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ABSTRACT OF THE DISSERTATION 

The Role of Primate Superior Colliculus in the Selection of Visual Objects for Action 
 

by 

Samuel Uno Nummela 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2010 

Professor Richard Krauzlis, Chair 
Professor Timothy Gentner, Co-Chair 

 

 Accurate action requires selectively processing only the sensory signals that are 

relevant to that action. The superior colliculus (SC) is important for the generation of 

saccadic eye movements, and has more recently been implicated in the winner-take-all 

selection of visual targets for voluntary eye movements and covert attention. However, 

there have been no conclusive tests of how important SC activity is for selecting visual 

objects as the targets of eye movements, or other actions. This dissertation reviews the 

role of the SC in eye movement and attention and then describes experiments that 

addressed three hypotheses: 1. that SC activity is important for the winner-take-all 

selection of visual targets for eye movements, 2. that the SC is important for the selection 

of visual targets for actions other than eye movements, and 3. that SC activity is important 

for integrating visual signals from potential targets, prior to the selection of a single target. 

 The first two hypotheses were tested by experiments described in Chapter 2, in 

which the selection of visual targets for eye movements, or pressing a button, were 

compared before and after SC inactivation. Inactivation biased the subjects to select visual 
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stimuli placed out of the affected visual field for each of the responses, but the effects on 

eye movements were much larger, indicating that the SC plays a particularly important 

role in the selection of visual targets for eye movement. 

 The third hypothesis was tested by experiments described in Chapter 3, in which 

monkeys initiated smooth pursuit to multiple potential targets, prior to the selection of a 

single target. SC inactivation decreased the contribution of visual motion signals from 

potential targets within the affected visual field, and increased the contribution of motion 

out of the affected field, demonstrating that the SC plays a role in the integration of visual 

signals used to produce eye movements, prior to the selection of a single target. 

 Together these results highlight the growing recognition that the primate SC is not 

just a motor map for saccades but plays a broader role in controlling selection for 

behavioral responses. 
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Chapter 1: 

Introduction  

Orienting gaze to a traffic signal when driving, or reaching out with the arm 

and hand to grab an apple: we make thousands of voluntary, goal-directed actions each 

day. In order to accurately perform these actions we must selectively process sensory 

information about the relevant objects, and transform the sensory signals into 

appropriate action. Chapters 2 and 3 describe experiments that test the importance of 

the Superior Colliculus (SC) for selecting visual objects to perform actions, primarily 

eye movements. Before describing these experiments, I review two types of voluntary 

eye movements and their underlying brain circuitry, with a focus on the anatomy and 

physiology of the SC. I end this introduction by stating the main hypotheses that are 

tested by the experiments in Chapters 2 and 3. 

 

1.1 Voluntary Eye Movement 

Primates make two distinct types of voluntary eye movement, saccades and 

smooth pursuit (Krauzlis 2004; Leigh and Zee 2006). Saccades are discrete, rapid eye 

movements that orient central gaze (the high-acuity fovea) to a target of interest. The 

result of a saccade is to match the position of central gaze with the position of the 

target. Smooth pursuit consists of slower, continuous eye movement that stabilizes 

central gaze on a moving target. The result of pursuit is to match the velocity of 

central gaze to the velocity of the target. Although the latencies for smooth pursuit and 

saccades vary greatly depending on context, smooth pursuit typically has shorter 
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latencies than saccades (Leigh and Zee 2006). This results in the selection of a moving 

target first by a pursuit eye movement, followed by a corrective saccade to orient 

central gaze to the target position. 

 An important aspect of pursuit, which will be used in the experiments 

described in Chapters 2 and 3, is that the direction of the eye movement can be 

dissociated from the location of the stimulus driving that eye movement. This can be 

demonstrated by presenting visual targets as a step-ramp (Rashbass 1961), in which 

the target appears at some eccentricity from central gaze (the step) and moves at 

constant velocity back toward central gaze (the ramp). Whereas the direction of 

saccadic eye movement is toward the location of the target, the direction of pursuit eye 

movement depends on the direction of target motion, which for the step ramp is 

opposite of the target location (Figure 1.1). Additionally, step ramp stimuli can result 

in saccade-free pursuit if the size of the step and speed of the ramp are set so that the 

target is close to central gaze at the time of smooth pursuit onset. 

 Stable gaze of a single moving target in the presence of other stimuli requires 

the selection of sensory signals from that target (visual motion for pursuit and position 

for saccades), excluding distracting sensory signals from other stimuli. This type of 

selection is referred to as ‘winner-take-all’ and is a time-consuming process that 

significantly increases the response latency of eye movements (Ferrera and Lisberger 

1995, 1997a; Krauzlis et al. 1999; Chou et al. 1999). However, selection can occur 

more quickly if facilitated by attending to the target location prior to eye movement 

(Krauzlis et al. 1999; Adler et al. 2002). 
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 In contrast to winner-take-all selection, the quickest response to the sudden 

onset of multiple potential targets is to track a vector average of their motion signals. 

The latency for pursuit, taking a vector average, which does not require selectivity, is 

comparable to smooth pursuit of a lone stimulus (Lisberger and Ferrera 1997; Tanaka 

and Lisberger 2002b). Tracking the vector average typically occurs in the absence of 

selective covert spatial attention, at the initiation of smooth pursuit, and is relatively 

insensitive to many stimulus features, such as the size or speed of the stimuli, which 

along with its short latency have implicated vector averaging as the default pursuit 

response to multiple moving stimuli (Lisberger and Ferrera 1997). Nevertheless, the 

initial pursuit can show a graded selectivity, by weighting motion from a particular 

stimulus more heavily, if cued to select a unique feature of that stimulus (Garbutt and 

Lisberger 2006; Case and Ferrera 2007). 

 Although traditionally viewed as distinct systems, a body of evidence indicates 

that saccadic and smooth pursuit eye movement share a target selection process 

(Krauzlis 2004). This is certainly true following saccadic eye movement, after which 

smooth pursuit selectively tracks the saccade target, even if pursuit was unselective, or 

tracking a different target, prior to the saccade (Gardner and Lisberger 2001, 2002; 

Schoppik and Lisberger 2006; Lisberger 1998). Additionally, prior to saccadic eye 

movement, there is high agreement between the initial target selected (or most heavily 

weighted) by smooth pursuit and the subsequent saccadic target (Krauzlis et al. 1999; 

Liston and Krauzlis 2003, 2005; Case and Ferrera 2007). Target selection for saccades 

and smooth pursuit is facilitated by spatial cues to a greater extent than color or 



4 

 

motion cues (Adler et al. 2002), suggesting that the shared target selection is a 

function of location, not other features. 

 

1.2 The Neural Basis for Saccades and Smooth Pursuit 

Visual information of potential saccade targets is processed by striate and 

extrastriate cortex and conveyed by extensive projections to the lateral intraparietal area 

(LIP), frontal eye fields (FEF), and superior colliculus (SC). Neural recordings from LIP, 

FEF, and SC have revealed activity indicating the priority of spatial locations for saccades 

and spatial attention (Fecteau and Munoz 2006; Goldberg et al. 2006), which, along with 

lesion experiments, places the LIP, FEF, and SC in a network responsible for saccade 

target selection (Wardak et al. 2002; Schiller and Chou 2000; McPeek and Keller 2004). 

In addition, both the FEF and SC form retinotopically organized maps (Robinson 1972; 

Wurtz and Albano 1980; Schall and Thompson 1999) that have direct projections to 

brainstem nuclei that generate the saccadic motor command, making the FEF and SC 

crucial for the motor control of saccades (Schall and Thompson 1999; Sommer and 

Tehovnik 1997; Schiller et al. 1987). Coordination between the FEF and SC is provided 

by extensive projections, with direct and indirect projections from FEF to SC (Schall and 

Thompson 1999) and projections from SC to FEF through thalamus (Sommer and Wurtz 

2006). 

Smooth pursuit is primarily driven by visual motion, and thus smooth pursuit is 

reliant upon the processing of visual motion carried out by the middle temporal (MT) and 

medial superior temporal (MST) areas (Newsome et al. 1985; Dürsteler and Wurtz 1988). 
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Motion signals from MT and MST make direct projections to the pontine nuclei and 

indirect projections, via a pursuit-related region of frontal cortex adjacent to the FEF 

called the frontal pursuit area (FPA, Tanaka and Lisberger 2002a). The FPA is important 

for the execution of smooth pursuit, and appears to be important for the control of smooth 

pursuit gain (MacAvoy et al. 1991; Shi et al. 1998; Tanaka and Lisberger 2001). From the 

pontine nuclei, pursuit-related information is sent to regions of the cerebellum that control 

smooth pursuit, including the ventral paraflocculus and dorsal vermis (Leigh and Zee 

2006; Krauzlis 2004). In particular, the paraflocculus directly participates in the control of 

smooth pursuit via projections to the premotor neurons in the vestibular nucleus, as 

indicated by the very short latencies of microstimulation-evoked smooth pursuit (less than 

10 ms, Lisberger 1994) and neural activity reflecting the information necessary to drive 

the pursuit eye movement (Stone and Lisberger 1990; Krauzlis and Lisberger 1991).  

Spatially organized structures prominent in the production of saccades, notably 

LIP, FEF, and SC, have not been traditionally associated with a role in smooth pursuit. 

These structures, which have been implicated in the selection of saccades, may play a 

more general role in the selection of targets for orienting, and thus be common to the 

sensorimotor processing of saccades and pursuit. In particular, the SC exhibits activity 

related to smooth pursuit (Krauzlis et al. 2000) and projects to structures that are 

important for the control of smooth pursuit (Felleman and van Essen 1991, Sommer and 

Wurtz 2004), making it a reasonable candidate for a shared source for target selection.  
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1.3 The Superior Colliculus 

The superior colliculus is a midbrain structure comprised of seven alternating 

layers of cells and fibers (Wurtz and Albano 1980). The intermediate and deep layers are 

best known for their role in the motor control of saccades, and comprise the portion of the 

colliculus referred to throughout this dissertation by the abbreviation SC. The SC is 

retinotopically organized such that microstimulation evokes saccades of characteristic 

direction and amplitude dependent upon electrode position (Robinson 1972; Schiller and 

Stryker 1972). Evoked saccades are likely mediated by activation of saccade-related burst 

neurons in the SC via projections to premotor regions of the brainstem (Harting 1977; 

Keller et al. 2000; Wurtz and Albano 1980). Consistent with its role in motor control, 

inactivation or lesion of the SC affects the latencies and metrics of saccades directed to the 

affected region of space (Hikosaka and Wurtz 1985a; Schiller et al. 1987), a result that 

will be used to monitor the spatial extent of SC inactivations described in Chapters 2 and 

3 of this dissertation. 

The SC is a strong candidate for shared processing of target selection among visual 

stimuli for saccades and pursuit, anatomically and physiologically. Anatomically, the SC 

receives inputs from striate, extrastriate, and parietal cortex, as well as from the frontal 

lobes both directly and indirectly via basal ganglia (Leigh and Zee 2006). This broad array 

of cortical visual input would allow for the selection of targets based on a variety of visual 

features, with parietal, frontal or basal ganglia inputs providing contextual rules, reward 

expectations, or accumulated evidence relevant to the selection of a target (Histed and 

Miller 2006; Hikosaka et al. 2006; Shadlen and Newsome 2001). Moreover, the 
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retinotopic organization of SC neurons provides spatial representations of targets, 

implicated in selection for saccades and smooth pursuit (Adler et al. 2002). 

Physiologically, the SC is already known to be necessary for saccade selection based on 

evidence from neuronal recordings (Glimcher and Sparks 1992; Horwitz and Newsome 

1999; McPeek & Keller 2002; Krauzlis and Dill 2002), microstimulation (Carello and 

Krauzlis 2004; Dorris et al. 2007) and focal inactivation (McPeek and Keller 2004). These 

results indicate that the SC either participates in selection amongst saccade motor plans or 

in selection amongst potential visual targets of saccadic eye movement. Physiology also 

places the SC in the pursuit system, with some neurons indicating target position relative 

to central gaze during smooth pursuit (Krauzlis et al. 1997; Krauzlis et al. 2000). These 

neurons also discriminate whether the target of the eye movement is within their response 

field, demonstrating a shared neural correlate for target selection in the two systems 

(Krauzlis and Dill 2002). Finally, during smooth pursuit target selection among two visual 

stimuli, subthreshold microstimulation of SC biases smooth pursuit to select the stimulus 

at the site of activation (Carello and Krauzlis 2004). This causal demonstration indicates 

that the SC is in some way connected to structures that carry out pursuit target selection, if 

not an active participant the process. 

In addition to the selection of targets for eye movement, the SC has been 

implicated in the spatial selection of visual stimuli as targets for covert visual 

attention: the process by which primates select and acquire visual information in a 

region of peripheral vision, without shifting gaze (Posner 1980; Egeth and Yantis 

1997). Neural correlates of spatial attention have been identified in the SC (Kustov 
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and Robinson 1996; Ignashchenkova et al. 2004), and microstimulation of the SC can 

influence performance on a visual motion discrimination task (Müller et al. 2005) and 

enhance the ability to detect differences in stimuli in a change-blindness paradigm 

(Cavanaugh and Wurtz 2004). Moreover, reversible inactivation of the SC has 

demonstrated that SC activity is crucial for making perceptual judgments about visual 

motion stimuli in the presence of distracting motion signals (Lovejoy and Krauzlis 

2010). The role of the SC in selection of targets for covert attention suggest that the 

SC may be important for selecting visual stimuli for actions other than eye movement. 

 

1.4 Main Hypotheses Tested 

 The overall aim of this dissertation is to understand how important the SC is for 

selecting visual targets of actions. More specifically the experiments described in 

Chapters 2 and 3 aim to test three main hypotheses that: 

 

1.  SC activity is important for the winner-take-all selection of visual targets for 

eye movements. 

2.  The SC also plays an important role in the selection of visual targets for actions 

other than eye movement. 

3.  SC activity is important for the integration of visual signals from potential 

targets, prior to selection of a single target. 
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Testing these hypotheses sheds light on how the SC fits into the brain circuits 

responsible for transforming sensory signals into actions, indicating the extent and 

importance of the SC in the selection of visual objects. Chapter 4 discusses the key 

findings of the experiments described in Chapters 2 and 3, and their implications. 
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Figure 1.1: Sample smooth pursuit of a visual stimulus presented with a step ramp. The 
position (A) and velocity (B) of a target presented with a step ramp and the tracking eye 
movement. Step ramp onset is at time zero. Whereas eye velocity increases to match the 
target velocity, the eye is never directed toward the initial target step, indicating that 
smooth pursuit primarily responds to target motion, not position.
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Chapter 2: 

Inactivation of Primate Superior Colliculus Biases Target 

Choice for Smooth Pursuit, Saccades, and Button Press 

Responses  

 

Abstract 

In addition to its well-known role in the control of saccades, the primate 

superior colliculus (SC) has been implicated in the processes of target choice for overt 

orienting movements and for covert spatial attention. We focally inactivated the SC, 

by muscimol injection, while monkeys selected the target of a smooth pursuit, 

saccade, or button press response from two competing stimuli. The choice stimuli 

were placed so that one appeared within and the other appeared outside the affected 

visual field. SC inactivation biased the subject to choose stimuli out of the affected 

visual field for all three types of responses, although the effects on target choice were 

significantly smaller for button presses. Inactivation caused no changes in the 

selection of single stimuli within or out of the affected visual field, indicating the 

choice bias was not caused by deficits in response execution. The inactivation-induced 

bias for smooth pursuit and button press responses indicates SC activity is important 

for selecting the target, independent of any role in saccade preparation. 
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2.1 Introduction 

Primates coordinate two types of voluntary eye movements when tracking 

visual objects. Saccades quickly orient gaze to the target position, and smooth pursuit 

matches eye rotation with the target velocity, stabilizing the image on the retina. 

Although historically viewed as distinct systems, recent studies show that saccades 

and smooth pursuit are coordinated by a shared target selection process (Liston and 

Krauzlis 2003, 2005; Case and Ferrera 2007; see Krauzlis 2004, 2005 for review). 

 The superior colliculus (SC) is one of the principal structures implicated in 

saccade selection. The SC is a retinotopically organized midbrain structure long 

known to be important for the generation of saccades (Robinson 1972; Schiller and 

Stryker 1972; Wurtz and Albano 1980; Hikosaka and Wurtz 1985a). The activity of 

some SC neurons indicates whether a stimulus within their response field will be 

chosen as the saccade target (Glimcher and Sparks 1992; Horwitz and Newsome 1999; 

McPeek and Keller 2002). Furthermore, focal inactivation of the SC biases saccade 

selection away from stimuli located within the affected region (McPeek and Keller 

2004) and microstimulation, subthreshold for evoking saccades, biases saccade choice 

toward stimuli at the activated location (Carello and Krauzlis 2004). 

 Evidence from experiments requiring target selection for smooth pursuit 

indicate that the SC is involved in choosing the target of the next eye movement, 

distinct from its role in the production of saccades. SC activity indicates the location 

of objects tracked by smooth pursuit (Krauzlis et al. 1997, 2000), and neurons that 

predict the saccade target also predict the pursuit target (Krauzlis and Dill 2002). 
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Moreover, subthreshold microstimulation in the SC is sufficient to bias choice of the 

stimulus at the retinotopic location, even if this requires a pursuit eye movement 

directed away from that location (Carello and Krauzlis 2004), counter to what would 

be expected of a saccade motor map but consistent with a role in target choice for 

saccades and pursuit. Although these studies indicate that the SC is connected to 

structures responsible for choosing the target of an eye movement, they have not 

determined whether SC activity is crucial for making the target choice. 

 We tested how important the SC is for the selection of visual objects by 

reversibly inactivating the SC of monkeys trained to report their choices with saccade, 

smooth pursuit, and button press responses. Inactivation of the SC biased the 

monkeys’ selections for all three types of response, however the effects were much 

stronger for eye movements than for pressing buttons. Primarily, these results indicate 

that the SC is crucial for selecting visual targets of eye movements. Secondly, these 

results show the SC also plays some role in selecting visual targets used to inform 

button press responses. 

 

2.2 Methods 

Our experiments were controlled by a computer using the Tempo software 

package (Reflective Computing), and a second computer running the Psychophysics 

Toolbox (Brainard 1997; Pelli 1997) in Matlab (MathWorks) acted as a server device 

for presenting the visual stimuli. Stimuli were presented with a video monitor (75 Hz, 

~20 pixels/°) at a viewing distance of 41 cm. Eye movements were recorded using 
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scleral search coils (Judge et al. 1980) and the electromagnetic induction technique 

(Fuchs and Robinson 1966) using standard phase detector circuits (Riverbend 

Instruments). All data and events related to the onset of stimuli were stored on disk 

during the experiment (1 kHz sampling rate) for additional offline analysis. 

 

Animal preparation 

We collected data from two (P and V) adult male rhesus monkeys (Macaca 

mulatta) ages 8 and 9 weighing 9-11 kg. All experimental protocols for the monkeys 

were approved by the Institute Animal Care and Use Committee and complied with 

Public Health Service policy on the humane care and use of laboratory animals. The 

monkeys were prepared and studied using standard surgical techniques that have been 

described in detail previously (Krauzlis 2003). 

 

Behavioral tasks 

We trained the monkeys to select one of two isoluminant stimuli as the target 

of a saccadic, smooth pursuit, or button press response (Figure 2.1). At the start of 

each trial, the monkeys were required to fix gaze on a white 0.2°x0.2° spot at the 

center of visual display, with gray background (16 cd/m2) for 1.5-2 s. After 500 ms, a 

0.4°x0.4° color cue was displayed for 500 ms (either blue or green, luminance 46 

cd/m2), indicating the identity of the upcoming target. At the end of the fixation 

period, two 0.4°x0.4° stimuli (one blue and one green) were displayed on opposite 

sides of the extinguished fixation spot at a fixed eccentricity (offset 0.3° vertically and 
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3.5°-7.2° horizontally, depending on SC site). The stimulus that matched the cue color 

was defined as the target, and the other stimulus was the distracter. Each color was 

assigned to the cue, and each stimulus, on an equal number of trials. 

The task of the monkey was to correctly select the target in order to receive a 

small juice reward at the end of each trial. In three separate blocks, monkeys were 

required to select the target with either a saccadic eye movement, smooth pursuit eye 

movement, or a button press response. Trials for each type of response (saccade, 

pursuit, button press) were blocked into groups of 48 or 56 trials, and these blocks 

were regularly interleaved during experiments. In addition, eight trials in each block 

included only a target, and no distracter, in order to evaluate response execution 

independent of target selection. Experiments typically included 3 or 4 blocks for each 

response type. 

On saccade trials, the target and distracter stimuli remained stationary (Figure 

2.1A, saccade trials), and choice was indicated by the first saccade (70°/s threshold). 

Selection of the target required the saccade end point to land within 2° or 3° of the 

target depending on target eccentricity. 

On pursuit trials, the target and distracter stimuli traveled at constant velocity 

toward the vertical midline of the display, such that they approached the midline close 

to pursuit onset, resulting in saccade-free initiation of smooth pursuit (Rashbass 1961) 

(Figure 2.1B, pursuit trials 17.6°/s to 35.2°/s, depending on stimulus eccentricity). The 

monkey was allowed 280 ms to get within 2° or 4° of the target (depending on target 

speed) and required to stay within 2° or 3° of the target for at least another 200 ms. 
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On button press trials, the fixation spot was presented along with the stimuli, 

which remained stationary (Figure 2.1C, button press trials). The monkey was 

required to maintain central fixation (within 1.5° position, 70°/s velocity threshold) 

until one stimulus was selected by pressing one of two buttons.  The buttons were 

located in a response box outside the monkey’s field of view, within 6 inches of the 

normal resting position of their right hand (both monkeys used only their right hands), 

with one button on either side of the monkey’s midline. The buttons were spatially 

associated to each stimulus so that pushing the button on the right selected the 

stimulus on the right side of the visual display and pushing the button on the left 

selected the stimulus on the left. The choice stimuli were either extinguished or 

masked by white squares after 180 ms to keep the amount of time available to visually 

inspect the stimuli comparable to the saccade task, and a response was required within 

1 s of stimuli onset.  

In addition to the target selection task, monkeys also performed a visually 

guided saccade task to measure the spatial extent of each SC inactivation.  In this task, 

monkeys were required to fixate a centrally located 0.2°x0.2° white spot for 500-1000 

ms, after which the spot stepped to another location on the display. The monkeys were 

given a small juice reward for making a saccade to the white spot within 500 ms. 

 

Reversible SC inactivation 

We inactivated portions of the SC of monkeys V and P using local muscimol 

injections (Hikosaka and Wurtz 1985a, 1985b; Chen et al. 2001) (0.5 µl, 5µg/µl). In 
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18 experiments, injections were aimed at the intermediate and deep layers of the SC 

(1.8-3.0mm below surface). Additionally, in two control sessions we injected sterile 

saline solution at sites previously inactivated with muscimol.  

We identified our injection sites (Table 2.1) as follows. The day before each 

experimental session, we identified an injection site and depth within the SC using 

single-unit recording and electrical microstimulation to evoke saccades consistent with 

metrics encoded by the visited site (microstimulation parameters: 400ms, 500Hz <30 

µA, biphasic pulses). During the session, we usually confirmed our site by observing 

multi-unit or single-unit saccade-related activity and/or evoking saccades with 

microstimulation. Finally, after injecting muscimol, using a custom-made apparatus 

modified from Chen et al. (2001), we verified our site by observing reductions in peak 

velocity of visually guided saccades (Hikosaka and Wurtz 1985a, 1985b). These 

decreases in peak velocity were localized to the region of retinotopic space affected by 

muscimol injection (e.g. see Figure 2.2A,B); no change in peak velocity was observed 

following saline injection. Injection of the entire volume of muscimol or saline was 

done over a period of 16-24 min. 

We typically collected behavior from 3 or 4 blocks (144-224 trials) of the 

target selection task for all three response types (saccade, pursuit, and button press) 

before injection (pre-injection) and 3 or 4 blocks of each response afterward (post-

injection). Our pre-injection data were collected with our injection apparatus resting 

more than 2 mm above our estimate of SC surface obtained from the previous day’s 

recording session, ensuring that no muscimol leaked into the SC while we collected 
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this data. Also, for both the pre-injection and post-injection data sets, all experimental 

parameters were identical, although we rewarded both subjects somewhat more 

generously as the session progressed to maintain motivation. 

On the day following each inactivation experiment, we collected recovery data 

using the same stimulus parameters (data not shown). In addition to confirming that 

the monkeys recovered, we did this to confirm that the monkeys’ pre-injection target 

selection behavior was stationary (i.e., that changes observed with inactivation were 

not caused by natural variability in behavior). 

 

Data analysis 

Eye movements were sampled at 1 kHz. Saccades were detected using velocity 

and acceleration thresholds (Krauzlis and Miles 1996) using 40°/s velocity and 800°/s2 

acceleration thresholds, except prior to pursuit onset, when we used more stringent 

thresholds of 8°/s velocity and 250°/s2 acceleration. Marked saccades were 

individually inspected and verified. The onset of pursuit was estimated from traces of 

horizontal eye velocity on individual trials by fitting a “hinge model”, a linear 

regression technique described previously (Adler et al. 2002) with two modifications: 

the response interval was 100 ms and hinge placements ranged +/- 25 ms from an 

initial subjective estimate of pursuit latency. If a saccade occurred within 50 ms of 

pursuit latency, the trial was discarded. To confirm that this technique provided 

reliable estimates of pursuit onset, it was corroborated by a second test in which we 

compared the velocity at pursuit onset (the first 50 ms after pursuit latency) to the 



19 

 

velocity during fixation (the final 50 ms prior to stimuli onset). We accepted the 

pursuit latency estimate only if the median velocity during pursuit onset was 

significantly greater than during fixation (rank sum test, p <0.01). All pursuit or button 

press trials with saccade amplitudes greater than the typical range for microsaccades 

(up to 0.33°) prior to response onset were discarded. 

Performance on the target selection task was scored using the following 

criterion. Saccade trials were scored correct if the horizontal saccade amplitude was 

directed towards the target. Most of the time the response landed within 1 degree of 

the stimulus (>99% baseline, >90% inactivation), but because SC inactivation can 

reduce the accuracy of saccades (Lee et al. 1988), choices were still assigned for 

saccades that landed further away. Pursuit trials were scored correct if the initial 

horizontal pursuit velocity (mean over first 100 ms after onset) was in the same 

direction as the target velocity (which was always exclusively horizontal, either 

leftward or rightward). Button press responses were scored correct if the button 

corresponding to the target location was pressed. Trials in which the response was 

directed to the distracter and not the target were scored as incorrect, and trials without 

a response to the target or the distracter were discarded. 

To test for differences in target selection performance between different 

conditions, we compared binomial distributions calculated from the fraction of correct 

target selections. In addition, we evaluated changes in performance using methods 

from signal detection theory. Bias was calculated in units of d’ assuming a constant 

criterion (MacMillan and Creelman 2005). In brief, correct selection of a target 
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contralateral to injection (corresponding to the affected visual field), was scored as a 

“Hit” and incorrect selection of a contralateral distracter was scored as a “False 

Alarm.” Bias, c, was then defined as the sum of the z-transformed Hit rate (H) and 

False Alarm rate (FA) values, divided by -2: 

c = -.0.5[z(H) + z(FA)] 

Similarly, sensitivity was measured in units of d’ using the same Hit rate and False 

Alarm rate values. Sensitivity (d’) was defined as the difference of the z-transformed 

Hit rate and False Alarm rate, divided by the square root of 2: 

d’ = [1/sqrt(2)][z(H)-z(FA)] 

Confidence intervals for bias and sensitivity were generated from individual 

experiments using a bootstrap procedure (Efron and Tibshirani 1998). 

All group comparisons between values of latency, fraction correct, bias, 

sensitivity, or error rate were tested for significance using non-parametric signed rank 

or rank sum tests in difference of medians, because these data typically did not fit a 

normal distribution. To limit the number of comparisons, we only made group 

comparisons across factors that were found to be significant using multi-way 

ANOVAs. Furthermore, we controlled for the rate of false positives by correcting for 

multiple group comparisons using a Holm-Sidak step-down procedure (Ludbrook 

1998). Tests for control experiments (saline injections and fixation offset controls) 

were not subject to correction for multiple comparisons to ensure the detection of any 

confounding factors. 
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We found small offsets in the eye position of central fixation away from the 

affected visual field (see Table 2.1), similar to offsets in eye position reported during 

smooth pursuit (Hafed et al. 2008). For monkey P we measured the difference between 

eye position at central fixation before muscimol injection and following the collection 

of post-injection data. Movement of equipment in and out of the magnetic field after 

collection of pre-injection data prevented use of the same method to estimate shifts in 

eye position for monkey V. Instead, we took the difference between saccade 

amplitudes directed into the unaffected region, before and after SC inactivation, 

reasoning that any decrease in amplitude was due to an offset in eye position towards 

the stimulus. The shifts in eye position for monkey V were similar to measurements 

made by Hafed et al. (2008) for a stimulus of the same size, whereas the shifts in eye 

position for monkey P were larger and had greater variance. These measurements were 

used for control experiments, in which we offset the position of fixation by the 

measured amount instead of performing an injection. For these experiments, ANOVA 

did not find that subject (and thus method of offset measurement) was a significant 

factor for the shifts in choice bias; therefore the results from these control experiments 

were pooled across the two monkeys for group comparisons. 

 

2.3 Results 

We measured the target selection behavior of two monkeys (P and V) before 

and after 20 SC injections (Table 2.1). Muscimol was injected into the intermediate 



22 

 

and deep layers of the SC in 18 of the experiments, 6 in P and 12 in V. In addition, 

each monkey received one saline injection into the SC as a control. 

 

Sample inactivation experiment 

Injection of muscimol into the intermediate and deep layers of the SC caused 

large pursuit and saccade selection deficits for targets placed within the affected visual 

field, but only caused a small deficit in button press target selection. The affected 

visual field for a representative muscimol injection (injection #20) is shown shortly 

after injection (Figure 2.2A) and after the collection of post-injection behavior (Figure 

2.2B); the spread of the inactivation is indicated by the reduction in peak velocity of 

visually guided saccades, with saccade end-points indicated by small circles. The 

white squares (Figure 2.2A,B) indicate the starting locations of the target selection 

stimuli for smooth pursuit, saccades, and button press responses; the stimulus on the 

right was placed within the part of the visual field affected by the muscimol injection. 

The sample muscimol injection caused a clear deficit in pursuit target 

selection, indicated by the shift in directions of the initial smooth eye movement. Prior 

to muscimol injection, when the target appeared on the right side, the monkey 

correctly pursued the target (in the leftward direction) 66% of the time (Figure 2.2C, 

Pre-Injection). Following injection, the monkey correctly pursued the target in the 

affected field only 15% of the time (Figure 2.2C, Post-Injection). Before injection, the 

monkey correctly pursued targets on the left side (in the rightward direction) 71% of 
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the time (Figure 2.2D, Pre-Injection). After injection, the monkey correctly pursued 

targets out of the affected field 96% of the time (Figure 2.2D, Post-Injection). 

The sample injection caused a similar deficit in saccade target selection, 

indicated by the change in the endpoints of initial saccades. Prior to injection, when 

the target appeared on the right side, the monkey made a saccade to the target 88% of 

the time (Figure 2.2E, Pre-Injection), but following injection, a saccade was made to 

the target in the affected field only 32% of the time (Figure 2.2E, Post-Injection). 

Before injection, the monkey selected targets on the left side 74% of the time (Figure 

2.2F, Pre-Injection). After injection, the monkey selected targets out of the affected 

field 98% of the time (Figure 2.2F, Post-Injection). 

In contrast to smooth pursuit and saccades, the sample muscimol injection 

caused a small, and not significant, deficit in target choice for button presses. When 

the target appeared on the right side, injection caused button press performance to 

drop from 96% correct selections to 91% (Figure 2.3C). When the target appeared on 

the left side, injection caused performance to improve from 74% correct selections to 

80% (Figure 2.3F). This differed from the larger, statistically significant, changes in 

pursuit (Figure 2.3A,D) and saccade (Figure 2.3B,E) target selection. 

 

Summary of changes in target choice 

We found similar effects on target choice across the set of 18 SC inactivation 

experiments. The results for each experiment are summarized in Figure 2.4A-F by 

plotting the fraction of correct choices after SC inactivation against the fraction of 



24 

 

correct choices prior to SC inactivation, separately for each type of response and by 

target location. 

For smooth pursuit, SC inactivation significantly decreased the fraction of 

correct choices for targets placed within the affected visual field in all 18 experiments 

(Figure 2.4A). Conversely, SC inactivation significantly increased the fraction of 

correct choices for targets placed out of the affected visual field in 17 of the 

experiments (Figure 2.4B). Note that in the case of pursuit, the initial location of the 

target was in the opposite direction of the eye movement required to select it. Thus, for 

pursuit we observed a dissociation between target location and eye movement 

direction: the selection deficits occurred when the target was located in the affected 

field, even though these movements were directed toward the unaffected side. 

The same pattern of results was found for saccades, in which SC inactivation 

significantly decreased the fraction of correct choices for targets placed within the 

affected visual field in 13 of 18 experiments (Figure 2.4C) and increased the fraction 

of correct choices for targets placed out of the affected visual field in 16 of the 

experiments (Figure 2.4D). 

SC inactivation caused smaller and less consistent deficits in target choice for 

button press. The fraction of correct choices for targets placed within the affected 

visual field significantly decreased in 7 of the 18 experiments (Figure 2.4E), and the 

fraction of correct choices for targets placed out of the affected visual field 

significantly increased in 5 experiments (Figure 2.4F). 
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A four-way ANOVA confirmed that the changes in the fraction of correct 

selections depended on target location (with respect to the affected field, p < 0.0001) 

and type of selection response (pursuit/saccade/button press, p = 0.007), and there was 

a significant interaction between these factors (p < 0.0001). However, changes in 

fraction correct did not depend on target color (green/blue, p = 0.25) or subject (P/V, p 

= 0.16), so comparisons were pooled across these factors. Figure 2.4G plots the mean 

changes in fraction correct across the 18 inactivations separated by type of response 

and target location.  For targets within the affected visual field, the fraction of correct 

selections significantly decreased for saccades and smooth pursuit (p < 0.001), and for 

targets out of the affected visual field, the fraction of correct selections for saccades 

and pursuit significantly increased (p < 0.001). The results for button press responses 

followed the same trend as saccades and smooth pursuit, but the changes in fraction 

correct did not reach significance after corrections for multiple comparisons (p = 

0.05).  

For most of the experiments, the deficit in selection of targets within the 

affected field was accompanied by improvement in selection of targets out of the 

affected field, as was the case for the sample inactivation (Figure 2.3). To illustrate the 

collective effect on target selection across both locations, we plotted the change in 

fraction correct for targets within the affected visual field against the change for 

targets out of the affected visual field for each experiment, separated by type of 

response (Figure 2.5). A decrease in fraction correct within the affected field was 

always coupled with an increase in fraction correct out of the affected field for smooth 
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pursuit (Figure 2.5A) and saccades (Figure 2.5B); thus SC inactivation did not cause a 

general increase or decrease in task performance, but instead caused subjects to choose 

the stimulus that was out of the affected visual field more often, increasing 

performance when that stimulus was the target, and decreasing performance when that 

stimulus was the distracter. 

 The spatial bias in target choice can be quantified more compactly with signal 

detection theory by comparing the rates of ‘hits’ and ‘false alarms’ at a particular 

location (MacMillan and Creelman 2005). This measurement of bias depends on the 

fact that as the rates of hits and false alarms to one location increase, the rates of 

misses and correct rejections to the other location decrease. A similar analysis can also 

be used to quantify the monkeys’ ability to discriminate the two stimuli (sensitivity, 

measured as d’). Measurement of bias and sensitivity indicates the overall effect of 

each experiment without having to compare data from two separate locations. We used 

the constant criterion method for calculating bias (see Methods), and bias away from 

the affected visual field was arbitrarily defined as a positive value. 

SC inactivation biased choices away from stimuli in the affected visual field, 

significantly, in all 18 experiments for smooth pursuit and 17 of the experiments for 

saccades (Figure 2.6A,C, respectively), whereas for button presses, choice was 

significantly biased away from the affected visual field in 7 of the 18 experiments 

(Figure 2.6E). Unlike bias, SC inactivation did not cause consistent changes in 

sensitivity for saccades and button press responses (Figure 2.6D,F), but did tend to 

decrease sensitivity for smooth pursuit, with a significant decrease in sensitivity in 8 
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of the 18 experiments (Figure 2.5B). ANOVAs for the changes in bias and sensitivity 

found that the type of response (p < 0.001) was a significant factor. Significant 

changes in spatial bias were found for all three response types (p < 0.02), although the 

shift in bias for smooth pursuit and saccades were significantly larger than for button 

press (p < 0.01). The change in bias for smooth pursuit was, on average, larger than 

the change in bias for saccades, but this result was not significant (p = 0.05). SC 

inactivation did not significantly change sensitivity for any of the response types, 

however there was a trend towards a reduction in sensitivity for smooth pursuit (p = 

0.05); this was a result of several inactivations causing a near-complete bias to pursue 

the stimulus out of the affected region, which due to the balanced trial design forced 

sensitivity towards zero. 

We calculated the correlations among change in bias for the three response 

types. The correlation coefficient was 0.37 between saccades and pursuit and 0.22 

between saccades and button presses, but neither was correlated significantly (p = 0.13 

and p = 0.37, respectively). A somewhat stronger correlation coefficient of 0.55 was 

found between pursuit and button presses, which was not significant after correction 

for multiple comparisons (p = 0.05). 

We also analyzed changes in how often the monkeys failed to make responses 

following muscimol injection. The monkeys failed to make a response on less than 1% 

of saccade choice trials before and after injection, with no failures for most 

experiments. The median rate of failure to respond was not greater than 0 (p = 0.25). 

The failure rate for pursuit choice trials increased from 3.2% before injection to 3.5% 
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after injection, which was not significant (p = 0.57). However, there was a significant 

increase in response failure from 2.8% to 5.2% when the target was within the affected 

visual field (p = 0.045), and decrease when the target was out of the affected visual 

field (p = 0.063). Thus, these changes in failure to respond follow the same pattern as 

the observed bias in target choice, in that the monkeys were less likely to respond 

when the target was in the affected visual field, and more likely to respond when the 

stimulus was out of the affected visual field. The rate of failure for button presses also 

increased from 2.1% to 5.4% of choice trials (p = 0.002), however there was no 

difference in the rate of failure to respond based on target location relative to the 

affected visual field (p = 0.48), and so the failures seem to be unrelated to effects on 

target choice. 

 

The influence of task difficulty on changes in choice bias 

Performance on the button press task (0.81 mean fraction correct) was 

typically greater than performance on the saccade and pursuit tasks (0.69 and 0.67 

mean fraction correct, respectively). However, there was some variance in 

performance from week to week. Figure 2.7 compares the difficulty of each task, 

measured prior to muscimol injection, to the effect of the SC inactivation on target 

selection. Even when performance on the saccade and pursuit tasks was comparable to 

performance on the button press task, the shift in bias was much larger for saccades 

and pursuit. This was also apparent in the rare cases when saccade or pursuit 
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performance was better than button press performance in the same experimental 

session (Figure 2.7, connected symbols). 

 

Control experiments 

One possible explanation for the effects on target selection is that on some 

trials the monkeys were not able to execute a response to the stimulus within the 

affected visual field. To test this explanation, we interleaved trials that showed only 

the target stimulus in each of the 18 SC inactivation experiments. Even under baseline 

conditions, the monkeys would occasionally fail to select the target on these trials (< 

3% of trials for any of the sessions), either by waiting too long to respond, breaking 

fixation, or in the case of button press trials, pressing the wrong button. Following SC 

inactivation, we found no changes in the rate of error for selecting a single stimulus 

placed within the affected visual field for any of the response types (p > 0.12). 

To test that the changes in target selection were caused by the action of 

muscimol, and not simply the injection of fluid, each monkey received an injection of 

saline at the same site and depth of a successful inactivation experiment. Neither 

saline injection caused a significant change in the fraction of correct selections for any 

of the response types, regardless of the target location (Figure 2.4A-F, upright 

triangles). Consequently, virtually no changes in spatial bias were observed for either 

injection (Figure 2.6A,C,E).  

SC inactivation is known to shift the position of central gaze a small amount 

away from the affected visual field when tracking a visual target (Hafed et al. 2008). If 
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offsets in central gaze occurred during fixation in our target selection tasks, they 

would shift stimuli placed outside the affected field closer to central gaze, which could 

influence the stimulus choice. We measured the shifts in central gaze caused by 

muscimol injection (see Methods, Table 2.1), which were typically small (mean 0.08° 

in V, 0.32° in P). To test whether offsets in the position of gaze contributed to our 

results, we performed a series of yoked control experiments. For each SC inactivation, 

we conducted a control session in which we collected target selection data before and 

after shifting the fixation spot by the measured offset in central gaze during that 

inactivation experiment.  The changes in bias for pursuit, saccades and button press 

caused by matched offsets in central gaze were significantly smaller than the changes 

in bias caused by SC inactivation (Figure 2.8, p < 0.05). Therefore the behavioral 

changes caused by SC inactivation cannot be explained by the resulting shifts in 

central gaze. However, if the offsets in central gaze caused some non-zero bias in 

target choice, then they still may have contributed to the total changes in bias caused 

by SC inactivation.  This was only the case for smooth pursuit (Figure 2.8, p = 0.032), 

which resulted in a change in bias about 10% as large as the change in bias caused by 

SC inactivations. 

 

Effects of SC inactivation on choice latency 

In addition to biasing the distribution of target choices, SC inactivation also 

changed the latency of choices, depending on the stimulus location relative to the 

affected visual field. The effects of SC inactivation on response latency for individual 
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experiments is shown in Figure 2.9A-F; for statistical reasons, we only analyzed 

response latency for conditions with at least 10 trials, which unfortunately excluded 

some data from the experiments with the strongest effects on target choice. As 

expected from role of the SC in saccade generation, inactivation significantly 

increased the mean latency of saccades to stimuli in the affected visual field for all 15 

experiments analyzed (Figure 2.9C). This trend was also apparent for smooth pursuit, 

in which 5 of the 7 experiments analyzed showed a significant increase in latency 

(Figure 2.9A), and 10 of 18 experiments analyzed showed a significant increase in the 

latency of button press for stimuli in the affected field (Figure 2.9E). For selections of 

stimuli out of the affected field, SC inactivation decreased the latency of smooth 

pursuit significantly in 16 of 17 experiments analyzed (Figure 2.9B). SC inactivation 

also significantly decreased the latency of saccades in 6 of 18 experiments analyzed, 

all from monkey P (Figure 2.9D), and there was no consistent change for button 

presses, with a significant decrease in latency for 4 of 18 experiments and a significant 

increase in latency for another 4 of the experiments (Figure 2.9F). 

A four-way ANOVA indicated that type of response (p < 0.0001) and stimulus 

location (p < 0.0001) were significant factors influencing the changes in choice 

latency caused by SC inactivation, and these factors had a significant interaction (p < 

0.0001), whereas subject (p = 0.1) and stimulus color (p = 0.9) were not significant 

factors. Figure 2.9G plots the mean change in latency by type of response and stimulus 

location. For smooth pursuit and saccades, the latency of selecting stimuli within the 

affected field significantly increased compared to the latency of selecting stimuli out 
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of the affected field (p < 0.001). This trend was also apparent for the button press 

responses, but was not significant (p = 0.12). The mean latency of smooth pursuit not 

only increased for stimuli within the affected visual field, but also significantly 

decreased for stimuli out of the affected visual field (p < 0.05), and during some 

experiments the pursuit latency was comparable to the latency of pursuit to single 

stimuli. 

 

2.4 Discussion 

In addition to its well-known role in the control of saccades, the primate SC 

has been implicated in the processes of target choice for overt orienting movements 

and the allocation of covert spatial attention. The results from our present study 

demonstrate that the SC is crucial for selecting the target of eye movements in 

addition to its role in the selection, preparation, and execution of saccades. The 

smaller effects of SC inactivation on the button press task could be a result of the role 

of the SC in visual processing, the allocation of attention, or evidence for an additional 

role of the SC in selecting visual objects that guide arm and hand movements. 

 

The SC is crucial for target choice of orienting movements 

 Our primary result is that SC inactivation biases the target choice away from 

the affected visual field for smooth pursuit and saccades. These effects on target 

choice are consistent with studies that have identified SC activity that is predictive of 

the target choice for saccades (Glimcher and Sparks 1992; Horwitz and Newsome 
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1999, 2001a, 2001b; McPeek and Keller 2002) or otherwise related to target 

probability (Basso and Wurtz 1998). Previous inactivation experiments have shown 

that SC activity plays a causal role in selecting the upcoming saccade (McPeek and 

Keller 2004); however, because saccades are directed to the target location, this effect 

could be limited to saccade selection rather than a general effect on target selection. 

 The effects of inactivation on smooth pursuit are important for concluding that 

the SC is crucial for target choice, because smooth pursuit permits a dissociation of the 

target location from the direction of the eye movement. To exploit this, we used step-

ramp stimuli (Rashbass 1961) that appeared in one visual hemifield and moved 

smoothly into the opposite visual hemifield. If the SC was only important for choosing 

an oculomotor plan, then inactivation should cause more eye movements directed 

away from the affected visual field. Instead, SC inactivation resulted in more eye 

movements directed toward the affected visual field due to increased selection of 

stimuli placed outside the affected visual field. These results on target selection are 

consistent with our earlier findings that some SC neurons show an elevated level of 

activity when the target is located in their response field for both smooth pursuit and 

saccades (Krauzlis and Dill 2002), and that microstimulation biases target choice for 

smooth pursuit to the stimulus at the corresponding location, even though the pursuit 

was directed away from the site of stimulation (Carello and Krauzlis 2004). Whereas 

single unit recording and microstimulation demonstrated that the SC is connected to 

the circuits responsible for selecting the targets of eye movements, our inactivation 

results demonstrate that activity from the SC is crucial for normal target selection. 
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 The effects of SC inactivation on target selection are not a result of 

impairments in motor execution to, or the inability to see, the visual stimulus within 

the affected region because the ability to select stimuli presented alone, without a 

distracter, was unimpaired. 

SC inactivation also affected the latency of saccades and smooth pursuit, 

compatible with an effect on target choice. Models of response latency generally 

assume that the response is triggered when some decision-related signal reaches a 

threshold (Carpenter and Williams 1995; Ratcliff et al. 1999; Reddi and Carpenter 

2000; Ratcliff and McKoon 2008). If the SC is part of the circuit that produces such a 

decision-related signal then we would expect changes in choice latency in addition to 

the distribution of choices. Specifically, the removal of SC activity supporting 

selection of a stimulus within the affected visual field should also increase the latency 

of those selections. This is precisely what was observed for smooth pursuit and 

saccades. The mean latency of button presses also increased following SC 

inactivation, but for both stimulus locations (Figure 2.9G) and so may have been due 

to fatigue of the arm and hand. Nevertheless, there was a trend for the increase in 

button press latency to be larger when selecting the stimulus in the affected field (p = 

0.12). 
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Why does SC inactivation affect target choice for the button press? 

In addition to affecting target choice for eye movement, SC inactivation also 

significantly biased target choices for button press responses away from stimuli in the 

affected visual field.  

One explanation for the effect on button press target choice is that the SC is 

important for selecting the target of the arm and hand, in addition to the eye 

movement. Some neurons in the SC respond during reaching movements and button 

press interactions with objects (Werner et al. 1997a,b; Stuphorn et al. 2000; Nagy et 

al. 2006). These neurons can broadly be divided into two classes based on whether 

their response fields are gaze-centered or gaze-independent. Neurons with gaze-

centered response fields are more heavily distributed in the intermediate and deep 

layers of the SC, and were probably inhibited by the injection of muscimol. However, 

it is unlikely that inactivation of these reach-related neurons caused the effects on 

button press target choice, because the response fields of these neurons appear to be 

organized randomly with respect to the retinotopic map for eye movement, such that it 

would be unlikely to preferentially affect neurons selective for contralateral reaching 

movements (Stuphorn et al. 2000). Furthermore, even if there were a retinotopic 

deficit for reach-related neurons, the reach goals (i.e. the buttons) were located far 

below the portion of the visual field targeted by muscimol injection.  

A more likely explanation for the effects on button press target choice is that 

SC inactivation affected visual processing of the stimuli located within the affected 

visual field, either by disrupting the monkey's ability to attend to the stimulus or by 



36 

 

altering its appearance. Some neurons in the SC show elevated activity when attending 

to a stimulus within their response fields (Kustov and Robinson 1996; Ignashchenkova 

2004), and activation of the SC, by microstimulation, causes behavioral effects that 

mimic the shifts in attention instructed by visual cues (Cavanaugh and Wurtz 2004; 

Müller et al. 2005). Furthermore, focal inactivation centered in intermediate SC layers 

demonstrates that SC activity is crucial to covertly select a cued signal in the presence 

of a distracting signal (Lovejoy and Krauzlis 2010). Thus it is likely that our muscimol 

injections caused some deficit in the normal visual processing of stimuli within the 

affected visual field, biasing the subjects to base their responses on stimuli outside of 

the affected visual field.  From this perspective, the effects of SC inactivation on 

button press responses could help parcel out the contribution of visual deficits to the 

observed changes in eye movement target selection. However, because the effects of 

SC inactivation on button press responses could have been due to several factors, as 

we discuss below, we do not think that our button press data can be used to make a 

quantitative estimate of the size of this putative visual component of the SC 

inactivation effect. 

 

Why are the effects on button press responses smaller? 

Although SC inactivation caused significant changes in button press target 

choice, these effects were also significantly smaller than effects on target choice for 

eye movements. The smaller effects could be due to differences between the button 

press and eye movement forms of the choice task. For example, monkeys tended to 
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have better baseline performance on the button press task, and mean latencies were 

greater for button presses than for saccades or smooth pursuit. The differences in task 

difficulty are probably not responsible for the differences in effects on target selection 

because SC inactivation caused larger selection deficits for saccades and pursuit even 

when performance was comparable to the button press task (Figure 2.7). However, it 

is possible that the greater urgency associated with initiating eye movements made 

them more susceptible to SC inactivation. Additionally, the eye movement task 

required the target's precise spatial location to execute a response, whereas the button 

press task only required knowing the target's side before the response could be 

converted into coordinates related to the arm and hand for the button press, which 

could be less dependent on SC activity. It is possible that these differences made the 

button press task less demanding on visual attention, resulting in smaller effects on 

target selection. 

Another explanation is that the SC is important for target selection of overt 

orienting in addition, and distinct from, its role in selection for covert visual attention. 

In this case, the stronger target selection deficits for saccades and pursuit may be due 

to SC activity with a direct role in selection for overt orienting, perhaps via descending 

projections to the pontine nuclei or other brainstem regions (Harting 1977). In 

contrast, the influence of the SC on covert attention is likely mediated via ascending 

pathways through thalamus, possibly through the mediodorsal nucleus, to the frontal 

eye fields (Sommer and Wurtz 2004), a structure implicated in the control of visual 

attention (Moore and Fallah 2004; Moore and Armstrong 2003). Identifying these 
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different processing pathways, and how they interact, could provide a new approach 

for investigating the relationship between perception and action. 

 

Future Directions 

 The presence of effects on button press choice raises additional questions that 

could be addressed in future experiments. For example, the arm and hand movements 

in our task were not directed to the spatial position of the target on the screen; it would 

be interesting to investigate whether there would be a larger deficit in choice of arm 

and hand movement if the monkey were required to touch the stimulus on the screen 

in order to select it. It also remains unknown how the effects on button press choice 

depended on the direction of the movement, which in our experiment tended to be 

correlated with the target. One way of testing this would be to associate the left button 

with the target on the right and vice versa.  Finally, we do not know the spatial 

specificity of the inactivation effects on target choice. It would be informative to 

investigate whether deficits still occur if both the target and distracter are located in 

the same visual hemifield, or if the effects on target choice are precisely restricted to 

just the spatial locations where a deficit in saccade reaction time is observed. 

Together, these issues highlight the growing recognition that the primate SC is not just 

a motor map for saccades, but plays a broader role in controlling the selection of 

behavioral responses. 
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Figure 2.1: Schematic of target selection tasks. Each box depicts the monitor display at 
a point in the trial. On each trial the monkey fixated the central stimulus while a color 
cue was presented, and committed that color cue to memory. A, On saccade trials the 
monkey made a saccade to fixate the stimulus that matched the cue to earn a juice 
reward. B, On smooth pursuit trials the monkey tracked the matching stimulus without 
making a saccade during the first 250 ms of stimulus presentation. C, On button press 
trials the monkey maintained fixation on the central white spot, and selected the 
matching stimulus by pressing a left or right button to indicate his choice.
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Table 2.1: Summary of injection experiments. The injection site was measured by the 
mean horizontal (H) and vertical (V) amplitude of evoked saccades at the injection 
depth. The location of the stimulus targeted by each injection is provided, and the 
strength of inactivation is given by the peak velocity of saccades to that location 
shortly after injection (S1) and after data collection (S2), normalized to pre-injection 
saccades. The fixation offset indicates the mean displacement in eye position during 
fixation caused by SC inactivation. † Indicates the injection site was measured from 
the same site and depth on the previous day due to failure to evoke saccades with the 
injectrode. a Indicates saline was injected instead of muscimol. * Indicates the change 
in bias was statistically significant at the 0.05 level. 
 
Subject Inject 

# 
Inject 

volume 
Injection 

depth 
Injection 

site 
Stimulus 
location 

Strength of 
inactivation 

  (µl) (mm) H (°) V (°) H (°) V (°) S1 S2 
V 1† 0.5 2.70 -3.7 -1.6 -3.5 -0.3 0.83 0.71 
 2 0.5 1.90  1.1  1.1  3.5  0.3 0.97 0.85 
 3† 0.5 2.50  0.6 -0.1  3.5  0.3 0.91 0.67 
 4 0.5 2.00 -4.4 -0.5 -3.5 -0.3 0.79 0.67 
 5† 0.5 2.00  1.9  2.2  3.5  0.3 1.02 0.79 
 6† 0.5 2.05  1.5  0.5  3.5  0.3 0.97 0.68 
 7 0.5 1.80 -4.5 -0.3 -3.5 -0.3 0.84 0.65 
 8 0.5 2.00 -2.9 -0.3 -3.5 -0.3 0.72 0.55 
 9† 0.5 2.20  0.2  0.8  3.5  0.3 1.06 0.70 
 10a 0.5 2.10 -4.8  0.5 -3.5 -0.3 1.09 1.11 
 11 0.45 2.00  4.0  0.2  7.5  0.3 0.66 0.55 
 12 0.5 2.00 -3.4 -0.3 -7.5 -0.3 0.90 0.60 
 13 0.4 2.00  4.2  0.3  7.5  0.3 0.81 0.53 
P 14 0.5 2.45 -1.6 -0.3 -4.5 -0.3 0.76 0.51 
 15 0.5 2.00  4.0  0.3  4.5  0.3 0.91 0.72 
 16 0.5 2.75  3.3  0.6  4.5  0.3 0.59 0.61 
 17 0.25 2.25 -1.7 -0.4 -4.5 -0.3 0.62 0.58 
 18a 0.5 2.30  2.5 -0.1  4.5  0.3 0.95 1.08 
 19 0.5 2.40 -2.3 -0.1 -6.5 -0.3 0.87 0.72 
 20 0.5 2.25  1.2  0.4  6.5  0.3 0.57 0.49 
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Table 2.1 continued. 
 
Subject Inject 

# 
Fixation offset Change in bias 

  H (°) V (°) Pursuit Saccade Button 
V 1†  0.08  0.03  1.47*  0.72*  0.51* 
 2 -0.02 -0.04  0.58*  0.24  0.25 
 3† -0.11 -0.01  1.27*  0.74*  0.34* 
 4  0.06  0.06  1.65*  0.79*  0.14 
 5† -0.11 -0.02  1.20*  1.02* -0.41 
 6† -0.01 -0.04  2.04*  0.34*  0.00 
 7  0.10  0.01  2.33*  1.18*  0.28 
 8  0.09  0.06  2.64*  1.25*  0.39* 
 9† -0.05 0  1.34*  0.41*  0.21 
 10a  0.03  0.03 -0.05  0.20 -0.43 
 11 -0.15 -0.03  2.81*  1.25*  0.94* 
 12 0 0  2.02*  0.79*  0.12 
 13 -0.17 -0.01  2.02*  0.75*  0.20 
P 14  0.39  0.29  3.29*  1.76*  0.53* 
 15  0.29  0.60  1.66*  2.02*  0.17 
 16 -0.56  0.07  1.54*  2.00*  0.24 
 17 1.11 0.30  2.71*  1.73*  0.45* 
 18a -0.13 0  0.01  0.04 -0.04 
 19 0 -0.04  0.62*  1.25* -0.01 
 20 -0.16  0.04  1.30*  1.50*  0.31* 
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Figure 2.2: Sample injection experiment demonstrating the effects of focal SC 
inactivation on target selection. A, B, The extent of SC inactivation was measured by 
plotting peak velocity of visually guided saccades normalized to saccades made prior to 
inactivation, (A) shortly after muscimol injection, and (B) after the collection of target 
selection behavior. The amplitude of visually guided saccades are given by the small 
circles. The white squares indicate the starting locations of the target selection stimuli. 
C, D, For smooth pursuit target selection, the distribution of choices is illustrated by 
plotting the mean horizontal eye velocity against mean vertical eye velocity for the first 
100 ms of smooth pursuit. The changes in the choice distributions caused by muscimol 
injection are shown separately for trials in which the target appeared on the (C) right or 
(D) left side. E, F, For saccade target selection, the distribution of choices is illustrated 
by plotting the horizontal saccade amplitude against the vertical saccade amplitude, 
with choice distributions shown separately for trials in which the target appeared on the 
(E) right or (F) left side.
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Figure 2.3: Changes in target selection from a sample SC inactivation. A-C, Bar plots 
of the fraction of correct choices before (Pre) and after (Post) muscimol injection into 
the superior colliculus when the target appeared within the affected visual field, as 
indicated by the schematic on the left, separately for (A), smooth pursuit, (B), saccade 
and, (C), button press response trials. Error bars are one-tailed 95% confidence 
intervals. D-F, Bar plots of the fraction of correct choices when the target appeared out 
of the affected visual field separately for (D), smooth pursuit, (E), saccade and, (F), 
button press response trials, using the same conventions as A-C.
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Figure 2.4: Summary of the change in the fraction of correct trials for all injection 
experiments. A, B, For each experiment, the fraction of correct selections before 
injection is plotted against the fraction of correct selections after injection for (A) 
smooth pursuit trials with the target in the affected visual field and (B) smooth pursuit 
trials with the target out of the affected visual field. Muscimol injections into the 
intermediate SC are indicated by diamonds for subject P and circles for subject V. 
Saline injections are indicated by triangles. Filled symbols indicate a significant 
difference at the 0.05 level. C-F, same format as A, B for (C, D) saccade and (E, F) 
button press responses. G, Bar plot of the mean changes in fraction correct over all 
injections into the intermediate SC, separated by trial type and target location. Error 
bars are standard error of the mean. 
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Figure 2.5: Summary of the overall shift in behavior caused by each SC inactivation. 
A, The overall change in behavior for smooth pursuit is shown by plotting the change 
in fraction correct following muscimol injection for trials with targets that started out 
of the affected visual field against the change in fraction correct for targets that started 
in the affected visual field. Points lying in the lower right quadrant indicate an overall 
shift of choice away from the affected visual field. B, C, Same format as A for (B) 
saccade and (C) button press responses. 
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Figure 2.6: Summary of the shifts in bias and sensitivity caused by each SC injection. 
A, B, For the pursuit trials from each experiment, pre-injection bias (A) and sensitivity 
(B) are plotted against the post-injection values. Positive bias values indicate a bias 
towards the affected visual field, and symbol conventions are the same as Figure 2.4A-
F. C-F, same format as A, B for (C, D) saccade and (E, F) button press responses. 
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Figure 2.7: Changes in bias given task performance. The change in bias caused by SC 
inactivation for the pursuit (red), saccade (blue), and button press (green) tasks is 
plotted against the monkey’s performance, indicated by the pre-injection fraction of 
correct trials. Circles indicate experiments with subject V, diamonds with subject P. 
Connected symbols are results from the same SC inactivation experiment. 
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Figure 2.8: Mean change in bias for SC inactivation and fixation offset control 
experiments. A bar plot of the mean changes in bias over all 18 SC inactivation 
experiments, light gray, and the yoked offset control experiments, dark gray, 
separately for each type of response. Error bars are standard error of the mean, * 
indicates the difference in bias is significant at the 0.05 level. 
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Figure 2.9: Summary of the changes in latency for all injection experiments. A, B, For 
each experiment, the mean latency of selections before injection is plotted against the 
mean latency of selections after injection for (A) smooth pursuit of the stimulus within 
the affected visual field and (B) smooth pursuit of the stimulus out of the affected 
visual field. The symbol conventions are the same as Figure 2.4A-F. C-F, Same format 
as A, B for (C, D) saccade and (E, F) button press responses. G, Bar plot of the mean 
change in latency for all injections into the intermediate SC layers, separated by trial 
type and target location. Error bars are standard error of the mean. 
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Chapter 2, in full, appears as it was published in the Journal of 

Neurophysiology, 2010, Nummela, S. U., Krauzlis, R. J. The dissertation author was 

the primary investigator and author of this paper and the co-author listed in this 

publication directed and supervised the research which forms the basis for this chapter. 
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Chapter 3: 

The Primate Superior Colliculus is Important for the 

Graded Selection of Targets for Eye Movement 

 

Abstract 

 The primate superior colliculus (SC) is important for the winner-take-all 

selection of targets for orienting movements. Such selection takes time, however, and 

the earliest motor responses typically are guided by a “vector average” of the visual 

stimuli, prior to the winner-take-all selection of a single target. We tested whether SC 

activity plays a role in this pre-selective stage of orienting by inactivating the SC by 

local muscimol injection. After SC inactivation, initial orienting responses still 

followed a vector average, but the contribution of the visual stimulus in the affected 

field was decreased, and the contribution of the stimulus out of the affected field was 

increased. These results demonstrate that the SC plays an important role in the pre-

selective integration of visual signals for orienting, in addition to its role in the winner-

take-all selection of the target. 

 

3.1 Introduction 

 The winner-take-all selection of a single visual target in the presence of 

distracters is a time-consuming process that can significantly delay the onset of eye 

movements (Ferrera and Lisberger 1997a, Krauzlis et al. 1999, Chou et al. 1999). The 
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earliest tracking response is to smoothly pursue a weighted average of the motion from 

the potential targets (Lisberger and Ferrera 1997). This pre-selective integration of the 

visual signals evolves over time towards a winner-take-all outcome (Case and Ferrera 

2007), and the final choice is typically solidified by a saccade to the chosen target 

(Lisberger 1998, Gardner and Lisberger 2001, Liston and Krauzlis, 2003, 2005). 

 The intermediate and deep layers of the superior colliculus (SC) are known to 

play a prominent role in the winner-take-all selection of a single target for eye 

movement. The SC forms a topographic map of visual space important for the 

execution of saccades (Robinson 1972, Schiller and Stryker 1972, Wurtz and Albano 

1980). In addition, some neurons in the SC elevate their firing rate when the target of 

an impending eye movement is within their response field (Glimcher and Sparks 1992, 

Horwitz and Newsome 1999, McPeek and Keller 2002, Krauzlis and Dill 2002), and 

the manipulation of SC activity has demonstrated a causal contribution to target 

selection. Microstimulation of the SC biases eye movement to select the stimulus at 

the corresponding site (Carello and Krauzlis 2004, Dorris et al. 2007) and inactivation 

of the SC biases eye movement to select stimuli out of the affected portion of the 

visual field (Nummela and Krauzlis 2010 , McPeek and Keller 2004). 

 Prior to the selection of a single target, SC activity shows graded selectivity. In 

some neurons, SC activity is related to the likelihood of choosing a potential target for 

eye movement (Basso and Wurtz 1997, 1998), and SC activity becomes more 

predictive of the target selection at time points closer to movement onset (Krauzlis and 
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Dill 2002). However it is unknown whether this activity prior to selection contributes 

to the integration of visual signals that occurs during the earliest pursuit response. 

 In this paper we focally inactivated the SC to demonstrate that SC activity is 

important for the pre-selective integration of visual signals for orienting. One of two 

potential targets was placed within the visual field affected by the inactivation and one 

was placed out of the affected field. Inactivating the SC reduced the contribution of 

motion from the potential target placed within the affected visual field by about one 

third. This effect was observed from the initiation of the eye movement, indicating that 

SC activity affects how visual signals are combined even during the earliest stages of 

tracking eye movement, in addition to its subsequent role in the winner-take-all 

selection of the target. 

 

3.2 Results 

 We measured the initial smooth pursuit eye movement tracking a single target 

or two potential targets (Figure 1A) in two monkeys, V and P. On two-stimuli trials, 

the stimuli moved in orthogonal directions toward the center of the screen. Upon 

reaching the center, one stimulus disappeared, and the subject was rewarded for 

tracking the remaining target. The subjects were given no reason to prioritize one 

stimulus over another; they were identical in appearance and were equally likely to 

become the rewarded target. 

 Initially, smooth pursuit of two stimuli was a weighted average of the pursuit 

response to the individual stimuli. Figure 1B shows the trajectory of the first 50 ms of 
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smooth pursuit, averaged over many trials, to single stimuli (gray) and two stimuli 

(blue). Tracking two stimuli uses motion signals from both of the diagonally moving 

stimuli, resulting in horizontal pursuit. 

 To test if SC activity is important for the graded selection that initially occurs 

on two-stimuli trials, smooth pursuit during the single- and two-stimuli tasks was 

recorded before and after focal muscimol injection to SC sites that corresponded to the 

starting position of one of the pursuit stimuli. A total of 21 muscimol injections were 

performed (Table 1), 13 in subject V and 8 in subject P, spanning both colliculi. 

Additionally, saline was injected, in place of muscimol, for one experiment in each 

subject. 

 

Sample SC inactivation experiment 

 The visual field affected by a representative muscimol injection (Injection #12, 

Figure 2A) is indicated by the reduction in peak velocity of visually guided saccades. 

The small white circles indicate the end-points of saccades made after muscimol 

injection. The white squares indicate the starting position and motion direction for two 

of the pursuit stimuli, illustrating one of the stimulus configurations for the two-

stimuli task. For this injection, the stimulus located in the upper left visual field, which 

moved diagonally down and right, was located within the affected visual field. 

 The sample SC inactivation caused an upward shift in the smooth pursuit 

response to the two-stimuli trial configuration shown in Figure 2A. The upward shift 

in pursuit is illustrated by plotting the initial pursuit trajectory, averaged over many 
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trials, before (blue) and after (red) muscimol injection (Figure 2B). The resulting shift 

in pursuit indicates either a smaller contribution of the stimulus moving down and 

right, or a larger contribution of the stimulus moving up and right. 

 To quantify the contribution of each stimulus to smooth pursuit on two-stimuli 

trials, we calculated a weight for each stimulus as depicted in Figure 2C.  The mean 

eye velocity of the first 50 ms of pursuit is plotted as a vector for single-stimulus trials 

(solid black) and two-stimuli trials before (solid blue) SC inactivation and for two-

stimuli trials after (solid red) SC inactivation. Stimulus weights were calculated by 

decomposing the response to both stimuli, R12, into the response to the individual 

stimuli, R1 and R2, by solving the equation:  R12 = w1R1 + w2R2, in which w1 and w2 

indicate the weights of each stimulus. The stimulus weights, which scale the single 

stimulus responses, are plotted as vectors before (dashed blue) and after (dashed red) 

SC inactivation. In this sample injection, the weight of the stimulus within the affected 

region was significantly decreased from 0.7 to 0.5 (Figure 2D, Within) and the weight 

of the stimulus out of the affected region was significantly increased from 0.5 to 1 

(Figure 2D, Out of). 

 

Summary of the effect of SC inactivation on stimulus weight 

 SC inactivation consistently decreased the weight of moving stimuli placed 

within the affected visual field across the set of 21 experiments. This is summarized in 

Figure 3A by plotting the stimulus weight before muscimol injection against the 

stimulus weight after muscimol injection. There are two data points for each SC 
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inactivation, one for each configuration of two stimuli, in which one stimulus was 

placed in the affected field. Filled symbols indicate a significant change in weight (p < 

0.05), and the red symbol indicates the sample pursuit shown in Figure 2. There was a 

significant decrease in weight of stimuli placed within the affected field in 25 of the 42 

configurations (p < 0.05). 

 SC inactivation also tended to increase the weight of the stimulus placed out of 

the affected visual field (Figure 3B), with a significant increase in weight measured in 

17 of the 42 configurations (p < 0.05). 

 A decrease in weight for the stimulus in the affected field and an increase in 

weight for the stimulus out of the affected field were observed in both monkeys. 

Figure 3C plots the mean change in weight by stimulus location (in or out of the 

affected field) and subject (V or P) for all 21 muscimol injections. For subject V, SC 

inactivation caused a highly significant decrease in weight for stimuli placed in the 

affected field, by 43% on average (p < 0.001) and a modest 13% increase in weight for 

stimuli placed out of the affected field, which did not reach significance after 

corrections for multiple comparisons (p = 0.05). For subject P, SC inactivation caused 

a significant decrease in weight by 15% for stimuli placed within the affected field (p 

< 0.001) and a significant increase in weight by 19% for stimuli placed out of the 

affected field (p < 0.001). Because SC inactivation caused the same qualitative shifts 

in stimulus weight for both monkeys, data from both monkeys was pooled for further 

analysis. 
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Decrease in stimulus weight was restricted to the affected field 

 SC inactivation affected the weight of stimuli similarly, whether they were 

both in the same visual hemifield (and thus represented by the same colliculus) or 

opposite visual hemifields. A summary of the change in weight for the eight 

experiments with stimuli moving in diagonal directions is given in Figure 3D. The 

stimulus within the affected field was significantly decreased whether it was 

accompanied by a stimulus in the same hemifield (p = 0.041) or in the opposite 

hemifield (p = 0.004), and there was no difference in how much the weight decreased 

(p = 0.16). Similarly, the weight of the stimulus out of the affected field increased 

whether placed in the same hemifield (p = 0.044) or opposite hemifield (p < 0.001) of 

the stimulus in the affected field. However, there was a larger increase in weight for 

stimuli placed opposite the affected hemifield (p = 0.007). 

 

SC inactivation affected stimulus weight from the initiation of pursuit 

We examined the effect of SC inactivation on stimulus weight at a finer 

timescale during pursuit initiation, by calculating the mean change in stimulus weight 

for 20 ms blocks from pursuit onset. Figure 4A shows the change in stimulus weight 

from pursuit onset for stimuli within the affected field (blue) and out of the affected 

field (green). Qualitatively, the weight of the stimulus in the affected field is reduced 

at the onset of pursuit and this decrease in weight is sustained over the initiation of 

pursuit. Similarly, there is an increase in the weight of the stimulus out of the affected 

field. Figure 4C provides an accompanying plot of the radial eye velocity indicating 
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the time course of the pursuit eye movement. The mean result for all 21 SC 

inactivation experiments is a significant decrease in weight for stimuli within the 

affected visual field (Figure 2E), and increase in weight for stimuli out of the affected 

field, that is sustained throughout the first 150 ms of pursuit. Data after 150 ms is 

difficult to interpret because by that time the stimuli have reached the center of the 

screen on many trials, and only one stimulus remains. 

We measured a mean pursuit latency of 136 ms for both one and two-stimulus 

trials, even though on some trials pursuit was initiated by 100 ms. Another way to 

analyze the data, independent of marking the initiation of pursuit, is to calculate the 

change in stimulus weight from the stimulus onset. This method results in noisier 

weight measurements because eye velocity was not significantly different from eye 

velocity at the start of fixation (see Experimental Procedures) on many trials for time 

points prior to 140 ms from motion onset. A sample of stimulus weights calculated 

from stimulus onset is shown in Figure 4B, with an accompanying plot of mean radial 

eye velocity (Figure 4D). Averaging over the set of 21 experiments still shows a 

significant and sustained decrease in weight of the stimulus within the affected visual 

field as soon as 100-120ms from motion onset (Figure 4F). The size of the error bars 

indicating the 95% confidence intervals from 100 to 140 ms reflect the noisier 

measurement of stimulus weight. Aligned on stimulus onset, the increase in weight of 

the stimulus out of the affected field develops more slowly, only showing a sustained 

increase in weight after 140 ms and reaching significance after 180 ms from motion 

onset. 
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The effect of SC inactivation on one-stimulus trials 

 SC inactivation also affected the initial velocity for pursuit of single stimuli 

placed within the affected field, which has been previously reported (Basso et al. 

2000). Figure 5A plots the mean velocity over the first 50 ms of smooth pursuit to 

single stimuli placed within the affected visual field before inactivation against the 

velocity after inactivation. In 9 of 21 SC inactivations, the initial pursuit velocity of 

the stimulus within the affected visual field was significantly reduced (p < 0.05), 

mostly (7 of 9) in subject V. There was no consistent trend for single stimuli placed 

adjacent to the affected visual field, with 3 experiments showing a significant decrease 

in initial pursuit velocity and 3 showing a significant increase (Figure 5B). Group 

comparisons by monkey found that only subject V had a significant decrease in 

velocity for single stimuli placed within the affected visual field (p < 0.001), whereas 

there was no decrease for subject P (p = 0.53). There was no significant increase in 

weight for the stimuli adjacent to the affected field for subject V (p = 0.86), but there 

was a small, significant increase in velocity, by 7%, for subject P (p = 0.017). 

 Stimulus weights on two-stimuli trials were calculated by decomposing the 

pursuit velocity into the response velocities of the individual stimuli prior to muscimol 

injection. However, because SC inactivation affected the pursuit velocity of single 

stimuli for some experiments, it might be more appropriate to calculate post-injection 

weights by using the mean response to single stimuli after muscimol injection. Figure 

5D shows the changes in stimulus weights for all 21 SC inactivation experiments, 

calculating post-injection weights using the responses to single stimuli prior to 
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injection (red bars), or using the responses to single stimuli after injection (pink bars). 

There were no significant differences for the changes in weight for stimuli placed 

within the affected field (p = 0.068) or out of the affected field (p = 0.77) between the 

two calculation methods, both of which showed highly significant decreases in weight 

for stimuli within the affected field and increases for stimuli out of the affected field (p 

< 0.001). 

 

Changes in latency and error rate 

 Pursuit latency on two-stimuli trials increased by an average of 5 ms across the 

set of 21 SC inactivation experiments on the two-stimuli trials analyzed (p < 0.001). 

This indicates that SC inactivation slightly delayed pursuit onset, perhaps playing 

some role in pursuit initiation. An alternate possibility is that the reduced pursuit 

velocity made the onset of pursuit more difficult to detect. In either case, the effects on 

latency do not explain the reduction in the weight of stimuli placed within the affected 

visual field. 

 On average 17% of the two-stimuli trials were omitted from analysis and 

classified as error trials due to a saccade occurring after motion onset and within 50 

ms from pursuit onset prior to injection. There was a small, but significant, increase in 

error rate to 19% of trials following inactivation (p = 0.005), which may have been 

due to an increase in the rate of corrective saccades. For one-stimulus trials, placed 

within the affected field, there was an increase from a 7% error rate before SC 
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inactivation to a 10% error rate after SC inactivation that was not significant (p = 

0.08). 

 

Saline experiments 

 Two injections were performed with saline instead of muscimol, one in each 

monkey. Neither injection caused a significant change in the weight of stimuli placed 

within, or out of the affected field (p > 0.05). If anything the weights trended slightly 

in the opposite direction with saline injection compared to muscimol injection. These 

experiments indicate that the effects on weighting of stimuli were caused by the action 

of muscimol inactivating neurons in the SC and not any other factor related to 

performing an injection on the subjects. 

 

3.3 Discussion 

 The primary finding of this study is that SC inactivation reduces the 

contribution of potential targets, placed within the affected visual field, to the earliest 

smooth pursuit eye movement. There was also an increase in the contribution of 

potential targets placed out of the affected visual field. These results demonstrate that 

the SC is important for the integration of visual signals from potential targets, prior to 

the winner-take-all selection of a single target. 

 To our knowledge, this is the first demonstration that the SC is involved in 

how visual signals are processed and combined to produce eye movement, prior to 

target selection. This result is in stark contrast to the traditional view of the SC as a 
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motor map for saccadic eye movement (Wurtz and Albano 1980). The SC has 

previously been implicated in vector averaging for saccades. Populations of neurons 

that have a coarse spatial tuning for the saccade end-point are combined as a vector 

average to produce the eye movement (Lee et al. 1988, Robinson 1972). However, 

those findings point toward a role in the SC for integrating saccade motor plans, not 

the visual signals used to construct those motor plans. An important feature of our task 

is that the visual signals being integrated are located in the opposite direction from the 

resulting eye movement (Rashbass 1961). This dissociation of motor plan from the 

sensory signals unambiguously demonstrates that SC activity is important for 

integrating the visual signals, not the motor plans built from those visual signals. 

Of particular importance is that SC inactivation effected the weighting of 

potential targets from the very start of the eye movement, showing significant effects 

as early as 100-120 ms from motion onset (Figure 4). This influence on the earliest 

sensorimotor processing for smooth pursuit bolsters the view of smooth pursuit and 

saccadic eye movement as being different outcomes from a shared cascade of 

sensorimotor functions (Krauzlis 2004). It has previously been shown that the SC is 

important for pursuit target selection from observations that the target of a saccade is 

also selected by smooth pursuit (Lisberger 1998, Gardner and Lisberger 2001, 2002, 

Schoppik and Lisberger 2006) and demonstration that SC activity is important for the 

winner-take-all selection of pursuit targets in the absence of saccades (Nummela and 

Krauzlis 2010, Carello and Krauzlis 2004). Together, these studies show that the SC 

imposes a winner-take-all target selection on the smooth pursuit system. By 
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demonstrating that the SC is also involved in the pre-selective integration of visual 

signals at the initiation of pursuit, we have shown that the SC is actually an integral 

part of the sensorimotor processing for both pursuit and saccades. These results also 

implicate the SC as a source of shared target selection for pursuit and saccades (Liston 

and Krauzlis 2003, 2005, Case and Ferrera 2007). 

Our results provide a novel interpretation for the role of low frequency activity 

in the SC that is found in many neurons prior to the bursts of activity important for 

generating saccades. Many SC neurons elevate their firing rate to discriminate when 

the target of the eye movement is placed within their response field, rather than 

distracters, even hundreds of milliseconds prior to the eye movement (Glimcher and 

Sparks 1992, Horwitz and Newsome 1999, Krauzlis and Dill 2002, McPeek and Keller 

2002), and this type of activity is also related the probability that a stimulus in the 

response field will be selected as the target of eye movement, with higher firing rates 

correlated to shorter reaction times (Basso and Wurtz 1998, Dorris and Munoz 1998). 

These results indicated that the purpose of this activity is for the motor preparation of 

the orienting response. In contrast, our results suggest an alternative, though not 

mutually exclusive, function that this activity is important for the integration of visual 

signals within the corresponding response field. Such a role would explain why SC 

inactivation decreased the contribution of motion signals within the affected visual 

field. Thus our experiments suggest that what has traditionally been viewed as 

preparatory activity for saccadic eye movement is also important for the integration of 

visual motion signals use to construct the motor plan for orienting. 
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3.4 Experimental Procedures 

Animal preparation 

We collected data from two adult male rhesus monkeys (Macaca mulatta) ages 

8 and 9 weighing 9-11 kg. All experimental protocols for the monkeys were approved 

by the Institute Animal Care and Use Committee and complied with Public Health 

Service policy on the humane care and use of laboratory animals. The monkeys were 

prepared and studied using standard surgical techniques that have been described in 

detail previously (Basso et al., 2000, Krauzlis, 2003). 

 

SC Inactivation 

 We inactivated portions of each SC in both monkeys using local muscimol 

injections (0.5 µl, 5µg/µl, see Table 1). The day before each inactivation experiment 

we identified an injection site and depth within the SC using single-unit recording and 

electrical microstimulation to evoke saccades consistent with metrics encoded by the 

visited site (microstimulation parameters: 400ms, 500Hz 10-30 µA, biphasic pulses). 

During the experiment, we usually confirmed our site by observing multi-unit or 

single-unit saccade-related activity and/or evoking saccades with microstimulation. 

Finally, after injecting muscimol, using a custom-made apparatus modified from Chen 

et al. (2001), we verified our site by observing reductions in peak velocity of visually 

guided saccades (Hikosaka and Wurtz, 1985a,b) that were localized to the region of 

retinotopic space affected by muscimol injection (e.g. see Figure 2A). 
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Pre-injection data were collected with our injection apparatus resting more 

than 2 mm above our estimate of SC surface from the previous day. Parameters for the 

behavioral task were identical for pre-injection and post-injection data sets, although 

we rewarded the subjects somewhat more generously as the session progressed to 

maintain motivation. Recovery data was collected on the day following each 

inactivation experiment (data not shown) to confirm the monkeys’ pre-injection 

behavior remained stationary. 

 

Behavioral tasks 

We collected pursuit responses at the onset of two moving stimuli or a single 

moving stimulus (Figure 1A). At the start of each trial the subjects were required to fix 

gaze on a white 0.2°x0.2° spot (130 cd/m2) at the center of visual display, with gray 

background (16 cd/m2) for 0.5-1 s. Following the fixation period, one or two 0.2°x0.2° 

(130 cd/m2) spots appeared and moved at constant velocity toward the center of the 

screen. On two stimuli trials, upon reaching the center of the screen one stimulus 

disappeared, leaving a single target which continued on for another 500 ms. The 

monkey was given a small juice reward for tracking the target during the final 250 ms. 

For a single experiment, stimuli were placed at a fixed eccentricity (2.4-7.5°) and 

velocity (17.6-37.3°/s) that were matched to minimize the occurrence of corrective 

saccades within the first 100 ms of pursuit initiation (Rashbass, 1961). Stimuli were 

placed along either cardinal or diagonal axes depending on the site of SC inactivation. 

Single-stimulus and two-stimuli trials were interleaved. For single-stimulus trials all 
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four stimulus onset locations, and for two-stimuli trials all four combinations of two 

adjacent stimuli (moving in orthogonal directions), were interleaved with equal 

probability.  

Monkeys also performed a visually guided saccade task to measure the spatial 

extent of each SC inactivation.  In this task, monkeys were required to fixate a 

centrally located 0.2°x0.2° white spot for 500-1000 ms, after which the spot stepped to 

another location on the display. The monkeys were given a small juice reward for 

making a saccade to the white spot within 500 ms. 

 

Data analysis 

Eye movements were sampled at 1 kHz. Saccades were detected All marking 

of saccades were manually inspected and verified. The onset of pursuit was estimated 

from traces of radial eye velocity on individual trials using a linear regression 

technique described previously (Adler et al., 2002) using modifications detailed in 

Nummela and Krauzlis (2010). Saccades were detected using 40°/s velocity and 

800°/s2 acceleration thresholds (Krauzlis and Miles, 1996), except prior to pursuit 

onset, when we used more stringent thresholds of 8°/s velocity and 250°/s2 

acceleration. If a saccade occurred after motion onset and before 50 ms from pursuit 

onset, the trial was discarded from further analysis. 

 Pursuit responses were characterized by measuring the mean horizontal and 

vertical velocity over many trials with the same stimulus configuration. The 

contribution, or weight, of each moving stimulus on two-stimuli trials was calculated 
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by decomposing the pursuit response to both stimuli, R12, into the pursuit responses of 

the individual stimuli, R1 and R2, by solving the equation: 

R12 = w1R1 + w2R2. 

Where w1 and w2 are the weights for each stimulus. 

 Comparisons within individual experiments were made using Wilcoxon rank 

sum tests because data was not always normally distributed. Comparisons within 

groups of inactivation experiments were made using Student’s t-tests, justified by 

Lilliefors’ tests, and a Holm-Sidak step-down procedure was used to correct for 

multiple comparisons (Ludbrook 1998). The changes in stimulus weight were 

averaged over both stimulus configurations, prior to making group comparisons, to 

provide a single value for the weight of stimuli in the affected field and a single value 

for the weight of stimuli out of the affected field for each experiment. For some 

inactivation experiments, we were not able to calculate the changes in weight at 100-

120 ms (3 experiments) and 120-140 ms (1 experiment) intervals from stimulus onset 

(for the plots of change in weight over time) because the pursuit signal was 

overwhelmed by noise. Only experiments that were not contiguous in a histogram of 

stimulus weights (bin width was 0.5) were omitted, and these deviations from the 

histogram were typically extreme outliers (e.g. a weight of 10 or -168 compared to 

most weights clustering around 0.5). 
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Figure 3.1: Schematic of pursuit tasks and sample behavior. A, Each box depicts the 
monitor display at an important point in the trial for two-stimuli (top) and single-
stimulus (bottom) trials. In a single experiment, stimuli moved either along the 
cardinal axes or diagonal axes (shown). For single-stimulus trials, stimuli that moved 
in each of the four directions were presented with equal probability, and for two-
stimuli trials any two adjacent stimuli were presented on a given trial. B, The mean 
trajectory of smooth pursuit is plotted for single stimuli moving toward the upper right 
or lower right quadrant (gray) and for both stimuli presented together (blue). The first 
50 ms from pursuit onset are shown. 
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Table 3.1: Summary of injection experiments. The injection site was measured by the 
mean horizontal (H) and vertical (V) amplitude of evoked saccades at the injection 
depth. The location of the stimulus targeted by each injection is provided, and the 
strength of inactivation is given by the peak velocity of saccades to that location 
shortly after injection (S1) and after finishing data collection (S2), normalized to pre-
injection saccades. * Indicates the injection site was measured from the same site and 
depth on the previous day due to failure to evoke saccades with the injectrode. a 

Indicates saline was injected instead of muscimol. 
 
 

Sub 
ject 

Inject 
# 

Injection 
volume 

Injection 
depth 

Injection site Stimulus 
location 

Stim. 
velocity 

Strength of 
inactivation 

  (µl) (mm) H (°) V (°) H (°) V (°) (°/s) S1 S2 
V 1* 0.5 2.70 -3.7 -1.6 -2.4  0 17.6 0.85 0.74 
 2 0.5 1.90  1.1  1.1  2.4  0 17.6 0.97 0.87 
 3* 0.5 2.50  0.6 -0.1  2.6  0 17.6 0.90 0.70 
 4 0.5 2.00 -4.4 -0.5 -2.6  0 17.6 0.88 0.71 
 5* 0.5 2.00  1.9  2.2  2.6  0 17.6 0.99 0.78 
 6* 0.5 2.05  1.5  0.5  2.6  0 17.6 0.92 0.77 
 7 0.5 1.80 -4.5 -0.3 -2.6  0 17.6 0.86 0.66 
 8 0.5 2.00 -2.9 -0.3 -2.6  0 17.6 0.80 0.69 
 9* 0.5 2.20  0.2  0.8  2.6  0 17.6 1.03 0.84 
 10a 0.5 2.10 -4.8  0.5 -2.6  0 17.6 1.07 1.10 
 11 0.5 2.55 -14 -2.7 -5.3 -5.3 37.3 0.91 0.78 
 12* 0.45 2.25  1.2 -2.0  3.5 -3.5 24.9 0.99 0.80 
 13 0.5 2.10 -1.6  5.0 -5.3  5.3 37.3 0.70 0.58 
 14 0.5 2.00 -11 -5.2 -5.3 -5.3 37.3 0.65 0.59 

P 15 0.5 1.50  6.7  6.9  4.4  4.4 31.2 0.56 0.62 
 16 0.5 2.00 -4.9  2.3 -4.4  4.4 31.2 0.55 0.55 
 17 0.5 3.00 -2.3  0.1 -4.4  4.4 31.2 0.54 0.69 
 18 0.5 2.00  0.6 -0.4  4.4  0 22.1 0.71 0.58 
 19 0.5 2.50  2.5  0.2  3.5  0 17.6 0.73  
 20 0.5 1.50  1.0 -0.7  3.5  0 17.6 0.51 0.49 
 21 0.5 1.75 -2.3  0.5 -3.5  3.5 24.9 0.59 0.59 
 22 0.5 1.75  0.7  1.1  3.5  0 17.6 0.61 0.57 

 23a 0.5 2.50  1.4 -0.7  3.5  0 17.6 0.94 1.04 
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Figure 3.2: Sample injection experiment demonstrating the effect of focal SC 
inactivation on pursuit of two stimuli (#12). A, The extent of SC inactivation was 
indicated by plotting the peak velocity of visually guided saccades after injection, 
normalized to the peak velocity of saccades made prior to inactivation. This was done 
shortly after muscimol injection (not shown) and immediately after collection of 
pursuit data (shown).  The amplitude of the visually guided saccades are indicated by 
white circles. The white diamonds indicate the starting configuration of a sample two-
stimuli trial. B, The mean trajectory of smooth pursuit is plotted for single stimuli 
(gray) and two stimuli (blue) prior to muscimol injection and two stimuli after 
injection (red). The first 50 ms from pursuit onset are shown. C, The mean horizontal 
and vertical velocities during the first 50 ms of smooth pursuit, shown in B, are plotted 
as vectors for single-stimulus trials (solid black) and for two-stimuli trials before 
(solid blue) and after (solid red) SC inactivation. The weights for each stimulus are 
plotted as vectors, calculated before (dashed blue) and after (dashed red) SC 
inactivation. D, The stimulus weights calculated in C are plotted separately for the 
stimulus that started within the affected visual field (Within) and for the stimulus that 
started out of the affected visual field (Out of), as indicated in A, before (blue) and 
after (red) SC inactivation. Error bars are 95% confidence intervals. 
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Figure 3.3: Summary of the changes in stimulus weight caused by SC inactivation. 
A,B, For two-stimuli trials, changes in stimulus weight are illustrated by plotting the 
weight before muscimol injection against the weight after muscimol injection. The 
change in weight is plotted separately for the stimulus placed within the affected 
visual field (A) and the accompanying stimulus placed out of the affected visual field 
(B). The changes in weight are indicated by diamonds for subject P and circles for 
subject V. Filled symbols indicate a significant difference at the 0.05 level and the 
sample SC inactivation shown in Figure 3.2 is shown in red.  C, The mean change in 
weight for the group of experiments is summarized for each subject by plotting the 
ratio of the weight after injection to the weight before injection (n = 13 for V, n = 8 for 
P). D, For experiments with stimuli moving along diagonal axes (n = 8), the change in 
stimulus weights is plotted separately for trial configurations with both stimuli placed 
in the same visual hemifield (purple) and for trial configurations with each stimulus 
placed in opposite hemifields (yellow). Error bars are 95% confidence intervals. 



 

 

75 

 
 
 
Figure 3.4: Time course of the change in stimulus weight. A,B, The ratio of post-
injection weight to pre-injection weight is plotted in 20-ms bins from smooth pursuit 
onset (A) and from motion onset (B) for a sample SC inactivation (#19). C,D, Mean 
radial eye velocity aligned to pursuit onset (C) and motion onset (D) shows the time 
course of the pursuit eye movement. E,F, The ratio of post-injection weight to pre-
injection weight is plotted in 20-ms bins from smooth pursuit onset (E) and from 
motion onset (F), averaged across the set of 21 SC inactivations. Blue points indicate 
the change in weight for the stimuli placed within the affected visual field and green 
points indicate the change for stimuli placed out of the affected visual field. Error bars 
are 95% confidence intervals. 
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Figure 3.5: The effects of SC inactivation on single-stimulus trials. A,B, For single-
stimuli trials, changes in the initial pursuit response are illustrated by plotting the 
mean initial eye velocity before muscimol injection against the mean initial eye 
velocity after muscimol injection. The change in eye velocity is plotted separately for 
stimuli placed within the affected visual field (A) and stimuli placed adjacent to the 
affected visual field (B). The changes in velocity are indicated by diamonds for 
subject P and circles for subject V. Filled symbols indicate a significant difference at 
the 0.05 level. C, The mean change in eye velocity for the group of experiments is 
summarized for each subject by plotting the ratio of the initial pursuit velocity after 
injection to the velocity before injection (n = 13 for V, n = 8 for P). D, The change in 
weight for two-stimuli trials is summarized for post-injection weights calculated using 
single-stimulus pursuit prior to injection (red) and using single-stimulus pursuit after 
injection (pink). Error bars are 95% confidence intervals. 
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Chapter 3, in full, appears as it may be submitted for publication in Neuron, 

Nummela, S. U., Krauzlis, R.J. The dissertation author was the primary investigator 

and author of this paper and the co-author listed in this publication directed and 

supervised the research which forms the basis for this chapter. 
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Chapter 4: 

Conclusions and Future Directions 

 

4.1 Restatement of Key Findings 

The primary objective of this work is to further understanding about the role of 

the primate superior colliculus (SC) in the selection of visual targets for actions. The 

importance of the SC was specifically tested by three main hypothesis stated in 

Chapter 1. 

Hypothesis one, that SC activity is important for the winner-take-all selection 

of visual targets for eye movements was tested by inactivating the SC of monkeys 

trained to select one of two opposing visual stimuli by smooth pursuit or saccadic eye 

movements. Inactivation of SC activity biased the monkeys’ selections to visual 

stimuli that appeared out of the affected region visual space. The effect of inactivation 

on smooth pursuit was particularly important for making this conclusion because the 

target location  was dissociated from the direction of the eye movement used to select 

that target. This unambiguously demonstrates that the SC activity is important for 

selecting the visual target, not the motor plan, of the eye movement. 

Hypothesis two, that the SC is important for the selection of visual targets for 

actions other than eye movements was tested by inactivating the SC of monkeys 

trained to select one of two stimuli by pressing a spatially associated button in the 

absence of eye movement. SC inactivation biased target selection for button press 
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responses away from stimuli placed within the affected visual field. One possible 

reason for the effects on button press responses is that inactivation caused a change in 

visual processing, for example the allocation of covert attention. If so, this suggests 

that the SC plays an additional role in target choice for eye movements, beyond its 

role in target choice for the allocation of covert attention because the inactivation-

induced bias was much smaller for button press responses than for eye movements. 

Hypothesis three, that SC activity is important for integration of visual signals 

from potential targets, prior to the selection of a single target, was tested by 

inactivating the SC of monkeys that initiated pursuit at the onset of two visually 

identical potential targets. SC inactivation reduced the contribution of potential targets 

placed within the affected visual field to the earliest pursuit eye movement, and 

increased the contribution of potential targets placed out of the affected visual field. 

These results demonstrate that the SC is important for the integration of visual signals 

from potential targets, prior to the winner-take-all selection of a single target. Because 

these effects were present from pursuit onset, they show that the SC is an integral part 

of circuits underlying pursuit eye movement that participates in the earliest 

sensorimotor processing. 

 

4.2 How the SC Fits into the Circuits for Eye Movement 

The role of the SC in saccadic eye movement is relatively well understood, 

which as described in Chapter 1, specifies the end-point of the desired eye movement 

to downstream regions in the brainstem that convert this into a ballistic motor 
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command. SC activity important for target selection provides the visual feature, target 

location, used to construct saccade motor commands, which means the transformation 

of target choice to motor command could occur directly within the SC. For smooth 

pursuit this transformation is less direct because SC activity important for target 

selection does not provide the visual feature, target motion, used to construct the 

pursuit motor command. Together, hypothesis one and hypothesis three indicate that 

the SC contributes to pursuit eye movement by gating which motion signals are used 

to construct the motor command for eye movement. Therefore I will examine several 

candidate pathways by which the SC could be gating motion signals. Before 

proceeding, it should be noted that saccades to moving targets use visual motion 

signals, in addition to the target location, so any candidate pathways might also be 

important for the execution of saccades to moving targets. 

Previous studies on target selection for pursuit provide some clues about which 

structures the SC might be influencing to selectively process motion signals. The 

combination of motion signals from targets in separate parts of the visual field 

happens relatively late in sensorimotor processing for pursuit, downstream of the 

motion sensory signals necessary to drive pursuit, which are represented in the 

extrastriate middle temporal visual (MT) and the medial superior temporal (MST) 

areas (Kahlon and Lisberger 1999, Dürsteler and Wurtz 1988, Dürsteler et al 1987). 

The vector averaging also occurs downstream of the frontal pursuit area (FPA) 

(Tanaka and Lisberger 2002), but must occur upstream of motor commands generated 

for pursuit in the cerebellum (Krauzlis and Lisberger 1991). Furthermore, because the 
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SC is important for specifying the retinotopic locations of relevant motion, it would be 

expected to influence neurons that are tuned to spatial location as well as visual 

motion. These observations make areas MT or MST, which have a retinotopic 

organization (Maunsell and van Essen 1983), good candidates for the influence of the 

SC on the integration of visual motion signals for smooth pursuit. However, while it is 

ambiguous whether changes in MT and MST responses are sufficient to account for 

the graded selectivity present in the earliest vector averaging pursuit responses, 

changes in MT and MST responses are not sufficient to account for the winner-take-all 

selection of pursuit targets (Ferrera and Lisberger 1997b). Therefore, this proposed 

pathway for the selection of motion signals is somewhat unsatisfactory because it can 

not account for the role that the SC plays in winner-take-all selection for pursuit. 

Nevertheless, this possibility can not be strictly ruled out, especially if the small 

changes in MT and MST responses are amplified by some structure downstream. 

Another possibility is that the SC influences pursuit by controlling visual 

attention via ascending projections through thalamus, such as the mediodorsal nucleus 

to the frontal eye field (Sommer and Wurtz 2004), a structure implicated in the control 

of visual attention (Moore and Armstrong 2003; Moore and Fallah 2004), or the centre 

median-parafascicular complex, which plays a role in the allocation of covert attention 

(Minamimoto et al. 2002). One way to test this would be observation of deficits in 

target selection for pursuit following inactivation of the mediodorsal thalamus, 

especially if the deficits occluded the effect of SC inactivation. However, even if the 

deficit in pursuit were mediated by such a pathway, it would still be unclear exactly 
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how the cortical structures are gating the visual motion signals used as input for 

smooth pursuit, and the small effects on manual responses must be explained by some 

factor other than the SC playing an additional role in target choice for eye movement. 

One possibility that fits well with the current available evidence is that the SC 

influences pursuit downstream of MT and MST, making the dorsolateral pontine 

nuclei (DLPN) a reasonable candidate. The DLPN is an important route of motion 

signals from MT and MST (Fries 1990; May et al. 1988) to the part of the cerebellum 

that constructs the pursuit command (Brodal 1982; Langer et al. 1985), and the DLPN 

also receives projections from the superior colliculus (Harting 1977). In addition, a 

large proportion of neurons in the DLPN respond to pursuit eye movement, mixed 

with neurons that are responsive to saccades (Dicke et al. 2004), making it an 

attractive location to control target selection for eye movement. This would require 

some spatial specificity of MT, MST, and SC projections onto DLPN neurons, in 

which case the SC activity could provide a permissive disinhibition of DLPN neurons 

to allow the motion signals from the corresponding spatial location into motor 

processing for smooth pursuit. This would also place vector averaging for pursuit 

downstream of the DLPN. This scenario makes several predictions, including that 

DLPN neurons should show some degree of spatial tuning and that DLPN neurons 

receiving input from MT and MST should still represent the individual motion signals 

from each stimulus, not the vector average of spatially disparate motion signals. 

Furthermore, DLPN neurons should show selectivity for the pursuit target, when 
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making a winner-take-all selection among two opposing pursuit stimuli, prior to the 

onset of eye movement.  

 

4.3 Conclusions 

The confirmation of hypothesis one and hypothesis three bolsters a view of 

smooth pursuit and saccades as being different outcomes from a shared cascade of 

sensorimotor functions (Krauzlis 2004), with the SC as a likely source of a shared 

signal for target selection. This is in stark contrast to the traditional view that saccades 

and smooth pursuit are sub-served by independent systems that share a common motor 

output. 

The confirmation of hypothesis two indicates that the SC plays some role in the 

selection of visual objects for actions other than eye movements. However, the SC 

seems to play a smaller role in selection of objects for other actions, possibly because 

these effects are due to deficits in allocating spatial attention, which may be more 

important for perceptual judgments than for target selection. 

 Together the evidence presented in this dissertation demonstrate that the SC 

plays a crucial role in the selection of visual objects for eye movements, and that the 

role the SC plays in selection for other actions may be restricted to its role in the 

control of covert attention. 
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4.4 Future Directions 

 The striking results from the SC inactivation experiments lead to some 

compelling follow-up questions. Foremost is the nature of the selection deficit in the 

button press, and how it relates to covert attention. One of the largest differences 

between the button press response and the eye movement is that eye movement was 

directed to the visual target, whereas for manual responses, the visual target informed 

a response directed to buttons far below the monkeys line of sight. One possibility is 

that the SC is particularly important for actions directed to the spatial location of 

interest, SC inactivation may have caused a much larger deficit in choice of where to 

reach the arm if the monkey had been required to touch the visual target. This might 

be because the SC plays a role in the transformation of spatial coordinates into motor 

actions. 

 Also, inactivation of the SC does not eliminate the target choices into the 

affected field, or completely eliminate the contribution of motion signals to pre-

selective smooth pursuit, indicating that the selection of motion signals is still partially 

spared. This might be because other structures in cortex, or other parts of the brain, 

like the FEF are also important for target selection (Schiller and Chou 2000), and can 

compensate for deficits in saccadic activity, which would parallel the ability for 

monkeys to make saccades following lesion of only the SC, but not after lesion of SC 

and FEF (Schiller et al. 1987). In this case, lesion of both SC and FEF might be 

expected to cause a complete inability to select motion signals in the affected visual 

field for smooth pursuit. 
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 Finally, it would be interesting to determine which pathways are critical for the 

SC influence on smooth pursuit. As mentioned in Section 4.2, some productive 

experiments would be to inactivate thalamus, blocking ascending pathways of the SC 

to cortex or basal ganglia, or to record from the DLPN to see if the characteristics of 

neuronal activity are consistent with a role in target selection. Additionally, if the 

hypothesis raised in Chapter 2 that the SC plays an important role in target selection 

for overt orienting via descending projections versus target selection for covert 

attention via ascending projections through thalamus, then the use of emerging viral 

techniques to selectively inactivate neurons, in either DLPN or thalamus, that receive 

projections from the SC could dramatically demonstrate a selective deficit in target 

selection for overt orienting and not covert attention or vice versa. 
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