somatosensory movement fields dif- 
fered systematically in size from visual movement fields. 
However, we were unable to plot the complete boundaries 
of the movement fields, nor could we always obtain matched 
visual and somatosensory movements, so movement field 
size differences cannot be completely ruled out. 

A second possible mechanism, proposed by Sparks and 
Mays ( 1990), is that although the location of active cells in 
the collicular map determines the direction and amplitude 
of saccades, the vigor of activity within the active population 
influences the velocity of the movement. Support for a link 
between saccade velocity and collicular activity comes from 
a number of studies. Lesions of the SC (Schiller et al. 1980) 
and suppression of collicular activity using pharmacological 
agents (Hikosaka and Wurtz 1985; Lee et al. 1987) result 
in reduced saccadic velocity. Enhancement of collicular ac- 
tivity using the y-aminobutyric acid (GABA) antagonist bi- 
cuculline increases the velocity of remembered visual sac- 
cades (Hikosaka and Wurtz 1985). The velocity of stimula- 
tion-induced saccades is affected by the frequency of 
collicular stimulation (du Lac and Knudsen 1990; Munoz et 
al. 199 1; Stanford et al. 1993 ) . In addition, the frequency 
of firing of individual collicular motor-related neurons has 
been correlated with saccade velocity (Berthoz et al. 1986). 
We found that although on average collicular neurons dis- 
charged the same number of spikes for comparable visual 
and somatosensory saccades, the peak frequency of the dis- 
charge was higher for visual saccades. This difference in 
discharge frequency may contribute to the difference in sac- 
cade velocity, especially when the entire active population 
is considered. 

REACTION TIME. We reported in the preceding paper (Groh 
and Sparks 1996a) that saccades to somatosensory targets 
had longer reaction times than saccades of comparable am- 
plitude to visual targets. We suggested that different modal- 
ity-dependent delays for sensory processes such as target 
detection and the computation of target location could con- 
tribute substantially to the differences in reaction time on 
simple reaction time trials. As will be shown in the next 
paper, the latency of somatosensory responses in collicular 
neurons was -39 ms longer than the latency of visual re- 
sponses in the same neurons (Groh and Sparks 1996b), a 
difference that might well contribute to reaction time differ- 
ences on simple reaction time trials. However, reaction time 
differences still existed on delayed saccade trials, although 
they were reduced in magnitude, suggesting the existence 
of modality-dependent delays in motor processing as well 
(Groh and Sparks 1996a). 

By examining the timing of motor activity of collicular 
neurons with respect to both the cue to initiate a saccade 

(offset of the fixation light) and to the saccade itself, we 
sought to determine whether these modality-dependent de- 
lays occur upstream or downstream from these neurons. We 
found that peak of the burst of motor activity was delayed 
with respect to the initiation cue by about the amount of the 
difference in saccade reaction time on somatosensory and 
visual trials. Thus the timing of the burst with respect to the 
saccade was about the same. These findings suggest that the 
reaction time differences on delayed saccade trials may be 
caused by a modality-dependent delay in the activation of 
collicular M cells. 

Relationship to previous studies 

This study is one of the first to provide direct evidence 
that the SC is involved in controlling somatosensory sac- 
cades. Prior recording studies in anesthetized animals have 
reported the existence of cells responsive to tactile stimuli 
(Chalupa and Rhoades 1977; Drager and Hubel 1975a,b, 
1976; Finlay et al. 1978; Gordon 1973; Jassik-Gerschenfeld 
1965; Meredith and Stein 1983, 1986; Stein and Arigbede 
1972; Stein et al. 1975, 1976; Tiao and Blakemore 1976; 
Updyke 1974), but any potential motor role of these cells 
was obscured by the immobility of the preparation. Only a 
few lesion studies have examined deficits in orientation to 
tactile stimuli. Sprague and Meikle (1965) found that cats 
with lesions of the SC exhibited deficits in orienting to so- 
matosensory stimuli in addition to visual and auditory stim- 
uli. With time, animals recovered the ability to orient to all 
three types of targets. In golden hamsters, Schneider ( 1969) 
found only minimal deficits in orientation to tactile stimuli, 
but in rats, Kirvel ( 1975) found enduring deficits for certain 
regions of the body. 

That the SC is not necessary for the production of visual 
saccades in primates has been shown by a number of lesion 
studies that have found that deficits in visually guided sac- 
cades recover with time (e.g., Wurtz and Goldberg 1972b; 
for review see Sparks and Hartwich-Young 1989). This 
finding was supported and extended by Schiller et al. ( 1980) 
in a study of lesions of the SC, the frontal eye fields (FEFs), 
or both. Deficits in visually guided saccades decayed with 
time for lesions of either structure alone, but no recovery 
occurred in animals with combined lesions. Thus the SC and 
FEF appear to perform similar roles in producing visual 
saccades. The SC may likewise act in concert with another 
brain area or areas in producing somatosensory saccades. 
The recovery of orientation to somatosensory stimuli re- 
ported in the lesion data suggests that this may be the case. 
The FEF may serve as a partner for these nonvisual saccades 
as well. Cells with eye-centered auditory receptive fields like 
those found in the SC were reported by Russo and Bruce 
( 1989; Bruce 1990)) and FEF cells exhibit motor activity 
for auditory saccades (Russo and Bruce 1994), but somato- 
sensory activity or motor-related activity for somatosensory 
saccades has not been studied. 

In cats, another area that would make a likely candidate 
for a role in the neural control of auditory or’somatosensory 
saccades is the anterior ectosylvian sulcus cortical region. 
The primate homologue is unknown. This area contains sub- 
divisions with visual cells (Mucke et al. 1982), auditory 
cells (Clarey and Irvine 1986), and somatosensory cells 
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