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ABSTRACT 

 

 An important function of the brain is to inhibit irrelevant behaviors. This thesis 

examines the role of the basal ganglia in response suppression using saccadic eye 

movements as a model of behavior. We measured the activity of single saccade-related 

neurons in primate Substantia Nigra pars reticulata (SNr), a main output structure of the 

basal ganglia, while the context surrounding the initiation and suppression of saccades 

was manipulated. 

Inserting a temporal gap of no stimuli between the disappearance of a central 

visual fixation point and the appearance of a peripheral visual target leads to a reduction 

in saccadic reaction times (SRT); the ‘gap’ effect. SNr pause neurons decreased their 

activity during the gap and this decrease correlated with SRT. This finding suggests the 

SNr may contribute directly to producing the gap effect and that signals related to the 

effect are propagating through a frontal-basal ganglia circuitry to impact pre-saccade 

processing.   

  Interleaving pro-saccade (look towards a visual stimulus) and anti-saccade (look 

away from visual stimulus) trials allowed us to investigate how neural processes change 

when preparing to suppress a saccade instead of making one automatically. We show that 

SNr neurons exhibit activity consistent with both suppression of automatic responses and 

facilitation of voluntary responses, during anti-saccades. These data provide direct 

neurophysiological evidence for a dual role of inhibitory and disinhibitory basal ganglia 

outputs in the flexible shaping of behavior. 
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Parkinson’s disease (PD) is a neurodegenerative disorder that impairs motor 

function due to depletion of dopamine in the striatum. Using an oculomotor 

countermanding paradigm, we found that PD patients were unable to suppress saccades 

to a peripheral target, providing evidence that the SNr performs a gating function that 

mediates the initiation and suppression of saccades. When pathology to the circuitry 

occurs, inhibitory control over saccades is affected.     

 In Conclusion, using a variety of behavioral contexts, this thesis has demonstrated 

that the basal ganglia, specifically the SNr, mediates the suppression and voluntary 

initiation of saccades, possibly via an inhibitory gating mechanism, and that this role is 

important for successful interaction with a dynamic environment.  
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CHAPTER 1. GENERAL INTRODUCTION 

 

Humans place a premium on their ability to obtain information about their 

environment and then use it to guide subsequent behaviors. Information can be acquired 

in many ways, one of which is through the visual modality. Saccades are rapid shifts of 

the eyes that serve to realign the central part of the retina (fovea) onto a new target of 

interest. Although this is a useful and efficient method of gathering information, it results 

in the visual system being constantly bombarded with a copious amount of stimuli. To 

efficiently use this information to our advantage, we must decipher which stimuli are 

relevant given the current situation, which are not, and then be selective in determining 

which objects to make a saccade towards. To do this requires the ability to volitionally 

initiate saccades to one stimulus, while simultaneously suppressing saccades towards all 

other objects. Although this seems to be trivial, the simultaneous act of saccade 

suppression and volitional saccade initiation occurs thousands of times each day and is 

necessary for successful interaction with a constantly changing environment.   

To further illustrate this point let us consider a routine that is performed by 

everyone each day. It is a sunny afternoon and you are walking along a busy city street. 

As you move along the sidewalk, you notice that the wind is blowing and you look over 

at the trees to see if they are swaying in the breeze. When you look up at the trees, you 

may also see that there are several sea gulls flying high in the sky or that the flowers on 

the trees are in full bloom. As you approach a busy intersection to cross the street 

however, the objects that you choose to look at will most likely change. Instead of 

looking at the trees, the birds, or the flowers, you will seek to acquire information that is 
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relevant to your goal of safely crossing the busy street. You will look at the cars traveling 

along the road or at the stop lights that line the cross walk. Because the trees, birds and 

flowers hold no relevant information given the current situation, it will be most 

advantageous for you to inhibit your eye movements towards these objects and instead, 

move the eyes towards the objects that carry the more pertinent information. This 

requires the recruitment of an extensive circuitry that allows for the selective control over 

which objects are visually attended to and which ones are not. The goal of this thesis is to 

gain insight into the mechanism by which one component of this circuitry, the Substantia 

Nigra Pars reticulata (SNr), selectively gates the initiation of volitional eye movements 

and works to suppress automatic eye movements towards other visual objects within the 

environment. 

 

 Physiology Underlying Saccadic Eye Movements 

 

The oculomotor circuitry controlling saccade generation has been studied 

extensively and its neural pathways and structures are well documented (Scudder et al. 

2002, Leigh and Kennard 2004). As a motor system, the eyes have a well defined 

repertoire of simple movements and, unlike the limbs, the eye globe itself has little 

inertia. Inertia is defined as the tendency for objects to remain at rest or resist motion. 

Because the eye has minimal inertia the oculomotor system becomes simplified because 

the ocular muscles simply turn on to move the eye. Taken together, these characteristics 

make saccadic eye movements an appealing tool to study the neural correlates of motor 

output. I will now present a brief overview of the brainstem circuitry controlling saccadic 
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eye movements before discussing the cortical, basal ganglia and midbrain structures that 

comprise the executive components that control saccades.  

Saccadic eye movements are triggered by the extra-ocular muscle motoneurons 

that have a characteristic burst-tonic firing pattern: a “pulse” and “step” of activity. The 

pulse (the initial burst of motor neuron activity) directs the phasic portion of the 

movement producing the muscle contraction necessary to move the eye towards the 

target. The step in the activity supports the new tonic action of the muscle, which 

maintains the eye at its new position. To move the eyes correctly, the muscles of each eye 

must operate together. The brainstem distribution of activated motoneurons defines 

which muscles are activated and thus, the direction of the movement. The brainstem 

circuitry that controls saccades is subdivided into systems controlling horizontal and 

vertical eye movements (Fig.1-1). The Paramedian Pontine Reticular Formation (PPRF) 

is often referred to as the horizontal gaze centre and contains neurons that project to the 

lateral rectus motoneurons (Moschovokis et al. 1996). Cells in this premotor region show 

activity related to horizontal saccades and lesions in this region produce horizontal gaze 

deficits (Leigh and Zee 2006). The PPRF cells, including Excitatory Burst Neurons 

(EBN) and Inhibitory Burst Neurons (IBN), project to the extraocular motoneurons. Both 

the EBN and the IBN produce a burst of action potentials (that originate from the long 

Lead Burst neurons (LLBN); See Fig. 1-1) that slightly precedes the activity of the 

motoneurons. For instance, when gaze shifts to the left, the EBN activate the abducens 

nucleus neurons on the left side, as the IBN suppress the abducens motoneurons on the 

right side. The burst of action potentials produced by the EBN and IBN is gated by 

inhibition from cells found in the midline of the PPRF, called the omnipause neurons  



Figure 1-1: Brainstem Circuitry involved in saccade generation

4
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(OPN). These neurons fire tonically during fixation and fall silent during saccades. The 

PPRF neurons are responsible for the phasic portion of the saccade, while the step 

response is believed to be controlled by the nucleus prepositus hypoglossi and the 

vestibular complex. The PPRF receives input from a laminated structure in the dorsal 

mesencephalon, the Superior Colliculus (SC). The SC is intimately involved in the 

interplay between visual fixation and saccadic eye movements. The intermediate layers of 

the SC have neurons whose discharge correlates with visual fixation (fixation neurons) 

and with specific saccade vectors (saccade neurons). The LLBN and OPN receive direct, 

excitatory input from the SC that is thought to originate primarily from the saccade and 

fixation neurons (See Munoz et al. 2000, Scudder et al. 2002 for review)  

The vertical gaze centre is located in the rostral interstitial nucleus of the medial 

longitudinal fascicules (riMLF). This region receives inputs from both cortical and 

midbrain regions, as well as from the OPN. EBNs and IBNs in the riMLF provide the 

phasic signal for the saccade related pulse of activity present in the vertical gaze 

motoneurons. The tonic signal for vertical saccades is thought to be provided by the 

interstitial nucleus of Cajal (Moschovakis et al. 1996, Scudder et al. 2002). 

 

Cortical Inputs for Saccade Generation 

 

As shown in Fig.1-2, visual information originates in the retina and is relayed 

through the lateral geniculate nucleus (LGN) before being processed in the primary visual 

cortex (V1) (Lund 1988). V1 has a direct excitatory connection to the SC (Finlay et al. 

1976) that also receives direct retinal input (Pollack and Hickey 1979, Schiller et al.  



Figure 1-2: Cortical regions involved in saccade generation
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1979). From V1 information can continue to be processed by extrastriate areas including 

the Posterior Parietal Cortex (PPC) and Inferotemporal Cortex (IT) (Van Essen 1979). In 

monkeys, the lateral intraparietal area (LIP) within the Parietal Cortex is thought to be a 

specialized area for oculomotor processing and visuomotor transformation (Colby et al. 

1996, Snyder et al. 2000, Goldberg et al. 2006). Area LIP has a direct projection to the 

SC (Paré and Wurtz 1997) and communicates with other extrastriate visual areas both 

directly and indirectly via the thalamus (Yeterian and Pandya 1985, Yeterian and Pandya 

1997).   

In addition to these extrastriate areas, the frontal cortex, namely the Frontal Eye 

Fields (FEF), Dorsolateral Prefrontal Cortex (DLPFC) and the Supplementary Eye Fields 

(SEF), have also been implicated as areas involved in saccade production (Marrocco 

1978, Guitton et al. 1985, Stanton et al. 1988 a,b, Schlag-Rey et al. 1992, Schall et al. 

1991a, b, Hanes et al. 1995, Fujii et al. 1995, Russo and Bruce 1996, Pierrot-Deseilligny 

et al. 2002, 2003). The FEF (and SEF) have a projection to the midbrain, specifically the 

SC (Segraves and Goldberg 1987, Everling and Munoz 2000, Sommer and Wurtz 2001, 

Sommer and Wurtz 2004 a, b), and physiological studies have shown complementary 

neural activity in the FEF and SC in the preparation and execution of saccades (Tehovnik 

et al. 2000, Schall 2002, Munoz and Schall 2003, Munoz and Everling 2004). The SEF is 

thought to be involved in saccade inhibition and saccade planning (Schall 1991a,b, 

Schlag-Rey et al. 1997, Amador et al. 2004), as well as in the spatial sequencing of 

saccades (Muri et al. 1994). The DLPFC has been shown to be responsible for the 

inhibition of automatic saccades (Guitton et al. 1985, Johnston and Everling 2006). 

Visually triggered saccades from the retina/LGN/V1/LIP pathway, are often referred to as 
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automatic saccades (Pierrot-Deseilligny 1991, Gaymard et al. 1998), whereas the cortical 

structures (LIP, FEF, SEF) are thought to play a more critical role in the production of 

saccades that can be made in the absence of visual stimuli (volitional saccades) and for 

possibly inhibiting automatic saccades through their connections to the basal ganglia. The 

information from the automatic, volitional and inhibitory pathways converges in the SC 

where it is integrated and then passed onto the premotor circuits in the reticular formation 

and cerebellum.  

   

Anatomy and Physiology of the basal ganglia 

 

I now briefly discuss the anatomical connections within the basal ganglia and its 

anatomical position within the oculomotor Circuitry.  There are three basal ganglia 

circuits devoted to oculomotor processing: a projection from the frontal cortex to the 

Subthalamic nucleus (STN) (Hartmann-von Monakow et al. 1978), a direct route from 

cortex through the basal ganglia (Albin et al. 1989, Alexander and Crutcher 1990), and an 

indirect route from cortex to basal ganglia (Albin et al. 1989, Alexander and Crutcher 

1990). In the direct pathway (Fig. 1-3 solid lines), cortical saccade regions project to the 

Caudate Nucleus (CD) (Stanton et al. 1988, Shook et al. 1991, Parthasarathy et al. 1992). 

From here, an inhibitory projection is made from the CD to the SNr (Hikosaka et al. 

1993). The SNr, in turn, has an inhibitory projection to both the SC (Chevalier et al. 

1981, Hikosaka and Wurtz 1983d, Karabelas and Moschovakis 1985) and the FEF via the 

thalamus (Lynch 1994). Thus, activation of the CD results in disinhibition of the SC (and 

the thalamus), via the direct pathway, thereby facilitating movement. Conversely,  



Figure 1-3: Pathways through the Basal Ganglia
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decreased activity in the CD increases the amount of inhibition placed on the SC from the 

SNr, thereby suppressing movement. This provides a loop in which oculomotor 

information from cortical structures is processed through the basal ganglia, and then is 

fed either to an output structure of the system (i.e., SC), or back to cortical areas (i.e. the 

FEF) for further processing.   

The indirect pathway also plays a role in oculomotor processing. In this pathway, 

an inhibitory projection from the CD is sent to the Globus Pallidus external segment 

(GPe) (Smith and Bolam 1990), which in turn has an inhibitory projection to the STN 

(Carpenter et al. 1968, Kita et al. 1983). The STN has an excitatory projection to the SNr 

(Hammond et al. 1978, Nakanishi et al. 1987) (Fig. 1-3 dotted lines). Thus, an increase in 

CD activity decreases the amount of inhibition placed on the STN from the GPe, which in 

turn increases the excitatory input to the SNr (Parent and DeBellefeuille 1983, Smith and 

Bolum 1991). This in turn leads to an increase in the amount of inhibition placed on the 

thalamus and the SC, resulting in a deterrence of movement. Regions of the frontal cortex 

and the extrastriate visual areas also have a direct projection to the STN (Hartmann-von 

Monakow et al. 1978, Kitai and Deniau 1981) (Fig. 1-3). Thus, the STN appears to be an 

integrative structure in the indirect pathway, receiving both cortical and subcortical 

information as well as information from the CD and GPe, before sending it on to the SNr 

and GPi; the output structures of the basal ganglia (Kanazawa et al. 1976, Kita and Kitai 

1987, Parent and Smith 1987, Peterson et al. 1993). In general, the pathways through the 

basal ganglia structures are thought to be responsible for mediating the initiation of 

saccade eye movements, as well as for integrating contextual information surrounding the 
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intended movement with the motor command to perform the movement (Hikosaka et al. 

2006).  

 

Functional Model of the SNr in oculomotor processing 

 

Despite its position in the oculomotor circuitry, the possibility of an oculomotor 

role for the basal ganglia was not raised until anatomical data were published revealing a 

direct inhibitory GABAergic projection from the SNr to the intermediate layers of the SC 

(Jayaramen et al. 1977, Graybiel 1978, Chevalier 1981). Since then, it has been 

demonstrated that the cells in the monkey SNr tonically discharge, with relatively high 

frequencies, reaching levels of and beyond 100 Hz, and characteristically decrease their 

activity before the start of a saccade (Hikosaka et al. 1983c, Handel and Glimcher 1999, 

Basso and Wurtz 2002). It has also established that the responses of these neurons are 

temporally correlated with the presentation of both visual and auditory stimuli as well as 

with saccadic eye movements (Hikosaka and Wurtz 1983a, b). Additionally, the 

discharge properties of the neurons are not constant and can change dramatically, 

depending on whether the monkey has been fixating a visual target or simply maintaining 

their gaze on one location without the presence of a visual target (Hikosaka and Wurtz 

1983b). For instance, when the monkey has been fixating a spot of light, there is a 

decrease in the activity of the neurons when the light is removed. The response can be 

weakened, however, if another spot of light (in an additional location) is present when the 

fixation light is removed. Thus, the cells are responding to the appearance of a light spot 

that is going to be fixated upon or to the disappearance of a light spot that has been being 
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fixated, suggested that the appearance or disappearance of these light spots signal the 

initiation or termination of visually guided oculomotor behavior (Hikosaka and Wurtz 

1983b).  

It has also been established that SNr neurons decrease their firing rate for 

saccades made to a visual target and that the onset of this decrease in firing coincides 

with the removal of the light spot the monkey had been fixating. During memory-guided 

saccades, the same decrease in firing occurs, but is temporally locked with the saccade 

made to the point where the visual stimulus had previously been presented, but was no 

longer present. In some conditions, the response of the neurons is present immediately 

after the briefly presented stimulus and continues until the saccade made to the stimulus 

position is complete (Hikosaka and Wurtz 1983c). Thus, these neurons display all three 

functions that are associated with the basal ganglia: sensory, motor and cognitive. In 

single cells, however, they are combined in different ways so that the sensory-motor 

activity of the cells is dependent on the specific behavior and constraints of the task.  

As mentioned previously, subsets of neurons within the SNr project directly to the 

intermediate layers of the SC (Hikosaka and Wurtz 1983d). Importantly, SC neurons and  

SNr neurons demonstrate opposite activity to one another during the preparation and 

execution of visual and memory guided saccades (i.e. when SC neuron activity is high, 

SNr neuron activity is low). These findings suggest that the role of the SNr in saccade 

initiation is to inhibit the saccade-related neurons in the SC. To produce a saccade, this 

inhibition must be lifted in order to activate the neurons responsible for the production of 

the saccade. This hypothesis has been further supported by studies in which bicuculline 

(GABAA antagonist) was injected into the SC (Hikosaka and Wurtz 1985a) and muscimol 
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(GABAA agonist) was injected into the SNr (Hikosaka and Wurtz 1985b). These 

experiments documented that bicuculline in the SC caused an increase in the amount of 

eye movements the monkey made, particularly automatic saccades. The effect of 

bicuculline in the SC had the same effect on eye movements as muscimol in the SNr. 

When the SNr neurons were inhibited with muscimol, the monkeys showed an inability 

to suppress automatic saccades and had problems maintaining fixation. These data 

supported the initial hypothesis that the SNr acts to inhibit saccade production (Hikosaka 

and Wurtz 1985a-b).  

Hikosaka et al. (1989 a-c) examined a more central structure in the basal ganglia 

and its role in visual processing and saccade output. Recordings from single neurons in 

the CD determined that the central portion of the CD carried visual and saccade-related 

signals (Hikosaka et al. 1989 a-c). These findings were consistent with previous work 

that had proposed that this portion of the caudate was innervated by projections from the 

FEF (Stanton et al. 1988a, McHaffie et al. 2001). Additionally, the physiological 

properties of CD neurons were similar to the physiological properties of SNr neurons, 

and were consistent with the idea that SNr neuron responses are produced, in part, by 

inputs from the CD (Hikosaka et al. 1989b). Hikosaka et al. (1989b) concluded that the 

synaptic effect would be inhibitory because the same visual stimuli presented produced 

an increase in caudate cell activity and a decrease in nigral cell activity.  

With this new information, a hypothesis was formed suggesting that the SNr 

transmits saccade signals to the SC after receiving information relayed from the FEF to 

the CD. This hypothesis provided evidence for a FEF-CD-SNr-SC projection, which 
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could ultimately lead to the production of saccades (Alexander et al. 1986, Wurtz and 

Hikosaka 1986, Hikosaka et al. 1989a, Leigh and Zee 2006).   

The role of the SNr in oculomotor processing was further addressed through a 

series of experiments that re-evaluated the classification of neurons in the SNr (based on 

Hikosaka and Wurtz 1983a-d criteria) (Handel and Glimcher 1999) and also examined 

the potential for the SNr to play a cognitive role during saccade production (Handel and 

Glimcher 2000). In the first series of experiments, three sub-classes of neurons were 

identified within this area (Handel and Glimcher 1999).  This included one class that was 

similar to the neurons originally observed by Hikosaka and Wurtz (1983 a-d), as well as 

two additional classes of neurons that had not been previously identified. The first set of 

neurons was classified as pause neurons, because they decreased their activity for 

saccades. These neurons were further classified as universal pause neurons (neurons 

paused for saccades made in both the ipsiversive and contraversive direction) and discrete 

pause neurons (neurons paused for saccades in contraversive direction). For both sets of 

pause neurons the firing rate of these cells was near baseline during fixation and then 

decreased below baseline for visual and movement intervals.  The second set of neurons 

was classified as burst neurons because they increased their activity for contraversive 

saccades. These cells fired slightly above baseline during the fixation interval, elevated 

further for visual and movement intervals, and maximally for reward intervals. The third 

identified class increased their activity from baseline for saccades (movement interval) 

made in the contraversive direction and decreased their activity from baseline for 

saccades (movement interval) made in the ipsiversive direction, and were thus classified 

as pause-burst neurons.  
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It is now known that the CD (Hikosaka et al. 1989, Kowagoe et al. 2004, 

Nakamura and Hikosaka 2006, Balleine et al. 2007), and the SC (Ikeda and Hikosaka 

2003, 2007) contain information about expectation, related either to reward or decision 

making behavior. Handel and Glimcher (2000) showed that the SNr neurons also carry 

information about reward expectation and behavior contingent learning, in addition to 

information regarding the amplitude and velocity of the saccade. They compared the 

neural activity for saccades made in three different conditions: spontaneous saccades, 

fixation saccades and terminal saccades. The spontaneous saccades consisted of random 

shifts of gaze that were made without any stimuli present and were not reinforced by a 

reward. The fixation saccades were made from an eccentric position to the fixation point, 

but were not reinforced with a reward.  Terminal saccades were saccades made from a 

fixation point to an eccentric target and were reinforced by a reward at the end of a 

correct trial (animal made a saccade towards the target). It was determined that saccade-

related modulations were present only for terminal saccades in which the animal had 

received a reward that reinforced the behavior. This observation suggested that either the 

SNr was influenced by the reinforcement associated with a particular saccade or that the 

SNr does not fire for non-purposive saccades (Handel and Glimcher 2000). It is now 

generally accepted that the SNr plays a key role in reward-oriented saccadic eye 

movements and that the neural activity modulates with operant reinforcement (Sato and 

Hikosaka 2002).  

This hypothesized role of the SNr in saccade initiation was further refined by 

Basso and Wurtz (2002). Using a target/distracter discrimination task, they examined the 

response of SNr neurons during pre-selection (when the array had turned on, but no target 
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had been defined) and during selection (target luminance changed, signifying the location 

of the visual target). The goal of these experiments was to determine whether 

modulations in SNr neural activity could be responsible for the modulation of SC neurons 

during the same task. The findings suggested that the SNr neural activity was modulated 

with target selection in the same way that it was modulated with saccade initiation 

(decrease, or pause, in activity). Importantly, this decrease in activity was reciprocal to 

the increase in activity found in the intermediate layers of the SC during the same task 

(Basso and Wurtz 1998). Furthermore, the decrease in SNr activity during target selection 

was consistent with the hypothesis that the basal ganglia gates the selection of desired 

movements by changing the amount of inhibition placed on motor output structures. 

These findings also supported the anatomical work (Hazrati and Parent 1992 a, b, Parent 

and Hazrati 1993) and reversible inactivation experiments (Mink and Thach 1991) which 

provided a model of basal ganglia function. The model emphasized that the main role of 

the basal ganglia is to inhibit unwanted movements while at the same time provide 

selective disinhibition for wanted movements. 

This model was further emphasized by retrograde analysis of nigrotectal neurons 

in the cat (Jiang et al. 2003). This study reported two distinct populations of SNr neurons; 

one that had an ipsilateral projection to the SC (uncrossed) and a second population that 

had a contralateral projection to the SC (crossed). The neurons with the distinct 

projections also had distinct characteristics. The uncrossed population were reported to 

have high rates of spontaneous activity (Jiang et al., 2003), and were thus hypothesized to 

exert tonic inhibition over the ipsilateral SC. Removing the inhibition enabled a saccadic 

response to occur, suggesting that these were the SNr neurons reported previously as 
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pause neurons (Hikosaka and Wurtz 1983c, Handel and Glimcher 1999, Basso and Wurtz 

2002). The crossed population of neurons had lower levels of spontaneous activity and 

increased their discharge in response to visual stimuli. Given the numerous connections 

with the contralateral SC, these neurons are now thought to mediate the initiation of 

saccades by inhibiting competing motor programs in the SC on the opposite side. These 

connections therefore support the functional model of the basal ganglia set forth 

previously and what currently stands today:  The basal ganglia mediates the initiation of 

saccades through both local disinhibition for desired movements and global inhibition of 

competing motor programs (Mink and Thach 1993, Mink 1996, Gully et al. 2002, 

Rubchinsky et al. 2003). 

 

Basal ganglia Pathology: Parkinson’s disease 

  

Because of the complexity of the basal ganglia circuitry, the direct and indirect 

pathways must work in concert with one another to allow precise control over 

movements. Any disruption to the delicate balance of this circuitry can therefore interrupt 

the intended motor output (Afifi 1994, Saint-Cyr et al. 1995). Diseases such as 

Huntington’s disease, and Parkinson’s disease (PD) are all movement related disorders 

that occur as a result of pathology within a specific input or output region of the basal 

ganglia (Hallett 1993, Bonnet and  Hoveto 1999, McAuley 2003, Graybiel 2004). In part, 

this thesis will focus on investigating the pathophysiology within the oculomotor 

circuitry that occurs as a result of Parkinson’s disease.  
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 PD is a neurodegenerative disorder that develops as a result of a depletion of 

dopamine neurons in the Substantia Nigra pars compacta (SNc) (Esposito et al. 2007, 

Olanow 2007). This loss of dopamine neurons within the striatum leads to a disruption in 

the basal ganglia circuitry, which ultimately decreases input to the direct pathway 

(pathway that facilitates movement). This leads to a disruption in the balance between 

facilitation and inhibition of movements (Bergman and Deuschl 2002, Radad et al.  

2005). These changes are thought to represent the neural correlates of parkinsonian motor 

symptoms including rigidity, tremor and bradykinesia (slowness of movement). 

Consequently, individuals with PD have difficulty initiating planned or willed 

movements while at the same time are unable to regulate the suppression of unwanted or 

inappropriate actions (Hayes et al. 1998). Taken together, these manifestations lead to an 

overall impairment of motor control. 

 Many of the brain regions known to be affected in movement-related disorders 

(including PD) overlap with the brain regions involved in controlling saccadic eye 

movements (Gaymard et al. 1998, Hikosaka et al. 2000, Munoz and Everling 2004). 

Recent studies have successfully measured the differences between PD and control motor 

responses using a variety of eye movement tasks including the anti-saccade paradigm 

(Briand et al. 1999, Kitagawa et al. 1994, Briand et al. 2001, Chan et al. 2005). The anti-

saccade task requires the participant to suppress the automatic tendency to look towards a 

visual target and instead, generate a volitional saccade away from the target (anti-

saccade). This task allows for the direct comparison of the ability to control volitional 

movements while at the same time suppress automatic ones (Chan et al. 2005).  
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When the eye movement performance of PD patients on the anti-saccade task is 

compared to that of controls, PD patients are generally unimpaired on pro-saccade trials 

and are often faster to respond than controls (Kitigawa et al. 1994, Briand et al. 1999, 

Chan et al. 2005).They are however, less likely to suppress the automatic saccade 

towards the target on anti-trials, even when instructed not to look towards it (Chan et al. 

2005). It has thus been hypothesized that PD patients lack inhibitory control over 

automatic saccade responses, because their ability to generate automatic saccades appear 

normal and their increased error rate on anti-saccade trials appears to be due to an 

inability to suppress the automatic saccade towards the target (Hikosaka 1997, Briand et 

al. 1999, Chan et al. 2005).  

Another paradigm useful in the study of response inhibition/suppression is the 

oculomotor countermanding paradigm (Logan and Cowan 1984). The countermanding 

paradigm is similar to the anti-saccade task; however, instead of generating a volitional 

saccade in the direction opposite the visual target the participants are required to simply 

cancel or suppress the planned saccade towards the peripheral target and maintain their 

fixation at a centre location. Performance on the countermanding task has been proposed 

to be dependent upon two processes: a stop process (volitional) initiated by the 

presentation of the stop signal, and a go process (automatic) initiated by the appearance 

of the target (Logan and Cowan 1984). Whichever process is completed first determines 

the behavioral outcome of the task (initiate or suppress the saccade), thus allowing for a 

direct measure of the participants ability to suppress or inhibit an automatic movement 

(Hanes and Carpenter 1999, Cabel et al. 2000, Armstrong and Munoz 2003, Curtis et al. 

2005).     
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 The countermanding paradigm has recently been implemented to examine the 

neural correlates of saccade suppression in non-human primates. These studies have 

revealed that areas in the frontal cortex, in addition to the SC, contain neurons whose 

activity correlates with the probability of suppressing the planned saccade (Hanes et al. 

1998, Stuphorn et al. 2000, Paré and Hanes 2003). Importantly, these areas overlap with 

regions affected in various neurological disorders including PD.  

 

Objectives of Thesis 

 

The main objective of this thesis is to further investigate the role of the basal 

ganglia in the initiation and suppression of both volitional and automatic motor programs. 

Neural activity will be recorded from a main output structure of the basal ganglia, the 

SNr. These neural recordings will occur while awake, behaving monkeys perform a 

variety of oculomotor paradigms aimed to study specific motor actions including 

automatic, volitional and inhibitory saccadic responses. In addition to the single cell 

neurophysiology, the role of the basal ganglia in response suppression will be studied by 

measuring the ability of PD patients to perform oculomotor tasks that require them to 

actively suppress eye movements to visual stimuli. Their performance will be compared 

with age and sex matched controls to determine how a pathological basal ganglia 

influences this particular type of saccadic behavior.  
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Chapter 2: Identification of the primate Substantia Nigra pars reticulata 

 

The first goal of this thesis will be to establish the methodology that will be used 

in the subsequent experiments. We will record from the SNr using a novel approach, 

using the same chamber used to access the SC to access the SNr. To verify that this 

method enables us to record from the oculomotor region of the SNr, our first goal will be 

to replicate previous findings by identifying the same neuron subtypes described 

previously, including pause (Hikosaka and Wurtz 1983, Basso and Wurtz 2002, Handel 

and Glimcher 1999), burst (Handel and Glimcher 1999) and pause-burst (Handel and 

Glimcher 1999) neurons.  

 

Chapter 3: Neural Correlates of Fixation Disengagement in primate SNr  

  

Previous observations have shown that the FEF (Everling and Munoz 2000) and 

the SC (Dias and Bruce 1994, Dorris and Munoz 1995, Pare and Munoz 1996, Dorris et 

al. 1997) possess neurons that display significant changes in activity prior to target 

appearance. This activity has been shown to correlate with the time it takes to initiate a 

saccade to a visual target upon subsequent presentation, and has been hypothesized to 

represent the neural correlates of the gap effect, specifically fixation disengagement. 

Because the SNr is hypothesized to gate the initiation of saccades by either maintaining 

or lifting its inhibition on the SC (Hikosaka and Wurtz 1983c), we hypothesize that the 

neurons in the SNr will also display the neural correlates of fixation disengagement. We 

will therefore examine the pre-target activity of SNr pause, burst and pause-burst neurons 
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during the gap saccade paradigm. This paradigm is ideal in the study of fixation 

disengagement and motor preparation, because upon extinction of a visual fixation 

marker (the fixation point), the animal is required to maintain their visual fixation in the 

absence of an overt point of reference. Only upon subsequent presentation of the visual 

target is the animal required to generate a saccadic eye movement. The extinction of the 

fixation point therefore acts as a warning to the animal, signaling that a saccade is going 

to be required momentarily, but the location of the subsequent saccade is unknown. The 

time between fixation point offset and target onset (the gap), therefore allows the neural 

activity to be examined and quantified while the monkey prepares for the upcoming 

saccade.  

Because of the inverse relationship between the SNr and the SC (when SNr 

activity is high, SC activity is low; Hikosaka and Wurtz 1983d, Basso and Wurtz 2002), 

we hypothesize that the SNr pause neurons will decrease their activity during the gap 

(when the SC saccade neurons are increasing their activity; Dorris et al. 1997) and that 

the SNr burst neurons will increase their activity during the gap (when the SC fixation 

neurons are decreasing their activity; Dorris and Munoz 1995). Moreover, we 

hypothesize that the level of activity measured during this pre-target epoch will correlate 

with the resultant saccadic reaction time (SRT) for the trial.    

 

Chapter 4: Neural Correlates for Pro-saccades and Anti-saccades in Primate SNr 
 

To further investigate the role of the SNr in selective gating of saccades, we will 

record single unit activity in monkeys trained to perform an interleaved pro/anti-saccade 

task. The color of the initial fixation point will instruct the monkey to either generate a 



 23

saccade towards (pro-saccade) a peripheral visual target or to suppress the pro-saccade 

and instead generate an anti-saccade in the opposite direction. By randomly interleaving 

pro and anti-saccade trials, we will determine if and how the level of inhibition from the 

SNr changes with task instruction. Neurons in the FEF (Everling and Munoz 2000) and 

the SC (Everling and Fischer 1988, Everling et al. 1999) modulate their activity when 

preparing to make an automatic saccade to a visual target (pro-saccade) as well as when 

the animal plans to make a volitional saccade away from the target (anti-saccade). 

Specifically, saccade neurons in the FEF and the SC decrease their activity on anti-

saccade trials. Because of the inhibitory projection from the SNr to the SC and indirectly 

to the FEF, we hypothesize that SNr neurons will increase their activity on anti-saccade 

trials and that the SNr discharge will be lower on trials in which the animal makes a 

subsequent anti-saccade error (automatic pro-saccade to the target).  

 
Chapter 5: Investigating automatic and volitional control in Parkinson’s disease 
patients using oculomotor Countermanding  
  

The final set of experiments will investigate how saccade initiation and saccade 

suppression change as a result of pathology to the basal ganglia circuitry. PD is a 

neurodegenerative disorder that results from a loss of dopamine neurons in the striatum. 

Because of this loss, the neurochemical balance of the basal ganglia circuitry is disrupted 

and individuals with the disease have difficulty initiating willed movement while at the 

same time are unable to inhibit automatic or unwanted eye-movements (Hallet 1993, 

Saint-Cyr et al. 1995, Bonnet and Hoveto 1999, McAuley 2003, Chan et al. 2005). To 

determine how the control of saccadic eye movements is affected when the basal ganglia 

are compromised, we will record the eye movements of PD patients while they perform 
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an oculomotor task, and compare their behavior to that of age and sex matched controls. 

Because we are most interested in investigating the ability of PD patients to suppress 

automatic movements, we will measure their ability to perform an oculomotor 

countermanding task. The countermanding task is ideal to study response suppression 

because upon presentation of a visual stop signal, the participant is required to cancel the 

planned saccade to the visual target and instead, keep their eyes fixated at centre. By 

determining if the ability of PD patients to suppress or inhibit a planned movement is 

affected, we will be able to further explore the overall role of the basal ganglia in the 

planning and suppression of saccadic eye movements.  

 



 25

CHAPTER 2. IDENTIFCATION OF PRIMATE 
SUBSTANTIA NIGRA PARS RETICULATA 

 
Joanna L Gore, Robert A Marino and Douglas P Munoz 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 26

ABSTRACT 

The Substantia Nigra pars reticulata (SNr) is one of the main output nuclei of the 

basal ganglia. It is hypothesized to mediate the initiation of saccades through inhibitory 

projections to the Superior Colliculus (SC) and the Frontal Eye Fields (FEF) (via the 

thalamus). The SNr is located deep within the brain and is normally accessed vertically 

through the ventrobasal complex of the thalamus (VPM). A goal of this study was to 

explore the option of using the same recording chamber to access both the SC and SNr. 

Because this is not the way the SNr has been approached previously, we wanted to verify 

that this method would enable us to record successfully from neurons in the oculomotor 

regions of the SNr. We trained monkeys to perform the memory delay and the visual 

delay saccade tasks and recorded from single neurons in the SNr. Consistent with 

previous studies, we found neurons that decreased their discharge for contraversive 

saccades, neurons that increased their discharge for contraversive saccades and neurons 

that increased their discharge for contraversive saccades and decreased their discharge for 

ipsiversive saccades. We conclude that the SC chamber allows for access to the 

oculomotor regions of the SNr, can replicate previous findings, and is therefore viable for 

future recording.   
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INTRODUCTION 

The Substantia Nigra pars reticulata (SNr) is one of the main output structures of 

the basal ganglia (Alexander et al. 1986) and is known to play a role in oculomotor 

processing (Hikosaka and Wurtz 1983a-d). Previous anatomical experiments have shown 

that the SNr has projections to the intermediate layers of the Superior Colliculus (SC) 

(Jayaramen et al. 1977, Graybiel 1978, Chevalier 1981) and indirectly to the Frontal Eye 

Field (FEF) via the thalamus (Lynch et al. 1994). Physiological recordings have led to the 

hypothesis that neural activity in the SNr mediates SC activity (Hikosaka and Wurtz 

1983a-d, Hikosaka and Wurtz 1985 a,b, Handel and Glimcher 1999, Basso and Wurtz 

2002), after receiving input from the Caudate Nucleus (CD), suggesting that the SNr lies 

within a frontal-basal ganglia-SC circuit (Alexander et al. 1986, Wurtz and Hikosaka 

1986, Hikosaka et al. 1989a, Leigh and Zee 2006). The current hypothesis surrounding its 

role within the circuit is that it mediates the initiation of saccades via inhibitory 

projections to the SC (Hikosaka and Wurtz 1983c, Mink and Thach 1991, Leigh and Zee 

2006) and FEF (via the thalamus) (Lynch et al. 1994). 

We wish to elaborate on this hypothesis by examining the neural activity in the 

SNr using the same behavioral tasks that our lab has previously used to examine the 

neural activity in the FEF and SC. Because the animals in our lab already have a 

functional SC chamber, and because we want to avoid subjecting the animals to a second 

surgery (to position a new SNr chamber in the explant), we want to explore the option of 

using the SC chamber to access the SNr. Consultation with the stereotaxic atlas of the 

rhesus monkey brain has revealed that if the existing SC chamber were to be tilted an 

additional 2° posterior to vertical (from 38° posterior to vertical to 40° posterior to 
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vertical), the rostral end of the chamber would access the SNr (The Rhesus Monkey 

Brain in Stereotaxic coordinates; Paxinos et al. 2000).  

Because the SNr is traditionally accessed via the Ventrobasal complex of the 

thalamus (VPM) (Schultz 1986, Basso and Wurtz 2002), we want to verify that accessing 

the SNr through the SC chamber will enable us to record from neurons in the oculomotor 

regions of the SNr. The goal of this study is to therefore determine if SNr neurons we 

recorded via access through the SC chamber possess the same discharge properties as 

those recorded previously via access through the thalamus (Hikosaka and Wurtz 1983 a-

d, Schultz 1986, Handel and Glimcher 1999, Basso and Wurtz 2002).  

To answer this question, we record single neuron activity in the SNr while the 

monkeys perform the visual delay and memory delay paradigms. We use these tasks 

because they are similar to the tasks used in previous recordings from the monkey SNr 

(Hikosaka and Wurtz 1983 a-d, Handel and Glimcher 1999, Basso and Wurtz 2002) and 

allow for a direct comparison of discharge properties.  

 

MATERIALS AND METHODS 

Animal Preparation  

All procedures were approved by the Queen’s University Animal Care Committee 

and complied with the guidelines of the Canadian Council on Animal Care. Extracellular 

activity was recorded from single neurons in the SNr of 3 male rhesus monkeys 

(Macaque mulatta) performing oculomotor paradigms. The monkeys weighed between 6-

12 kg each and each monkey underwent a single surgical session under anesthetic and 

aseptic conditions to prepare for chronic recording.  
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One day prior to surgery, the animal was placed under Nil per Os, (NPO; water ad 

lib) and a prophylactic treatment of antibiotics was initiated (5.0 mg/kg Baytril). On the 

day of the surgery, anesthesia was induced by ketamine (6.7 mg/kg IM). A catheter was 

placed intravenously to deliver fluids (lactated ringer) at a rate of 10 ml/kg/hr throughout 

the duration of the surgical procedure. Glycopyrolate (0.013 mg/kg im) was administered 

to control salivation, bronchial secretions, and to optimize heart rate (HR). An initial dose 

was delivered at the start of surgery followed by a second dose 4 hours into the surgery. 

General anesthesia was maintained with gaseous isofluorene (2-2.5%) after an 

endotracheal tube was inserted (under sedation) induced by an intravenous bolus of 

propofol (2.5 mg/kg). HR, pulse, pulse oximetry saturation (SpO2), respiration rate, fluid 

levels, circulation, and temperature were monitored throughout the surgical procedure.  

Based on stereotaxic coordinates, craniotomies were made to allow access of 

microelectrodes to the target regions. To access the SC and the SNr, a craniotomy (19 

mm diameter) was centered on the midline (P1.0, D5.0, RL0).  The stereotaxic apparatus 

(KOPF Instruments) stabilized the animal’s head during implantation of stainless steel 

screws, which served to anchor the explant (recording chambers and head post stabilized 

with acrylic cement) to the skull. The screws were inserted into holes drilled and tapped 

manually into the skull. A stainless steel recording chamber (Crist Inst.) that allowed 

access to the SC and the SNr (and also allowed for mounting of a microdrive), and a 

stainless steel head holder were embedded in an acrylic explant. The chamber was tilted 

40º posterior to vertical to allow for access to the SC and SNr (Fig. 2-1 A). Sterilized  



A 

B

30

Fig. 2-1: Anatomical placement of SNr chamber, guidetubes and electrodes 
Anatomical map representing the placement of the guidetubes, electrodes and neurons 
recorded using the SC chamber to access the SNr. 
A: Topographical representation of the position of the chamber and the electrodes when 
accessing the SNr (black line represents recording electrode). The two vertical lines 
represent AP zero and AP+25mm, the two horizontal lines are positioned at horizontal 
+15mm and +25mm. Based on this scale, the 4 mm scale bar (bottom left) represents the 
distance from the rostral pole of the SC to the location within the SNr where single 
neurons were isolated and recorded.
B: Red and blue markers represent placement of burst (blue) and pause (red) neurons 
recorded during a single recording session. The neurons location is reconstructed based 
on the angle of the chamber (40º), the co-ordinates of the guidetube (A3R4), the starting 
position of the electrode (78 mm below platform) and the depth that the microdrive read 
when these neurons were recorded.
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scleral search coils (19-20 mm diameter) were inserted subconjunctivally into each eye 

and were used to measure the direction and amplitude of the eye movement (Judge et al. 

1980). Leads were then passed subdermally to the explant. These leads had a Powell 

connector attached at termination and were embedded in the acrylic explant. The 

analgesic Buprenorphine (0.01-0.02 mg/kg im) was administered throughout the surgery 

and during recovery (8-12 hours). The anti-inflammatory agent Anafen (2.0 mg/kg first 

dose, 1.0 mg/kg additional doses) was administered at the end of the surgery (prior to 

arousal), the day after the surgery, and every day thereafter (as required). Monkeys were 

given at least 2 weeks to recover prior to onset of behavioral training. 

 

Experimental Procedures 

The monkeys were seated in a primate chair for the duration of each experimental 

session (2-4 hours), with their heads firmly attached to the chair via the head holder. The 

monkeys faced a tangent screen 86 cm away, which spanned ± 35º of the central visual 

field. The behavioral paradigms, visual displays and the storage of neuronal discharge 

and eye position data were under the control of a PC running a real-time data acquisition 

system (REX version 5.4; Hays et al. 1982). REX controlled the presentation of the 

stimuli through digital to analog converters, which moved two mirror galvanometers 

(General Scanning) in orthogonal planes. The mirrors reflected a red light-emitting diode 

(LED, 0.05 cd/m2) onto the translucent screen in front of the monkeys.   

The monkeys were trained to perform a variety of oculomotor tasks including the 

memory and visual delay paradigms (Fig. 2-2 A,B). Each trial started with the 

disappearance of the background light followed 250 ms later by the appearance of a  
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B Visual Delay Paradigm
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FIX DELT PERI
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Fig. 2-2: Memory Delay and Visual Delay Paradigms
Schematic outlining the two saccade paradigms used in this experiment the Memory 
Delay Task (A) and the Visual Delay Task (B). In task A, the monkey was required to 
fixate a central fixation marker (FP) and maintain fixation while a stimulus (T) was flashed 
in the periphery. Once the FP disappeared the monkey was required to make a saccade 
to the remembered location of the T. In task B, the monkey was required to maintain 
fixation while a T appeared (and remained illuminated). The monkey was only allowed to 
make a saccade towards the T once the FP disappeared.
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central fixation point (FP). The monkeys had 1000 ms to look at the FP and then maintain 

fixation until it disappeared. In the memory delay paradigm (Fig. 2-2 A) 500-800 ms after 

FP onset, a visual stimulus (i.e. target, ‘T’) was flashed for 50-80 ms while the FP 

remained illuminated. The monkey had to maintain central fixation during its 

presentation, and make a saccade to the remembered location of the T only after the FP 

disappeared (400-700 ms “memory” period). After completion of the saccade, the 

monkeys were required to maintain fixation within ±5º of the remembered T location for 

200 ms to receive a liquid reward. In the visual delay paradigm (Fig. 2-2 B), the T 

appeared and the FP remained illuminated. However, instead of disappearing (as in the 

memory delay paradigm), the T also remained illuminated. The monkeys were required 

to maintain central fixation during a variable delay interval (500-1000 ms), and make a 

saccade to T only after the FP disappeared. During periods of fixation in both paradigms, 

the monkeys were required to maintain its gaze within a computer-controlled window of 

± 2º. If the eye position deviated outside this window, or if no saccade was initiated 

within the required amount of time (500 ms), the trial was aborted and the monkeys did 

not receive a reward for that trial. Liquid rewards were given if the monkey made a 

successful saccade to the T within 500 ms of the disappearance of the FP.  

Single neuron activity was detected with tungsten microelectrodes (Frederick 

Haer) that were lowered through 23 gauge stainless steel guide tubes by a hydraulic 

microdrive (Narishige MO95) that was attached to the recording chamber. The guide 

tubes were secured in place via a delrin grid anchored to the inside of the recording 

chambers (Crist et al. 1988). Single neuron discharges were sampled at 1 kHz after 

passing through a window discriminator (Bak Electronics), which excluded action 
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potentials that did not meet amplitude and time constraints. Horizontal and vertical eye 

and stimulus positions were digitized at 1 kHz. 

We recorded from neurons in the SNr that were modulated with the oculomotor 

tasks, as judged from the on-line raster displays aligned on specific task events. A neuron 

was considered to be modulated with the task if it showed an increase or decrease in 

discharge rate during fixation, at T onset, or during peri-saccade epochs (See Fig. 2-2), as 

determined on line. Once a neuron was isolated, a block of at least 80 trials including the 

memory and visual delay paradigms were run with the stimulus appearing randomly at 

either ±10º to the right or left side of the FP. These locations were chosen because 

neurons in the SNr have been shown to have relatively broad response fields that often 

encompass an entire hemifield (Hikosaka and Wurtz 1983b, Handel and Glimcher 1999, 

Basso and Wurtz 2002). Thus, stimuli were positioned at 10º only so that any differences 

between ispiversive and contraversive saccade-related activity could be quantified.  

 

Site Identification and Neuron Classification 

To locate and map the SNr (See Fig. 2-1 A), we first identified the rostrolateral 

pole of the SC, by recording fixation-related activity (Munoz and Wurtz 1993a). From 

this position, we systematically moved anterior in the recording chamber by 1-2 mm 

increments (up to a maximum of 4 mm), until we identified discharges consistent with 

neurons in the SNr (Hikosaka and Wurtz 1983 a-d, Handel and Glimcher 1999, Basso 

and Wurtz 2002). The neurons we recorded from were located approximately 3-4 mm 

anterior to the rostral pole of the SC, 3-5 mm lateral of midline, and 10 mm below the 

SC. Additionally, neurons in the Substantia Nigra Pars compacta (SNc), located directly 
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above the SNr, had broad action potentials (Schultz 1986, Bayer and Glimcher 2005) (in 

contrast to the short duration action potentials characteristic of SNr neurons), that were 

used as a secondary landmark to find the SNr.  

During off-line analysis we classified neurons that were modulated by saccades as 

either: pause, burst or pause-burst neurons, based on the criteria outlined below. After the 

initial classification, the neurons were checked for classification accuracy within the 

memory and visual delay paradigms. Neurons were excluded or re-classified as needed. 

Neurons were required to have at least four trials per condition (memory/visual delay 

paradigm, contraversive/ipsiversive saccade) to be considered for classification. The 

fixation epoch consisted of the first 100 ms of active fixation (Fig. 2-2 ‘FIX’). The peri-

saccade epoch consisted of the 20 ms preceding the onset of the saccade until 20 ms after 

saccade onset (Fig. 2-2 ‘PERI’). Statistical comparisons were made between these two 

epochs and if the discharge rate of the neuron was significantly different (as determined 

by non-parametric Wilcoxon Rank sum test and parametric students t-test for each trial; 

p<0.05), the neuron was considered modulated and analyzed further. If the ratio PERI: 

FIX was significantly less than 1, the neuron was classified as a pause neuron (more 

active during fixation than during the saccade; Hikosaka and Wurtz 1983 a-d). If the 

discharge ratio PERI: FIX was significantly greater than 1, the neuron was classified as a 

burst neuron (more active during the saccade than during fixation; Handel and Glimcher 

1999). If the ratio PERI:FIX was significantly less than 1 for saccades made in the 

ipsiversive direction and significantly more than 1 for saccades made in the contraversive 

direction, than the neuron was classified as a pause-burst neuron (Handel and Glimcher 

1999).  
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Data analysis  

PC and Unix-based computer software programs (Matlab, Mathworks Inc.) were 

created to determine the beginning and end of each saccade using velocity threshold, 

position change and template matching criteria (minimum 100 º/s for saccade velocity, 

bound by <10 º/s to determine the beginning and the end of saccade). All behavioral data 

were verified off-line for accuracy. A spike density function was generated for each data 

set by substituting a Gaussian pulse of a specified width (σ = 10 ms) for each spike, and 

then each Gaussian was summed together to produce a continuous function in time. We 

employed the 10 ms pulse because it decreased the variability in the spike density 

functions without smoothing out any of the effects observed. The rasters and spike 

density functions were aligned on specific events, including FP disappearance, T 

appearance and saccade onset. We computed the activity in 4 discrete epochs (Fig. 2-2) 

including: fixation (‘FIX’), visual stimulus (target) (‘T’), delay (‘DEL’), and saccade 

epochs (‘PERI’), to analyze the discharge patterns during the specific intervals during the 

paradigms. The fixation epoch for both the memory and visual delay paradigms consisted 

of the first 100 ms of active visual fixation (Fig. 2-2 ‘FIX’). We chose the first 100 ms of 

visual fixation to avoid the blending of visual activity related to fixation with that related 

to the onset of the visual stimulus. The stimulus (visual) epoch consisted of the 50 ms 

after T appearance through until 150 ms after T appearance (Fig. 2-2 A,B ‘T’). This 

epoch allowed us to quantify the magnitude of visual response to the stimulus 

independent of any saccade activity. The delay epoch consisted of the final 100 ms before 

removal of the FP, and allowed us to determine if and how the neural activity changed 

when the monkey knew the location of the pending saccade, but was required to suppress 
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the movement until the FP was removed (Fig. 2-2 A,B ‘DELAY’). The Peri-Saccade 

epoch consisted of the final 20 ms before saccade onset and the first 20 ms after saccade 

onset (Fig. 2-2 A,B ‘PERI’), and allowed us to quantify the change in neural activity 

during the onset of the saccadic eye movement.  

These analyses were used to determine if the discharge properties of the SNr 

neurons recorded in this study were comparable to the properties observed in previous 

studies (Hikosaka and Wurtz 1983 a-d, Handel and Glimcher 1999, Basso and Wurtz 

2002).  

 

RESULTS 

 We isolated 50 SNr neurons in 3 monkeys, 26 of which were modulated with 

oculomotor tasks and additionally met the discrete classification criteria outlined in the 

METHODS section.  

 

Locating Primate SNr via SC chamber 

Consultation with the stereotaxic atlas of the rhesus monkey brain revealed that if 

the existing SC chamber were to be tilted an additional 2° posterior to vertical (from 38° 

posterior to vertical to 40° posterior to vertical; see Fig. 2-1 A), the rostral end of the 

chamber would align with SNr (The Rhesus Monkey Brain in Stereotaxic coordinates; 

Paxinos et al. 2000). After locating the rostral pole of the SC, we systematically began 

moving our guidetubes forward in the recording chamber, approximately 3-4 mm anterior 

of the rostral pole of the SC. We positioned our electrode 10 mm below the starting point 

used to access the SC, and systematically lowered the microelectrode until we began 
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recording neural activity that was modulated with the oculomotor tasks. After recording 

the position of the guidetubes in the chamber, the depth of the electrode before we started 

lowering it and the depth at which we recorded neurons, we were able to re-create a 

topographical map of the location of the neurons we recorded. Using this topographical 

re-creation method, we determined that the neurons we recorded from were indeed 

located within the SNr.  

Figure 2-1 is a sample of a topographical analysis constructed after one recording 

session. As shown in Figure 2-1 A, when the angle of the chamber was tilted at 40º 

posterior to vertical, and the electrode (thin black line in figure) was positioned rostrally 

within the guidetube, the electrode was able to access the SNr. Figure 2-1 B (Fig. 2-1 A 

outlined area enlarged) shows the location of two neurons (red; pause neuron, blue; burst 

neuron) that were mapped based on the angle of the chamber (40º posterior to vertical), 

the position of the guidetubes in the chamber, the starting position of the electrode, and 

the depth that the hydraulic microdrive read when the neurons were isolated and a block 

of trials was run. Note that the SNr neurons recorded were located approximately 4 mm 

anterior to the rostral pole of the SC. 

 

Memory Delay Paradigm 

Figure 2-3 shows single cell examples of pause, burst and pause-burst neurons, 

recorded during the memory delay task. Figure 2-3 A is an example of a pause neuron 

that was tonically active during fixation, firing at an average rate of about 70 spikes/s.  
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Fig. 2-3: Single Cell Activity Memory Delay Task
Single unit examples of SNr neurons recorded during the Memory Delay saccade task. 
Spike density functions are aligned on contraversive saccade onset (left), and ipsiversive
saccade onset (right).
A: Spike Density profile of a neuron that decreases its activity from fixation for both 
contraversive and ipsiversive saccades (pause neuron).
B: Spike Density profile of a neuron that increases its activity from fixation maximally for a 
contraversive saccade (burst neuron).
C: Spike Density profile of a neuron that increases its activity from fixation for a 
contraversive saccade (slightly after saccade onset) and decreases its activity from 
fixation for an ipsiversive saccade. 
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Approximately 150 ms prior to the onset of the saccade, the discharge began to decrease 

and became minimal at saccade onset. For this particular neuron, the pause in activity 

was similar for contraversive and ipsiversive saccades. Figure 2-3 B is an example of a 

single burst neuron that also fired tonically during fixation, discharging at a rate of about 

70 spikes/s. The neuron also had a burst of discharge that was time locked to the onset of 

the contraversive saccade, but this increase in activity was modest and not significantly 

different from baseline (fixation) activity. Figure 2-3 C illustrates a pause-burst neuron 

that discharged at about 30 spikes/s (on average), during fixation. Approximately 20 ms 

after saccade onset, the discharge rate increased to 40 spikes/s. At the onset of the 

ipsiversive saccade, the discharge rate began to decrease and dropped to zero 

approximately 20 ms after the onset of the saccade. All three neurons were representative 

of the pause, burst and pause-burst classifications.    

We measured the change in activity from the FIX epoch (first 100 ms of active 

visual fixation) to the T epoch (50 -150 ms after the onset of the visual stimulus) for the 

population of the SNr pause, burst and pause-burst neurons. We chose this epoch to 

measure the visual activity associated with the target “flash” (50-80 ms), because in our 

laboratory stimuli illuminated at this intensity (0.05 cd/m2) have been found to produce a 

visual response onset latency of 86 ± 3ms in the SC (Bell et al. 2006; Marino et al. 2006). 

This epoch therefore ensured that we would capture changes in visual activity related to 

the onset of the visual stimuli. Unlike previous reports (Hikosaka and Wurtz 1983b, 

Basso and Wurtz 2002), the small population of pause neurons we recorded did not 

display significant visual activity (Fig. 2-4 A,B). The SNr pause neurons decreased their 

activity by 4 spikes/s (from 48 spikes/s to 44 spikes/s) when the stimulus appeared in the  
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Fig. 2-4: Population Activity across different epochs
The population activity in the Memory Delay task for pause (red), burst (blue) and pause-
burst (green) neurons across the fixation (FIX), stimulus (T), delay (DEL) and saccade 
(PERI) epochs for contraversive (A) and ipsiversive (B) saccades. 
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contralateral position and increased their population activity by 4 spikes/s (from 41 

spikes/s to 45 spikes/s) when the stimulus appeared in the ipsialteral location. Neither of 

these changes were significant at the level of the population (t=0.2, p=0.9; t=0.4 p=0.7, 

respectively). The burst and pause-burst neurons also did not display significant visual 

responses. The SNr burst neurons continued firing at the same rate, irrespective of the 

location of the flashed stimulus. The activity remained constant, firing within 1 spike/sec 

relative to fixation, specifically, at 25 spikes/s for resulting contraversive saccades, and at 

26 spikes/s for resulting ipsiversive saccades. These changes were not significant (t=1.1, 

p=0.3; t=0.6 p=0.6, respectively) The SNr pause-burst neurons increased their activity 

from 31 spikes/s to 34 spikes/s for the contralateral stimulus location and from 35 

spikes/s to 38 spikes/s for the ipsilateral stimulus location. These changes in activity were 

not significant (t=0.7, p=0.5; t=0.9, p=0.4, respectively).   

Similarly, during the delay epoch, the SNr neurons did not change their patterns 

of discharge significantly (Fig. 2-4 A,B). The SNr pause neurons decreased their activity 

by 7 spikes/s (down to 40 spikes/s) for saccades subsequently made in the contraversive 

direction and from 41 spikes/s to 34 spikes/s for saccades subsequently made in the 

ipsiversive directions. These changes were not significant (t=1.4, p=0.2; t=0.9, p=0.4, 

respectively). The SNr burst neurons kept firing consistently, only increasing their 

activity by 3 spikes/s (up to 28 spikes/s) for saccades that were subsequently made in the 

contraversive direction and by 1 spike/sec (up to 27 spikes/s) for saccades subsequently 

made in the ipsiversive direction. These changes were not significant (t=0.08, p=0.9; 

t=1.2 p=0.3, respectively). Finally, the SNr pause-burst neurons decreased their activity 

from 31 spikes/s down to 28 spikes/s for subsequent saccades made in the contraversive 
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direction and by 7 spikes/s (from 35 spikes/s up to 28 spikes/s), for saccades made in the 

ipsiversive direction. None of these changes in activity were significant (t=1.2, p=0.3; 

t=1.4, p=0.2, respectively). 

 

Visual Delay Paradigm 

Figure 2-5 shows single cell examples of pause, burst and pause-burst neurons, 

recorded during the visual delay task. Figure 2-5 A is an example of a single pause 

neuron that was tonically active during fixation, firing at an average rate of 

approximately 70 spikes/s. During the delay epoch the activity began to decrease until the 

onset of the saccade, at which point the neuron was minimally active. The pause in 

activity was similar for contraversive and ipsiversive saccades. Figure 2-5 B is an 

example of a single burst neuron that also fired tonically during fixation, discharging at a 

rate of approximately 60 spikes/s. Similar to the burst neuron depicted in the memory 

delay task, this burst neuron also had a burst of discharge that was time locked to the 

onset of the contraversive saccade, with minimal increases in activity for the ipsiversive 

saccade. Figure 2-5 C illustrates a pause-burst neuron that discharged at 30 spikes/s on 

average during fixation. During the delay, the discharge held steady and decreased 

slightly until the onset of the contraversive saccade, at which point the discharge rate 

increased to over 60 spikes/s. For ipsiversive saccades, the discharge increased steadily 

during the delay. At saccade onset however, the discharge rate dropped to zero. All three 

neurons are representative of the pause, burst and pause-burst neuron activity during the 

visual delay paradigm.  
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Fig. 2-5: Single Cell Activity Visual Delay Task
Single unit examples of SNr neurons recorded during the Visual Delay task. Spike density 
functions are aligned on contraversive saccade onset (left), and ipsiversive saccade onset 
(right).
A: Spike Density profile of a neuron that decreases its activity from fixation for both 
contraversive and ipsiversive saccades (pause neuron).
B: Spike Density profile of a neuron that increases its activity from fixation maximally for a 
contraversive saccade (burst neuron).
C: Spike Density profile of a neuron that increases its activity from fixation for a 
contraversive saccade (slightly after saccade onset) and decreases its activity from 
fixation for an ipsiversive saccade. 
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When the visual stimulus was displayed in the periphery, the population responses of the 

pause, burst and pause-burst neurons once again failed to elicit a significant visual 

response (Fig. 2-6 A,B). The SNr pause neurons decreased their activity from 54 spikes/s 

to 44 spikes/s for stimuli appearing in the contralateral position and from 50 spikes/s to 

44 spikes/s for stimuli appearing in the ipsilateral position. These changes were not 

significant (t=1.3, p=0.2; t=0.7, p=0.5, respectively). The SNr burst neurons increased 

their activity by 2 spikes/s for stimuli appearing in the contralateral location and 

decreased their activity by 4 spikes/s for stimuli appearing in the ipsilateral location. 

These changes were also not significant (t=1.5, p=0.2; t=0.6, p=0.6, respectively). The 

pause-burst neurons increased their activity from 35 spikes/s to 38 spikes/s for stimuli 

appearing in the contralateral location and to 37 spikes/s for stimuli appearing in the 

ipsilateral location. None of these changes were significant (t=0.6, p=0.6; t=0.5, p=0.7, 

respectively).  

When the neural activity during the delay epoch was quantified (Fig. 2-6 A,B), 

the population of pause neurons decreased from 53 spikes/s to 33 spikes/s during the 

delay period for contraverisve saccades, a change that approached significance (t=2.1, 

p=0.08) and from 50 spikes/s to 37 spikes/s for ipsiversive saccades, a change that was 

not significant (t=1.3, p=0.2).  The burst neuron population increased its activity by 2 

spikes/s to 27 spikes/s for contraversive saccades and decreased its activity by 2 spikes/s 

(to 26 spikes/s) for ipsiversive saccades. These changes were not significant (t=0.2, 

p=0.8; t=0.7, p=0.5, respectively). The pause-burst neurons did not display consistent 

delay-related activity. The activity only decreased by 1 spike/sec overall for saccades 

made in the contraversive direction (35 spikes/s to 34 spikes/s) and by 3 spikes/s for  
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Fig. 2-6: Population Activity across different epochs
The population activity in the Visual Delay task for pause (red), burst (blue) and pause-
burst (green) neurons across the fixation (FIX), stimulus (T), delay (DEL) and saccade 
(PERI) epochs for contraversive (A) and ipsiversive (B) saccades. 
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saccades made in the ipsiversive direction (35 spikes/s to 32 spikes/s). None of these 

changes were significant at the level of the population (t=0.5, p=0.7; t=0.2, p=0.9, 

respectively). 

 

DISCUSSION 

This study revealed that chamber placement over the SC also provided access to 

the oculomotor region of the SNr. Using this method we found neurons that modulated 

their activity during saccade tasks in a manner that was consistent with previous reports 

(Hikosaka and Wurtz 1983a-d, Handel and Glimcher 1999, Basso and Wurtz 2002). We 

found neurons that decreased their discharge for saccades (pause neurons; Hikosaka and 

Wurtz 1983c, Basso and Wurtz 2002), neurons that increased their discharge for saccades 

(burst neurons; Handel and Glimcher 1999) and neurons that increased and decreased 

their discharge for saccades, depending on the direction of the movement (pause-burst 

neurons; Handel and Glimcher 1999). These neuron subtypes also displayed tonic rates of 

background discharge outlined in previous reports (Hikosaka and Wurtz 1983a).  We 

therefore contend that this methodology can be employed for use in future SNr 

experiments.    

 

Methodology used to access the SNr 

Our lab has recorded extensively in both the FEF (Everling and Munoz 2000) and 

the SC (Dorris and Munoz 1995, Paré and Munoz 1996, Dorris et al. 1997, Everling et al. 

1999, Munoz et al. 2000) and we wanted to extend our analysis of the oculomotor circuit 

to include the projection through the basal ganglia. To investigate this circuit, we began 
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preparing for recordings in the SNr. Because many of the animals in our lab already had a 

recording chamber over the SC and were trained on the tasks we wanted to use for SNr 

recordings, we explored the possibility of accessing the SNr via the same chamber used 

to access the SC. Based on stereo-taxic co-ordinates, we determined that by tilting the SC 

chamber 2 degrees posterior (from 38° posterior to vertical to 40°), and placing our 

electrodes rostro-laterally within the chamber, we would be able access the SNr. Because 

the SNr is not normally accessed in this way, we wanted to ensure that even if we were 

able to access the SNr using this method, the neurons that we were recording from 

modulated their activity in a manner that was consistent with what has previously been 

reported for the SNr.   

We began by locating the SC (Munoz and Istvan 1998) and identifying neurons 

that exhibited fixation-related activity (Munoz and Wurtz 1993a). This allowed us to 

identify the rostro-lateral pole of the SC. We then positioned guidetubes accordingly (4 

mm or less anterior to the rostral pole of the SC, 3-5 mm lateral of midline). This method 

of using the rostral pole of the SC to landmark the SNr proved to be reliable in all 3 

monkeys investigated. In each instance we found the three neuron subtypes with tonic 

discharges that match data previously described for the SNr (see below).  

In an attempt to further verify our recording sights, we performed histology on 

slices obtained from one monkey’s brain that was fixed post-mortem. However, the 

circumstances surrounding the monkey’s death were not conducive for creating reliable 

histological preparations.  The monkey had died suddenly, from an unrelated cardiac 

infarction, six months after the SNr experiments had ended. The brain was not perfused 

properly nor fixed within the ideal time interval, as his death had occurred overnight and 
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he was in full rigor by early the next morning. Furthermore, upon termination of the 

study, the monkey began training for another set of experiments. Because he was going to 

be used in subsequent recording sessions, recording lesions were not created at the end of 

the SNr experiments.  

We were hopeful that once the brain had been fixed, sliced, and counterstained 

with Cresyl Violet/Nissl stain, we would be able to determine electrode tracks and verify 

our recording sites in this manner. Upon examination of the slices however, we failed to 

identify reliable markings from electrode tracks. We therefore mapped the placement of 

our electrodes in the grid, determined the depth with which we found the SNr neurons 

and reconstructed an anatomical recreation of the placement of the SNr neurons (Fig. 2-1 

A,B). Via this analysis, in addition to comparing the neurons discharges obtained in this 

study, we are confident that our recordings are from neurons in the SNr.  

 

Relation to previous studies 

Although the number of studies investigating the physiological properties of SNr 

neurons while awake, behaving monkeys perform oculomotor tasks are limited, the work 

of Hikosaka and Wurtz (1983 a-d, 1985), Handel and Glimcher (1999, 2000) and Basso 

and Wurtz (2002) have provided a well defined repertoire of the properties unique to the 

SNr and have established response profiles of specific neuron populations within the SNr.  

For instance, it has been well established that SNr pause neurons have high 

baseline discharge of up to 50-100 Hz (Hikosaka and Wurtz 1983a), and that as many as 

33% of this population exhibit a visually contingent response (neuron only active during 

presentation of a visual stimulus), during both the memory delay and visual delay 
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paradigms (Hikosaka and Wurtz 1983b). The receptive fields of these neurons are large, 

with a preferred response for visual stimuli that appear in the hemifield opposite the 

recording site (Hikosaka and Wurtz 1983b, Handel and Glimbher 1999, Basso and Wurtz 

2002). 

The pause neurons that we recorded from also had high rates of discharge, some 

firing at rates as high as 50 spikes/s during fixation, although the population activity 

during fixation was lower than this (about 40 spikes/s) due to high variation between the 

neurons. The pause neurons we recorded from also had saccade related modulations, 

decreasing their activity prior to the onset of the saccade for both contraversive and 

ipsiversive saccades. We therefore suggest that the pause neurons that we identified were 

closer to the universal pause neurons that were described by Handel and Glimcher 

(1999). Due to our low yield of neurons we did not divide our pause neurons into 

universal (pause for saccades in both directions) and discrete (pause for contraversive 

saccades) pause neurons for analysis.  

SNr pause neurons recorded while the monkeys performed the visual delay task 

are reported to have a memory contingent visual response (Hikosaka and Wurtz 1983c); 

if the monkey makes a saccade to a stimulus while the fixation point is still present or if 

he continued to fixate, the firing pattern of the neuron holds steady. The response of our 

pause neurons follows this pattern of activity; if the animal continued to fixate once the 

potential target became illuminated in the periphery, the activity remained constant, and 

the neurons only began to decrease their activity around saccade onset. (Fig. 2-6).  

SNr pause neurons have also consistently been shown to have a visual response to 

stimuli. They decrease their activity immediately after the briefly presented stimulus and 
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continue to decrease until the saccade is made to the stimulus position (memory 

contingent saccade response). Basso and Wurtz (2002) examined the visual response of 

these neurons by determining whether or not the neurons changed their activity during 

the selection of a single visual target in a complex scene. They found that these neurons 

had a visual response locked to the onset of the visual array; the SNr neurons decreased 

their activity immediately after the potential target(s) appeared and then returned to 

baseline levels of activity before decreasing their activity at saccade onset.  As the 

number of possible targets increased, the pause associated with the onset of the stimulus 

array decreased and was absent in the presence of 8 possible targets. They concluded that 

the drop in activity they observed during target selection represented the disinhibition of 

the SC in preparation for the upcoming saccade to the selected visual target.  

One caveat with our data was the lack of a significant decrease in activity from 

the SNr pause neurons after the onset of a visual stimulus; particularly during the 

memory delay paradigm. In our set of experiments both the memory delay and visual 

delay paradigms had only one potential target appear in the periphery which, according to 

the observations reported by Basso and Wurtz (2002), should have elicited a visual 

response. We attribute this discrepancy to an important difference in our experimental 

design. The stimuli used in our lab were very dim (0.05 cd/m2). It has been reported that 

differences in the intensity of the visual stimuli can lead to changes in saccadic latency 

(Marino et al. 2006) as well as the magnitude of neural discharge in the SC related to the 

visual response (Bell et al. 2006). The fact that we also had a low number of neurons 

within the pause neuron population likely contributed to the failure of the population to 

reach significance, even though the pattern of activity across the population of pause 
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neurons during the visual delay paradigm was consistent with previous results (i.e., the 

population activity did decrease following the onset of the visual stimuli). In addition to 

the pause neuron population, two other classes of SNr neurons have been found to exist 

(Handel and Glimcher 1999): SNr “bursters” increase their activity exclusively for 

contraversive saccades and “pause-bursters” decrease their activity for ipsiversive 

saccades and increase their activity for contraversive saccades. We found both types of 

neurons in our experiment. To date, no studies have reported significant changes in 

discharge related to the onset of a visual stimulus in either the burst or pause-burst neuron 

populations (Handel and Glimcher 1999), which is consistent with our burst and pause-

burst data.  

It has been reported that all three types of SNr neurons tend to modulate their 

activity for terminal movements (made at the end of a delayed saccade trial) that are 

rewarded; they do not significantly change their baseline firing rate for spontaneous 

unrewarded movement (Handel and Glimcher 1999). In each of our trials our animals 

were required to make saccades to a visual target and were always rewarded if they did so 

within the confines of the task. We did not record nor analyze the discharge profiles of 

these neurons during spontaneous saccades, and therefore cannot make a reliable 

comparison of terminal, rewarded saccades versus spontaneous, non-rewarded saccades.   

 

Final Conclusions 

In conclusion, using the SC chamber to access the SNr, we found neurons that 

modulated their activity with saccades and correspond to pause, burst and pause-burst 

neurons previously identified in the SNr. The response properties of the neurons we 
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identified share many of the same characteristics previously reported. We therefore 

contend that the SC chamber allows for access to the oculomotor regions of the SNr, is 

capable of replicating findings and that this method can be employed for use in future 

experiments.  
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ABSTRACT 

Inserting a temporal gap of no stimuli between the disappearance of a central 

visual fixation point and the appearance of a peripheral visual target leads to a reduction 

in saccadic reaction times (SRT); a phenomenon knows as the gap effect. It has been 

postulated that the gap effect is the result of the early disengagement of the fixation 

system prior to target appearance. Removal of the fixation point leads to disinhibition of 

the saccade generating system, such that when the target appears, SRT is reduced. Neural 

correlates of the gap effect have been identified in the superior colliculus (SC) and the 

frontal eye fields (FEF). The substantia nigra pars reticulata (SNr), one of the main output 

structures of the basal ganglia, projects to both the SC and the FEF (via the thalamus), 

and mediates saccade initiation by controlling the level of inhibitory input to these 

structures. Therefore, we hypothesized that SNr neurons should also possess correlates of 

the gap effect; that is, they should change their activity during the gap period and this 

change in activity should be predictive of the ensuing SRT. We recorded single-cell 

activity from the SNr while monkeys performed the gap saccade task. We found that SNr 

pause neurons (neurons that decrease their activity for saccades) significantly decrease 

their activity during the gap period and that this decrease in activity was correlated with 

SRT. These findings highlight a role for the SNr in the inhibitory control of saccades. 
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INTRODUCTION 

 The time required to initiate a saccade towards a suddenly appearing visual target 

(saccadic reaction time, SRT) is variable and dependent upon many factors. Numerous 

behavioral paradigms have been developed to investigate the neural processes involved in 

saccade initiation.  For example, the introduction of a temporal gap between the 

disappearance of a central fixation point and the appearance of a peripheral target leads to 

a general reduction in SRT, known as the gap effect (Saslow 1967, Fischer and Boch 

1983, Braun and Breitmeyer 1988, Fischer and Weber 1993, Paré and Munoz 1996).  

It has been postulated that the gap effect occurs as a result of disengaging active 

visual fixation prior to target appearance (Fischer and Weber 1993, Paré and Munoz 

1996, Munoz et al. 2000). Neural correlates of the gap effect have been identified in 

several frontal cortical (Dias and Bruce 1994, Everling and Munoz 2000, Tinsley and 

Everling 2002) and subcortical (Dorris and Munoz 1995, Dorris et al. 1997, Munoz et al. 

2000) structures.  In many of these structures, neurons have been identified that either 

increase or decrease their activity during the gap period in a manner that correlates with 

resulting SRT.  

The basal ganglia play an important role in modulating activity in the oculomotor 

system (Hikosaka et al. 2000, 2006).  A major output nucleus of the basal ganglia, the 

substantia nigra pars reticulata (SNr), has direct inhibitory projections to both the 

ipsilateral and contralateral SC (Hikosaka and Wurtz 1983d, Jiang et al. 2003) and an 

indirect projection to the FEF, via the thalamus (Lynch et al.1994).  Because the basal 

ganglia are strategically located between the frontal cortex and SC, two structures 

modulated by the gap period, it is possible that the basal ganglia plays an important role 
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in the manifestation of the gap effect. Here, we examined this issue by recording single 

unit activity from the SNr, while the monkey performed the gap saccade paradigm.  

A preliminary version of these results have been presented in abstract form (Gore 

et al. 2002)  

 

MATERIALS AND METHODS 

For an extensive account of all methodology employed in this experiment, please 

refer to ‘Materials and Methods’ section; Chapter 2.   

 

Animal Preparation 

All procedures were approved by the Queen’s University Animal Care Committee 

and complied with the guidelines of the Canadian Council on Animal Care. Extracellular 

activity was recorded from 3 male rhesus monkeys (Macaque mulatta) performing the 

gap saccade task. The monkeys weighed between 6-12 kg each and each monkey 

underwent a single surgical session to prepare for chronic recording (see Chapter 2 for 

details). Scleral search coils were implanted into each eye to measure eye position with 

the search-coil-in-magnetic-field technique (Fuchs and Robinson 1966, Judge et al. 

1980). Based on stereotaxic coordinates, craniotomies (19 mm diameter) were made on 

the midline to allow access of microelectrodes to the left and right SNr. A stainless steel 

head holder and a recording chamber, tilted 40° posterior to vertical to allow access of 

microelectrodes to the SNr, were embedded in the acrylic explant. Stainless steel screws 

anchored the explant to the skull. Monkeys were administered analgesics and anti-
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inflammatory drugs as required and were given at least 4 weeks to recover prior to 

initiation of training. 

 

Experimental Procedures 

The monkeys were seated in a primate chair for the duration of each experimental 

session (2-4 hours), with their heads firmly attached to the chair via the head holder. The 

monkeys faced a tangent screen 86 cm away, which spanned ± 35º of the central visual 

field. The behavioral paradigms, visual displays and the storage of neuronal discharge 

and eye position data were under the control of a PC running a real-time data acquisition 

system (REX; Hays et al. 1982). REX controlled the presentation of the targets through 

digital to analog converters, which moved two mirror galvanometers (General Scanning) 

in orthogonal planes. The mirrors reflected a red light-emitting diode (LED, 0.05 cd/m2) 

onto the translucent screen in front of the monkeys. In our laboratory stimuli illuminated 

at this intensity have been found to produce a visual response onset latency of more than 

70 ms (Dorris et al. 1997, Bell et al. 2006). Thus, the dim stimuli (0.05 cd/m2) ensured 

that visual activity was not present within the basal ganglia or midbrain until after 70 ms 

after target appearance.    

The monkeys were trained to perform the gap saccade paradigm. Each trial started 

with the disappearance of the background light followed 250 ms later by the appearance 

of a central fixation point (FP). The monkeys had 1000 ms to look at the FP and then 

maintain fixation of the FP for 500-800 ms until it disappeared. The FP disappeared 200 

ms before a target (T) appeared. The monkeys had to maintain central fixation, in the 

absence of the visible FP, and make a saccade to T only after it appeared. After 
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completion of the saccade, the monkeys were required to maintain fixation on T for 200 

ms to receive a liquid reward. During periods of fixation, the monkeys were required to 

maintain visual fixation within a computer-controlled window of ± 2º. If the eye position 

deviated outside this window, or if no saccade was initiated within the required amount 

of time (500 ms), the trial was aborted and the monkeys did not receive a reward for that 

trial. Liquid rewards were given if the monkey made a successful saccade to the T within 

500 ms of its appearance.  

Single neuron activity was recorded with tungsten microelectrodes (Frederick 

Haer) that were lowered through 23 gauge stainless steel guide tubes by a hydraulic 

microdrive (Narishige MO95) that was attached to the recording chamber. The guide 

tubes were secured in place via a delrin grid anchored to the inside of the recording 

chambers (Crist et al. 1988). Single neuron discharges were sampled at 1 kHz after 

passing through a window discriminator (Bak Electronics), which excluded action 

potentials that did not meet amplitude and time constraints. Horizontal and vertical eye 

and target positions were digitized at 1000 Hz. 

We recorded from neurons in the SNr (as per page 31) that modulated their 

activity in the gap task, as judged from the on-line raster displays aligned on specific task 

events. We considered the neuron to be task modulated if it showed an increase or 

decrease in discharge rate between the fixation and peri-saccade epochs (defined below), 

as determined on-line. Once a neuron was isolated, a block of at least 80 trials (including 

20 gap saccade trials, 20 step saccade trials, 20 memory delay trials and 20 visual delay 

trials) was run with the target appearing randomly at either ±10º to the right or left side of 

the FP.  
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Site Identification and Neuron Classification 

To identify the SNr, we first identified the rostro-lateral pole of the SC, by 

recording fixation-related activity (Munoz and Wurtz 1993a, Dorris and Munoz 1995). 

From this position, we systematically moved rostral in the recording chamber by 1-2 mm 

increments (up to a maximum of 4 mm), until we identified discharge patterns consistent 

with previous studies of the SNr (Hikosaka and Wurtz 1983a,b,c; Handel and Glimcher 

1999). The neurons we recorded from were located approximately 3-4 mm anterior to the 

rostral pole of the SC, 3-5 mm lateral of midline, and about 10 mm below the SC. 

Additionally, the SNc (located over the SNr) was identified with single neurons having 

action potentials with broad duration (in contrast to the short duration action potentials 

characteristic of SNr neurons) and low baseline firing rates (Schultz 1986, Bayer and 

Glimcher 2005) that were also used as a landmark to find the SNr.  

During off-line analysis we classified all recorded neurons that were modulated 

by saccades as either pause, burst, or pause-burst neurons, based on the following criteria. 

The fixation epoch consisted of the final 100 ms of active fixation of the visible FP (see 

Figs. 3-1, 3-2 bottom ‘FIX’). The peri-saccade epoch consisted of the 20 ms preceding 

the onset of the saccade until 20 ms after saccade onset (see Figs. 3-1, 3-2 bottom 

‘PERI’). Statistical comparisons were made between these two epochs and if the 

discharge rate of the neuron was significantly different (as determined by non-parametric 

Wilcoxon Rank sum test and parametric students t-test for each trial; p<0.05), the neuron 

was considered modulated and analyzed further. If the discharge ratio PERI: FIX was 

significantly less than 1, the neuron was classified as a pause neuron (Fig. 3-1 A) (more 
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Fig. 3-1: Representative examples of single SNr neuronal activity recorded during the 
gap saccade task. Rasters and spike density functions are aligned on the peripheral 
saccade target (T) onset (left), contraversive saccade onset (middle), and ipsiversive
saccade onset (right).  A. Pause neuron that decreases its activity during the gap period 
and paused for both contraversive and ipsiversive saccades.  B. Burst neuron that 
increased its activity maximally for contraversive saccades.  C.  Pause-burst neuron that 
increased its activity for contraversive saccades and decreased its activity for ipsiversive
saccades.  Vertical grey bars denote FIX (final 100 ms of fixation of visible FP),  PRE (30 
ms before T onset to 70 ms after T onset), and PERI (± 20 ms around saccade onset) 
epochs used for quantification of neuronal discharge.
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 active during fixation than during the saccade; see Hikosaka and Wurtz 1983a-d). If the 

ratio PERI: FIX was significantly greater than 1, the neuron was classified as a burst 

neuron (Fig. 3-1 B) (more active during the saccade than during fixation; see Handel and 

Glimcher 1999). Pause-burst neurons (Fig. 3-1 C) had a discharge ratio PERI:FIX 

significantly less than 1 in the ipsiversive direction and a ratio significantly greater than 1 

in the contraversive direction (see Handel and Glimcher 1999).  

 

Data analysis  

PC and Unix-based computer software programs (Matlab, Mathworks Inc.) were 

created to determine the beginning and end of each saccade using velocity threshold, 

position change, and template matching criteria (minimum 100 º/s for saccade velocity, 

bound by <10 º/s to determine the beginning and the end of saccade). All behavioral data 

were verified for offline accuracy. A spike density function was generated for each data 

set by substituting a Gaussian pulse of a specified width (σ = 10 ms) for each spike, and 

then each Gaussian was summed together to produce a continuous function in time. We 

employed the 10 ms Gaussian pulse because it decreased the variability in the spike 

discharge without smoothing out any of the effects we describe. The rasters and spike 

density functions were aligned on specific events, including FP disappearance, T 

appearance, and saccade onset. We computed the activity in 3 epochs to analyze the 

discharge patterns during the specific intervals during the paradigm. The fixation and 

peri-saccadic epochs were described above. The pre-target epoch (Fig. 3-1 bottom ‘PRE’) 

spanned from 30 ms before T appearance until 70 ms after T appearance.   
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We computed the change in activity from the ‘FIX’ epoch to the ‘PRE’ epoch for 

all of the neurons studied, in order to quantify the depth of modulation during the gap 

period. We also computed a standardized gap index by subtracting the activity measured 

during the ‘FIX’ epoch from the activity measured in the ‘PRE’ epoch and dividing by 

the sum of the activity in the two epochs ([FIX-PRE]/[FIX+PRE]). This gap index 

allowed us to determine the degree of modulation of each neuron in the gap task. An 

index less than 0 indicated that the activity was higher in the ‘PRE’ epoch (max at –1), 

while an index greater than 0 represented greater activity in the ‘FIX’ epoch (max at +1). 

An index of 0 represented no difference between the activities in each of the epochs. 

Previous studies have shown that the amount of activity present among saccade 

neurons in the SC and FEF during the gap period was predictive of upcoming SRT 

(Dorris et al. 1997, Dorris and Munoz 1998, Everling and Munoz 2000). To determine if 

SNr activity during the gap also correlated with SRT, we created correlation plots 

between the amount of neural activity present in the gap period for SNr neurons and the 

resulting SRT for each trial. Correlation Coefficients (R-values) were then computed 

beginning with the ‘FIX’ epoch and then in 10 ms bins during the entire 200 ms gap 

period and the first 70 ms following T appearance. A linear regression model was used to 

fit the population R values and determine whether the trends reached statistical 

significance.  

 

RESULTS 

Eighty neurons were isolated in the SNr. Of these, 29 neurons (36%) were 

modulated with the saccade tasks and were subsequently classified, analyzed, and 
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described in this report; 12 were classified as pause neurons, 12 were classified as burst 

neurons and 5 were classified as pause-burst neurons.  Figure 3-1 illustrates examples of 

individual pause, burst and pause-burst neurons, recorded during the gap task. The pause 

neuron (Fig. 3-1 A) was tonically active during fixation, firing at an average rate of about 

70 spikes/s. During the gap period, the activity dropped abruptly and by the onset of both 

contraversive and ipsiversive saccades, the neuron was minimally active. The burst 

neuron (Fig. 3-1 B) discharged tonically during fixation, and had a burst of discharge that 

was time locked to the onset of a contraversive saccade. The increase in activity for 

ipsiversive saccades was modest. The pause-burst neuron (Fig. 3-1 C) discharged at about 

40 spikes/s during fixation. At the onset of the contraversive saccade, the discharge rate 

increased to above 100 spikes/s, while at the onset of the ipsiversive saccade, the 

discharge rate dropped to near zero.  

Figure 3-2 shows the discharge properties of the populations of the three neuron 

subtypes aligned on stimulus onset (Fig. 3-2 A,C) and saccade onset (Fig. 3-2 B,D). SNr 

pause neurons (red traces) discharged tonically during fixation on the FP, the average rate 

during the epoch was 41 spikes/s. Upon removal of the FP, pause neuron discharge 

decreased, such that by the end of the 200 ms gap period, the population discharged at 28 

spikes/s. This decrease in activity between the ‘FIX’ and ‘PRE’ epochs was significant at 

the level of the population [t(11)=2.6, p=0.02] (Fig. 3-3 A), and it was also significant for 

83% (10/12) of the individual neurons (9 decrease, 1 increase) (Fig. 3-3 B). Note that the 

pause neuron illustrated in Fig. 3-1 A (see asterisk in Fig. 3- 3 A) had the greatest 

reduction in discharge during the gap (greatest distance from unity line). Following target 

appearance, pause neuron activity continued to decrease until it reached its minimal  
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Fig. 3-2: Population spike density waveforms for pause (red traces), burst (blue traces) 
and pause-burst (green traces) neurons aligned on target (T) onset (A,C) and saccade 
onset (B,D) for contraversive (A, B) and ipsiversive saccades (C,D). .
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discharge level of 15 spikes/s for contraversive saccades, and 25 spikes/s for ipsiversive 

saccades (see Fig. 3-2).  

During the gap paradigm, the SNr burst neuron discharges (Fig. 3-2, blue traces) 

were different. SNr burst neurons discharged tonically during fixation of the FP (average 

rate of 32 spikes/s). At the end of the gap period, the population of burst neurons did not 

change their activity significantly [t(11)=0.42, p=0.6] (Fig. 3-3C). However, 3 of the 

individual burst neurons had significant increases, while 2 had a significant decrease in 

discharge rate during the gap (Fig. 3-3 D). The activity continued to hold steady at a rate 

of about 34 spikes/s, and then began to increase prior to the onset of the saccade, when 

burst neuron discharge peaked at 54 spikes/s for contraversive saccades and 44 spikes/s 

for ipsiversive saccades.  

The population responses recorded from SNr pause-burst neurons (Fig. 3-2, green 

traces) represented a blend of the burst and pause responses. The SNr pause-burst 

neurons discharged tonically during fixation of the FP (average rate of 33 spikes/s). There 

was no significant change in discharge across the gap period [t(4)=2.03, p=0.85] (Fig. 3-3 

E), however, two  neurons increased their activity and two other neurons decreased their 

activity (Fig. 3-3 F). Following the peripheral target stimulus appearance, the population 

activity rose steadily for contraversive saccades, reaching a peak discharge rate of 57 

spikes/s at saccade onset. For ipsiversive saccades, the pause-burst neurons began to 

decrease their activity after stimulus onset until it reached a minimum discharge rate of 

17 spikes/s at saccade onset.  

We computed a normalized gap index (see METHODS) to determine the degree 

of modulation during the gap period. Only the pause neurons had a consistent modulation  



10

30

50

70

10 30 50 70

20

40

60

80

100

20 40 60 80 100

B

D

F

G
ap

 A
ct

iv
ity

 (s
pi

ke
s/

s)

Pause Neurons

Burst Neurons

10

30

50

70

90

10 30 50 70 90

Fixation Activity (spikes/s)

Pause-Burst Neurons

*

*

*

10

20

30

40

50

10

20

30

40

50

10

20

30

40

50

*

A

C

E

A
ct

iv
ity

 (s
pi

ke
s/

s)

FIX GAP

67

Fig. 3-3: Contrast of neural activity measured during the fixation and pre-target epochs for 
pause (A,B), burst (C,D) and pause-burst (E,F) neurons.  A,C,E. Mean activity for the 
population of neurons.  Vertical bars indicate standard error of the mean (SEM), and 
asterisk indicates significant difference between the FIX and GAP period (p<0.01). B,D,F. 
Activity of the individual neurons. Filled circles represent individual neurons that differed 
significantly between fixation and pre-target epochs (p<0.01). Open circles represents 
activity that did not differ significantly between fixation and pre-target epochs.  Asterisks 
denote the activity of the representative pause, burst and pause-burst neurons depicted in 
Fig.1.
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with the gap period. The mean gap index for the SNr  pause neurons was +0.2 (median = 

+0.11), suggesting that these neurons were reducing their activity consistently during the 

‘PRE’ epoch relative to the ‘FIX’ epoch,  potentially representing a neural correlate of 

fixation disengagement (Fig. 3-4 A). In contrast, the SNr burst neurons had a mean 

normalized gap index of 0.01 (median = -0.009), representing virtually no difference 

between the activities measured during ‘FIX’ and ‘PRE’ epochs (Fig. 3-4 B). The SNr 

pause-burst neurons had a mean normalized gap index of -0.04 (median = -0.01), 

confirming that this group was also not changing its activity during the gap period (Fig. 

3-4 C).   

The activity of SC saccade buildup neurons during the gap period is predictive of 

resulting SRT, representing a neural correlate of motor preparation (Dorris et al. 1997, 

Dorris and Munoz 1998). To determine if the SNr activity measured during the gap epoch  

is correlated with the ensuing SRT, we measured the amount of activity present during 

the last 100 ms of fixation (‘FIX’ epoch: F1), and then in 10 ms increments across the 

200 ms gap and the first 70 ms following target appearance (G1-27). We then calculated 

correlation of the activity during each epoch against the resulting SRT on a trial-by-trial 

basis. A correlation coefficient was then assigned to each time bin for each neuron.  

Compared to neurons recorded in the FEF (Everling and Munoz 2000) and SC 

(Dorris et al. 1997, Dorris and Munoz 1998, Everling et al. 1999), the correlation values 

obtained from the SNr neurons were not as strong; in fact, the majority of the individual 

correlation values fell between -0.3 and 0.4. SNr pause neurons showed a trend towards a 

positive correlation with SRT (Fig. 3-5 A); thus the less activity present during the gap, 

the faster the resulting SRT. Although the individual correlations themselves were not  
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Fig. 3-4: Histogram of the normalized Gap Index plotted for pause (A), burst (B) and 
pause-burst (C) neuron populations. Index was computed as [fixation-pre-target 
activity]/[fixation + pre-target activity].



 70

significant, the linear regression performed on the correlation coefficients revealed a 

significant positive correlation [F(1,26) = 21.2, 52.5 for contraversive and ipsiversive 

saccades, respectively; p’s < 0.001] across the population. We did not find a significant 

correlation between the activity of SNr burst neurons and SRT. We found that SNr 

Pause-Burst neurons displayed a significant positive correlation with SRT for saccades 

made in the ipsiversive direction only [F(1,26) = 8.03, p = 0.01]. Thus, the less activity 

presents during the gap, the faster the resulting SRT (Fig. 3-5 C right). Interestingly, the 

significant positive correlation occurred for the direction in which the neurons decreased 

their activity for the saccade, not in the direction in which the neurons increased their 

activity for saccades. This is similar to the trend observed for the pause neurons. 
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Fig. 3-5: Scatter plots showing evolution of mean correlation values (neural activity 
correlated with SRT) across the gap epoch for the population of pause (A), burst (B) and 
pause-burst (C) neurons during fixation (FIX), and in 10 ms bins throughout the 200 ms 
gap and the first 70 ms after the target (T) onset (G1-27).   Lines in the scatter plot 
represent a significant linear regression (p<0.01).  
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DISCUSSION 

This study has addressed the involvement of SNr neurons in the manifestation of 

the gap effect: the reduction in SRT that results following the insertion of a gap period of 

no stimuli between FP disappearance and target appearance. We have shown that SNr 

pause neurons decreased their activity during the gap period in advance of saccadic eye 

movements and that this decrease correlated with ensuing SRT. This finding reveals that 

neural elements within the basal ganglia, specifically the output from SNr, may 

contribute directly to producing the gap effect.  In contrast, SNr burst and pause-burst 

neurons did not alter their discharge during the pre-target (gap) epoch and their activity 

was not correlated with SRT.   

Neural correlates of the gap effect have been identified previously throughout 

many oculomotor areas, including the FEF (Dias and Bruce 1994, Everling and Munoz 

2000), the dorsolateral prefrontal cortex (Tinsley and Everling 2002), the SC (Dorris and 

Munoz 1995, Dorris et al. 1997), and the long-lead burst neurons in the paramedian 

pontine reticular formation (Munoz et al. 2000).  These studies have all identified 

neurons that either increased or decreased their activity during the gap period and these 

modulations during the gap period have been shown to correlate with ensuing SRT.  The 

fact that we have now identified similar correlates in the basal ganglia suggests that 

signals related to the gap effect and fixation disengagement are propagating through the 

frontal-basal ganglia circuitry to impact pre-saccadic processing. We therefore predict 

that similar correlates will likely be present in other basal ganglia nuclei. 

SNr pause neurons are known to project to the ipsilateral SC (Hikosaka and 

Wurtz 1983d, Jiang et al. 2003) and this projection is GABAergic (Chevalier et al. 1981, 
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Appell and Behan 1990).  The reduction in inhibitory input from the SNr to the SC via 

the ipsilateral nigrotectal pathway could act to disinhibit the SC saccade neurons during 

the gap period, thereby enabling these neurons to increase their low frequency buildup 

activity in preparation for the upcoming saccade (Dorris et al. 1997, Dorris and Munoz 

1998). Support for this hypothesis comes from previous studies that have shown that 

injection of muscimol (GABAA agonist) in the SNr, which would silence SNr neurons, 

causes a decrease in SRT (Hikosaka and Wurtz 1985), revealing that the excitability of 

the SC saccade neurons is contingent on SNr activity.  

Basso and Wurtz (2002) also reported a decrease in SNr pause neuron discharge 

in advance of presentation of the cue to initiate a saccade. Specifically, they reported a 

significant decrease in the firing rate of SNr pause neurons during the pre-selection and 

selection epochs in a multi-target selection task. They argued that the decrease in activity 

was not associated with advanced planning of the movement, but instead with target 

selection. However, the task they used (as well as our gap saccade task) makes it difficult 

to dissociate target selection from fixation disengagement. We do not challenge their 

interpretation of the results, but suggest that together both studies have shown that the 

SNr can modulate its activity in advance of the cue to initiate a saccade. The fact that the 

activity decreases during the epochs preceding the presentation of the visual target, and 

the eye movement, further suggests that the SNr pause neurons are involved in 

disengaging fixation. Interestingly, the SNr activity observed in both the gap saccade task 

and the target selection task is reciprocal to the pattern of discharge observed from SC 

saccade neurons during the pre-target epochs in these respective tasks (Dorris et al. 1997, 

Dorris and Munoz 1998, Basso and Wurtz 1998). The decrease in activity of SNr pause 
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neurons could therefore account, at least in part, for the increase in SC saccade neuron 

activity in both instances.  

It is of interest to note that although the SNr pause neurons significantly modulate 

their activity during the pre-target (gap) epoch, the SNr burst and pause-burst neurons did 

not show a significant change in activity. The population of SNr burst neurons in 

particular, maintained a constant firing rate throughout the duration of the gap epoch, 

before increasing their activity at saccade onset. This lack of modulation during the gap 

period is an interesting finding, because the role of the SNr burst neurons in saccade 

initiation has to date, remained somewhat elusive.   

This is because the clear increase in discharge displayed by the SNr burst neurons 

during the saccade (Handel and Glimcher 1999), results in an increase in the amount of 

inhibition placed on the SC, which should theoretically prevent the saccade from 

occurring. Because these neurons consistently maintain inhibition on their target 

throughout the gap period, suggests that the primary disinhibition that enables the 

saccade toward the target to occur is a direct result of the SNr pause neuron activity and 

is not directly related to the activity of the SNr burst neurons. We suggest that there are at 

least two other ways by which the SNr burst neurons could act to mediate saccade 

initiation via projections to the SC. 

One possibility is that this population projects selectively to the rostral pole of the 

SC to inhibit neurons with fixation discharge. Neurons in the rostral SC discharge 

tonically during visual fixation and pause for most saccades (Munoz and Wurtz 1993, 

Dorris and Munoz 1995). However, many of these neurons in the rostral SC also 

discharge a burst for small contraversive saccades (Munoz and Wurtz 1993a, Krauzlis et 
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al. 1997).  Thus, a projection from SNr burst neurons could selectively inhibit neurons in 

the rostral SC to produce the pause during a saccade, however, this signal is not 

appropriate during execution of small contraversive saccades. 

A second possibility is that the SNr burst neurons project to the intermediate 

layers of the contralateral SC.  Neurons that contribute to this projection have very large 

response fields, usually encompassing the entire hemifield. They increase their discharge 

following appearance of visual stimuli, and they have very large termination fields within 

the contralateral SC (Jiang et al. 2003).  Our data revealed that SNr burst and pause-burst 

neurons were most active at saccade onset for contraversive saccades (see Figs. 1, 2).  

This signal is thus appropriate to inhibit the SC ipsilateral to saccade direction so that no 

activity from this SC can interfere with the developing saccade program in the SC 

contralateral to saccade direction.  This notion is consistent for a role of the basal ganglia 

to prevent other motor programs to interfere with the developing saccade program (Mink 

1996).  Studies employing antidromic activation of ipsilateral and crossed nigrotectal 

projections will be required to determine which of the above options is correct.   

In summary, our study has demonstrated that at least some neurons in the SNr 

possess a neural correlate for the gap effect and thus implicate the basal ganglia in the 

manifestation of this phenomenon. The decrease in activity of the SNr pause neurons that 

occurred during the gap period was correlated to the ensuing SRT and is therefore 

consistent with a role of the SNr in fixation disengagement and saccade initiation.  
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ABSTRACT 

The basal ganglia have been proposed to play a critical role in the expression of 

behavioral flexibility. The anti-saccade task, in which subjects must look away from a 

suddenly appearing visual stimulus, is an oculomotor paradigm that has been used 

extensively to investigate flexible behavioral control. Patients with basal ganglia 

pathology exhibit performance deficits in this task. The substantia nigra pars reticulata 

(SNr), a prominent output nucleus of the basal ganglia, is thought to mediate initiation of 

saccades via inhibitory projections to the superior colliculus (SC), a midbrain oculomotor 

structure critical for the generation of saccades. Here, we show that during anti-saccades, 

SNr neurons exhibit activity modulations consistent with a suppression of automatic 

responses and a facilitation of voluntary responses. These data provide direct 

neurophysiological evidence for a dual role of inhibitory and disinhibitory basal ganglia 

outputs in the flexible shaping of behavior.  
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INTRODUCTION  

The ability to adapt behavior flexibly depending upon environmental context is a 

fundamental aspect of cognitive control (Miller and Cohen 2001). Behaviors that are 

appropriate and adaptive in one situation may be inappropriate and maladaptive in 

another. It has been suggested that the basal ganglia have a major role in behavioral 

flexibility because of their anatomical connections to frontal cortical areas known to be 

involved in flexible behavioral control (Alexander et al. 1986, Wise et al. 1996, 

Middleton and Strick 2000), and studies demonstrating impairments in patient groups 

with pathological neurodegenerative conditions on tasks requiring the flexible application 

of behavior-guiding rules (Gotham et al. 1988, Owen et al. 1992, Cools et al. 2003, Aron 

et al. 2003). Accordingly, such a role has also been encapsulated in many current models 

of basal ganglia function (Redgrave et al. 1991, Brown et al. 2004, Hazy et al. 2007).  

The anti-saccade task (Hallett 1978) has been used extensively to investigate 

flexible control of behavior within the oculomotor system (Everling and Fischer 1998, 

Munoz and Everling 2004, Johnston & Everling 2006). In this task, a visual stimulus is 

presented in the periphery of the visual field and the subject is instructed to make a 

saccadic eye movement away from the stimulus, to the corresponding location in the 

opposite visual field. Correct performance of this task is dependent upon two processes; 

suppression of the automatic saccade toward the visual stimulus (pro-saccade), and 

initiation of a voluntary saccade to the opposite location. Consistent with the impairments 

in behavioral flexibility observed in other paradigms, patients with basal ganglia 

pathology exhibit performance deficits in this task (Briand et al. 1999, Armstrong et al. 

2002, Chan et al. 2005, Peltsch et al. 2008).  
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The superior colliculus (SC) is a midbrain oculomotor structure that is critically 

involved in saccade initiation (Pare and Hanes 2003). In the monkey, the activity of SC 

saccade neurons is reduced, while the activity of SC fixation neurons is enhanced on anti-

saccade trials relative to pro-saccade trials (Everling et al. 1999). It has been shown that 

the SC receives direct frontal cortical inputs consistent with this pattern of activity 

(Everling and Munoz 2000, Johnston and Everling 2006). Another potential source of SC 

modulation in the anti-saccade task is the substantia nigra pars reticulata (SNr), one of the 

two major basal ganglia output nuclei (Hikosaka 2007). The SNr sends direct inhibitory 

afferents to the SC (Jayamaran 1977, Chevalier et al. 1981, Hikosaka and Wurtz 1983d). 

It has been suggested that these nigrotectal projections mediate saccade initiation by 

tonically inhibiting saccade neurons in the SC (Hikosaka and Wurtz 1985, Hikosaka 

2007). 

Here, we used the saccadic eye movement system as a model within which to 

investigate the role of the basal ganglia in flexible behavioral control. We recorded the 

activity of neurons in a basal ganglia output nucleus, the SNr, while monkeys performed 

a task in which they were required to perform randomly interleaved pro- and anti-

saccades (Fig. 4-1 A). Given its direct inhibitory connection to the SC, we hypothesized 

that SNr neurons would provide suppressive signals to the SC in the form of enhanced 

activity on anti-saccade trials. We also hypothesized that these signals would be critical 

for correct anti-saccade performance, to the extent that these signals should be absent on 

trials in which animals made performance errors.  
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MATERIALS AND METHODS 

For an extensive account of all methodology employed in this experiment, please 

refer to ‘Materials and Methods’ section; Chapter 2.   

 

Animal Preparation  

All procedures were approved by the Queen’s University Animal Care Committee 

and complied with the guidelines of the Canadian Council on Animal Care. Extracellular 

activity was recorded from 2 male rhesus monkeys (Macaca mulatta) performing a 

randomly interleaved pro- and anti-saccade paradigm. The monkeys, weighing 5 and 12 

kg each, underwent a single surgical session, to prepare for chronic recording (see 

Chapter 2 for details). Scleral search coils were implanted into each eye to measure eye 

position using the magnetic search coil technique (Robinson 1963, Judge et al. 1980). To 

access the SNr, a craniotomy was performed that was centered on the midline and tilted 

40º posterior of vertical (stereotaxic coordinates: P1.0, D5.0, RL0). Stainless steel 

recording chambers that allowed access of microelectrodes and a stainless steel head 

holder were embedded in an acrylic explant. Stainless steel screws anchored the explant 

to the skull. Monkeys were administered analgesics and anti-inflammatories as required 

and were given at least 4 weeks to recover prior to the start of behavioral training. 

 

Behavioral Paradigm and Recording Technique 

Monkeys were trained to perform a randomly interleaved pro/anti-saccade task 

(Bell et al. 2000). Each trial commenced with the disappearance of the background light 

followed 250 ms later by the appearance of a central fixation point (FP). The animals 
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were required to fixate this point within 1000 ms and subsequently maintain fixation for a 

variable period of between 700-900 ms before a peripheral stimulus appeared (Fig. 4-1 

A). The peripheral stimulus was presented pseudorandomly with equal probability at a 

distance of 10º to the right or left of fixation. These locations were chosen to fall within 

the relatively broad response fields of SNr neurons (Hikosaka and Wurtz 1983a-d, 

Handel and Glimcher 1999, Basso and Wurtz 2002). The color of the central fixation 

point instructed the monkey to perform either a pro-saccade (red FP) or an anti-saccade 

(green FP). The monkeys were required to make a saccade toward (pro-saccade) or to the 

location opposite to the peripheral stimulus (anti-saccade) within 500 ms of its 

appearance, and maintain fixation at the correct location for an additional 200 ms to 

receive a liquid reward. During periods of fixation, the monkeys were required to 

maintain gaze within a computer-controlled window of ± 2º. If eye position deviated 

outside this window, or if no saccade was initiated within the required amount of time, 

the trial was aborted and the monkeys received no reward. Horizontal and vertical eye 

and stimulus positions were recorded at 1 kHz (DNI). Detailed descriptions of training, 

experimentation procedures, and recording technique have been provided elsewhere 

(Munoz & Istvan 1998, Everling et al. 1999).   

We specifically recorded the activity of SNr neurons that exhibited modulations 

of neural activity during the pro and anti-saccade tasks as determined by on-line 

inspection of raster displays aligned on specific task events. Neurons were considered 

modulated if they showed reliable increases or decreases in rate of discharge aligned on 

saccade onset. Once a neuron was isolated, the animals performed a block of at least 80 

trials of randomly interleaved pro and anti-saccades.  
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Fig. 4-1: A: Schematic representation of the randomly interleaved pro- / anti-saccade task. 
Shaded areas represent analysis epochs; x- fixation, y- peri-saccade epoch/pro-saccade 
trials, z- peri-saccade epoch/anti-saccade trials. Peri-saccade epochs as depicted here do 
not overlap due to SRT differences, but were aligned in statistical analyses. B: Cumulative 
distribution of Saccadic Reaction Times (SRT) for correct pro- (blue traces) and anti-
saccade trials, collapsed across monkeys.  C: Mean percentage of direction errors on pro-
(blue) and anti-saccade trials (red), collapsed across monkeys. 
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Physiological Identification of SNr 

To locate the SNr, we used a technique based on identification of a local 

landmark structure, the SC, combined with the known properties of SNr neurons and 

those in the immediately overlying structure, the SNc. We first identified the rostrolateral 

pole of the SC by recording fixation-related activity (Munoz and Wurtz 1993a). From this 

position, we made penetrations at progressively more anterior locations within the 

recording chamber, in 1mm increments. We identified the SNr based on three 

physiological criteria. First, we identified the boundary of the SNr by comparing the 

response properties of putative SNr neurons with those we encountered in an overlying 

structure, the SNc. Neurons of the substantia nigra pars compacta have been shown to 

have relatively long duration action potentials as compared to those in the SNr (Schultz 

1986, Bayer and Glimcher 2005). Second, we identified discharge properties of single 

neurons consistent with those previously observed in the SNr (Hikosaka and Wurtz 1983 

a-d, Handel and Glimcher 1999, Basso and Wurtz 2002). Finally, we determined whether 

these responses were intermingled within the candidate area, as indicated in previous 

reports (Handel and Glimcher, 1999). The neurons from which we recorded were located 

approximately 4 mm anterior to the rostral pole of the SC, 3-5 mm lateral of midline, and 

10 mm below the SC.  

 

Data Analysis and Neuron Classification 

Data were analyzed using custom-designed PC and Unix-based computer 

software programs (Matlab, Mathworks Inc.). Saccade onset and end were determined 

using velocity threshold, position change and template matching criteria. All behavioral 
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data were verified for accuracy offline. Saccadic reaction time (SRT) was computed for 

each trial.  SRT was defined as the onset time of the first saccade after the appearance of 

the peripheral stimulus. To eliminate anticipatory saccades, trials with SRTs < 70 ms 

were excluded from analysis. We also computed the number of performance errors within 

each block of trials. Errors trials were defined as those in which the monkeys made a 

saccade in the direction opposite to the peripheral stimulus (the ‘anti’ location) on pro-

saccade trials or toward the peripheral stimulus (pro-saccade) on anti-saccade trials.  

Spike density functions were generated for each neuron by substituting a 

Gaussian pulse of a specified width (σ = 10 ms) for each spike. Gaussians were then 

convolved to produce continuous activation functions. To quantitatively confirm that SNr 

neurons exhibited task-related modulation, we carried out t-tests (evaluated at p< .05) to 

compare the mean activity of each neuron in two epochs; a “fixation” epoch consisting of 

the 100ms period immediately preceding presentation of the peripheral stimulus, and a 40 

ms peri-saccade epoch which included the 20ms immediately preceding and following 

saccade onset. If peri-saccade activity was significantly lower than activity during the 

fixation epoch, the neuron was classified as a “pause” neuron (Hikosaka and Wurtz 1983 

a-d). Neurons with significantly greater peri-saccade than fixation activity were classified 

as “burst” neurons. This nomenclature is similar to that employed in previous studies of 

SNr neuronal activity (Handel and Glimcher 1999). Neurons with no significant activity 

differences between these epochs were classified as unmodulated and removed from 

further analysis.  

To investigate differences in neural activity between pro- and anti-saccade trials, 

we carried out analyses of neural activity for “pause” and “burst” neurons using t-tests 
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evaluated at p < .05, within the “fixation” and “peri-saccade” epochs described above. To 

determine if SNr neuron activity was modulated by pro- or anti-saccade task instruction, 

we compared the mean discharge rate for pro and anti-saccade trials during the fixation 

epoch. Differences in peri-saccade activity were investigated by comparing activity 

during the peri-saccade epoch across pro- and anti-saccade trials.  

We also analyzed neuronal discharge on trials in which monkeys made direction 

errors. For this analysis, we compared the activity during the fixation and peri-saccade 

epochs with the activity on correct trials. Paired t-tests (p<0.05) were used to determine 

whether the neural activity differed between correct trials and those in which monkeys’ 

made direction errors. Because errors on the anti-saccade task are effectively pro-

saccades made to the location of, rather than away from, the peripheral stimulus, correct 

and incorrect responses were made in the opposite direction for a given stimulus location 

(incongruent saccades). To compare neural activity during correct and error trials in 

which saccades were made in the same direction (congruent saccades), we carried out 

identical analyses on correct and incorrect anti-saccade trials in which the stimulus 

appeared in opposite locations.  

 
RESULTS 
 
Behavior 
 
 Figure 4-1 B illustrates the cumulative distribution of saccadic reaction times 

(SRTs) obtained from two monkeys performing the interleaved pro-/anti-saccade task. 

There were no significant differences in the pattern of SRTs between the two monkeys. 

These data were therefore collapsed for analysis. Consistent with previous reports 

(Amador et al. 1998, Bell et al. 2000), SRTs were significantly greater on anti-saccade 
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trials than on pro-saccade trials (t test, p<0.05). Figure 4-1 C depicts the percentage of 

direction errors made during the pro- and anti-saccade tasks. Direction errors were made 

exclusively on anti-saccade trials at a rate of approximately 4%.   

  

SNr Neurons 

We recorded from 100 neurons in the SNr of two monkeys, 41 of which met our 

classification criteria (see METHODS). Of these, 18 (44%), exhibited a reduction in 

activity in relation to saccades, and were classified as pause neurons. We found 20 (49%) 

neurons that increased their activity in relation to saccades, which we classified as burst 

neurons. Three neurons (7%) were classified as pause-burst neurons. This class of 

neurons was excluded from further analysis due to the small sample size. 

 

Fixation activity of SNr burst neurons is enhanced on anti-saccade trials 

Given the inhibitory effect of SNr neurons on SC neurons, and the fact that an 

automatic pro-saccade must be inhibited on anti-saccade trials, we predicted that the 

activity of SNr neurons during fixation would be greater on anti-saccade than pro-saccade 

trials. To test this hypothesis, we compared activity during pro- and anti-saccade trials in 

the 100 ms immediately preceding presentation of the peripheral stimulus (Fig. 4-1 A, see 

Methods). Surprisingly, only a minority of SNr pause neurons showed significant 

differences in activity (4/18 = 22.2%, filled circles in Fig. 4-2 B). Overall, we found no 

significant differences in fixation activity between pro and anti-saccade trials in the 

sample of SNr pause neurons (t test, p > .05, Fig. 4-2 A, B). In contrast, a greater number 

of SNr burst neurons exhibited differences in fixation activity between pro- and anti- 
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Fig. 4-2: Fixation activity of SNr neurons during pro- and anti-saccade tasks. Average 
discharge rate (± SEM) for pause (A), and burst (C), neurons during the instructed fixation 
period.  B,D.  Plot of activity during instructed fixation for pro- and anti-saccade trials, for 
individual pause (B) and burst (D) neurons.  Open circles denote neurons that did not 
differ significantly between pro- and anti-saccade trials (p>0.05); filled circles denote 
neurons that differed significantly between pro- and anti-saccade trials (p<0.05). 
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saccade trials (7/20 = 35%, filled circles in Fig. 4-2 D), and of these 6 had greater activity 

for anti-saccades than pro-saccades. Within the sample of SNr neurons, activity was 

significantly greater for anti-saccade than pro-saccade trials (t test, p <.05, Fig. 4-2 C, D). 

These data are consistent with a suppressive role of SNr burst neurons on SC saccade 

neurons during instructed fixation for anti-saccades.  

 

Saccade-related activity of SNr pause neurons is reduced on anti-saccade trials 

 To investigate differences in the saccade-related activity of SNr neurons during 

pro- and anti-saccades, we compared the activity for pro-and anti-saccade trials in a 40ms 

peri-saccade epoch centered on saccade onset (Fig. 4-1 A, see Methods). We found that 

the decrease in the discharge rate of many SNr pause neurons during this epoch was more 

pronounced on anti-saccade trials. For contraversive saccades, the peri-saccade activity of 

6 of 18 neurons (33%) was significantly lower for anti- saccade than pro-saccade trials (t 

test, p <.05, filled circles in Fig. 4-3 E). This effect was also observed in the overall 

sample of SNr pause neurons (t test, p<.05, Fig. 4-3 A,C,E). A similar trend was apparent 

for ipsiversive saccades, with a number or neurons exhibiting lower peri-saccade activity 

on anti-saccade trials (8/18 = 44%, t test, p<.05, Fig. 4-3 F, filled  circles). This effect 

was, however not significant within the sample of SNr pause neurons (t test, p>.05, Fig.  

4-3 B,D,F). Thus, although the saccade-related pause in activity was more pronounced on 

anti-saccade trials for both contraversive and ipsiversive saccades, this difference was 

significant within the overall sample of SNr pause neurons for contraversive saccades 

only. 



Ipsiversive Saccade

20

40

60

80

20 40 60 80

20

40

60

80

20 40 60 80
Pro-Saccade Activity (sp/sec)

A
nt

i-S
ac

ca
de

 A
ct

iv
ity

  (
sp

/s
ec

) Pro Anti

E F

20

25

30

35

-200 0 200

20

25

30

35

-200 0 200

Contraversive Saccade

A
ct

iv
ity

 (s
p/

se
c)

Time from Saccade Onset (ms)

A
ct

iv
ity

 (s
p/

se
c)

*

C D

A B

15

20

25

30

35

15

20

25

30

35

Pro Anti

p < .05 p > .05

89

Fig. 4-3: Pause neuron activity for correct pro- (blue) and anti- (red) saccade trials during 
the peri-saccade epoch for contraversive (A,C,E) and ipsiversive (B,D,F) saccades.  A,B: 
Population spike density functions of pause neuron activity, aligned on saccade onset. 
Shaded area represents statistical window. C,D: Mean (± SEM) peri-saccade discharge 
rate.  E,F: Contrast of single pause neuron activity recorded during the peri-saccade 
epoch on pro-saccade versus anti-saccade trials. Open circles denote neurons that did 
not differ significantly between pro- and anti-saccade trials (p>0.05); filled circles denote 
neurons that differed significantly between pro- and anti-saccade trials (p<0.05). 
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 Anti-saccade activity of SNr burst neurons is greater for ipsiversive saccades 

SNr burst neurons exhibit an increase in activity around the time of saccade onset 

(Handel & Glimcher 1999), and it has been suggested that these neurons send inhibitory 

signals to the SC to inhibit inappropriate saccades. Based on this, we expected that the 

activity of SNr burst neurons would be greater on anti-saccade than pro-saccade trials. 

We found that the pattern of activity differences in SNr burst neurons between pro- and 

anti-saccade trials was dependent on saccade direction. For contraversive saccades, about 

one third of the neurons (6/20 = 30%, t test p<.05) had significant differences in activity 

between pro and anti-saccades (Fig. 4-4 E, filled circles). These differences were 

inconsistent, however, with 3 neurons exhibiting higher saccade-related activity for pro-

saccades and 3 exhibiting higher activity for anti-saccades. Overall, we found no 

significant differences in activity within the sample of SNr burst neurons for 

contraversive saccades (t test, p>.05, Fig. 4-4 A,C,E). For ipsiversive saccades, 9 of 20 

neurons (45%) had significant differences in activity between pro- and anti-saccade trials 

(Fig. 4-4 F, filled circles), with the majority of neurons exhibiting greater activity for 

anti-saccades. For the sample of SNr burst neurons, activity during saccades was 

significantly greater for anti-saccade than pro-saccade trials (t test, p<.05, Fig.4B,D,F). 

This difference appeared to be the result of a reduced saccade-related burst for ipsiversive 

pro-saccades, relative to the consistent burst observed for both ipsilateral and 

contralateral anti-saccades 
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Fig. 4-4: Burst neuron activity for correct pro- (blue) and anti- (red) saccade trials during 
the peri-saccade epoch for contraversive (A,C,E) and ipsiversive (B,D,F) saccades. A,B: 
Population spike density functions of burst neuron activity, aligned on saccade onset. 
Shaded area represents statistical window. C,D: Mean (± SEM) peri-saccade discharge 
rate.  E,F: Comparison of single burst neuron activity recorded during the peri-saccade 
epoch on pro-saccade versus anti-saccade trials. Open circles denote neurons that did 
not differ significantly between pro- and anti-saccade trials (p>0.05); filled circles denote 
neurons that differed significantly between pro- and anti-saccade trials (p<0.05). 
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Neural activity during anti-saccade direction errors 

We reasoned that if the SNr burst neurons were providing additional inhibition to 

the SC during the fixation epoch on anti-saccade trials, they should exhibit lower fixation  

activity on trials in which the monkey made a direction error (i.e., triggered an automatic 

pro-saccade on anti-saccade trials). We carried out analyses to determine whether activity 

during the fixation epoch differed when monkeys’ made performance errors on anti-

saccade trials. No significant differences were found (t test, p>.05). Based on our 

findings, we also expected that the saccade-related activity of SNr pause and burst 

neurons on direction error trials should be comparable to what was measured during 

correct pro-saccade trials. That is, on anti-saccade direction error trials, the SNr pause 

neurons should show more activity during saccades than they did on correctly executed 

anti-saccade trials and SNr burst neurons should display less activity on direction error 

trials than they did on correctly executed anti-saccade trials. Due to the low rate of anti-

saccade errors (see Fig. 4-1 C), the activity of 9 burst neurons and 8 pause neurons were 

analyzed for correct versus error saccades made in the contraversive direction, and 10 

burst neurons and 5 pause neurons for correct versus error saccades made in the 

ipsiversive direction.   

SNr pause neurons did not show a significant difference in saccade-related 

activity between error and correct trials when the stimulus appeared on either the 

ipsilateral or contralateral side (t test, p>.05).  In contrast, the activity of SNr burst 

neurons during saccades was significantly lower on error than correct trials when the 

stimulus appeared on the ipsilateral side (t test, p<.05, Fig. 4-5 A). This matches the 

pattern of activity we observed on correct ipsiversive prosaccade trials (see Fig. 4-4), and  
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Fig. 4-5: Comparison of activity on correct and error anti-saccade trials. Mean (± SEM) 
discharge rate during the peri-saccade epoch for burst neurons on correct (dark gray), and 
error (light gray) anti-saccade trials.  A,B: Population activity of burst neurons on anti-
saccade trials when the stimulus was ipsilateral or contralateral to the recording site (i.e., 
saccade direction is incongruent).  C,D: Population activity of burst neurons on anti-
saccade trials when the saccade was ipsilateral or contralateral to the recording site (i.e., 
saccade direction is congruent). 
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is consistent with a failure of inhibition when monkeys make anti-saccade errors. On 

trials in which the stimulus appeared on the contralateral side, we observed no significant 

differences in activity between correct and error trials (t test, p>.05, Fig. 4-5 B).  

One consideration for the difference in saccade-related activity of burst neurons 

between error and correct trials was due to the fact that “correct” and “error” saccades 

were executed in opposite directions. For example, if a stimulus appeared on the side 

ipsilateral to the recording site, a correct anti-saccade would require the monkey to make 

a contraversive saccade, while an incorrect response would result in the monkey making 

an ipsiversive pro-saccade towards the stimulus. To control for saccade direction, we also 

analyzed the responses of burst neurons for error trials in which saccade direction was 

congruent (stimulus appeared at different locations, but the saccades were executed in the 

same direction). In this case (Fig. 4-5 C,D), activity during correct saccades was 

generally higher than that for errors. This difference was significant only for 

contraversive saccades (t test, p<.05). These results suggest that the elevated activity 

observed in the SNr burst neurons on anti-saccade trials could be contributing the extra 

inhibition required for suppression of the automatic pro-saccade on anti-saccade trials. 

Further, they establish a more direct link between the inhibitory activity of SNr burst 

neurons and the monkey’s performance in the anti-saccade task, suggesting a causal 

relationship between SNr activity and behavioral output.  

 

DISCUSSION 

We identified subsets of SNr neurons that modulated their discharge during an 

interleaved pro- / anti-saccade task. The response properties of these neurons suggest that 
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the SNr possesses two neural correlates of antisaccade task performance: 1) enhanced 

suppression of automatic pro-saccades, and 2) disinhibition of voluntary anti-saccades. 

SNr burst neurons discharged at a higher rate during the instructed fixation period prior to 

stimulus onset (Fig. 4-2 C,D) and the magnitude of saccade-related activity was 

significantly higher for ipsiversive anti-saccades (Fig. 4-4). On trials in which a 

subsequent anti-saccade error was made, these neurons discharged a smaller saccadic 

burst (Fig. 4-5). In contrast, the discharge of SNr pause neurons did not differ between 

pro- and anti-saccade trials during the instructed fixation period (Fig. 4-2 A,B).  

However, pause neurons had a significant increase in the saccade-related reduction in 

discharge for anti-saccades (Fig. 4-3).  These results suggest that the SNr could be 

providing two important control signals for successful completion of the anti-saccade 

task.  First, the elevated discharge of SNr burst neurons during the instructed fixation can 

provide enhanced suppression of the saccadic generating system prior to stimulus 

appearance. Second, the more pronounced saccade-related reduction in discharge of SNr 

pause neurons may provide an important disinhibitory component of the saccade 

generating system to initiate a voluntary saccade.  

The SNr possesses two identified populations of output neurons; one with an 

uncrossed projection to the ipsilateral SC (Jayaraman et al. 1977, Graybiel 1978, 

Chevalier et al. 1981, Hikosaka and Wurtz 1983d, May and Hall 1984, Karabelas and 

Moschovakis 1985), and a second with a crossed projection to the contralateral SC (Jiang 

et al. 2003). The groups of SNr neurons identified here share several physiological 

properties with previously described populations of SNr neurons. Pause neurons have 

high levels of fixation activity and decrease their activity during saccades (Hikosaka and 



 96

Wurtz 1983b, Handel and Glimcher 1999, Basso and Wurtz 2002), while burst neurons 

have relatively low levels of fixation activity and increase their activity for saccades 

(Handel and Glimcher 1999). Pause neurons contribute to the uncrossed projections to 

the ipsilateral SC (Hikosaka and Wurtz 1983d). We hypothesize that the burst neurons 

contribute to the crossed projection to the contralateral SC.  

Support for such a model has been provided by studies investigating the 

physiological properties of neurons of the crossed and uncrossed projections. In the cat, 

visual receptive fields of antidromically identified uncrossed nigrotectal neurons are 

much smaller than those of neurons in the crossed pathway, and crossed neurons can be 

antidromically activated from a much larger area of the SC than uncrossed neurons (Jiang 

et al. 2003), suggesting that uncrossed projections terminate in local areas of the SC, 

while crossed projections are more diffuse. While physiological evidence of the crossed 

pathway has not yet been identified in the monkey, it has been shown that the response 

fields of uncrossed nigrotectal neurons are similar in spatial extent to those of neurons in 

the corresponding region of the SC to which they project (Hikosaka and Wurtz 1983d), 

consistent with a localized termination of nigrotectal efferents.  

Theories of basal ganglia function have suggested that the basal ganglia 

participate in behavioral selection via competitive mechanisms that selectively facilitate 

appropriate responses and inhibit incompatible responses (Mink 1996). In the oculomotor 

domain, it has been proposed that these mechanisms underlie the selection of appropriate 

eye movements (Hikosaka et al. 2000). The operation of parallel crossed and uncrossed 

SNr pathways could mediate the initiation of saccades via two mechanisms: one, focused 

disinhibition of neurons in the ipsilateral SC, coding the specific amplitude and direction 
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of the desired saccade, and two, global inhibition of the contralateral SC to inhibit 

competing saccade programs. In the anti-saccade task, this would correspond to focused 

disinhibition of voluntary anti-saccades, and global inhibition of automatic pro-saccades. 

These mechanisms could be instantiated by the uncrossed and crossed nigrotectal 

projections, respectively.  

A schematic depiction of this putative mechanism is presented in Figure 4-6. 

During instructed fixation prior to a leftward pro-saccade trial, uncrossed SNr pause 

neurons (PN) provide focused tonic inhibitory signals to the SC (thick dark lines), while 

crossed SNr burst neurons (BN) contribute weaker global inhibitory signals (Fig. 4-6 A). 

During the saccade, SNr pause neurons decrease their rate of firing, resulting in a 

disinhibition of SC neurons on both sides (reduced thickness of black lines in Fig. 4-6 B). 

Conversely, we found that SNr burst neurons increased their rate of discharge for 

saccades, and this discharge was greater for contraversive pro-saccades than ipsiversive 

pro-saccades (Fig. 4-4). This activity difference in the crossed pathway would result in a 

stronger global inhibitory signal being sent from burst neurons in the right SNr to the left 

SC, (darker line from right SNr to left SC in Fig. 4-6 B) relative to that sent by burst 

neurons in the left SNr to the right SC. The net result of the interaction between these 

unbalanced uncrossed disinhibitory signals and crossed inhibitory signals would be an 

overall greater inhibition of the left SC, as compared to the right SC, which would 

facilitate execution of a leftward pro-saccade.  

A schematic depiction of activity during an anti-saccade trial in which the 

peripheral stimulus is presented on the left, and a saccade is directed to the right is 

presented in Figure 4-6 C,D. During instructed fixation, the activity of pause neurons was 
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similar for both pro- and anti-saccade trials (Fig. 4-6 C, thick dark lines), while the 

activity of burst neurons was enhanced on anti-saccade trials relative to pro-saccade trials 

(darker lines in the crossed inhibitory projections in Fig. 4-6 C than 4-6 A). We propose 

that this increased inhibitory signal acts to suppress automatic pro-saccades during the 

anti-saccade task. During performance of the anti-saccade (Fig. 4-6 D), the decrease in 

activity of pause neurons was greater for anti-saccade trials than pro-saccade trials in 

general (thicker dark lines in Fig. 4-6 B than 4-6 D), and for contraversive saccades in 

particular. This difference in disinhibition is depicted in the relative thickness of the lines 

connecting the left SNr with left SC, and right SNr with right SC in Fig. 4-6 D. The result 

of these changes would be relative disinhibition of the left SC, which would facilitate 

execution of the required rightward anti-saccade. We also found that SNr burst neurons 

increased their discharge for both contraversive and ipsiversive saccades. This is 

represented by the dark grey lines in Fig. 4-6 D depicting the crossed nigrotectal 

projection. Thus, the net result of the changes in activity of SNr pause and burst neurons 

would be a relatively lower amount of inhibition in the left SC than the right SC, which 

would inhibit a leftward pro-saccade, and facilitate execution of a rightward anti-saccade. 

Note that the overall higher level of inhibition present on anti-saccade trials than pro-

saccade trials would be expected to result in an increase in SRT, a common behavioral 

observation (Everling & Fischer 1998, Bell et al. 2000) that is consistent with the 

behavior exhibited by monkeys here.  Altogether, SNr inputs to the SC would act to 

facilitate the required behavioral response, while globally inhibiting inappropriate 

responses. This is consistent with other qualitative models of basal ganglia function 

(Hikosaka et al. 2000, Mink 1996), and suggests that the SNr signals we observed in the 
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Fig. 4-6: Schematic representation of putative SNr gating function on SC. In all panels, 
black circles and lines represent inhibitory neurons and connections, respectively. Relative 
thickness of lines, size of circles, and darkness of greyscale represent magnitude of 
inhibition; thicker lines, larger circles, and darker greyscale represent increases. Green 
circles and lines represent excitatory neurons and connections, respectively, increases in 
size and colour saturation represent increases in excitatory activity. A. activity during 
instructed fixation on a pro-saccade trial. Pause neurons provide balanced uncrossed 
inhibition to left and right SC’s, burst neurons provide balanced crossed global inhibition. 
White circles represent SC saccade neurons. B. activity during a leftward pro-saccade. 
Inhibitory activity of pause neurons is decreased, resulting in focal disinhibition of SC 
neurons within a local area of SC, depicted by lighter circles. Crossed inhibitory signal 
from right SNr to left SC is greater than that from left SNr. Result is greater activity in SC 
saccade neuron in right SC, than corresponding neuron in left SC, facilitating leftward 
saccade. Blue boxes represent incoming visual and motor inputs from cortex driving SC 
activity, in this case, entering the right SC to drive leftward saccade. C. activity during 
instructed fixation on an anti-saccade trial. Balanced crossed global inhibition from burst 
neurons is enhanced relative to pro-saccade trial. D. activity during a rightward anti-
saccade. Global crossed inhibition from burst neurons to SC is increased on both sides. 
Decrease in activity of pause neurons is enhanced relative to pro-saccade trials, with 
greater decrease for left SC. Overall result is less inhibition of SC saccade neuron in left 
SC relative to right SC, and facilitation of rightward saccade (green circles). Red and blue 
boxes represent incoming motor and visual cortical inputs, note that relevant inputs enter 
both SC’s in this case. SNr- substantia nigra pars reticulata, PN- pause neuron, BN-burst
neuron.
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anti-saccade task are reflective of a general property of basal ganglia outputs (as per page 

94). 

The theoretical model presented above provides a mechanistic account of the way 

in which basal ganglia outputs might modulate the activity of SC neurons to facilitate 

performance in the anti-saccade task. It is important to note however, that these changes 

in inhibitory signals to the SC are likely not sufficient to drive SC activity to surpass the 

activation level required for saccade initiation (Pare & Hanes 2003), but instead are 

thought to perform a “gating” function (Brown et al. 2004). Indeed, recent quantitative 

models have implemented gating mechanisms as a fundamental aspect of basal ganglia 

function (Gurney et al. 2001, Brown et al. 2004, Frank 2005, Frank 2006, Hazy et al. 

2007). In our model (Fig. 4-6), this function would be implemented by disinhibition of a 

focal SC location, which would allow incoming signals from other brain areas to drive 

SC saccade neurons and initiate a voluntary saccade. It is important to note that these 

incoming signals would be required to differentially affect the left and right SC in the 

pro- and anti-saccade tasks. During pro-saccades, visual and motor signals from cortical 

areas entering the SC contralateral to the visual stimulus are sufficient for correct 

performance (Fig. 4-6 B, blue boxes), while input to the SC ipsilateral to the visual 

stimulus is required to drive the voluntary saccade on anti-saccade trials (Fig. 4-6 D, red 

box). Thus, we contend that selective gating of cortico-tectal input by the SNr may play a 

critical role in anti-saccade performance. The SC receives direct projections from a 

number of cortical areas that have been shown to exhibit differences in activity between 

pro- and anti-saccades (Munoz and Everling 2004). Similar to activity observed in the 

SC, FEF saccade neurons have lower levels of activity for anti-saccades (Everling and 
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Munoz, 2000). Conversely, neurons in other frontal cortical areas, such as the 

supplementary eye fields (SEF) (Schlag-Rey et al. 1997, Amador et al. 2004), and 

dorsolateral prefrontal cortex (DLPFC) (Funahashi et al. 1993, Everling and DeSouza 

2005) exhibit greater activity for anti-saccades than pro-saccades. It has been suggested 

that activity in these areas contributes to the suppression of saccades toward the visual 

stimulus on anti-saccade trials, and thus facilitates anti-saccade task performance. In the 

case of the DLPFC, activity consistent with such a function has been identified in the 

direct projection to the SC (Johnston and Everling 2006). The modulations of SNr pause 

and burst neurons we observed here should therefore be considered as part of the set of 

signals sent to the SC to control anti-saccade performance. SNr signals may also carry 

out a similar gating function on frontal cortical areas via the thalamus (Alexander et al. 

1986, Lynch et al. 1994, Middleton and Strick 2000, Middleton and Strick 2002).  

A gating disruption may be responsible for the increase in anti-saccade errors 

observed in patients with basal ganglia pathology (Chan et al. 2005, Peltsch et al. 2008). 

In Parkinson’s patients, a potential explanation for this increase is that the difficulty in 

movement initiation associated with the disorder is offset by an adaptive mechanism that 

pushes the saccade system closer to the activation level required for movement initiation. 

This would enhance the ability of SC inputs to drive saccades, and make it more difficult 

to inhibit automatic saccades (Chan et al. 2005).  In our model, this adaptive mechanism 

could be invoked by an enhancement of the disinhibitory signal carried by the uncrossed 

pathway, and a reduction in the inhibitory signal carried by the crossed pathway. The net 

result of such an alteration in the balance between these pathways would be an overall 

facilitation of activity in SC saccade neurons consistent with a decrease in the activation 
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level for saccade initiation. Our findings and model are inconsistent with the results of 

previous findings in patients with ischemic basal ganglia lesions, which have suggested 

that these structures are not involved in suppression of automatic saccades in the anti-

saccade task (Condy et al. 2004). Whether this is a result of differences in pathology 

between Parkinsonian patients and those with damage to particular basal ganglia 

structures as a result of stroke remains to be determined.  

Here, we found the SNr neurons carried two different signals in the anti-saccade 

task; suppression of saccades, and enhancement of voluntary initiation, and we proposed 

a theoretical mechanism by which these signals could account for flexible behavior. It 

should be noted, however, that a definitive physiological demonstration of the crossed 

pathway in the primate has yet to be carried out. Such a demonstration is required to fully 

validate this model. We have characterized basal ganglia output signals. The network of 

connections leading to this output is highly complex, including connections within the 

basal ganglia themselves, as well as inputs to the basal ganglia from other structures 

(Parent and Hazrati 1995a, Parent and Hazrati 1995b). Recent studies investigating the 

response properties of neurons in the caudate nucleus (Watanabe and Munoz 2007), and 

the external segment of the globus pallidus (Yoshida and Tanaka 2008), have revealed 

correlates of anti-saccade performance in other basal ganglia areas. The SNr receives 

input from multiple basal ganglia pathways (Hikosaka et al. 2000, Parent et al. 1984). An 

understanding of the properties of these inputs is critical to a full understanding of the 

mechanisms by which basal ganglia mediate anti-saccade performance, and behavioral 

flexibility in general.  
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ABSTRACT 

 Parkinson’s Disease (PD) is a progressive, neurodegenerative disorder that 

impairs motor function as a result of a depletion of dopamine in the striatum. This leads 

to difficulty in both the initiation and suppression of movements, functions thought to be 

mediated by separate neural pathways. The goal of this study was to investigate the 

conditions under which patients with PD are able to suppress visually triggered 

movements. Ten PD patients and 10 age- and sex- matched controls performed an 

oculomotor countermanding paradigm consisting of 75% Go trials that were randomly 

interleaved with 25% Stop trials. On Go trials, the participants made a saccade to a 

stimulus presented in the peripheral visual field. On Stop trials, the participants were 

required to countermand (i.e., suppress) their intended saccade upon presentation of a 

stop signal which could be either foveal (red spot at center of monitor) or peripheral (red 

band outlining perimeter of monitor). Although PD reaction times during Go trials were 

not significantly different from those of controls, patients with PD had greater difficulty 

countermanding saccades under the foveal stop-signal condition, and the time required to 

successfully countermand the saccade (Stop Signal Reaction Time; SSRT) was longer. 

Paradoxically, when the stop signal was presented peripherally, patients with PD 

countermanded the planned saccade better than controls and their mean SSRT was 

shorter. These results indicate that the circuitry controlling saccadic suppression in PD is 

not entirely impaired in the disease and, under some conditions, may actually be 

enhanced over controls.  
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INTRODUCTION 

 Parkinson’s disease (PD) is a neurodegenerative disorder that results from a loss 

of dopaminergic neurons in the substantia nigra pars compacta of the basal ganglia 

leading to a disruption in basal ganglia circuitry (Radad et al. 2005, Bergman and 

Deuschl 2002). The basal ganglia are hypothesized to mediate most voluntary motor acts 

by selectively gating excitatory and inhibitory control signals via connections with the 

cerebral cortex (McHaffie et al. 2005). Therefore, individuals with PD have difficulty 

initiating planned or volitional movements (for example; being unable to initiate steps 

across the floor; for review see Weiner 2005, Suchowersky et al. 2006), while at the same 

time they have difficulty suppressing automatic behavior (for example, frequently 

moving their eyes towards visual stimuli when instructed not to; Praamstra and Platt 

2001, Chan et al. 2005). The goal of this study is to dissociate volitional and automatic 

behaviors in PD to further investigate the conditions under which PD patients are able to 

suppress visually triggered saccades.  

We measured the ability of PD patients to suppress visually triggered movements 

volitionally using an oculomotor countermanding paradigm consisting of 75% Go trials 

that were randomly interleaved with 25% Stop trials. On Go trials, the participants were 

required to make an automatic saccade (as quickly and accurately as possible) to a visual 

stimulus that appeared in the peripheral visual field. On Stop trials, the participants were 

required to countermand (i.e., suppress) this automatic saccade upon presentation of a 

visual stop signal. The countermanding paradigm dissociates automatic movements from 

volitional response suppression because, after presentation of the visual stop signal, the 



 106

participants are required to actively engage processes that enable them to suppress the 

movement towards the peripheral stimulus.  

Countermanding performance is hypothesized to be dependent upon two 

independent neural processes: a volitional stop process, initiated by the appearance of the 

stop signal, and an automatic Go process, initiated by the appearance of the stimulus 

(Logan and Cowan 1984). Whichever process is completed first determines whether a 

response is initiated or cancelled, allowing for a direct measure of the ability to suppress 

responses (Logan and Cowan 1984, Ozyurt et al. 2003, Akerfelt et al. 2006, Mirabella et 

al. 2006). Additionally, the time between the presentation of the target and the stop signal 

(Stop Signal Delay; SSD) can be used to measure the time it takes to engage the stop 

process (Stop Signal Reaction Time; SSRT) and successfully cancel the movement. We 

tested 5 SSDs ranging from 50-250 ms, because increasing SSD decreases the ability to 

successfully countermand (Logan and Cowan 1984). We wanted to determine if PD 

participants would follow this stereotypical pattern of behavior. We used saccadic eye 

movements as a model motor system because many of the brain regions known to be 

affected in PD overlap with the brain regions involved in controlling saccades (Munoz 

and Everling 2004, Munoz et al. 2007, Hikosaka et al. 2006).  Importantly, cortical and 

midbrain neurons have activity that correlates with the probability of suppressing the 

planned saccade in the countermanding task (Hanes et al. 1998, Paré and Hanes 2003, 

Stuphorn et al. 2006). 

The countermanding paradigm we employ has two different visual stop signals; 

one foveal, positioned at the center of the computer monitor, and one peripheral, 

positioned around the perimeter of the monitor (Assress and Carpenter 2001). We 
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employed both types of stop signals because presenting visual stimuli at the location of 

the fovea can activate fixation neurons in the frontal eye fields (FEF) and the superior 

colliculus (SC), while simultaneously increasing the amount of inhibition placed on 

saccade-related neurons in both regions (Munoz and Wurtz 1993, Hanes et al. 1998, 

Munoz and Istvan 1998, Schall and Thompson 1999). This increased inhibition may 

interfere with saccade programming and could act to assist with the ability to suppress the 

saccade to the peripheral stimulus (Hanes and Carpenter 1999, Cabel et al. 2000, 

Armstrong and Munoz 2003). Additionally, it has been well documented that patients 

with PD are not impaired in their ability to generate automatic saccades (Briand et al. 

1999, Chan et al. 2005). Presenting a stop signal at the foveal location (where subjects are 

required to position their eyes if they successfully suppress the automatic saccade) could 

allow PD patients to automatically attend to the foveal location, mirroring the act of 

countermanding.  Presenting a visual stop signal in the peripheral visual field minimizes 

this limitation because participants must actively engage the stop process to maintain 

their gaze at center. 

Given that patients with PD are unable to inhibit automatic saccades to visual 

stimuli in an anti-saccade task (a task that requires suppression of an automatic saccade 

towards stimulus before generation of a volitional saccade in the opposite direction; 

Munoz and Everling 2004, Chan et al. 2005, Munoz et al. 2007) and that the 

countermanding paradigm utilizes regions through the frontal-striatal circuitry to 

suppress automatic saccades (Stuphorn and Schall 2006), we hypothesize that PD patients 

will have a specific deficit in their ability to suppress an automatic saccade towards the 

stimulus during Stop trials. We hypothesize that the deficit will be most prominent at 
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longer SSD (when the automatic ‘Go’ process is initiated significantly ahead of the 

‘Stop’ process) and on peripheral Stop trials when volitional control over the automatic 

process is required most. 

 

MATERIALS AND METHODS 

 Participants 

All experimental procedures were approved by the Queen’s University Human 

Research Ethics Board and were in compliance with the Helsinki ethical principles for 

medical research involving human subjects. Before testing began, participants were given 

a brief description of the experimental procedures, including task requirements and the 

functional operation of the equipment. After providing written consent, all participants 

completed one 90 – 120 minute session and were compensated for their time. 

 Ten adults diagnosed with Stage Two Parkinson’s Disease (PD) (8 males, mean 

age (± SD) 57 ± 10.2 years; range 34-70 years) were recruited from the Movement 

Disorders Clinic at the Kingston General Hospital. All PD patients were under the care of 

the attending neurologist and co-author, Dr. G. Pari. Within two weeks of the test day, 

PD patients were assessed using the Unified Parkinson’s Disease Rating Scale (UPDRS) 

and subsequently assigned a rating of disease progression using the modified Hoehn and 

Yahr (1967) Staging System (Table 5-1). Participants with PD were instructed to take 

their medication as usual before and during the experimental session; they were not 

assessed off medication. Ten non-clinical control participants were recruited from the 

community via notices placed in local newspapers. They were matched to the PD 

participants in terms of sex and age (8 males, 2 females; mean age (± SD) 52 ± 9.8 years; 
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TABLE 5-1: Patient and Control Demographic Data  
 
 
 

Patient  
M=Male 
F=Female 

Age at 
Diagnosis 

Age at 
Testing 

Co-Morbid Diseases Medications and Dosages Hoehn and 
Yahr Staging 

M 33 34 • NIL • Ropinerol  5 mg TID 2.0 
M 49 50 • NIL • Ropinerol  1.5 mg QID 

• L-Dopa/C-Dopa  (200/50) TID 
2.5 

M 54 55 • NIL • Pramipexole  1 mg TID 
• L-Dopa/C-Dopa (100/25) 1 tablet QID 

2.5 

F 57 58 • NIL • Ropinerol  3.5 mg TID 2.5 
M 55 59 • Hypertension • L-Dopa/C-Dopa (100/25) 1 tablet twice daily 

• Pramipexole  1 mg TID 
• Irbesartan  

2.0 

M 56 59 • Hypetrension 
• Depression 
• Di-Essential tremor 

• Ropinerol  2 mg TID 
• Mirtazopine  60 mg QHS 
• Trihexyphenidyl 2 mg TID 
• Cogard  80 mg daily 

2.5 

M 55 60 • Depression • Ropinerol  4 mg QID 
• L-Dopa/C-Dopa (100/25) 1 tablet TID 
• Mirtazopine  30 mg QHS   

2.0 

M 60 65 • Hypertension • Hydrochlorothiazine  
• Ropinerol  1 mg TID 

2.5 

M 61 65 • Hypertension • Pramipexole 1.25mg morning, 1 mg BID 
• Hydrochlorothiazide 30 mg daily 

2.5 

F 58 70 • NIL • L-Dopa/C-Dopa (200/50) ½ tablet BID 2.5 

      

 
 
 

Control 
M=Male 
F=Female 

Age at Testing Medical Conditions Medications and Dosages 

M 33 • NIL • NIL 

M 43 • NIL • NIL 

M 43 • NIL • NIL 

M 47 • NIL • NIL 

M 50 • NIL • NIL 

M 51 • NIL • NIL 

F 56 • NIL • NIL 

M 57 • NIL • NIL 

M 58 • Absence Seizures • Phenytoin 300 mg once daily 

F 70 • NIL • NIL 
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 range 33-70 years). Each control participant provided information concerning his/her 

physical and mental health, including all medications. There were no reported co-morbid 

diseases, although one control participant was diagnosed with a mild form of absence 

seizures and was taking anti-seizure medication daily. All participants (control and PD) 

had normal or corrected to normal vision.  

 

Procedure 

Visual stimuli were presented on a 17-inch monitor using video resolution of 

640x480 pixels and a frame rate of 60 Hz. Eye movement data were collected using an 

infrared video-based eyetracker (Eyelink; SR Research Ltd.) that was mounted on the 

participants head and adjusted with a headband. The eyetracker recorded the vertical and 

horizontal movements of the left pupil at a sampling rate of 250 Hz. Acceleration and 

velocity thresholds were set to detect saccades greater than 0.15°.   

Participants were seated comfortably in a dimly lit room approximately 60 cm 

from the display monitor. A chin rest ensured that the distance remained constant across 

participants and reduced unwanted head movements. The experimental session began 

after a 9 point calibration session.  

Participants pressed the space bar on a computer keyboard positioned in front of 

the monitor to initiate a trial. Trial onset was confirmed with an auditory beep. Each trial 

began with the appearance of a white octagonal fixation point (FP), 1 cm wide, 

subtending a visual angle of 0.95° (1.40 cd/m2), presented at the center of a dark 

background. Participants were instructed to fixate the white FP and after a variable 

duration (randomized 200-1000 ms), the FP disappeared and a green stimulus, identical 
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in size and shape to the FP, appeared either 10° to the left or right of the FP. Participants 

were instructed to look at the green stimulus as quickly and as accurately as they could 

(Fig.5-1 A; Go trials), unless a stop signal was subsequently presented (Fig.5-1 B; Stop 

trials). Upon the presentation of a stop signal (25% of trials), the participants were 

instructed to “cancel” their planned movement to the stimulus and keep their eyes fixated 

at the center. Two different stop signals were employed. The stop signal and the stimulus 

remained illuminated for the duration of the trial. The foveal stop signal (12.5% of all 

trials) was identical in size, shape and location to the FP, except it was red in color. The 

peripheral stop signal (12.5% of all trials) consisted of a 0.1 cm wide continuous red 

band around the periphery of the screen (approx. 0.6 cm from all edges of the monitor). 

The timing of the presentation of the stop signals relative to stimulus appearance (stop 

signal delay, SSD) varied randomly from 50-250 ms in 50 ms increments.  

To encourage participants to plan a movement to the stimulus on Go trial and not 

simply delay their eye movement in anticipation of a stop signal, an auditory signal 

sounded 500 ms after stimulus onset. This signal was used to inform the participant that 

they were waiting too long to respond. 

 

Design 

The experiment consisted of 8 blocks of 80 trials each. These 640 trials provided 

eight replicates of the factorial combination of stimulus direction (left versus right), SSD 

(50, 100, 150, 200, 250 ms), stop-signal type (foveal versus peripheral) and trial type 

(Go:Stop ratio of 3:1). Trials were randomized within each block and each participant 

was issued a different sequence of blocks for the session. Before data collection began,  
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Fig. 5-1:  A: Schematic of the countermanding task representing a trial in which no stop 
signal is presented and the participant is required to make a saccade towards the stimulus 
as quickly and accurately as possible (Go trials).  B: Schematic of the countermanding 
task representing a trial in which a stop signal is presented: foveal stop signal (top panel), 
peripheral stop signal (bottom panel). Upon presentation of either stop signal, the 
participant is instructed to cancel the planned saccade towards the stimulus (Stop trials). 
C: Schematized representation of the race model between the Go and Stop processes on 
trials in which a stop signal is presented. The Go process (represented by a green line) is 
initiated at stimulus appearance while the stop process (represented by a red line) is 
initiated later by the appearance of the stop signal. Whichever process reaches the critical 
activity threshold (black dotted line) first, determines the behavioral outcome of the task: 
D: Schematic representing the relationship between SSD, SSRT and the probability of 
countermanding a saccade during Stop trials. To calculate the SSRT at each SSD, the 
distribution of control (Go) trials is integrated beginning at zero, until the integral is equal 
to the probability of non-cancelled trials at each SSD. The value that corresponds to this
point is equal to the sum of the SSRT and the SSD. 
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participants were given 4 blocks of 20 practice trials. The first practice block contained 

only Go trials; the second only Stop trials; the third block presented the 3:1 ratio of 

Go:Stop trials at the fixed SSD of 50 ms.  The fourth and final practice block consisted of 

a sample of the experimental paradigm: the 3:1 ratio of Go:Stop trials using all five 

SSDs. These practice blocks ensured that all participants understood the task. The entire 

testing session (including practice) lasted 90-120 minutes. Participants were encouraged 

to take a 15 minute break half way through the experimental session. There was also a 

rest of 1-2 minutes between each block of trials.  

 

Analysis 

User-generated software was employed to analyze eye movements. There were 

three variables of interest in the study. The first was the distribution of Saccadic Reaction 

Times (SRT) on Go trials. SRT was calculated as the time from stimulus appearance to 

initiation of the saccadic response. A Go trial was scored as correct when a saccade with 

amplitude greater than 3° was made in the direction of the stimulus. Cumulative Go-trial 

SRT for all PD and control participants is shown in Figure 5-2. An independent samples 

t-test was performed on the means. Any movement that occurred less than 75 ms 

following the appearance of the stimulus (Fischer and Ramsperger 1984) was considered 

an anticipation error and discarded from the analysis.  

The second variable of interest was the proportion of correctly countermanded 

trials at each SSD for each participant (Fig. 5-3 A, B). A Stop-trial error was scored as 

any movement of the eyes (greater than 3°) in the direction of the stimulus, when the 

participants had been instructed (via the stop signal) to keep their eyes fixated at center. 
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Fig. 5-2:  Cumulative distribution of SRTs for Go trials for control (blue line) and PD (red 
line) participants.



 115

The final variable of interest in this study was individual Stop Signal Reaction 

Time (SSRT), a measure of internal stopping time that was calculated across delays for 

each participant. This value was derived from the Race Model (Logan and Cowan 1984), 

in which a Go process inducing a movement to the stimulus and a stop process inhibiting 

or suppressing that movement “race” to some critical threshold (Fig. 5-1 C). The Go 

process begins very soon after the visual stimulus appears (~50 ms after stimulus 

appearance; Schmolesky et al. 1998), while the stop process cannot begin until after the 

stop signal appears. In order for a saccade to occur, the Go process must reach a critical 

threshold. If the stop process is completed before the Go process reaches this critical 

threshold, the movement is stopped or countermanded. At short SSDs, the stop process 

has time to initiate before the Go process has approached its threshold and thus is more 

likely to “catch up” to the Go process and “win the race”, resulting in a successful 

cancellation of the movement. At long delays however, the Go process has the 

opportunity to almost reach its critical threshold before the stop process is ever initiated. 

Thus, the stop process has a lower probability of catching up to the Go process and 

“winning” the race, resulting in an eye movement to the stimulus. Because everyone has 

a unique internal stop processing time (Logan and Cowen 1984), it is important to 

measure this latency (via SSRT) across individuals. This value is estimated by integrating 

the Go-trial SRT distribution until the integral matches the probability of non-cancelled 

Stop trials at each SSD. The resulting value is the estimate of the length of the 

individual’s internal stopping time or SSRT, plus the delay (SSD) for that particular trial 

(Fig. 5-1 D).  
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 We limited SSRT calculations to accuracy levels between 13% and 88% because 

SSRTs estimated from data within this range on the inhibition function are most reliable 

and are not skewed by extremely high or low performance rates. We then compared the 

resulting SSRTs between PD patients and the control group. We also compared the 

proportion of countermanded responses as a function of SSD across groups. When 

appropriate, post-hoc comparisons (Tukey HSD) were employed. Finally, we examined 

SSRT and the proportion of countermanded trials within groups across stop-signal 

conditions (foveal versus peripheral).  

 

RESULTS 

Go-Trial Saccadic Reaction Time 

 Figure 5-2 illustrates the cumulative distribution of Go-trial SRTs for both the 

control (blue) and PD groups (red), which were remarkably similar. The control group 

had a mean SRT of 284 ms (Median = 254 ms; SD = 108 ms) and the PD group had a 

mean SRT of 282 ms (Median = 262 ms; SD = 102 ms). There were no significant group 

differences in Go-trial SRTs [Independent Samples t-test; t(18) = 0.63, p = 0.95].  

 

Stop-Trial Accuracy  

Figure 5-3 illustrates the proportion of correctly countermanded trials on Stop 

trials as a function of SSD for the foveal (Fig. 5-3 A) and peripheral (Fig. 5-3 B) stop 

signals.  In the foveal condition (Fig. 5-3 A), the average proportion of correctly 

countermanded trials across all 5 SSDs was 0.44 for the control participants and 0.28 for  
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Fig. 5-3:  A: Mean proportion of countermanded trials at each SSD  across all control 
(blue) and PD (red) participants in the foveal stop signal condition. Each small open data 
point represents an individual participant. Large filled data points represent the mean 
across all 10 control (blue) and PD (red) participants.  B: Mean proportion of 
countermanded trials at each SSD across all control (blue line) and PD (red line) 
participants in the peripheral stop signal condition. C: Cumulative distribution of SSRTs for 
control (blue line) and PD (red line) participants in the foveal stop signal condition. D: 
Cumulative distribution of SSRTs for control (blue line) and PD (red line) participants in 
the foveal stop signal condition. 
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the PD participants.  For each group, as SSD increased, the probability of 

countermanding a saccade decreased. A two-way repeated-measures ANOVA (factors: 

group, SSD) confirmed that the proportion correct decreased across delay [F(1, 4) = 23.9, 

p < 0.001] but the difference in average proportion between the groups was not 

significant [F(1, 18) = 3.2, p = 0.09]. However as the SSD increased, the proportion of 

correctly countermanded trials decreased at a different rate for each group resulting in a 

significant interaction between SSD and group [F(4, 45) =  4.54, p = 0.003].  For patients 

with PD the drop in countermanded trials was smaller than for the controls, probably 

because the controls were better able to countermand at short SSDs than the PD group. 

This was confirmed by a post-hoc comparison using Tukey’s Honestly Significant 

Difference (HSD) (q = 0.123). We found a countermanding accuracy differences only at 

the early SSDs (50, 100 and 150 ms). 

The peripheral stop-signal condition produced a very different pattern of results 

(Fig. 5-3 B).  Most unexpectedly, the PD patients had a greater proportion of correctly 

countermanded trials than the control group. Patients with PD countermanded an average 

of 0.43 trials whereas control participants countermanded an average of 0.23 trials. A 

two-way repeated-measures ANOVA confirmed a main effect of delay [F(1, 4) = 19.5 

p < 0.001], and a main effect of group (PD countermanded more trials than controls) 

[F(1, 18) = 5.48, p = 0.03]. There was no interaction between SSD and group [F(1, 4) = 

1.1, p = 0.36], confirming a similar decline in performance across increasing SSD for 

both groups.  
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Stop Signal Reaction Time (SSRT) 

The SSRT is an estimate of the average time needed to inhibit a response to the 

stimulus based on the proportion of non-cancelled trials at each SSD and the Go-trial 

reaction time cumulative distribution (see METHODS). The control group had shorter 

SSRT (mean = 128 ms) than patients with PD (mean = 160 ms); t(75) = 2.32, p = 0.02 in 

the foveal condition.  In contrast, when the stop signal was presented in the periphery, the 

SSRT of patients with PD (mean = 134 ms) was shorter than the control SSRT (mean = 

206 ms); t(72) = 4.06, p < 0.001). 

 Control performance was clearly facilitated by the foveal stop signal; the 

proportion of countermanded trials was greater than with the peripheral stop signal (0.44 

vs 0.23; compare Fig. 5-3 A, B) and the resulting SSRTs were shorter (foveal SSRT = 

128 ms; peripheral SSRT = 206 ms; t(67) = 4.67, p < 0.001). Although mean 

countermanding performance for PD was facilitated in the peripheral stop-signal 

condition compared to the foveal condition (0.43 vs 0.28; Fig. 5-3 A, B), the difference 

was not statistically significant for the SSRT measure (foveal SSRT = 160 ms, peripheral 

SSRT = 134 ms; t(80) = 1.72, p = 0.09). Thus, although patients with PD improved their 

performance with a peripheral stop signal, we did not find evidence that the estimate of 

the time to suppress a saccadic response to the stimulus changed significantly. 

 PD patients were better able to countermand on the peripheral stop-signal 

condition than controls, a result that was quite unexpected. To examine whether the 

inability of controls to countermand under the peripheral stop-signal condition was a 

symptom of normal aging, we tested 10 younger controls (mean age = 28.8 years) on the 

same task. Consistent with the age-matched controls, we found that the younger controls 
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countermanded a greater proportion of trials in the foveal condition compared with the 

peripheral condition, [F(1, 15) = 9.83, p = 0.007]. At the 50 ms SSD, younger controls 

were countermanding 88% of the time under the foveal condition and only 47% of the 

time under the peripheral condition. Additionally, mean SSRT of younger controls was 

shorter for the foveal compared to the peripheral stop-signal condition; mean SSRT for 

the foveal condition was 142 ms while mean SSRT for the peripheral condition was 223 

ms  [F(1, 83) = 11.19, p = 0.001], consistent with the differences displayed by the age-

matched controls. Surprisingly, for control subjects performance declined when the stop 

signal was presented peripherally, whereas, for patients with PD performance improved 

in this condition. 

 

DISCUSSION 

We investigated the ability of patients with PD to cancel or countermand a 

command to generate an automatic, visually-triggered saccade to a stimulus that appears 

abruptly in the peripheral visual field.  We employed two types of visual stop signals – a 

central foveal stimulus and a peripheral stimulus.  Compared to age-matched controls, 

patients with PD were less able to suppress automatic saccades when the stop signal was 

located at the foveal position. However, when the stop signal was located in the 

peripheral visual field, patients with PD were better able to suppress the automatic 

saccade compared to age-matched controls. These findings are discussed in relation to 

previous studies, and with respect to the neural circuitry that may be contributing to these 

behaviors 
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Go Trials   

 PD participants were very similar to controls in their ability to generate automatic 

saccades during Go trials (Fig. 5-2), consistent with the hypothesis that the circuitry 

controlling automatic, visually triggered saccades is relatively unimpaired in the early 

stages of PD (Briand et al.1999, 2001, Chan et al. 2005, Amador et al. 2006, Joti et al., 

2007). Importantly, studies examining other aspects of motor control in PD have also 

suggested that the circuitry controlling the initiation of movements to visual stimuli is not 

affected by the disease. For example, providing external visual cues aids in the ability of 

PD patients to initiate gait (Burleigh-Jacobs et al. 1997, Dibble et al. 2004), speed up 

reaching movements (Majsak et al. 1998), and improve stride length (Morris et al. 1994, 

1998). We suggest two possible reasons for these consistent observations. First, 

presentation of external visual cues triggers movements via circuitry that bypasses the 

basal ganglia circuit, the site of the pathology, hence compensating for the slow initial 

movements characteristic of the disease (Glickstein and Stein 1991, Cunnington et al. 

1995). In the case of the saccadic eye movement system, visual inputs reach the premotor 

circuit in the superior colliculus from the retina directly as well as from visual and 

parietal cortex (Munoz and Schall 2003, Munoz and Everling 2004), thereby bypassing 

the basal ganglia and frontal cortex altogether. Second, the depletion of dopamine in the 

striatum leads to difficulties in initiating voluntary movement.  As a consequence, this 

pathology likely triggers mechanisms that reduce the amount of inhibitory control over 

automatic motor responses such that initiation of these automatic movements is not 

impaired (Mink 1996, Bergman and Deuschl 2002, Middleton and Strick 2002, Joti et al., 

2007). In the normally functioning oculomotor system, the substantia nigra pars reticulata 
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has a direct, inhibitory projection to the superior colliculus to gate the occurrence of 

saccades (Hikosaka and Wurtz 1983, Hikosaka et al. 2000). Removing this inhibition 

facilitates saccade initiation, while maintaining the inhibition prevents saccades from 

occurring (Hikosaka and Wurtz 1985a, 1985b).  In patients with PD, a reduction of 

inhibition on the saccade generating circuit may compensate for difficulties in initiation 

of voluntary movements, thereby facilitating initiation of automatic visually-triggered 

saccades.  Indeed, patients with PD actually make more short-latency express saccades 

than age-matched control subjects and, in the anti-saccade task, this leads to the initiation 

of more reflexive direction errors (Chan et al. 2005).  Further evidence in support of this 

compensation hypothesis has been observed with long-loop transcortical reflexes that are 

exaggerated in patients with PD (Tatton and Lee 1975, Tatton et al. 1984). 

 

Stop Trials 

The above compensation hypothesis may also account for some of the effects we 

observed on stop trials.  Reduced inhibition over automatic pathways can easily account 

for the difficulty that patients with PD have in suppressing the automatic visually-

triggered saccade that we observed with foveal stop signals (Fig. 5-3 A).  Enhanced 

sensory-motor processing in the PD brain, due to reduced inhibitory gating would result 

in difficulties countermanding the automatic saccades. Indeed, in the foveal stop signal 

condition, PD patients had difficulty engaging the stop process, as determined by their 

longer SSRTs, and were unable to countermand more than 50% of the time.  

 Presenting the stop signal in the periphery, however, complicates this 

interpretation because under this condition the control participants did not countermand 
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as well as PD patients (Fig. 5-3 B). Thus, despite difficulties in inhibiting automatic 

saccades in PD, which could arise from the mechanisms described above, another 

mechanism must be coming into play selectively for the PD patients only when the visual 

stop signal was presented in the periphery. Another suppression pathway has been 

proposed that could run through only parts of the basal ganglia that may bypass the 

striatum where dopamine depletion alters functional integrity. Regions of frontal cortex 

project directly to the subthalamic nucleus, which in turn drives the substantia nigra pars 

reticulata directly (Nambu et al. 2002). This so-called “hyper-direct” pathway has been 

hypothesized to play a key role in the rapid halting of automatic responses (Aron and 

Poldrack 2006). Perhaps this pathway is enhanced in patients with PD to compensate for 

the reduction in inhibition that occurs in response to the loss of dopamine input to the 

striatum. If this pathway is enhanced for peripheral visual stimuli selectively then it could 

account for the paradoxical finding of the PD patients being better than controls at 

stopping for peripheral stop signals in our task. 

Spatially re-arranging the presentation of the stop signal may also act to engage 

other pathways to the frontal cortex to aid in initiating inhibitory processes outside the 

basal ganglia circuitry. The recruitment of other inhibitory processes would thereby allow 

enhanced control over automatic movements, enabling the PD patients to countermand 

the automatic saccade to the stimulus. This hypothesis is further supported by the 

observations that, as opposed to controls, the SSRT of PD patients did not change 

significantly across stopping conditions (foveal versus peripheral), although the 

proportion of countermanded saccades was enhanced with the peripheral stop signal. 

These findings suggest that different inhibitory processes were being recruited under each 
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condition. It is possible that the PD participants’ attempt to recruit impaired inhibitory 

processes (e.g., the indirect pathway) through the striatum on the foveal condition, but 

that in the peripheral condition additional neural processes that bypass the striatum (e.g., 

the hyperdirect pathway) are also being employed to help inhibit the saccade to the 

stimulus.  

It is also important to note that unlike other studies where the visual stop signal is 

always represented the same way across trials (i.e., changing the color of the fixation 

point or the location of the target (Joti et al. 2007)), our study employed the use of a 

second, unique stop signal that differed dramatically from both the FP stimulus or a 

punctate peripheral visual stimulus. Joti et al. (2007) also presented a change signal in the 

periphery that differed from the initial target and from the start location, but their change 

signal had the same shape as their target.  In the current study, our peripheral stop signal 

encircled the entire viewing field of the monitor.  Abruptly changing visual cues within 

the environment can act to impede movement. For example, PD patients have been 

known to freeze upon entering a doorway or when walking along a narrow hallway 

(Giladi et al. 1992, Fahn 1995, Lamberti et al. 1997, Bartels et al. 2006). Even though the 

patients used in this study had not reported any incidence of freezing, presenting an 

outline around the perimeter of the computer monitor could have initiated the same type 

of inhibitory processes that are known to cause freezing in later stages of the disease 

(Giladi et al. 2001). This in turn may have induced a form of freezing leading to 

immediate suppression of the automatic movement to the stimulus.  

Final Conclusions 
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The present study has shown that patients with PD do not have problems 

generating automatic saccadic eye movements. However they are impaired in their ability 

to suppress movements to visual stimuli, but only under certain conditions. We have 

demonstrated that changing the position of the stop signal can selectively enhance 

inhibitory processes in PD patients enabling them to suppress unwanted movements. We 

therefore suggest that either the inhibitory processes through the basal ganglia are intact, 

but are recruited only under certain conditions, or that certain environmental/spatial cues 

enable PD patients to recruit other inhibitory processes that bypass the basal ganglia 

circuitry.  



 126

CHAPTER 6. GENERAL DISCUSSION 

 

 Successful interaction with a dynamic environment requires us to be selective in 

our actions. It is well known that the basal ganglia is involved in suppressing responses to 

irrelevant or inappropriate stimuli and that its output structures mediate the initiation of 

movements via inhibitory projections to the thalamus and the midbrain. This thesis 

investigated the role of one of its main output nuclei, the SNr, in the selective gating of 

saccadic eye movements. 

The main hypothesis underlying all experiments in this thesis is that the SNr, in 

part, mediates the initiation of saccades by tonically inhibiting the saccade-related 

neurons in the intermediate layers of the SC. For a saccade to occur this inhibition must 

be lifted and the neurons responsible for the production of the saccade activated 

(Hikosaka and Wurtz 1983c,d, 1985b). This hypothesis has been supported by 

neurophysiology studies (Hikosaka and Wurtz 1985 a,b, Handel and Glimcher 1999, 

Basso and Wurtz 2002), by anatomical work (Hazrati and Parent 1992 a, b, Parent and 

Hazrati 1993) and reversible inactivation experiments (Mink and Thach 1991). Findings 

from retrograde labelling of nigrotectal neurons in the cat (Jiang et al. 2003), have 

substantiated that a major role of the basal ganglia is to inhibit unwanted movements 

while at the same time providing selective disinhibition for wanted movements. The main 

crux of this thesis is therefore that the basal ganglia mediates the initiation of saccades 

through both local disinhibition for desired movements and global inhibition of 

competing motor programs (Mink and Thach 1993, Mink 1996, Gully et al. 2002, 

Rubchinsky et al. 2003). 
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I now discuss some of the conditions that we manipulated to further investigate 

the role of the SNr in the initiation and suppression of saccades. The behavioral 

paradigms, the resulting behavior, and the neural mechanisms underlying these results 

will be explored in relation to the existing framework of basal ganglia function. 

 

Neural correlates of the “Gap Effect” in primate SNr   

It is well documented that inserting a temporal gap of no stimuli between the 

disappearance of a central visual fixation point and the appearance of a peripheral visual 

target leads to a reduction in saccadic reaction times (SRT). This “gap effect” is thought 

to occur as a result of disengaging visual fixation prior to target appearance (Fischer and 

Weber 1993; Paré and Munoz 1996; Munoz et al. 2000). As discussed, neurons in 

cortical (Dias and Bruce 1994; Everling and Munoz 2000; Tinsley and Everling 2002) 

and subcortical (Dorris and Munoz 1995; Dorris et al. 1997; Munoz et al. 2000) 

structures have been identified that either increase or decrease their activity during the 

gap period in a manner that correlates with resulting SRT. Because the SNr projects 

directly to the SC and indirectly to the FEF (two regions that show neural correlates of 

the gap effect) we hypothesized that SNr neurons should also change their activity during 

the gap period, and this change in activity should also be predictive of the ensuing SRT.  

Consistent with these predictions, we found that SNr pause neurons significantly 

decreased their activity during the gap and that this decrease in activity correlated with 

SRT. However, SNr burst and pause-burst neurons did not alter their discharge during the 

pre-target (gap) epoch and their activity was not correlated with SRT.   
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These finding provide important information about the role of the SNr in pre-

saccade processing and saccade initiation. First, it suggests that the SNr possess neural 

correlates that may contribute to the production of the gap effect, and that the signals 

related to the gap effect, such as fixation disengagement, may be propagating through the 

frontal-basal ganglia circuitry to impact pre-saccade processing. The SNr pause neurons 

could therefore be directly involved in fixation disengagement and could also be involved 

in providing some of the primary disinhibition of the SC that enables a saccade to be 

initiated. Because the SNr pause neurons have a GABAergic projection to the 

intermediate layers of the ipsilateral SC (Chevalier et al. 1981, Hikosaka and Wurtz 

1983d, Appell and Behan 1990, Jiang et al. 2003), we propose that the reduction in 

inhibitory input from the SNr to the SC via the ipsilateral nigrotectal pathway acts to 

disinhibit the SC saccade neurons during the gap period, enabling these neurons to 

increase their low frequency buildup activity in preparation for the upcoming saccade 

(Dorris et al. 1997, Dorris and Munoz 1998).  

Another important finding is that unlike the SNr pause neurons, the SNr burst and 

pause-burst neurons did not show a significant change in activity duiring the gap. The 

population of SNr burst neurons in particular, maintained a constant firing rate 

throughout the duration of the gap epoch, before increasing their activity at saccade 

onset. This lack of modulation during the gap period is important to note, because it 

suggests that the disinhibition that enables the saccade toward the target to occur is at 

least in part a result of the SNr pause neuron activity, but is not directly related to the 

activity of the SNr burst neurons. Instead we propose that the SNr burst neurons project 

to the intermediate layers of the contralateral SC.  Neurons that contribute to this 
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projection have very large response fields, usually encompassing the entire hemifield. 

They increase their discharge following appearance of visual stimuli, and they have very 

large termination fields within the contralateral SC (Jiang et al. 2003).  Our data revealed 

that SNr burst and pause-burst neurons were most active at saccade onset for 

contraversive saccades.  This signal is thus appropriate to inhibit the SC ipsilateral to 

saccade direction so that no activity from this SC can interfere with the developing 

saccade program in the SC contralateral to saccade direction.  This notion is consistent 

for a role of the basal ganglia to prevent other motor programs to interfere with the 

developing saccade program (Mink 1996).   

 

SNr activity related to pro- and anti-saccades 

  To determine if the pre-saccade modulations examined in the previous study also 

contribute to the suppression of inappropriate or unwanted eye movements, we conducted 

another experiment, pitting saccade initiation against saccade suppression. We randomly 

interleaved pro-saccade (look towards a visual stimulus) and anti-saccade (suppress 

automatic pro-saccade and look away from the stimulus) trials, which enabled us to 

examine if single cell activity in the SNr changes when the animal is preparing to 

suppress an eye movement instead of automatically making one.  

It is known that the basal ganglia play a role in response suppression and patients 

with basal ganglia pathology have deficits in anti-saccade performance (Braind et al. 

1999, Chan et al. 2005). We therefore hypothesized that single neurons in primate SNr 

should show differences in neural activity between pro and anti-saccade trials and that 

these differences should be present during pre-saccade epochs, when the monkey is being 
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instructed to either make a saccade to an upcoming visual target, or suppress the saccade 

to the target and generate a saccade in the opposite direction. Consistent with these 

predictions, we showed that SNr neurons exhibit activity modulations consistent with 

suppression of automatic responses, and facilitation of voluntary responses, during anti-

saccades. We suggest that the elevated discharge of SNr burst neurons during the fixation 

period (when the animal is instructed to either initiate a pro-saccade or an anti-saccade) 

can provide enhanced suppression of the saccadic generating system prior to stimulus 

appearance. We also suggest that the saccade-related reduction in discharge of SNr pause 

neurons may provide an important disinhibitory component of the saccade generating 

system to initiate the voluntary saccade.  

We suggest that these data provide direct neurophysiological evidence for a dual 

role of inhibitory and disinhibitory basal ganglia outputs and that they may perform a 

gating function that mediates the initiation or suppression of saccades. We therefore 

propose that these findings provide further support for the current theories of basal 

ganglia function that state that the basal ganglia selectively facilitate appropriate 

responses and inhibit irrelevant or inappropriate responses (Mink 1996), including the 

selection of appropriate eye movements (Hikosaka et al. 2000). We also propose that 

these findings further substantiate the idea that the operation of the parallel crossed and 

uncrossed nigra-tectal pathways could mediate the initiation of saccades via focused 

disinhibition of neurons in the ipsilateral SC, and global inhibition of the contralateral 

SC. Although our model is to date speculative, we suggest that the burst neuron 

population (with their crossed projections to the contralateral SC) drive the inhibition of 

the reflexive saccade to the visual target on anti-saccade trials and that the pause neuron 
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population (via their uncrossed projections to the ipsilateral SC) provide the necessary 

disinhibition to allow for the volitional saccade to occur during both pro-saccade and 

anti-saccade trials. On anti-saccade trials however, the disinhibitory signal must be 

stronger to account for the extra suppression placed on the SC via cortical areas.     

 

Oculomotor Countermanding in Patients with Parkinson’s disease 

The fourth study was initiated to test the hypotheses formulated from the previous 

two studies by examining response suppression and saccade initiation in a patient 

population with a pathological basal ganglia circuitry. PD is a progressive, 

neurodegenerative disorder that impairs motor function as a result of a depletion of 

dopamine in the striatum. This leads to difficulty in both the initiation and suppression of 

movements.  

It is well documented that PD patients have difficulty performing the anti-saccade 

task and make significantly more direction errors than controls (Chan et al. 2005). A 

potential explanation for these findings is that the increased difficulty in initiating 

movements in PD is compensated for by an adaptive mechanism that pushes the saccade 

system closer to the activation threshold required to initiate a movement. This would 

enhance the ability of the SC to drive saccades, while at the same time make it more 

difficult to inhibit automatic saccades (Chan et al. 2005).  Based on the model proposed 

in the previous experiments, this adaptive mechanism could be the result of enhancing the 

disinhibitory signal carried by the SNr pause neurons in the uncrossed pathway, and 

reducing the inhibitory signal carried by the SNr burst neurons in the crossed pathway. 

This would cause the inhibitory/disinhibitory signals to become unbalanced in the 
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system, resulting in the facilitation of SC saccade neuron activity, leading to a decrease in 

the activation level for saccade initiation. The net result in the pro-/anti-saccade task 

would be that patients make faster pro-saccades, but make more automatic saccades to 

the target on anti-saccade trials.   

The goal of this study was to therefore test this hypothesis by measuring the 

performance of PD patients on another oculomotor task that requires suppression of an 

automatic movement. In the oculomotor countermanding paradigm, participants are 

required to suppress or cancel their planned movement to a peripheral target (upon 

presentation of a visual stop signal) and hold their gaze steady at a central location. 

Consistent with performace on the anti-saccade task, we found that PD patients were 

often unable to suppress the eye movement to the peripheral target, even when they were 

instructed not to move their eyes (i.e., when a stop signal was presented). This was 

particularly true when the visual stop signal was presented in the center of the screen. 

These findings provide further evidence that the basal ganglia function to mediate the 

initiation or suppression of saccades and that when pathology to this circuitry occurs the 

inhibitory control over saccadic eye movements is affected. These findings also provide 

more evidence that our proposed model of decreased inhibition and increased 

disinhibition (outlined above) is occurring in PD.     

Reduced inhibition over automatic pathways can easily account for the difficulty 

that patients with PD have in suppressing the automatic visually-triggered saccade that 

we observed with foveal stop signals.  Enhanced sensory-motor processing in the PD 

brain, due to reduced inhibitory gating would result in difficulties countermanding the 

automatic saccades. That was indeed seen in the foveal stop signal condition, in which 



 133

PD patients had difficulty engaging the stop process, as determined by their longer 

SSRTs, and were unable to countermand more than 50% of the time. Presenting the stop 

signal in the periphery, however, complicates this interpretation because under this 

condition the control participants did not countermand as well as PD patients. Thus, 

despite difficulties in inhibiting automatic saccades in PD, another mechanism must be 

coming into play selectively for the PD patients only when the visual stop signal was 

presented in the periphery.  

We therefore propose that another suppression pathway that bypasses the site of 

dopamine depletion in the striatum is being utilized by PD patients in the peripheral 

condition. It is known that regions of frontal cortex project directly to the subthalamic 

nucleus, which in turn drives the substantia nigra pars reticulata directly (Nambu et al. 

2002). This “hyper-direct” pathway is hypothesized to play a key role in the rapid halting 

of automatic responses (Aron and Poldrack 2006) and we suggest that this pathway is 

enhanced in patients with PD to compensate for the reduction in inhibition that occurs in 

response to the loss of dopamine input to the striatum. If this pathway is enhanced for 

peripheral visual stimuli selectively then it could account for the paradoxical findings of 

our study.  

 

Concluding Statements  

 In Conclusion, this thesis highlights the importance of the basal ganglia, 

specifically the SNr, in mediating both the suppression and volitional initiation of 

saccadic eye movements, a role that is particularly important for successful interaction 

with a constantly changing environment. We have provided evidence in favor of the 
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current hypothesis in which discrete disinhibition of the SC is tempered by focal 

inhibition of competing motor programs. We suggest that the mechanism by which this 

occurs is through the crossed and uncrossed pathways that exist between the SNr and the 

SC, and propose that different populations of SNr neurons utilize these connections to 

employ inhibition and disinhibition simultaneously. Depending on the behavioral 

requirements of a task, this inhibition and disinhibition can be modulated so that they 

occur prior to saccade initiation (and impact pre-saccade processing), or at the time of 

saccade initiation.   

It is important to note that although we have highlighted potential mechanisms for 

which this gating function of the basal ganglia could occur, a more thorough examination 

of these interpretations is required. This is in large part due to the fact the crossed and 

uncrossed nigral-tectal projections upon which we have based our model, have yet to be 

anatomically documented in the primate brain. We therefore propose that the above 

experiments be repeated after populations of SNr pause, burst and pause-burst neurons 

are antidromically identified; ideally as projecting to either the ipsilateral or contralateral 

SC.   
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