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Abstract 

A distributed network of cortical and subcortical brain regions mediates the control of 

voluntary behavior, but it is unclear how this complex system may flexibly shift between 

different behavioral events. This thesis describes the neurophysiological changes in several key 

nuclei across the brain during flexible behavior, using saccadic eye movements in rhesus 

macaque monkeys. We examined five nuclei critical for saccade initiation and modulation: the 

frontal eye field (FEF) in the cerebral cortex, the subthalamic nucleus (STN), caudate nucleus 

(CD), and substantia nigra pars reticulata (SNr) in the basal ganglia (BG), and the superior 

colliculus (SC) in the midbrain.  

The first study tested whether a ‘threshold’ theory of how neuronal activity cues saccade 

initiation is consistent with the flexible control of behavior. The theory suggests there is a fixed 

level of FEF and SC neuronal activation at which saccades are initiated. Our results provide 

strong evidence against a fixed saccade threshold in either structure during flexible behavior, and 

indicate that threshold variability might depend on the level of inhibitory signals applied to the 

FEF or SC.  

The next two studies investigated the BG network as a likely candidate to modulate a 

saccade initiation mechanism, based on strong inhibitory output signals from the BG to the FEF 

and SC. We investigated the STN and CD (BG input), and the SNr (BG oculomotor output) to 

examine changes across the BG network. This revealed robust task-contingent shifts in BG 

signaling (Chapter 3), which uniquely impacted saccade initiation according to behavioral 

condition (Chapters 3 and 4). The thesis concludes with a published short review of the 

mechanistic effects of BG deep brain stimulation (Chapter 5), and a general discussion including 
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proof of concept saccade behavioral changes in an MPTP-induced Parkinsonian model (Chapter 

6). 

The studies presented here demonstrate that the conditions for saccade initiation by the 

FEF and SC vary according to behavioral condition, while simultaneously, large-scale task 

dependent shifts occur in BG signaling consistent with the observed modulation of FEF and SC 

activity. Taken together, these describe a mechanistic framework by which the cortico-BG loop 

may contribute to the flexible control of behavior.  
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1.1. Motivation 

A core component of human behavior is the ability to respond flexibly according to 

different events and conditions. A distributed network of cortical and subcortical brain regions 

mediates the control of voluntary behavior (Munoz and Everling, 2004), but it is unclear how 

this complex system may adapt to flexibly shift between diverse and potentially unpredictable 

behavioral events. This thesis examines the coordinated changes in several key nuclei across the 

brain that contribute to flexible behavioral control. To address this, the saccade control system 

was selected as a behavioral framework because it is well described, and leads to straightforward 

behavioral predictions based on neural activity in saccade initiation structures. We use a 

combination of techniques that include single unit neuronal recording, electrical stimulation, and 

local field potential recordings to investigate five cortical and subcortical nuclei critical for 

saccade initiation and modulation: the frontal eye field (FEF) in the cerebral cortex, the 

subthalamic nucleus (STN), caudate nucleus (CD), and substantia nigra pars reticulata (SNr) in 

the basal ganglia (BG), and the superior colliculus (SC) in the midbrain (Fig. 1.1). 

The saccade control circuit is highly elaborate and spans across the brain. Saccade-related 

activity has been recorded in several cortical and subcortical areas that include the dorsolateral 

prefrontal cortex (Desouza et al. 2003; Funahashi et al. 1993), the lateral intraparietal area 

(Gottlieb and Goldberg 1999; Zhang and Barash 2000; Zhang and Barash 2004; Toth and Assad 

2002), the supplementary eye fields (Amador et al. 2004; Olson and Gettner 2002; Schlag-Rey et 

al. 1997), the frontal eye field (FEF; Everling and Munoz 2000; Sato and Schall 2003), the 

cerebellum (Beh et al. 2016; Moschovakis et al. 1996), the brainstem reticular formation 

(Scudder et al. 2002; Sparks 2002), the basal ganglia (BG, Hikosaka et al., 2000), the oculomotor 

domain of the thalamus (Costello et al. 2016; Schlag and Schlag-Rey 1984; Schlag-Rey and 
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Schlag 1984), and the superior colliculus (SC; Everling et al. 1999; Everling et al. 1998). Of 

these, the FEF and the SC are critical brain structures for initiating saccades, as demonstrated by 

stimulation, lesion, and pharmacological inhibition studies (Bruce et al. 1985b; Dias et al. 1995; 

Dias and Segraves 1999; Hanes and Wurtz 2001; Hikosaka and Wurtz 1985; Robinson 1972; 

Schiller and Chou 1998; Schiller et al. 1979, 1980, 1987; Sommer and Tehovnik 1997; Stryker 

and Schiller 1975). Saccade initiation signals are projected from the SC and FEF to the brainstem 

saccade generating circuit in the paramedian pontine reticular formation in the form of a saccade 

motor burst (Rodgers et al. 2006), and activity of both the SC and the FEF is modulated by 

projections from BG output structures (Alexander et al. 1986; Hikosaka et al. 2000, 2006; 

Hikosaka and Wurtz, 1983; Jiang et al. 2003; Liu and Basso 2008).  

The BG are a group of subcortical nuclei that are interconnected with the cerebral cortex 

and the SC. Parallel signaling loops through the BG can influence one of a variety of functions 

that include motor control and saccadic eye movements (Alexander et al. 1986). Within each 

loop, a signal can stimulate multiple pathways through the BG, which depending on the pathway 

can either activate or inhibit BG output structures (Nambu et al. 2002). Acute signals through 

BG pathways are separated temporally based on differences in signal transduction time, and their 

weighting can change depending on the concentration of dopamine in the BG circuit (Hikosaka 

et al. 2000). In the BG, the release of dopamine from the substantia nigra pars compacta (SNc) 

decreases inhibitory signals from BG output structures (disinhibition), whereas dopamine 

depletion increases BG inhibitory signals from output structures (Colzato et al. 2010; Gurney et 

al. 2001; Hikosaka et al. 2000). Increasing inhibitory signals from BG output nuclei can prevent 

normal movement selection and initiation, and is associated with specific deficits in saccadic eye 

movements, as seen in Parkinson’s disease (PD) after dopamine depletion (Briand et al. 1999;  
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Figure 1.1: Frontal eye field, superior colliculus, and basal ganglia unilateral connectivity 

overview 

The frontal eye field (FEF) sends excitatory glutamatergic projections to the superior 

colliculus (SC) to initiate saccades (gold traces), as well as to the basal ganglia (BG) to modulate 

saccade initiation (teal traces). Both the FEF and SC are critical for initiating saccades toward the 

contraversive visual hemifield, via SC projections to the brainstem saccade generating circuit 

(not shown). BG signals modulate both the FEF (via the thalamus) and the SC (direct nigrotectal 

projections), and their effects on movement initiation can be broadly grouped into inhibitory or 

disinhibitory. Dashed lines illustrate referenced anatomical projections that may be involved in 

saccade efferent or corollary discharge. Not all projections are shown here. Thal, thalamus; 

triangluar endpoints, excitatory projections; circular endpoints, inhibitory projections. 
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Chan et al. 2005; Cameron et al. 2012). The convergence of multimodal signals, strong efferent 

projections to saccade initiation structures such as the SC and FEF, and their involvement in 

learning via reward and punishment (e.g., Alexander et al. 1986; Humphries and Prescott 2010; 

Mink 1996), makes the BG network an ideal candidate for the flexible modulation of saccade 

initiation. 

  

1.2.  Saccade motor initiation in the FEF and SC 

1.2.1.  Functional anatomy 

The FEF and SC are brain regions that are critical for initiating and controlling saccadic 

(fast) eye movements. The FEF is a cortical structure located bilaterally in Brodmann’s 

cytoarchitectonic area 8 (Brodmann 1909), in the anterior bank of the arcuate sulcus (Everling 

and Munoz 2000; Stanton et al. 2004), while the SC is located in the caudal midbrain. Both 

structures contain neurons with retinotopically organized visual and motor response fields, 

although this is more clearly organized in the SC (FEF: Bruce et al. 1985; Bruce and Goldberg 

1985; Mohler et al. 1973; Robinson and Fuchs 1969; Sommer and Wurtz, 2000; SC: Wurtz and 

Goldberg 1971; Sparks et al. 1976; Munoz and Wurtz 1995), and visual and motor responses are 

spatially aligned on this map (Marino et al. 2008). Both structures also primarily influence 

saccades directed toward the contralateral visual hemifield (see Robinson 1972; Stryker and 

Schiller 1975; Schiller et al., 1980, 1987).  

 

FEF projections to the SC and brainstem saccade generating circuit 
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The largest terminal fields of FEF projection fibres are located in the ipsilateral SC. FEF 

projections to the SC are topographically organized: dorsomedial sites in the FEF project to 

intermediate and deep layers of the caudal SC, whereas ventrolateral FEF sites project to 

intermediate and superficial layers of the rostral SC. FEF sites between these two extremes 

project to intermediate locations in the SC (Sommer and Wurtz 2000; Stanton et al. 1988a, 

1998b). This corticotectal projection is critical for saccade initiation: electrical microstimulation 

in either the FEF or the SC can elicit saccades of a specified direction and amplitude (Robinson 

1972; Stryker and Schiller 1975; Bruce et al. 1985b).  Furthermore, permanent lesion of the FEF 

(Schiller and Chou 1998) or the SC (Schiller et al. 1980, 1987) produces lasting deficits in 

saccade initiation, and reversible inactivation of the FEF (Dias et al. 1995; Dias and Segraves 

1999; Sommer and Tehovnik 1997) or the SC (Hanes and Wurtz 2001; Hikosaka and Wurtz 

1985) transiently impairs production of saccades, revealed as increases in saccadic reaction time 

(SRT). Lesion of both structures together abolishes saccades (Schiller et al. 1979; 1980). 

Therefore both the FEF and SC are required to initiate healthy saccades.  

The FEF also projects directly to the saccade generating circuit in the brainstem, such as 

bilateral projections to the paramedian pontine reticular formation (Segraves 1992; Horn et al. 

1994; Keller 1974), and small projections exist to the supragenual nuclei anterior to the abducens 

nuclei, and in the ipsilateral nucleus prepositus hypoglossi posterior to the abducens nucleus. 

However, after reversible deactivation of the SC, electrical microstimulation of the FEF cannot 

elicit saccades (Hanes and Wurtz 2001), implying that FEF signals for saccade initiation must 

pass through the SC to the brainstem saccade generating circuit. While these alternate pathways 

cannot directly cue saccade initiation in the absence of the corticotectal (FEF to SC) projections 

(Dias et al. 1995; Dias and Segraves 1999; Hanes and Wurtz 2001; Hikosaka and Wurtz 1985; 
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Schiller et al. 1980, 1987, Sommer and Tehovnik 1997), they may be involved in other aspects of 

saccade control (Stanton et al. 1988). 

 

SC projections to the FEF 

Retrograde transneuronal transport of herpes simplex virus has identified second-order 

neurons that send information from the superficial (visual) and intermediate (visuomotor) layers 

of the SC to the FEF, through intermediary thalamic nuclei (Lynch et al. 1994). In general, the 

caudal pole of the SC projects to the medial FEF, and the rostral pole of the SC projects to the 

lateral FEF (Huerta et al. 1986). Central (foveal) visual information is projected to the lateral 

FEF, and eccentric locations to the medial FEF (Schall et al. 1993; Tian and Lynch 1996). 

Robust causal evidence indicates that SC projections to the FEF via the mediodorsal (MD) 

thalamus transmit saccade corollary discharge signals (i.e., efferent copies of the saccade motor 

command; Sommer and Wurtz 2002, 2004a, 2004b, 2006, 2008a, 2008b; Wurtz and Sommer 

2004). This has shown to be critical for the control of movement, particularly during rapid 

sequential movements where the generation of one movement is dependent on the interpretation 

of the previous, and for the interpretation of incoming sensory information (for review, see 

Sommer and Wurtz 2008a).  

When the eye moves, retinotopically-organized visual signals must shift to reflect an 

updated eye position in visual space (Ibbotson and Krekelberg 2011). The shift in visual signals 

on the retinotopic map is critical during fast sequential movements, when the neuronal 

representation of a subsequent saccade target must be adjusted according to the shift in eye 

position due to the previous saccade (Sommer and Wurtz 2004b). In order to perceive stable 

vision, an advance warning of saccades is sent to the visual system in the form of a corollary 
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discharge, as part of a remapping of the visual scene to account for upcoming new eye positions. 

Before saccade onset, the visual response field of neurons in the FEF will switch to the relative 

location in visual space corresponding to the locaton of the reponse field after the saccade is 

completed (Sommer and Wurtz, 2006). Silencing the SC-MD-FEF pathway by interrupting MD 

relay neurons does not alter individual saccadic accuracy and speed, but profoundly affects fast 

sequential movements such that subsequent saccade vectors are erroneously directed relative to 

the first saccade origin position, not relative to the updated eye position after the eye has moved 

(Sommer and Wurtz 2002, 2004a, 2008). Furthermore, FEF neuron visual responses no longer 

shift before saccade onset to reflect the upcoming new eye position (Sommer and Wurtz 2006). 

This has been proposed as a likely mechanism to allow us to perceive a stable visual world 

despite frequent rapid eye movements and concomitant visual remapping. 

 

Modulation by basal ganglia 

The FEF and SC both project to, and are strongly modulated by, the BG network (Fig. 

1.1). The FEF sends glutamatergic projections to the striatum (primarily the caudate nucleus; 

Lynch et al., 1994; Stanton et al. 1989) as well as to the STN. These axons converge on the 

striatum with projections from other cortical structures in the saccade control circuit (Kunzle and 

Akert 1977; Parthasarathy et al. 1992). These may activate either inhibitory or disinhibitory BG 

pathways to influence saccade initiation, which are described in detail in section 1.3 (Hikosaka et 

al. 2006; Lo and Wang 2006; Nambu et al. 2002). The SC also projects visual signals to the 

STN, although the significance of this pathway in voluntary behavior is not well understood 

(Coizet et al., 2009; Redgrave et al., 2010). The BG, in turn, influence both the FEF and SC by 
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GABAergic inhibitory output from the SNr directly to the SC, as well as to the FEF through the 

ventral anterior (VA) and mediodorsal thalamus (Alexander et al. 1986). 

 

Neuron classification  

 In the FEF and SC, there are three distinct physiological neuron classification types 

involved in saccade initiation: visual, visuomotor, and saccade motor (Mohler and Wurtz 1976; 

Everling and Munoz 2000; Segraves and Goldberg 1987; Sommer and Wurtz 2000). These 

neurons exhibit visual or motor responses within specific locations in visual space (response 

fields), according to their anatomical position on the FEF or SC retinotopic map. Each 

visuomotor and saccade motor neuron encodes saccades of a specific direction and eccentricity 

(i.e., into the neuron’s response field; Everling and Munoz 2000; Sparks et al. 1976; Sparks and 

Mays 1980; Munoz and Wurtz 1995; Sommer and Wurtz 2000; Stryker and Schiller 1975; Bruce 

et al. 1985).  

Visual neurons increase action potential discharge rate in a period from 50 to 150 ms 

after a visual stimulus is presented in their receptive field, but will not respond to saccadic eye 

movements (Thompson et al. 1996), while a visuomotor transformation is hypothesized to 

convert visual signals to a potential motor command (Marino et al. 2008; Munoz and Schall 

2003). Although the mechanics of visuomotor transformation are not fully understood, the 

involvement of the visuomotor neuron subtype is plausible (Cohen et al. 2009; Marino et al. 

2008), because they respond to visual stimuli in their response field as well as saccadic motor 

movement into the same response field location, and can exist within interneuron cell types 

(Cohen et al. 2009). Motor neurons exhibit no significant difference in activity when a visual 

stimulus is presented in the response field, but exhibit either a high frequency burst of activity 
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time-locked to saccade onset, or a low frequency buildup of activity in the pre-saccadic period, 

or both (Munoz and Wurtz 1995a; Munoz et al. 1996). Visuomotor and motor neurons in the SC 

and FEF have spatially tuned response fields, and optimal discharge occurs in these neurons 

when a saccade is made into the center of a response field (Bruce and Goldberg 1985; Mohler 

and Wurtz 1976; Munoz and Wurtz 1995; Sparks et al. 1976; Sparks and Mays 1980). 

Visuomotor neurons in the FEF have the shortest action potential waveform durations compared 

to visual or motor neuron subtypes, leading to the suggestion that they comprise interneuron cell 

types involved in local processing (such as the visuomotor transformation), but not necessarily a 

direct initiation of saccades (Cohen et al. 2009). However, some visuomotor neurons in the FEF 

also send axon projections to the SC (Everling and Munoz 2000; Segraves and Goldberg 1987; 

Sommer and Wurtz 2000) and from the SC to the brainstem saccade generating circuit (Rodgers 

et al. 2006). It is therefore possible that the physiological classification of visuomotor neurons 

reflects a heterogenous population of anatomical neuron types.  

 

1.2.2. Threshold model for saccade initiation 

Strong evidence (described in 1.2.1) indicates that FEF and SC neuronal activity is 

critical for initiating saccades. It is debated how this occurs mechanistically (e.g., Heitz and 

Schall 2013; Lo and Wang 2006; Munoz and Schall 2003), but multiple lines of evidence imply 

that specific criteria exist. First, both structures exhibit some amount of spontaneous neuronal 

activity at rest, but this does not launch saccades (e.g., see Hanes and Schall 1996). Second, as 

described above, populations of neurons in both structures exhibit strong activiation to visual 

responses in addition to saccade modulation, but most visual signals do not trigger saccades 

(Marino et al. 2008). Instead, humans and animals have the ability to voluntarily inhibit saccades 
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toward visual stimuli (Hanes and Schall 1995). Lastly, on occasion visual signals in either 

structure can be directly transformed into a motor command to automatically drive eyes to the 

visual stimulus (“express” saccades; Dorris et al. 1997; Edelman and Keller 1996; Fischer and 

Boch 1983). This most frequently occurs during highly salient visual stimuli, which are 

associated with large visual responses (Marino et al., 2015). This implies that a specific 

mechanism exists to determine whether FEF or SC neuronal activity initiates a saccade. 

An influential model was proposed suggesting that saccade initiation occurs when the 

discharge rate of neurons encoding saccadic movement in the FEF and SC reaches a threshold 

level of activation (Hanes and Schall 1996; Paré and Hanes 2003; Schall et al. 2011; Sparks et al. 

2000). According to this model, when FEF or SC neuronal activity reaches a threshold, saccade-

generating burst neurons downstream in the brainstem reticular formation are disinhibited to 

activate an eye movement (for review, see Moschovakis et al. 1996; Scudder et al. 2002; Sparks 

2002). However, conflicting evidence has been reported as to whether this threshold is fixed or 

variable (Munoz and Schall 2003; Stuphorn and Schall 2002). A fixed threshold implies that 

saccade initiation occurs when FEF or SC pre-saccadic motor activity reaches a pre-determined 

level of activity, and saccadic latency depends on changes in the rate of increase of neural 

activity, a change in baseline activity, or both (Carpenter and Williams 1995; Hanes and Schall, 

1996; Ratcliff et al. 1999). Alternatively, a variable threshold implies that saccadic latency relies 

on a threshold level that may change depending on task demands, in addition to changes in the 

rate of increase of neural activity and/or a shift in baseline (Grice et al. 1982; Lo and Wang 

2006). The existence of a fixed or a variable threshold in these saccade initiation structures 

would substantially influence how the saccade control circuit flexibly adapts to different 

behavioral conditions.  
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Fixed activation threshold for saccade initiation 

Evidence for a fixed saccade initiation threshold originates primarily from the 

countermanding saccade task (Hanes and Schall 1995; Logan 1994). In the countermanding task, 

a participant or monkey must look toward a peripheral visual target, except on a subset of 

random trials when a “stop” signal is presented after target appearance, indicating that the 

planned saccadic eye movement must be inhibited. Increasing the delay between target 

appearance and stop signal appearance on “stop signal” trials reduces the ability to inhibit a 

saccadic eye movement to the visual target. In this task, lower FEF and SC pre-saccadic activity 

was reported when the planned saccade was successfully cancelled, compared to error trials 

when the saccade was triggered despite the appearance of the stop signal (Hanes and Schall 

1996; Paré and Hanes 2003), and the pre-saccadic activation of neurons exhibiting modulation 

time-locked to saccade onset exhibited no correlation with saccade latencies. These studies 

concluded that there is a fixed saccade threshold among individual FEF and SC saccade neurons, 

because there was presumably an invariant level of activity above which saccades could not be 

cancelled. Alterations in saccade latencies were therefore attributed to a variable rate of rise of 

neuronal activity to the fixed threshold (Hanes and Schall, 1996; Paré and Hanes, 2003). 

However, the need to quickly inhibit a visually guided saccade without warning in the 

countermanding task (Hanes and Schall, 1995, 1996) suggests high preparatory global inhibition, 

and may mask early changes in threshold associated with appearance of a visual stimulus. 

Furthermore, only this saccade task was used to show physiological evidence for a fixed 

threshold in FEF and SC neurons; only one 10ms temporal epoch was examined in detail; and, it 

is unclear when a saccade initiation threshold may take effect in the SC or FEF. 
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Variable activation threshold for saccade initiation. 

Because of the inhibitory influence of BG nuclei on SC and FEF activity, one model 

proposing a neural substrate and potential tuning mechanism of saccade threshold suggested that 

elements of threshold may change according to inhibition of the SC and the FEF from the BG 

circuit (Lo and Wang 2006). Lo and Wang (2006) suggested a variable threshold for saccade 

initiation might exist via an accumulator model in which corticotectal and tectoreticular 

projections discharge to initiate saccadic eye movement by crossing a threshold state set by the 

cortico-basal ganglia loop.  

Neurophysiological evidence also suggests that a fixed threshold may not hold in all 

conditions (for review, see Stuphorn and Schall, 2002). First, in a visually-guided saccade task 

using a ‘gap’ fixation paradigm (in which a delay period is introduced between the fixation point 

offset and peripheral target onset to decrease reaction times and promote anticipatory saccades; 

Dorris et al. 1997), a subset of SC saccade related neurons exhibited less pre-saccadic activity 

before saccades that anticipate visual target onset than regular saccades (Dorris and Munoz 

1998). Second, randomly interleaving a visually guided (pro-saccade) task with an anti-saccade 

task (look away from a peripheral visual stimulus) that vies automatic visually-guided signals 

against voluntary saccade initiation reveals pre-saccadic differences in pro- and anti-saccade 

preparatory activity in the SC (Everling et al. 1999) and FEF (Everling and Munoz, 2000). These 

findings suggest that a saccade can be initiated at different levels of neuronal activity between 

automatic and voluntary movement conditions, which would be inconsistent with a fixed 

threshold for saccade initiation at the level of individual neurons. However, counter arguments 

suggest that these differences in neuronal activity could be consistent with a fixed saccade 

threshold, and in actuality may reflect the reported variability in saccade metrics (amplitude and 
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direction) (Stuphorn and Schall, 2002). For instance, because the required saccade target in an 

anti-saccade task must be determined by inverting the visual stimulus 180º, saccade endpoints 

are more variable, and amplitudes are often hypometric when compared to a pro-saccade task 

(Munoz et al., 1998; Bell et al. 2000). Hence, the comparison is argued as inappropriate for 

testing fixed threshold, between saccades of different amplitudes or directions would be 

associated with different activities on the SC and FEF retinotopic map (FEF: Bruce et al. 1985; 

Bruce and Goldberg 1985; Mohler et al. 1973; Robinson and Fuchs 1969; Sommer and Wurtz, 

2000; SC: Wurtz and Goldberg 1971; Sparks et al. 1976; Munoz and Wurtz 1995). This 

prompted us to test for a fixed saccade initiation threshold (described in Chapter 2), while 

correcting for saccade direction and amplitude. 

If a threshold is variable as proposed by Lo and Wang (2006), it is unclear how 

interactions within the BG might determine threshold activity. It has been shown previously that 

GABAergic nigrotectal projection neurons from the SNr (oculomotor output structure of the BG) 

must be inhibited prior to initiation of some saccades (Hikosaka et al. 2000; Hikosaka and Wurtz 

1981; Hikosaka and Wurtz 1983). This led us to examine the influence of the SNr (BG output 

structure), the STN (BG input structure and convergence of inhibitory BG pathways), and the 

CD (BG input structure) on saccade motor initiation. 

 

1.3.  Basal ganglia anatomy and functional architecture 

The BG are a group of highly-interconnected nuclei in the vertebrate forebrain and 

midbrain (Humphries and Prescott, 2010), and number among the most highly-conserved brain 

structures throughout evolution (Smeets et al., 2000). The BG network is involved in a variety of 

cognitive and motor control processes, including action selection, movement initiation, decision 



 

 

15 

variables such as reward, and expectation (Alexander et al., 1986; Hikosaka et al., 2006; 

Humphries and Prescott, 2010; Mink, 1996; Nambu, 2002). For instance, the incorporation of 

cognitive elements such as memory and reward to initiate appropriate motor plans from a range 

of potential actions (see Cisek, 2007; Hikosaka et al., 2006). In primates, the functional 

importance of the BG on modulating voluntary movement is perhaps best exemplified by 

neurodegenerative disorders in which BG signaling is pathologically altered, such as Parkinson’s 

disease, and Huntington’s disease (see Jantz and Watanabe, 2013).  

The striatum and STN are major BG input structures, and receive widespread afferent 

projections from cortical regions, the thalamus, intra-BG projections, and dopaminergic neurons 

in the brainstem (Mink, 1996). BG input signals are transmitted to multiple parallel signaling 

routes through the BG, the most common of which form (in order of signal transduction time) 

the canonical ‘hyperdirect,’ ‘direct,’ and ‘indirect’ pathways (Fig. 1.2; Nambu et al., 2002). 

Direct and indirect pathways originate from the striatum (specifically the caudate nucleus for the 

oculomotor BG loop; Alexander et al., 1986). The striatum sends GABAergic efferents either 

directly to inhibit the substantia nigra pars reticulata (SNr; disinhibitory ‘direct’ pathway) which 

in turn disinhibits the thalamus and SC; or, to the external segment of the globus pallidus (GPe) 

to disinhibit the STN, which provides excitation to the SNr (inhibitory ‘indirect’ pathway). The 

STN is both an input and relay nucleus in the BG, it is the site of convergence of all BG 

inhibitory pathways (Hikosaka et a. 2000), and it is the only excitatory glutamatergic structure of 

the BG network (Smith and Parent 1988). The STN can either activate the SNr through a direct 

STN-SNr glutamatergic projection (inhibitory ‘hyperdirect’ pathway), or can deactivate the SNr 

by increasing activity in the GPe which sends GABAergic projections to the SNr (facilitatory 

‘subthalamo-pallidal-nigral’ pathway). Overall, the hyperdirect and indirect pathways increase  
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Figure 1.2: Oculomotor basal ganglia anatomy and pathways 

(A) The caudate nucleus and subthalamic nucleus receive glutamatergic input from 

cortical regions including the FEF, and send GABAergic efferents to the SC and cortex (via the 

thalamus). (B) Basal ganglia signaling pathways can either facilitate (blue) or inhibit (red) 

movement, by decreasing or increasing inhibitory output from the SNr, respectively. Striato-

nigral (‘direct’) and subthalamo-pallidal-nigral pathways are facilitatory, whereas striato-

pallidal-nigral (‘indirect’) and subthalamo-nigral (‘hyperdirect’) pathways are inhibitory. 

Triangular and circular endpoints reflect excitatory and inhibitory projections, respectively. CD, 

caudate nucleus; STN, subthalamic nucleus; GPe, external segment of the globus pallidus; SNr, 

substantia nigra pars reticulata; Thal, thalamus; SC, superior colliculus. 

 

 



 

 

17 

 

efferent inhibition from BG output, whereas direct pathways decrease inhibition from BG output 

(disinhibition), which is comprised of the internal segment of the globus pallidus (GPi) and the 

SNr. Phasic signals through each pathway are separated temporally based on signal transduction 

time, in the following order: hyperdirect, direct, and indirect (Nambu et al. 2002). The 

comparative timing of the subthalamo-pallida-nigral pathway has not been investigated, but is 

likely slower than hyperdirect and direct pathways and faster than the indirect pathway, based on 

the involvement of three (not four) basal ganglia nuclei. Downstream, the GPi and SNr project to 

several brainstem nuclei including the SC (see Hikosaka et al., 2006) and pedunculopontine 

nucleus (PPN; Winn, 2008), and back to the cortex via the thalamus (Bolam et al., 2000). The SC 

and PPN are both sensorimotor structures, receiving sensory fibers and projecting to motor 

nuclei in the brainstem (Munoz and Everling, 2004; Winn, 2008).  

Broadly, BG signaling can be divided into dorsal or ventral anatomical domains. These 

encode sensorimotor signals (Alexander et al., 1986; Mink, 1996; Nambu et al., 2002), or more 

abstract processes such as learning strategy and reward (Humphries and Prescott, 2010; 

Hikosaka et al., 2006), respectively. A generalized account of the ventral and dorsal BG during 

voluntary behavior is that the ventral BG encode selection of a goal based on prior reward and 

experience, whereas the dorsal BG select and implement an action plan to reach this goal (Cisek, 

2007; Humphries and Prescott, 2010). The dorsal and ventral BG domains have distinct 

anatomical and functional differences, which are discussed below. 

 

Dorsal basal ganglia 

The dorsal BG encode sensory, motor, and oculomotor signals, and are arguably the most 

phylogenetically conserved aspect of the BG (Smeets et al., 2000). Dorsal BG can be further 
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subdivided into dorsomedial and dorsolateral domains, which may bias toward action selection, 

and implementation of a motor plan, respectively (Redgrave et al., 1999; Joel and Weiner, 2000). 

The internal organization and cellular composition of these dorsomedial and dorsolateral 

domains are similar, and existing BG theoretical and computational models apply well to either 

region (e.g. Albin et al., 1989; Gurney et al., 2001a; Humphries et al., 2006). Within the dorsal 

BG, the “direct” signaling pathway (Fig. 1.2B, top left panel) is hypothesized to select 

appropriate action plans by disinhibiting the neural representation of appropriate action plans in 

motor output structures. In parallel, the “indirect” pathway may inhibit incorrect or suboptimal 

action plans, and contribute to movement termination (Fig. 1.2B, bottom left panel). Whereas the 

“hyperdirect” pathway, with the fastest BG signal transduction time and diffuse projections to 

ouput nuclei, is associated with the abrupt or unexpected cancellation or switching of action 

plans (Fig 1.2B, bottom right panel; Table 1.1; Nambu et al., 2002). During movement 

preparation, tonic inhibition from BG output to movement initiation structures such as the FEF 

and SC can be modulated, to change the probability of neural signals triggering saccade 

initiation.  

 

Ventral basal ganglia  

The ventral BG encode more abstract processes such as learning, strategy, and reward 

(Humphries and Prescott, 2010; Hikosaka et al., 2006). These contain a unique internal 

organization and cellular composition compared to the dorsal BG (Bolam et al., 2000; Haber, 

2011). While anatomically the ventral BG also form signaling connections reminiscent of the 

hyperdirect, direct, and indirect pathways commonly referenced in dorsal domains, the functional 

relevance of these is far less understood (Haber, 2011; Humphries and Prescott, 2010). Even the   
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Table 1.1: Summary of the anatomy and generalized function of the dorsal basal ganglia 

pathways 

STR, striatum (encompassing the caudate nucleus, putamen, and ventral striatum); GPe, 

external segment of the globus pallidus; GPi, internal segment of the globus pallidus; SNr, 

substantia nigra pars reticulata; STN, subthalamic nucleus. 
1
Nambu et al. (2002) 

 

 Anatomy Generalized function during  

voluntary movement 

 

Direct pathway 

 

STR-GPi/SNr [Disinhibitory, STR] Selection and initiation 

of appropriate motor movement
1 

 

Indirect pathway
 

STR-GPe-STN-

GPi/SNr 

  

[Inhibitory, STR] Inhibition of inappropriate 

motor plan and cancellation of motor 

movement
1 

 

Hyperdirect pathway
 

 

STN-GPi/SNr [Inhibitory, STN] Fast cancellation or switch 

of motor plan
1 

 

Subthalamo-pallidal-

nigral pathway 

STN-GPe-SNr [Disinhibitory, STN] Function not well 

established 
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anatomy of ventral BG is not fully elucidated in primates: for instance, it is unclear whether the 

STN reciprocally projects to the ventral pallidum (analog to the dorsal GPe), but this is widely 

assumed for convenience (Hazrati and Parent, 1992). The work presented in this thesis focuses 

on functional changes in dorsal BG signaling to investigate flexible movement initiation. 

However, a complimentary involvement of the ventral BG would be unsurprising, because they 

are a locus for incorporating learned cues to guide behavior (Pennartz et al. 1994) as described 

below.  

The ventral striatum receives converging signals from both the hippocampus and 

prefrontal cortex (Haber, 2011; Wikenheiser and Schoenbaum, 2016). The ventral BG network 

has been implicated in modifying behavior according to episodic memory, and eliciting phasic 

dopamine bursts to reinforce each stage of behavior as part of an action sequence (see Humpries 

and Prescott, 2010). Constructing a sequence of actions, each with an associated outcome, 

requires an episodic replay of past behavior so that outcomes and action sequences can be learnt 

while the actions are being performed (Dezfouli and Balleine, 2012). Current theories propose 

that ventral BG underlie learning a required sequence of actions, which are then optimized and 

progressively automatized by the dorsal BG (see Cisek, 2007; Humphries and Prescott, 2010). 

Furthermore, the ventral BG may be critical for spatial navigation and contribute to the 

generation of flexible exploratory behavior, as the ventral striatum receives input from structures 

representing spatial properties of the environment and desired goals, including representations of 

stimulus-response relationships, their value, environmental contingencies, and behavioral 

strategies (Arleo and Gerstner, 2000; Redish and Touretzky, 1997). Therefore, while the ventral 

BG are less studied than dorsal BG, these domains evidently act in conjunction with the dorsal 

BG to control voluntary behavior.  
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1.4.   Influence of basal ganglia output on saccade motor movement initiation 

BG output signals from the SNr influence saccadic eye movements by modulating both the 

cortex (including the FEF; through thalamic nuclei) and the SC, a critical region for saccade 

control (Lo and Wang 2006; Nambu et al. 2002; Trappenberg et al. 2001; Sato and Hikosaka 

2002; Hikosaka et al. 2000; Munoz and Everling 2004; Watanabe and Munoz 2011). Release of 

dopamine from the SNc in the BG promotes disinhibitory pathways (e.g., direct pathway; Table 

1.1) to decrease the activity of inhibitory projections from BG output nuclei, resulting in 

disinhibition of the FEF and SC. In contrast, depletion of dopamine in the BG promotes 

inhibitory pathways (e.g., indirect pathway; Table 1.1) to increase inhibitory projection neuron 

activity, resulting in inhibition of the FEF and SC (Gurney et al. 2001; Lo and Wang 2006; 

Colzato et al. 2010). After dopamine depletion, increased inhibitory signals from BG output 

structures can prevent normal movement selection and initiation, as seen in Parkinson’s disease 

(Briand et al. 1999). However, while this and other evidence generally implicate the BG as 

critical for the control of voluntary behavior, their specific role is often vague, in large part due 

to their complexity and involvement in many diverse functions in the brain. 

GABAergic BG output signals have been suggested to modulate movement initiation in one 

of three ways during goal-directed voluntary movement. First, nigrotectal signals may alter the 

global or local inhibition of neuronal activity on the retinotopic representation of the goal-

directed target. This can act as a “stop” signal, or as a mechanism of gating inhibition such that 

only strong preparatory signals can reach a threshold for movement initiation (i.e., more accurate 

but slower saccades; Brown et al., 2008; Hanes and Schall, 1996; Jantz et al., 2013). Second, 

nigrotectal signals may enact either targeted or general inhibition of suboptimal or erroneous 

competing motor plans. Third, decreased BG output may disinhibit motor structures either 
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specifically at the retinotopic representation of the goal-directed target to facilitate the correct 

saccade, or globally such that any transient sensory or motor signal is likely to reach a movement 

threshold (i.e., faster but less accurate saccades; Basso and Liu, 2007). The combination of 

multiple BG pathways, and multiple possible effects of BG output on saccade initiation, make 

the BG network both an ideal candidate to optimize flexible behavior but also difficult to 

understand. This thesis aims to combine existing theories of saccade initiation and BG functional 

anatomy with an examination of key saccade initiation and BG nuclei, in order to suggest a 

framework by which these areas might work together to control flexible behavior.  

 

1.5.   Goals of Thesis 

The studies presented in this thesis are all motivated by the idea that the flexible control of 

behavior must involve a specific coordination in signals across cortical and subcortical nuclei. 

However, the small size of many subcortical nuclei (such as the SC, STN, and SNr) limits their 

temporal and anatomical resolution by functional MRI, necessitating more targeted 

neurophysiological techniques. However these are, in turn, so focused that a concurrent 

examination of wide-spread changes across multiple nuclei is difficult. Therefore, the studies 

here were carefully planned to balance high temporal fidelity and detailed neuronal signaling 

information with a distributed examination of multiple nuclei across the brain. The involvement 

of the BG was further motivated by the suggestion that a better understanding of the healthy 

neural control of flexible saccade behavior might be critical for understanding BG disorders in 

which these signals are pathologically altered, such as Parkinson’s disease and Huntington’s 

disease.  
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A total of three studies were conducted in rhesus macaque monkeys to investigate five 

saccade initiation and modulation nuclei in the cortex, midbrain, and BG: the FEF, SC, STN, 

CD, and SNr. Rhesus macaque were chosen as an animal model of flexible behavior based on 

their close phylogenetic relationship and physiological similarity to humans, including a fully 

elaborated neocortex, and a well developed visual system (Phillips et al. 2014). Saccadic eye 

movements were recorded using scleral search coils (see Marino et al. 2008; Watanabe and 

Munoz 2013), while neuronal activity was recorded in either individual or multiple nuclei 

simultaneously with acute microelectrodes. To facilitate a comparison of neurophysiological data 

between dissimilar nuclei, we used the same saccade behavioral task to investigate each 

structure. Monkeys performed interleaved pro- and anti-saccade task conditions, which were 

ideal because of their juxtaposition of automatic and voluntary behaviors as well as being well 

studied across the saccade control circuit. In addition, a free-viewing task was included while 

investigating the BG, to alter reward and cognitive demands.  

It has been previously suggested that saccadic eye movements might be launched when SC or 

FEF neuronal activation reaches a fixed threshold (i.e., a fixed firing rate at which a saccade 

must be launched; Hanes and Schall 1996; Paré and Hanes 2003). However, evidence for this 

was only gathered during one saccade task. In Chapter 2, we explicity test the null hypothesis 

that a fixed threshold for saccade initiation exists in the FEF and SC during flexible behavior, by 

comparing neuronal activation between different saccade conditions, and within a saccade task. 

We found strong evidence against a fixed threshold between pro- and anti-saccades and within 

anti-saccade trials, during gap but not overlap fixation conditions, in which the fixation point 

either disappeared 200ms before stimulus presentation or remained illuminated throughout the 

trial, respectively. We conclude that a fixed threshold for saccade initiation does not exist in all 
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task conditions. Because both the countermanding saccade task (Hanes and Schall 1995, 1996) 

and the overlap fixation condition (Dias and Bruce 1994; Dorris and Munoz 1995; Reingold and 

Stampe 2002) is likely associated with higher inhibition compared to the pro- and anti- gap task, 

the transient presence of a fixed threshold might be dependent on inhibitory signals to the FEF 

and SC.  

A computational model has suggested the BG may be likely candidates to modulate a 

threshold for saccade initiation (Lo and Wang, 2006), and strong GABAergic output signals 

from the BG would be consistent with the role of inhibitory signals in determining a fixed 

threshold condition as described in Chapter 2. Therefore, we hypothesized that changes in the 

relative weight between facilitatory or inhibitory BG signaling pathways might differently 

influence saccade initiation during flexible behavior. In Chapter 3, we tested this hypothesis by 

conducting a comprehensive neurophysiological test of signaling across three key nuclei at the 

input and output stages of the BG network, during oculomotor tasks that juxtapose either goal-

directed or unconstrained behaviors. We used multiple electrodes to first simultaneously record, 

and then subsequently stimulate both the STN (BG input structure) and the SNr (BG output 

structure). We combined this with stimulation data from the CD (BG input structure) in the same 

monkeys and tasks. By comparing between all major input and output structures of the BG 

oculomotor loop (Nambu et al. 2002) we found converging evidence for coordinated task-

dependent changes in functional connectivity across the BG network (i.e., between inhibitory 

and disinhibitory subthalamo-nigral and striato-nigral pathways; Table 1.1). We conclude that a 

flexible spectrum of coordinated and task-contingent shifts in tonic BG pathway signaling can 

occur to refine healthy behavior. 
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Chapter 4 extends the examination of how task-dependent changes within the BG circuit 

might refine flexible behavior, by testing how single neurons in the SNr (BG output) respond to 

different saccade tasks, and how their activity correlates with saccade latencies. Based on 

Chapter 3, we hypothesized that SNr single neurons should reveal explicit task-dependent 

differences in activity attributable to correct task performance. SNr neurons have been broadly 

categorized as “burst” or “pause” responsive (i.e., exhibit a pre-saccadic increase or decrease in 

firing rate, respectively). Using saccade latencies as a behavioral proxy of nigrotectal modulation 

of the SC, we could infer the influence of these neurons on saccade initiation. We found task-

general and task-specific subcategories of SNr neurons during pro- and anti-saccades that were 

consistent with modulating non-specific movement initiation (i.e., go versus no-go), and 

optimizing task-performance (i.e., task switching), respectively. We conclude that upstream 

coordinated task-dependent changes across the BG network result in explicit differences in SNr 

signaling to influence saccade initiation signals in the SC or FEF. 

Chapter 5 is a published short review of the mechanistic effects of BG deep brain 

stimulation. BG electrical stimulation is a powerful tool in basic science research (Ranck 1975; 

see Chapter 3), and is used to clinically treat symptoms of BG disease such as Parkinson’s 

(Miocinovic et al., 2013). However, clinical BG stimulation (deep brain stimulation; DBS) can 

be associated with side effects such as impulsivity and gambling (Brandt et al., 2015; 

Demetriades et al., 2011; Smeding et al., 2007). Clarifying the role of BG electrical stimulation 

is therefore relevant to both basic science results and to clinical methodologies. We describe that 

BG electrical stimulation may exert its effect by evoking neurotransmitter release from afferent 

fibres, or by inhibiting the transmission of efferent signals, or by artificially activating 

downstream nuclei. We also postulate a role of glia based on evidence that DBS stimulates 
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neurotransmitter release from astrocytes (Vedam-Mai et al., 2012), which may modulate the 

excitability of local BG neurons via multiple molecular pathways (Cunha, 2005; Luquin et al., 

2012; Morelli et al., 2009). 
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Chapter 2: Threshold mechanism for saccade initiation in the frontal eye field 

and superior colliculus 
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2.1.   Abstract 

In an influential model of frontal eye field (FEF) and superior colliculus (SC) activity, 

saccade initiation occurs when the discharge rate of either single neurons or a population of 

neurons encoding a saccade motor plan reaches a threshold level of activity.  Conflicting 

evidence exists for whether this threshold is fixed, or can change under different conditions.  We 

tested the fixed threshold hypothesis at the single-neuron and population levels to help resolve 

the inconsistency between previous studies.  Two rhesus monkeys performed a randomly 

interleaved pro- and anti-saccade task in which they must look either toward (pro) or 180º away 

(anti) from a peripheral visual stimulus. We isolated visuomotor (VM) and motor (M) neurons in 

the FEF and SC, and tested three specific predictions of a fixed threshold hypothesis. We found 

little support for fixed thresholds. First, correlations were never totally absent between pre-

saccadic discharge rate and saccadic reaction time when examining a larger (plausible) temporal 

period.  Second, pre-saccadic discharge rates varied markedly between saccade tasks. Third, 

visual responses exceeded pre-saccadic motor discharges for FEF and SC VM neurons. We 

calculated that only a remarkably strong bias for M neurons in downstream projections could 

render the fixed threshold hypothesis plausible at the population level. Also, comparisons of gap 

vs. overlap conditions indicate that increased inhibitory tone may be associated with stability of 

thresholds. We propose that fixed thresholds are the exception rather than the rule in FEF and 

SC, and that stabilization of an otherwise variable threshold depends on task-related, inhibitory 

modulation. 
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2.2.   Introduction 

The frontal eye field (FEF) and midbrain superior colliculus (SC) are brain regions that 

are critical for saccade initiation. Both structures contain neurons with retinotopically organized 

visual and motor response fields (Bruce and Goldberg 1985; Mohler et al. 1973; Wurtz and 

Goldberg 1971), and electrical microstimulation in either the FEF or the SC can elicit saccades 

of a specified direction and amplitude (Robinson 1972; Stryker and Schiller 1975; Bruce et al. 

1985b).  Furthermore, permanent lesion of the FEF (Schiller and Chou 1998) or the SC (Schiller 

et al. 1980, 1987) produces lasting deficits in saccade initiation, and reversible inactivation of the 

FEF (Dias et al. 1995; Dias and Segraves 1999; Sommer and Tehovnik 1997) or the SC (Hanes 

and Wurtz 2001; Hikosaka and Wurtz 1985) transiently impairs production of saccades, revealed 

as increases in saccadic reaction time (SRT). Lesion of both structures together abolishes 

saccades (Schiller et al. 1979; 1980). After reversible deactivation of the SC, electrical 

microstimulation of the FEF cannot elicit saccades (Hanes and Wurtz 2001), implying that FEF 

signals pass through the SC to the brainstem saccade generating circuit to influence saccade 

initiation. 

An influential model was proposed suggesting that saccade initiation occurs when the 

discharge rate of neurons encoding saccadic movement in the FEF and SC reaches a threshold 

level of activation (Brown et al. 2008; Hanes and Schall 1996; Paré and Hanes 2003; Schall et al. 

2011; Sparks et al. 2000). According to this model, when FEF or SC neuronal activity reaches a 

threshold, saccade-generating burst neurons downstream in the brainstem reticular formation are 

disinhibited to activate an eye movement (for review, see Moschovakis et al. 1996; Scudder et al. 

2002; Sparks 2002). However, conflicting evidence has been reported as to whether this 

threshold is fixed or variable (Munoz and Schall 2003; Stuphorn and Schall 2002). A fixed 
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threshold implies that saccade initiation occurs when FEF or SC pre-saccadic motor activity 

reaches a pre-determined level of activity, and SRT depends on changes in the rate of increase of 

neural activity, a change in baseline activity, or both (Carpenter and Williams 1995; Hanes and 

Schall, 1996; Ratcliff et al. 1999). Alternatively, a variable threshold implies that SRT relies on a 

threshold level that may change depending on task demands, in addition to changes in the rate of 

increase of neural activity and/or a shift in baseline (Grice et al. 1982; Lo and Wang 2006). 

Strong evidence supporting a fixed threshold for FEF and SC movement-related neurons 

was found in the “countermanding” saccade task (a sudden “stop” cue during movement 

preparation, which can instruct saccade cancellation), in which lower pre-saccadic activity 

existed in cancelled saccades compared to successful trials (Brown et al. 2008; Hanes and Schall 

1996; Paré and Hanes 2003). These studies concluded that there is a fixed saccade threshold 

within FEF and SC single neurons, because there was presumably an invariant level of activity 

above which saccades could not be cancelled. Pooled activity from FEF movement-related 

neurons also supports a fixed threshold hypothesis across a greater population of neurons (Brown 

et al. 2008). However, only one saccade task was used to show physiological evidence for a 

fixed threshold in FEF and SC neurons, and only one 10ms temporal epoch was examined in 

detail.   

In addition to single neurons, it is possible that a fixed threshold for saccade initiation 

exists at a population level (i.e., saccades are initiated when the population of FEF or SC neurons 

reaches a fixed level of activity). Many studies have assumed that saccade initiation relies on a 

fixed population threshold based on the single-neuron findings in the FEF and SC described 

above (Boucher et al. 2007; Brodersen et al. 2008; Cutsuridis et al. 2007; Dean et al. 2011; 

Dorris et al. 1997; Dorris and Munoz 1998; Pouget et al. 2011; Schall et al. 2011; Trappenberg et 
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al. 2001). However, it was found that evoking reflexive eye blinks immediately prior to saccade 

onset decreased pre-saccadic motor activity in SC saccade-related burst neurons, while saccade 

initiation still occurred (Goossens and Van Opstal 2000a, 2000b). This may implicate 

compensatory mechanisms at the population level that facilitate saccade initiation despite 

decreased activity of SC saccade-related burst neurons during blinks. This may be inconsistent 

with a fixed population threshold in the SC, because saccade initiation is not dependent on pre-

saccadic motor activity reaching a fixed point. However, the implications for a population 

threshold are not yet conclusive because only burst neurons were analyzed.   

Here, we test the fixed threshold hypothesis at the single-neuron and population levels by 

recording from saccade neurons across different behavioral conditions, in order to help resolve 

the conflict between previous studies. We recorded neurons in both the FEF and SC, during an 

anti-saccade task (look away from a visual stimulus), and a pro-saccade task (look toward a 

visual stimulus). In the anti-saccade task, a monkey must resolve a conflict between visual and 

motor signals. Because the anti-saccade is made toward a blank screen, it is conceivable that the 

FEF and SC saccade motor burst is lower than that of a comparable saccade made toward a 

visual target (Edelman and Goldberg 2001). Therefore, the anti-saccade task allows us to test 

threshold in a scenario most likely not to conform to a fixed threshold prediction. We analyzed 

the discharge of visuomotor (VM) and motor (M) neurons to test three specific predictions of the 

fixed threshold hypothesis: 1) for single-neurons, no correlation should exist between pre-

saccadic discharge rate and SRT; 2) no difference in pre-saccadic activity should exist between 

pro- and anti-saccade tasks; and 3) the visual discharge rate should be lower than pre-saccadic 

motor discharge rate during correct anti-saccade trials.   
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2.3.   Materials and Methods 

Preparation of experimental animals.  All experimental procedures were in accordance with the 

Canadian Council on Animal Care policy on the use and care of laboratory animals, and 

approved by the Queen’s University Animal Care Committee.  Surgical and electrophysiological 

procedures were described previously (Munoz and Istvan, 1998). Briefly, two male monkeys 

(Macaca mulatta) were implanted with scleral search coils, a head restraining device, and two 

recording chambers:  one centered above the arcuate sulcus (right hemisphere in monkey A and 

left hemisphere in monkey B) to access the FEF; and the second centered on the midline and 

tilted 38º posterior of vertical to access the SC. The FEF region and intermediate layers of the 

superior colliculus (SCi) were identified by neuronal recordings and microstimulation. These 

were the same animals used previously for behavioral and single neuron recordings in the SC 

and FEF, with the same paradigm (Everling et al. 1998b, 1999; Bell et al. 2000; Everling and 

Munoz 2000). Data from these neurons were previously published, using different analysis 

techniques (Everling et al. 1999; Everling and Munoz 2000). 

 

Behavioral paradigms.  Monkeys were trained to perform blocks of randomly interleaved pro- 

and anti-saccade trials. Details of the animal training, experimental setup and paradigms were 

described previously (Bell et al. 2000). Briefly, visual stimuli were back-projected onto a tangent 

screen by light-emitting diodes (red and green, 0.3 cd/m
2
). The REX real-time data acquisition 

system (Hays et al. 1982) was used to control the behavioral paradigms and visual displays and 

digitize data. Horizontal and vertical eye position from one eye was digitized at 500 Hz.  Each 

trial began with the presentation of a central fixation point (FP) on the screen. The monkey was 

required to look at the FP and maintain fixation for 700–900 ms. A red FP signalled a pro-
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saccade trial, and a green FP signalled an anti-saccade trial. Note that in the figures, pro-saccade 

trials have been assigned the colour blue, and anti-saccade trials have been assigned the colour 

red. An eccentric red visual stimulus (S) was then presented pseudo randomly with equal 

probability either at the position that yielded the optimal saccade-related response of the neuron 

being recorded (response field) or at a location on the opposite side of the horizontal and vertical 

meridians. In the pro-saccade task (Fig. 2.1A), the monkeys were required to look toward the 

eccentric red stimulus, and in the anti-saccade task (Fig. 2.1B), the monkeys were required to 

look 180º away from the stimulus. On half of the trials, the FP remained illuminated throughout 

the trial (Fig. 2.1C; overlap condition). On the other half of the trials (Fig. 2.1D; gap condition), 

the FP disappeared 200 ms (gap period) before stimulus presentation. Because of the need to 

inhibit a reflexive saccade toward the visual stimulus, the anti-saccade task spatially dissociates 

visual and motor signals across hemispheres in the brain (Fig. 2.1F; for review, see Munoz and 

Everling, 2004). Temporal overlap of visual and motor signals may exist globally during the 

anti-saccade task (such that visual activity and motor activity are present concurrently, but in 

different hemispheres). To address whether a differential intrusion of spikes from the visual 

response to the pre-saccadic motor burst (because of trial-by-trial differences in saccadic reaction 

time, SRT) was a confounding factor on motor activity, we verified that no significant difference 

in pre-saccadic motor burst exists between fast SRT and slow SRT saccade trials (data not 

shown).  The trials in each neuron were separated according to a median split (2 bins, capturing 

discharge rate in all trials below and above median SRT in each neuron).  Comparisons were 

performed with a paired Student’s t test. 

The optimal vector response field was determined using pro-saccade trials only, by 

systematically moving the stimulus across the contralateral hemifield to find the location that 
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elicited the greatest saccade response, as determined from an on-line raster display. The monkeys 

received a liquid reward if they looked to the correct location within 500 ms and maintained 

fixation there for at least 200 ms. An on-line accuracy window of ±3º around the central FP, and 

±60% of the saccade vector length around the peripheral stimulus was used. This large window 

was necessary because the endpoints of anti-saccades had great variability (Amador et al. 1998; 

Bell et al. 2000; Dafoe et al. 2007; Hallett 1978; Smit et al. 1987). However for off-line 

quantification of saccade-related activity, the accuracy criteria were extremely stringent, which 

involved filtering for saccade metrics (see below). Trials with saccade latencies (defined as the 

delay between eccentric stimulus appearance and saccade onset) above 500 ms were excluded as 

no response trials, and latencies below 80 ms were excluded because they had a 50% probability 

of being correct, reflecting anticipatory responses (Dorris and Munoz 1998). During the 

recording of each neuron, eight conditions (pro/anti, gap/overlap, in/180º out of the neuronal 

response field as defined below) were presented in a pseudorandom order, and 15–20 correct 

trials were collected in each condition. 

 

Filtering for saccade metrics between tasks. Anti-saccades are associated with greater variability 

in saccade metrics (amplitude and direction) when compared to pro-saccades (Amador et al. 

1998; Bell et al. 2000; Dafoe et al. 2007; Hallett 1978; Smit et al. 1987), because the saccade 

goal in the anti-saccade task is not explicitly visible, and must be extrapolated (Fig. 2.1B).  

Visuomotor and motor neurons in the SC and FEF have spatially tuned response fields (RFs), 

and optimal discharge occurs in these neurons when a saccade is made into the center of an RF 

(Bruce and Goldberg 1985; Munoz and Wurtz 1995; Sparks et al. 1976; Sparks and Mays 1980).  

Variability in anti-saccade metrics could result in saccade vectors that do not land in the center of 
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the neuron’s RF, resulting in lower saccadic discharge (Sparks and Mays 1980; Munoz and 

Wurtz 1995).  In this case, pre-saccadic motor discharge rate in the less-variable pro-saccade task 

would artificially appear higher when compared to the more-variable anti-saccades in recorded 

neurons. To eliminate this confound, we excluded any correct anti-saccade trials with greater 

than 10% deviation of amplitude or direction from mean pro-saccade amplitude and direction 

within data collected for each neuron. Any neuron with less than 25% anti-saccade trials, or less 

than 5 correct trials in each condition remaining after exclusions was removed from analysis. 

This method of offline filtering of saccade metrics in the anti-saccade task allowed us to make 

more meaningful conclusions about saccadic threshold.  

 

Recording techniques. Extracellular single neuron activity was recorded in both the SC and FEF 

in two monkeys, with commercially available tungsten microelectrodes (Frederick Haer) with 

impedances of 0.5–5 MΩ. Electrodes were driven by a hydraulic microdrive (MO-95 Narishige, 

Tokyo, Japan) through stainless steel guide tubes that were held firmly in position by a Delrin 

grid inside the recording chamber (Crist et al. 1988). Single-neuron activity was sampled at 1 

kHz after passing through a window discriminator (Bak Electronics), which excluded action 

potentials that did not meet both amplitude and time constraints.  
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Figure 2.1:  Behavioral tasks 

Monkeys performed interleaved pro- and anti-saccade tasks, in which the monkey was 

required to either (A) look toward or (B) 180 degrees away from an eccentric visual stimulus, 

based on a central color cue.  On half of the trials, a central fixation point remained illuminated 

throughout the trial (C, overlap condition). On the other half of the trials (D, gap condition), the 

fixation disappeared 200 ms (gap period) before stimulus presentation.  (E) Cartoon of eye 

position with respect to fixation point and stimulus appearance.  (F) In the anti-saccade task, 

visual and motor activity is dissociated across hemispheres in the brain.  This can be observed 

within individual visuomotor neurons.  (G) We used a moving 10ms window to sequentially 

examine the entire pre-saccadic element of the FEF and SC saccade motor burst.  FP, fixation 

point; S, eccentric visual stimulus. 
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FEF and SC neuron classification and recording.  To test hypotheses regarding a fixed threshold 

for saccade initiation in the FEF and SC, only neurons with an increase in activity corresponding 

to saccade onset were included for analysis. These neurons were grouped into motor and 

visuomotor classes based on whether the neuron was also activated by the appearance of a visual 

stimulus in their RF. We focused on the analysis of these two neuron types because previous 

studies have shown that they project from the FEF to the SC (Everling and Munoz 2000; 

Segraves and Goldberg 1987; Sommer and Wurtz 2000), and from the SC to the paramedian 

pontine reticular formation (Rodgers et al. 2006). A subset of the neurons described here were 

antidromically confirmed as projecting from the FEF to SC (Everling and Munoz 2000). 

The dorsal surface of the SC was determined by the electrode depth where visual 

background activity was first noticed as the electrode was lowered into the midbrain. Visual and 

saccade-aligned discharge in the anti-saccade gap condition was used to separate neurons in the 

SC into motor and visuomotor classes based on visual and motor criteria described previously 

(Mohler and Wurtz 1976). To be classified as a motor-only neuron, a neuron had to be located 1–

3 mm below the dorsal surface of the SC and possess the following discharge characteristics: (1) 

statistically significant increase in mean discharge rate when the monkey made successful anti-

saccades into the RF during an epoch around saccade onset (-10 to +10ms), compared to activity 

measured in the baseline epoch 500 to 700 ms before stimulus appearance, during fixation 

(paired t test, P < 0.05); and (2) when the stimulus was presented into the RF in the anti-saccade 

task, no significant increase in peak firing rate measured 50 to 150ms after stimulus appearance 

compared to activity measured in the baseline epoch defined above. Some motor neurons also 

exhibited buildup or prelude activity before the saccade that was described previously (Glimcher 

and Sparks 1992; Munoz and Wurtz 1995). To be classified as a visuomotor neuron, a neuron 
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had to possess the following discharge characteristics: (1) statistically significant saccade-related 

activity, as defined for motor neurons (paired t test, P < 0.05); and (2) when the stimulus was 

presented into the RF in the anti-saccade task, a statistically significant increase in peak firing 

rate measured 50 to 150ms after stimulus appearance compared to activity measured in the 

baseline epoch defined above (paired t test, P < 0.05). 

The FEF was first localized as the low threshold (< 50µA) region in the arcuate sulcus 

that could elicit saccades with microstimulation (Bruce et al. 1985). We used the same criteria 

described above to classify motor and visuomotor neurons in the FEF. Classification criteria did 

not require motor activity to reach an arbitrary discharge rate (Everling and Munoz 2000). This 

was designed to capture a range of visuomotor neurons in which either visual or motor activity 

predominated, as described previously (Bruce and Goldberg 1985). Motor neurons with low (but 

significantly higher than baseline) saccade discharge rate were tolerated, because the anti-

saccade task removed contaminating signals from motor activity that otherwise would prevent a 

more sensitive analysis.   

 

Data analysis. Data analyses were performed off-line using custom software (MATLAB, 

MathWorks) that marked the beginning and end of a saccade based on radial eye velocity criteria 

(30 deg/s) described previously (Watanabe and Munoz 2010). Saccades marked on each trial 

were verified by an experimenter and corrected if necessary. For all analyses, only neurons with 

at least five correct trials for each condition (after filtering for saccade metrics) were included. A 

Gaussian activation function (Richmond and Optican 1987) with a σ of 4 ms was used to 

convolve the spike train and construct continuous spike density waveforms.   
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For comparing visual responses in the anti-saccade task, when the stimulus was presented 

into the RF (i.e., saccade away from RF), we determined the peak of neuronal activation (visual 

response) in a time window from 50 to 200 ms after stimulus appearance (White et al. 2009).  To 

be conservative, all analyses involving stimulus-related responses were also performed using 

mean neuronal activity in the interval ±5 ms around peak neuronal activation in the above time 

window, and we found no qualitative difference in results (data not shown).  Comparisons were 

performed with a paired Student’s t test. 

It is unclear what temporal period relative to saccade onset might best represent a 

threshold for saccade initiation. It was previously assumed that threshold was dependent on pre-

saccadic epochs spanning the shortest time at which a neural signal could influence saccade 

initiation, and some evidence supporting a fixed threshold for saccade initiation was found in this 

epoch (Hanes and Schall 1996; Paré and Hanes 2003). Based on previous physiological and 

anatomical studies, the latest 10ms epoch with respect to saccade onset at which saccade 

initiation can be influenced by an FEF signal is 20ms to 10ms before saccade onset (Bruce et al. 

1985b; Büttner-Ennever et al. 1988; Segraves 1992; Segraves and Goldberg 1987; Hanes et al. 

1995; Hanes and Schall 1996). Similarly, the latest 10ms pre-saccadic epoch at which saccade 

initiation can be influenced by an SC signal is 18ms to 8ms before saccade onset (Munoz and 

Wurtz 1993; Miyashita and Hikosaka 1996; Munoz et al. 1996). To quantify changes in FEF and 

SC activity in a manner comparable to previous studies (Hanes and Schall 1996; Paré and Hanes 

2003), we first analyzed our results in the FEF and SC using the respective 20ms to 10ms, and 

18ms to 8ms pre-saccadic epochs above. In addition, we tested a range of epochs and repeated all 

analyses using mean discharge rate in a 10ms moving window from 50ms before saccade onset 

to saccade onset (Fig. 2.1G; 5 bins of 10ms each), because this period encompassed the pre-
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saccadic element of the FEF and SC saccade motor burst (Fig. 2.2B, Fig. 2.3B, bottom panels), 

and contained predominantly motor (and not visual) signals in FEF and SC VM neurons during 

the pro-saccade task (Fig. 2.2B, Fig. 2.3B, top panels). Comparisons were performed with a 

paired Student’s t test. 

 

Spearman’s rank correlation. We used a Spearman correlation to investigate the relationship 

between neuronal activity and SRT (Test 1, Results), because this is a non-parametric analysis 

designed for non-uniformly distributed populations. We did not have enough trials to bin data 

according to SRT as performed by Hanes and Schall (1996), while insuring that more than one 

trial was included in each bin. This is because of the comparatively large number of interleaved 

conditions for our experiment (eight in total, pro- and ant-saccade with gap and overlap fixation 

conditions, toward and away from the RF), and because our technique of filtering for saccade 

metrics between tasks dramatically decreased the number of trials available for analysis. 

 

Bootstrap analyses. Neurons exhibiting visual and saccade motor activity can project from the 

FEF to the SC (Everling and Munoz 2000; Segraves and Goldberg 1987; Sommer and Wurtz 

2000), and from the SC to the paramedian pontine reticular formation (Rodgers et al. 2006).  We 

found differences in VM and M neuronal activity with respect to saccade threshold, and 

differences have also been reported in the FEF using the countermanding saccade task (with 

different cell classification criteria; Brown et al. 2008). Because the relative influence of VM and 

M neurons on downstream structures is currently unclear, we used bootstrap analyses to examine 

the aggregate activity of several modeled proportions of VM and M neuron types, and compared 

these to previously reported anatomical distributions. We sequentially varied the sampled 
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distribution of VM to M neurons, because previous studies have reported different VM and M 

neuron distributions in the FEF and SC (Rodgers et al. 2006; Segraves and Goldberg 1987; 

Sommer and Wurtz 2000), making the distribution of VM to M corticotectal and tectoreticular 

saccade projection neurons unclear. We began by calculating mean pre-saccadic discharge and 

visual peak response within a sample of VM and M neurons randomly sampled at a particular 

neuron distribution (such as 95% VM and 5% M neurons). We used a 20ms to 10ms pre-

saccadic epoch in the FEF, and an 18ms to 8ms epoch in the SC to probe pre-saccadic motor 

discharge rate because it is consistent with previous studies (Brown et al. 2008; Hanes and Schall 

1996; Paré and Hanes 2003), and because there was no significant difference in trend from 50ms 

to 0ms before saccade onset when testing single M or VM neurons alone (see Results). Using a 

bootstrap analysis, we performed a random sampling 500 times at the 95% VM to 5% M neuron 

distribution, to repeatedly determine mean pre-saccadic motor and visual peak discharge rate.  

This resulted in a normally distributed cluster of points centered on the mean pre-saccadic motor 

discharge rate, and the visual peak discharge rate, under the model that the actual downstream-

projecting population consisted of 95% VM and 5% M neurons (clusters not shown, normal 

distribution was verified by the Kolmogorov-Smirnov test). This analysis was repeated with 

multiple distributions of VM to M neurons at 5% intervals, so that neurons were sampled at 90% 

VM to 10% M in the next analysis, and so on.     

For this analysis, we assumed that VM and M neuronal discharge is weighted equally in 

the FEF and SC to initiate saccadic eye movement. It is possible that differences exist in the 

synaptic strength of VM and M neuron populations, which would skew our bootstrap results.  

However, because we have no way of assessing the likelihood of this, and because individual 
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differences in synaptic strength of VM and M neurons is also plausible, we have chosen an equal 

weighting between neuron types as the most conservative estimate. 

 

2.4.   Results 

We recorded 78 task-related neurons in the FEF while monkeys performed pro- and anti-

saccade tasks (see Table 1). Of these, 35 VM, and 18 M neurons were classified. During some 

sessions, the monkeys were implanted with stimulation electrodes inserted in the intermediate 

layers of the SC for antidromic identification of corticotectal projection neurons, and 33 

corticotectal task-related neurons were identified as described previously (Everling and Munoz 

2000). Twelve recorded VM neurons, and 6 recorded M neurons in the FEF were confirmed as 

corticotectal projection neurons. After filtering for saccade metrics, and removing all neurons 

with less than five successful trials remaining per condition after the filter, 29 VM, and 12 M 

neurons remained for analysis, which included 9 VM and 6 M antidromically-confirmed 

corticotectal projection neurons. In the SC, we recorded 87 task-related neurons.  Of these, 48 

VM, and 13 M neurons were classified. After filtering for saccade metrics, and removing 

neurons with less than five successful trials per condition remaining after the filter, 34 VM and 

10 M neurons remained for analysis.   

Averaged population spike density plots were calculated to qualitatively illustrate 

neuronal responses in the FEF (Fig. 2.2) and in the SC (Fig. 2.3) to visual stimuli and saccades 

either into or out of the RF. Aligning population spike density plots to stimulus appearance 

revealed the VM visual response, with peak activation occurring 100 ms to 150 ms after stimulus 

appearance in the RF (Fig. 2.2A, Fig. 2.3A).  In the pro-saccade task, VM stimulus-aligned 

visual activity was contaminated with pre-saccadic motor build-up activity. However, in the anti-
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saccade task, visual activity and pre-saccadic motor activity were separated spatially across 

hemispheres, by placing the stimulus either out of or into the RF respectively. We used the visual 

and motor discharges dissociated by the anti-saccade task to classify recorded cells as M 

(discharge only during saccades) or VM (discharge for both visual stimuli and saccades). 

Aligning spike density plots to saccade onset illustrates the saccade motor activity in the FEF 

(Fig. 2.2B) and in the SC (Fig. 2.3B).   

 

2.4.1.  Test 1:  Is there a correlation between pre-saccadic motor discharge rate and saccadic 

reaction time? 

 

Correlation analyses between saccadic reaction time (SRT) and pre-saccadic motor 

activity have been used previously as a key test for saccade threshold in FEF and SC M neurons 

(Hanes and Schall 1996; Paré and Hanes 2003). The prediction is of a negative result: a fixed 

threshold implies that motor activity is constant at saccade initiation regardless of when the 

initiation occurs. However, these studies examined only the countermanding task, and relied on 

the assumption that the 20ms to 10ms pre-saccadic epoch in the FEF, and the 18ms to 8ms pre-

saccadic epoch in the SC, accurately reflected saccade threshold. We tested fixed threshold 

within single VM and M neurons in the FEF and SC, by comparing SRT and pre-saccadic motor 

discharge rate during different saccade tasks, from 50ms to 0ms before saccade onset using a 

moving 10ms window (Fig. 2.1G; 5 bins of 10ms each). We determined the Spearman’s rank 

correlation coefficient, which assesses how well the relationship between SRT and pre-saccadic 

neuronal discharge can be described using a monotonic function, for VM and M neurons in each 

task condition. A fixed threshold for saccade initiation predicts a non-significant Spearman 

correlation (no relationship between discharge rate and SRT). Alternatively, a significant 

positive or negative correlation would contradict a fixed threshold model at that time point. 
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Figure 2.2:  Population spike density plot for visuomotor (N = 29) and motor (N = 12) 

neurons in the frontal eye field.   

(A) Spike density plots aligned to stimulus appearance can dissociate visual activity from 

motor activity in visuomotor neurons during the anti-saccade task, depending on whether the 

visual stimulus or the saccade occurs in the response field.  Motor neurons demonstrate no 

significant visual response.  (B) Spike density plots aligned to saccade onset show an increase of 

activity preceding saccade onset (pre-saccadic motor activity) in visuomotor and motor neurons 

in the frontal eye field, when a saccade is made into the response field.  No significant difference 

in pre-saccadic motor activity exists between gap and overlap conditions in any cell type, from 

50ms to 0ms before saccade initiation.  RF, response field. 
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Figure 2.3:  Population spike density plot for visuomotor (N = 34) and motor (N = 10) 

neurons in the superior colliculus.   

(A) Spike density plots aligned to stimulus appearance can dissociate visual activity from 

motor activity in visuomotor neurons during the anti-saccade task, depending on whether the 

visual stimulus or the saccade occurs in the response field.  (B) Spike density plots aligned to 

saccade onset show an increase of activity preceding saccade onset (pre-saccadic motor activity) 

in visuomotor and motor neurons in the superior colliculus, when a saccade is made into the 

response field.  No significant difference in pre-saccadic motor activity exists between gap and 

overlap conditions in any cell type, from 50ms to 0ms before saccade initiation.  RF, response 

field. 
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In temporal periods prior to 50ms before saccade onset, we found a correlation between 

SRT and VM or M neuron discharge rate in both the FEF and SC. This reflected changes in the 

neuronal rate of rise with respect to SRT (Hanes and Schall, 1996), however these correlations 

could occur irrespective of a fixed or variable threshold, and are therefore not shown. In addition, 

this positive correlation prior to 50ms before saccade onset was not always consistent due to the 

inclusion of both buildup and burst motor neurons. 

Similar to the findings of Hanes and Schall (1996), we found that the mean Spearman’s 

rank correlation coefficient comparing pre-saccadic motor discharge rate and SRT in FEF M and 

VM neurons was not statistically different from 0 in the 20ms to 10ms epoch before saccade 

onset (Bonferroni correction for multiple comparisons, Fig. 2.4A,C, grey shading), indicating no 

relationship as predicted by a fixed threshold, in the epoch spanning the shortest time at which a 

neural signal can influence saccade initiation (see Methods). Similarly, in SC M and VM 

neurons, mean Spearman’s correlation coefficient was not statistically different from 0 in the 

18ms to 8ms epoch before saccade onset (Fig. 2.4B,D, grey shading).   

To address the possibility that pre-saccadic neural activity in the 20ms to 10ms epoch, 

and 18ms to 8ms epoch does not accurately reflect FEF and SC saccade threshold (respectively), 

we also tested the relationship between SRT and motor discharge in other pre-saccadic epochs.  

We found that FEF neurons and SC neurons demonstrate a statistically significant relationship 

between pre-saccadic motor discharge rate and SRT in some pre-saccadic window positions after 

a Bonferroni correction for five tests (i.e. five pre-saccadic epochs) on the same data sets 

(therefore P < 0.05/5 = 0.01 criterion; Fig. 2.4, asterisks indicate significance). However, this did 

not occur consistently across all task conditions. Because it is currently unclear when a fixed 

saccade threshold would take effect, and because results differ depending on the examined pre- 



 

 

57 

 

Figure 2.4: Correlation between pre-saccadic discharge and reaction time. 

A fixed threshold for saccade initiation predicts that no relationship exists between SRT 

and pre-saccadic motor discharge (Spearman = 0).  If a fixed threshold mechanism exists, a 

saccade would be initiated when pre-saccadic activity reaches a fixed point, and SRT would rely 

only on changes in the rate of increase of neural activity, a change in baseline activity, or both.  

(A) Spike density functions for long SRT and short SRT trials (high and low SRT tertiles) are 

shown for an exemplar SC motor neuron (N = 16 trials, anti-gap task only). (B) Change in the 

Spearman correlation between SRT and the exemplar SC motor neuron firing rate in the anti-gap 

task is shown over time. (C-F) Change in mean population Spearman correlation over time, 
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across all tasks.  Any relationship between pre-saccadic motor discharge rate and SRT 

(Spearman ≠ 0) indicates that saccade latency is dependent on variations in pre-saccadic motor 

discharge rate, and is inconsistent with a fixed threshold model at that time point.  However it is 

not (currently) known when saccade threshold is reached, and a lack of correlation cannot on its 

own indicate the time at which saccade threshold is reached.  Asterisks indicate significance after 

Bonferroni correction (paired t-test, P<0.01).  Grey shading illustrates previously examined 

epochs for threshold, that span the shortest time at which a neural signal can influence saccade 

initiation: 20ms to 10ms before saccade onset in the FEF and 18ms to 8ms before saccade onset 

in the SC. Error bars indicate standard deviation. 

 

saccadic epoch and condition, this test did not provide clear conclusions about a fixed threshold.  

Therefore we implemented additional tests of fixed threshold to search for more consistent 

results. 

 

 

2.4.2.  Test 2: Does pre-saccadic discharge vary between different behavioral conditions? 

A fixed threshold for saccade initiation predicts that signals contributing to saccade 

initiation will evoke a saccade when their activity reaches a fixed point, regardless of behavioral 

task. This would be revealed as no change in pre-saccadic motor discharge (sampled from 

equivalent time windows) between the pro- and anti-saccade tasks. Alternatively, differences in 

FEF and SC pre-saccadic discharge rate between pro- and anti-saccade tasks are inconsistent 

with a fixed threshold prediction in single-neurons, in these structures. To facilitate a comparison 

between pro- and anti-saccades, we matched saccade metrics stringently (see Methods). 

Qualitatively, population spike density functions of VM and M neurons in the FEF (Fig. 2.2B) 

and SC (Fig. 2.3B) revealed higher saccade-aligned motor activity in the pro-saccade task 

compared to the anti-saccade task. We first quantified differences in pro- and anti-saccade 

activity in 20ms to 10ms, and 18ms to 8ms pre-saccadic epochs in the FEF and SC respectively. 

At these time points, pre-saccadic motor discharge rate was consistently higher in the pro-
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saccade task than in the anti-saccade task, in SC VM, SC M, and FEF VM neurons (Fig. 2.5A; 

paired t-test, P < 0.05).  For many individual FEF M neurons, we found significant differences in 

activity between the pro-saccade task and the anti-saccade task (Fig. 2.5A, lower left panel; 

paired t-test, P < 0.05), but at the population level there was no significant difference or 

correlation (paired t-test, P > 0.05; Pearson linear correlation, r = -0.30, P = 0.35 gap task; r = -

0.23, P = 0.46 overlap task). 

We further quantified any differences in discharge rate from 50ms to 0ms before onset of 

pro- and anti-saccades by subtracting mean pre-saccadic motor discharge rate of pro-saccades 

from mean pre-saccadic motor discharge rate of anti-saccades, at each 10ms window. Values 

above 0 indicate a higher discharge rate in the anti-saccade task, whereas values below 0 indicate 

a higher discharge rate in the pro-saccade task. After performing a Bonferonni correction for 

multiple comparisons, we found that mean pre-saccadic motor discharge rate was consistently 

higher in the pro-saccade task than in the anti-saccade task in FEF VM neurons, and SC VM 

neurons, regardless of pre-saccadic time point (Fig. 2.5B; stars indicate significance, paired t-test 

P < 0.01). SC M neurons had qualitatively higher discharge rate in the pro-saccade task across all 

pre-saccadic time points, although after Bonferroni correction this did not reach significance in 

the 40ms to 30ms window (gap and overlap conditions), and in the 30ms to 20ms window (gap 

condition only). Some FEF M neurons exhibited individual differences between tasks, which is 

inconsistent with a fixed threshold within individual FEF M neurons as proposed by Hanes and 

Schall (1996). However, average FEF M pre-saccadic discharge rate did not vary significantly 

between the pro- and anti-saccade tasks, and therefore the population of FEF M activity in these 

tasks was largely consistent with the population fixed threshold proposed by Brown et al. (2008). 
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To account for the possibility that saccade initiation relies on a change in neuronal firing rate 

from baseline (rather than an absolute firing rate), and to account for task-dependent differences 

in baseline (e.g. higher baseline activity in the pro-saccade task compared to the anti-saccade 

task; reported by Everling et al. 1999; Everling and Munoz 2000), we repeated this test twice 

using pre-saccadic motor discharge after subtracting activity measured in the baseline epoch 500 

to 700 ms before stimulus appearance (during fixation), as well as in the baseline epoch 400 to 

300ms before stimulus appearance (during fixation).  We found no qualitative difference in 

results (not shown).     

Test 2 also reveals time-dependent differences between pro- and anti-saccade activity.  

Higher pro- compared to anti-saccade activity exists as time progresses toward saccade initiation 

(Fig 2.5B, bottom right panel). We used a repeated measures analysis of variance (ANOVA) to 

test this trend of increasing pro- compared to anti-saccade activity, and used sequential 

Bonferroni pairwise comparisons to determine the time points at which significant changes in 

activity occur. 

ANOVA analysis revealed no significant upward or downward trend in FEF M cells in 

the gap condition, F(4,44)=1.08, p = 0.3762, or in the overlap condition, F(4,44)=1.41, p = 

0.2478. There was no significant trend in FEF VM cells in the gap condition, F(4,108)=1.46, p = 

0.2196, however there was a significant downward trend in the overlap condition, F(4,108)=4.05, 

p = 0.0042. Qualitatively for SC neurons, there was a downward trend in points when comparing 

pro- to anti-saccade activity, in both gap and overlap conditions. In SC M cells, ANOVA 

analysis revealed a significant downward trend in the gap condition, F(4, 36)=17.53, p = 4.55 x 

10
-8

, and in the overlap condition, F(4,36) = 12.62, p = 0. Similarly, in SC VM cells, there was a 

significant downward trend in both the gap condition, F(4, 164) =99.84, p = 0, and in the overlap   
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Figure 2.5: Comparing FEF and SC pre-saccadic motor discharge rate between pro- and 

anti-saccade tasks.   

A fixed threshold model predicts that no variations exist in pre-saccadic motor discharge 

between saccade tasks. Alternatively, any variation in pre-saccadic motor discharge between 

saccade tasks is inconsistent with a fixed threshold model. (A) Comparing mean motor discharge 

rates for neurons during previously examined pre-saccadic epochs for saccade threshold: 20ms to 

10ms in the FEF and 18ms to 8ms in the SC. Deviation of the points from the line of unity (slope 

= 1) indicates a difference in pre-saccadic discharge rate between the saccade tasks during this 

epoch (filled points are significantly different, paired t-test, P < 0.05; hollow points are not 

significantly different).  (B)  Mean discharge rate in the pro-saccade task was subtracted from the 

anti-saccade task in a moving 50ms to 0ms pre-saccadic window. Values above 0 indicate a 

Frontal Eye Field

Jantz et al.  Figure 5

−50 −40 −30 −20 −10 0
−250

−150

−50

0

Time from saccade onset (ms) Time from saccade onset (ms)

M
e

a
n

 a
n

ti
-p

ro
 

d
is

c
h

a
rg

e
 r

a
te

 (
s
p

ik
e

s
/s

)

Visuomotor

Motor

Gap
Overlap

B
Pro > Anti

  
d

is
c
h

a
rg

e
 r

a
te

 (
s
p

ik
e
s
/s

)
A

n
ti

 discharge rate (spikes/s)Pro

V
is

u
o

m
o

to
r

d
is

c
h

a
rg

e
 r

a
te

 (
s
p

ik
e

s
/s

)
A

n
ti

 

M
o

to
r

A

 discharge rate (spikes/s)Pro 

 discharge rate (spikes/s)Pro 

Gap

Overlap

-20 ms to -10 ms

before saccade onset

-18 ms to -8 ms

before saccade onset

N = 29 N = 34

N = 12 N = 10

Superior Colliculus

100 200 3000

100

200

300

100 200 3000

100

200

300

200 400 6000

200

400

600

200 400 6000

200

400

600

Visuomotor

Motor

−50 −40 −30 −20 −10 0
−120

−80

−40

0

Pro < Anti

 discharge rate (spikes/s)Pro 

-20 ms to -10 ms

before saccade onset
-18 ms to -8 ms

before saccade onset



 

 

62 

higher discharge rate in the anti-saccade task, whereas values below zero indicate a higher 

discharge rate in the pro-saccade task. Stars indicate significance after Bonferroni correction 

(paired t-test, P < 0.01). 

 

 

condition, F(4,164) =  90, p = 0. Using a Bonferroni pairwise comparison (0.05/4 = 0.0125), we 

determined when a significant change of activity occurred by time point (Fig 2.5B).  In SC M 

cells, no significant difference existed between adjacent time points.  However, a significant 

difference in activity exists between the -30ms to -20ms and -10ms to 0ms time points.  In SC 

VM cells, a significant difference existed between the adjacent -30ms to -20ms and -20ms to -

10ms time points. Predictably, there is also a significant difference between -30ms to -20ms and 

-10ms to 0ms time points in SC VM cells. 

In sum, FEF M neurons showed the best evidence for a fixed threshold mechanism 

according to Test 2, at the population level but not at the single neuron level. FEF VM neurons, 

and SC M and VM neurons, failed Test 2 at both the population and single neuron levels. For 

those neurons, the discrepancy from a fixed threshold prediction grew as time proceeded toward 

saccade initiation. 

 

2.4.3.  Test 3A: Can visual response exceed pre-saccadic motor discharge in VM neurons?  

The possibility exists that saccade threshold may change based on the different demands 

between saccade tasks, but remain fixed within a specific task condition (i.e., from task 

instruction to saccade initiation). To address this, we first compared visual and pre-saccadic 

motor activity of FEF and SC VM neurons for correct anti-saccade trials.  VM neurons can carry 

both visual and saccade activity from the FEF to the SC (Everling and Munoz 2000; Segraves 
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and Goldberg 1987; Sommer and Wurtz 2000), as well as from the SC to the paramedian pontine 

reticular formation (Rodgers et al. 2006). In the anti-saccade task, visual activity and pre-

saccadic motor activity compete to initiate either an erroneous saccade (Fig. 2.6A, toward the 

visual stimulus) or a correct saccade (Fig. 2.6A, away from the visual stimulus), respectively.  

During a correct anti-saccade, visual and pre-saccadic motor activity is spatially separated across 

hemispheres in the FEF and SC. A fixed threshold predicts that population visual activity in one 

hemisphere of the brain must be less than the pre-saccadic motor discharge in the other 

hemisphere during correct anti-saccade trials, otherwise higher visual than pre-saccadic motor 

activity would initiate an erroneous involuntary saccade toward the stimulus (Everling and 

Munoz 2000; Munoz et al. 2007; Trappenberg et al. 2001).Alternatively, higher population 

visual activity relative to pre-saccadic motor discharge during correct anti-saccade trials would 

be inconsistent with a fixed threshold model (Fig. 2.6A). 

Peak visual discharge rate (within 50ms to 150ms after stimulus appearance) was first 

compared to pre-saccadic motor discharge rate in the 20ms to 10ms, and 18ms to 8ms pre-

saccadic epochs in the FEF and SC, respectively. At these time points, visual discharge rate was 

significantly higher than pre-saccadic motor discharge rate (Fig. 2.6B; paired t-test, P < 0.05) in 

the majority of neurons (N = 26 of 29 FEF gap, N = 24 of 29 FEF overlap; N = 24 of 34 SC gap, 

N = 23 of 34 SC overlap). 

To determine whether pre-saccadic motor activity in the 50ms to 0ms epoch before 

saccade onset is at any point higher than visual activity, we subtracted mean neuronal activity 

within a moving 10ms window (Fig. 2.1G) from the visual response. Values below 0 indicate 

higher pre-saccadic motor discharge rate than visual peak discharge rate, and are consistent with 

a fixed threshold. Alternatively, values above 0 indicate higher peak visual discharge rate than 
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pre-saccadic motor discharge rate, and are inconsistent with a fixed threshold. After performing a 

Bonferroni correction for multiple comparisons, we found that peak visual discharge rate was 

consistently higher than pre-saccadic motor discharge from 50ms to 0ms before saccade onset 

(Fig. 2.6C; stars indicate significance, paired t-test, P < 0.01). No difference in results was found 

between the gap and overlap conditions. Because the higher visual discharge rate did not elicit 

erroneous involuntary saccades toward the visual stimulus, this contradicts a fixed threshold 

within the anti-saccade task, among individual VM neurons. We repeated this test twice using 

pre-saccadic motor discharge after subtracting baseline activity measured during two different 

fixation periods (see Methods), to account for the possibility that saccade initiation relies on a 

change in neuronal firing rate from baseline (rather than an absolute firing rate), and to account 

for task-dependent differences in baseline (e.g. higher pro- baseline activity compared to anti- 

baseline activity; Everling et al. 1999; Everling and Munoz 2000). We found no qualitative 

difference in results (not shown).   

 

2.4.4.  Test 3B:  Can inhibitory state alter threshold in VM and M neuron populations within 

the anti-saccade task? 

 

Because projections from the FEF to the SC (corticotectal), and from the SC to the 

brainstem saccade generating circuit (tectoreticular), are critical for saccade initiation, any 

threshold for saccade initiation that involves the FEF and SC likely relies on these populations of 

projection neurons. Therefore it is possible that any findings in VM neurons alone cannot 

contradict a population fixed threshold, because they may not accurately represent all of the 

neural activity descending to the brainstem to trigger saccades. To address this possibility, we 

estimated visual activity and pre-saccadic motor activity within varied proportions of VM and M 

output neurons of the FEF and SC, which more accurately reflected physiological conditions.  
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Figure 2.6:  Comparing visual and pre-saccadic motor discharges in visuomotor neurons.   

(A) During correct anti-saccade trials, visual and saccade motor discharges are spatially 

dissociated across hemispheres in the brain. Visual activity and pre-saccadic motor activity 

compete to initiate either an erroneous involuntary saccade or a correct anti-saccade, 

respectively.  Higher visual discharge rate than pre-saccadic motor discharge rate during correct 

anti-saccade trials is inconsistent with a fixed threshold, as these signals should elicit an 

erroneous involuntary saccade towards the visual stimulus. (B) Clustering of points above the 

line of unity indicates higher visual discharge rate than pre-saccadic motor discharge during 

previously examined epochs for saccade threshold (filled points indicate significance, paired t-

test, P < 0.05; hollow points indicate visual and pre-saccadic motor discharges are not 
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significantly different). (C) Mean pre-saccadic discharge rate was subtracted from visual 

discharge rate in a moving 50ms to 0ms pre-saccadic window. Values above 0 indicate higher 

mean visual discharge rate than pre-saccadic motor discharge rate (inconsistent with a fixed 

threshold).  Stars indicate significance after Bonferroni correction (paired t-test, P<0.01). 

 

 

We chose the VM and M neuron types based on antidromic identification of corticotectal 

projection neurons in our population (Everling and Munoz 2000), as well as previous studies 

reporting the percentages of saccade task-related neurons with projections from the FEF to SC 

(Segraves and Goldberg 1987; Sommer and Wurtz 2000), or from the SC to the paramedian 

pontine reticular formation (Rodgers et al. 2006).   

We obtained mean pre-saccadic motor discharge rate and mean visual peak discharge rate 

using separate bootstrap analyses for varied distributions of VM and M neurons in the FEF and 

SC (see Methods). This produced one data point for each distribution of VM and M neurons 

tested (Fig. 2.7). We constrained our analysis to the previously studied 20ms to 10ms, and 18ms 

to 8ms, pre-saccadic motor epochs in the FEF and SC respectively to capture pre-saccadic motor 

discharge rate, because when testing VM neurons alone (Test 3A) there was no change in results 

from 50ms to 0ms before saccade onset (Fig. 2.6C).  Any data point showing higher visual than 

pre-saccadic motor discharge rate is inconsistent with a fixed threshold at that given distribution 

of VM and M neurons. Therefore, if any data point representing a VM to M distribution is below 

the line of unity (Fig. 2.7), then our estimate of population visual discharge rate is lower than 

pre-saccadic motor discharge rate, which is consistent with a fixed threshold at that neuron 

distribution. Alternatively, if a data point representing a VM to M distribution is above the line 

of unity, then our estimate of population visual discharge rate is higher than pre-saccadic motor 

discharge rate, which is inconsistent with a fixed threshold at that neuron distribution.  
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Previously published neurophysiological estimations of corticotectal (grey arrow, Segraves and 

Goldberg 1987; hollow arrow, Everling and Munoz 2000; black arrow, Sommer and Wurtz 

2000) and tectoreticular (black arrow, Rodgers et al. 2006) VM to M projection neuron 

distributions are indicated on Fig. 2.7. This test investigates fixed threshold within an estimate of 

population VM and M neuron activity.   

This approach is inconsistent with a fixed threshold model for the majority of 

hypothetical FEF and SC neuron distributions in the gap task (Fig. 2.7A,B), but not in the 

overlap task (Fig. 2.7C,D). Increasing the percentage of sampled M neurons shifted the data 

points downward on the scatter plot (consistent with a fixed threshold prediction), while 

increasing the percentage of sampled VM neurons shifted the points upward on the plot 

(contradicting a fixed threshold prediction). In the gap condition, our data refute a fixed 

threshold for saccade initiation in both the FEF and SC based on all previously published neuron 

distributions, with one exception (95% M, 5% VM neurons; Segraves and Goldberg 1987), that 

was previously suggested to under-represent visual signals in the output of the FEF (Sommer and 

Wurtz 2000).   

Overlap and gap conditions have been shown to respectively increase or decrease SRT, 

implicating either an increase of inhibitory signals or decreased activation in structures critical 

for saccade initiation in the overlap condition compared to the gap condition (Dias and Bruce 

1994; Dorris and Munoz 1995; Reingold and Stampe 2002). Because the pathway from the FEF 

to SC is critical for saccade initiation, differences between SRT in the overlap and gap conditions 

must be reflected in FEF or SC neurons, or both. One model proposing a neural substrate and 

potential tuning mechanism of saccade threshold has suggested that elements of threshold may 

change according to inhibition of the SC from the basal ganglia (Lo and Wang 2006). Therefore 
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to address the possibility of changes in threshold due to inhibition, we manipulated the level of 

inhibition using overlap and gap fixation conditions while testing FEF and SC pre-saccadic 

motor activity. We found that there was an overall downward shift of data points in the overlap 

condition (Fig. 2.7C,D), compared to the gap condition (Fig. 2.7A,B), in both the FEF and SC.  

Thus, in the overlap condition, our data was consistent with a fixed threshold prediction using a 

55% M and 45% VM neuron distribution (Fig. 2.7D). Therefore when inhibitory signals are 

(presumably) increased in the overlap task, a greater distribution of neurons show activity that 

agrees with a fixed threshold prediction.   

 

2.5.   Discussion 

Here, we reported tests of a within-neuron and a population fixed threshold mechanism for 

saccade initiation in the FEF and SC. Previous work has suggested that a fixed threshold for 

saccade initiation exists within FEF M and SC M neurons, and these results have been 

extrapolated to suggest that a population fixed threshold exists in these structures (Hanes and 

Schall 1996; Paré and Hanes 2003). However, these studies were limited to one saccade task, and 

only examined one 10ms pre-saccadic epoch. Our results contradict a within-neuron fixed 

threshold in FEF and SC M and VM neurons, and they suggest conditions where a population 

fixed threshold may not hold within only the FEF and SC. We found that in the FEF and SC, pre-

saccadic motor discharge rate and SRT was correlated in some pre-saccadic windows; pre-

saccadic motor discharge rate varied across saccade tasks; and when a saccade was initiated, 

visual signals were often higher than pre-saccadic motor discharge. These higher visual signals 

did not evoke a saccade (but the lower pre-saccadic motor discharge did evoke a saccade). We 

used a bootstrap analysis to incorporate a range of VM and M neuron proportions during our  
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Figure 2.7: Population analysis comparing aggregate visual and pre-saccadic motor 

discharges from varying distributions of visuomotor (VM) and motor (M) neurons, to 

estimate the activity of corticotectal and tectoreticular projection neurons.   

Higher visual discharge rate than pre-saccadic motor discharge rate during correct anti-

saccade trials is inconsistent with a fixed threshold, as these signals should elicit an erroneous 

involuntary saccade towards the visual stimulus.  Each data point represents the mean activity of 

an individual bootstrap analysis using a distinct ratio of VM and M neurons. Color bar indicates 

ratio of M to VM neurons. Increasing the percentage of M neurons shifts the data points below 

the line of unity (as predicted by a fixed threshold model), while increasing the percentage of 

VM neurons shifts the points above the line of unity (inconsistent with a fixed threshold model).  

Previously published anatomical estimations of corticotectal (grey arrow, Segraves and Goldberg 

1987; hollow arrow, Everling and Munoz 2000; black arrow, Sommer and Wurtz 2000) and 

tectoreticular (black arrow, Rodgers et al. 2006) VM and M projection neuron distributions are 

indicated.  Points are shifted downward in the overlap task (higher inhibition) compared to the 

gap task (lower inhibition). 
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final analysis, to examine a population fixed threshold. We found that mean population visual 

activity was higher than pre-saccadic motor activity, but this depended on the distribution of 

sampled VM and M neurons, and the inhibitory state as implied by gap and overlap conditions. 

Therefore, if a fixed threshold for saccade initiation exists, it may involve structures additional to 

only FEF and SC M and VM neurons, to balance the varying signals found in those neuronal 

populations. 

If a saccade threshold mechanism exists, it is currently unknown when the threshold 

mechanism would take effect before saccade onset. However, because of our consistent results 

across examined temporal epochs, our conclusions remain valid regardless of saccade threshold 

timing in the FEF and SC (from 50ms to 0ms before saccade onset). Figures 2.5 and 2.6 were 

inconsistent with a fixed threshold in FEF VM, and SC VM and M neurons, regardless of the 

pre-saccadic window position. In addition, our findings are inconsistent with a fixed threshold 

within individual FEF M neurons due to individual task-dependent differences (Fig 2.5A, bottom 

left panel). However, averaged FEF M pre-saccadic activity is consistent with a fixed threshold 

across the population of FEF M neurons. In the gap task, all tests showed evidence against fixed 

saccade threshold for SC VM and M neurons, implying that a fixed threshold may not always 

exist at the SC population level. On the other hand, the FEF may or may not have a fixed 

threshold for saccade initiation based on the proportions of VM and M neurons, and the relative 

influence of these neuron types on saccade initiation. In an estimate of FEF and SC population 

activity, only a (theoretical) strong bias for M neurons rendered the fixed threshold hypothesis 

plausible. Therefore, identifying the distribution of VM and M neurons in the circuit from FEF to 

SC to downstream targets is critical for supporting or rejecting a fixed saccade threshold 

hypothesis for these structures. 
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2.5.1.  Previous tests of threshold are dependent on what period a saccade threshold 

mechanism takes effect 

 

Evidence supporting a within-neuron fixed threshold for saccade initiation in the FEF and 

SC (i.e., no significant correlation between pre-saccadic motor discharge rate and SRT) has been 

found previously in pre-saccadic epochs spanning the shortest time at which a neural signal can 

influence saccade initiation (Brown et al., 2008; Hanes and Schall 1996; Paré and Hanes 2003).  

In the FEF, this is 20ms to 10ms before saccade onset (Bruce et al. 1985b; Büttner-Ennever et al. 

1988; Segraves 1992; Segraves and Goldberg 1987; Hanes et al. 1995; Hanes and Schall 1996) 

and in the SC, this is 18ms to 8ms before saccade onset (Munoz and Wurtz 1993; Miyashita and 

Hikosaka 1996; Munoz et al. 1996). Similarly, during these epochs we found no correlation 

between pre-saccadic motor discharge rate and SRT in the FEF or SC.  However, a positive 

correlation was revealed in some FEF and SC neurons in a 50ms to 40ms, and in a 40 to 30ms 

epoch before saccade initiation, respectively (Fig. 2.4). This emphasized the weakness of not 

knowing when a saccade threshold mechanism takes effect, in order to interpret the results of this 

test. Does saccade initiation occur directly after pre-saccadic motor activity crosses a threshold, 

as implied by previous studies which analyzed pre-saccadic epochs spanning the shortest time at 

which a neural signal can influence saccade initiation (Hanes and Schall 1996; Paré and Hanes 

2003)? Or, is it possible that a threshold could gate the saccade motor burst, which generally 

began 40ms before saccade onset in the FEF (Fig. 2.2B; Hanes et al. 1995), and 30ms before 

saccade onset in the SC (Fig. 2.3B; Sparks 1978; Munoz and Wurtz 1995)? These 

inconsistencies in results depending on epoch and task condition prompted us to use different 

tests of fixed threshold.   

It is worth noting that, in some cases, there existed a low number of trials per neuron after 

our filtering of saccade metrics between tasks (minimum of 5 trials per condition after filter, see 
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Methods). In this case, it is possible that these fewer trials could be masking other weak 

correlations between firing rate and SRT, which may be statistically significant should more 

trials exist. However, this would provide more support for our conclusions below, not less. 

 

2.5.2.  Examining fixed threshold across saccade tasks 

Our second test was an alternative examination of a within-neuron fixed threshold, which 

determined whether variations in the pre-saccadic motor discharge of VM and M neurons existed 

between saccade tasks. FEF VM neurons, and SC M and VM neurons consistently showed 

higher pre-saccadic motor discharge rate in the pro-saccade task, compared to the anti-saccade 

task. As mentioned, FEF M neurons individually demonstrated task-dependent differences; 

however, averaged FEF M pre-saccadic activity was consistent with a fixed threshold across the 

population of FEF M neurons. Taken together, these data contradict a within-neuron fixed 

threshold in FEF and SC VM and M neurons. These data may also reveal characteristics of a 

population fixed threshold in the SC and FEF. A population fixed threshold in these structures 

would predict no variation in mean pre-saccadic motor discharge between saccade tasks, across 

all neurons contributing to saccade initiation. Because mean activity of sampled VM and M 

neurons in the SC show higher pre-saccadic motor discharge rate in the pro-saccade task, this 

may reflect neural characteristics inconsistent with a population fixed threshold in the SC.  

Because of the dissimilar results between FEF M and VM neurons in this test, there can be 

varying implications for a population fixed threshold in the FEF depending on the relative 

physiological contributions of VM and M neurons to saccade initiation. Dissimilarity between 

FEF M neurons and a subpopulation of FEF VM neurons has also been observed by Brown et al. 

(2008) in the countermanding saccade task while correlating behavior and neuronal activity, 



 

 

73 

emphasizing the importance of controlling VM and M neuron distributions when examining 

saccade threshold. 

Our third test examined a within-neuron fixed threshold in VM neurons, and then a 

population fixed threshold in the FEF and SC. We compared visual discharge rate and pre-

saccadic motor discharge rate in the anti-saccade task, which dissociates visual and motor signals 

spatially across hemispheres in the brain (for review, see Munoz and Everling 2004).  In the anti-

saccade task, it was previously proposed that top-down inhibitory signals are required to 

suppress the visual grasp reflex (i.e. reflexive saccade) to look toward the visual stimulus, in 

favor of a voluntary saccade away from the visual stimulus (Munoz and Everling, 2004). If these 

top-down inhibitory signals are too weak, then the addition of a visual response to the 

disinhibited pre-target activity will be enough to cross saccade threshold, and trigger an 

erroneous reflexive saccade toward the visual stimulus (Everling et al. 1998a; Everling and 

Munoz 2000). The initial level of preparatory activity for a reflexive saccade toward the visual 

stimulus must be considered, when determining whether a smaller visual response (compared to 

saccade motor activity in the opposing hemisphere encoding a voluntary saccade) can trigger an 

incorrect reflexive saccade. In addition, if a fixed threshold exists, a higher visual response 

(compared to saccade motor activity in the opposing hemisphere) should always trigger an 

incorrect reflexive saccade toward the visual stimulus (see Fig 2.6A). In correct anti-saccade 

trials, we found that mean visual discharge rate was higher than pre-saccadic motor discharge 

rate in FEF and SC VM neurons. This is inconsistent with a within-neuron fixed threshold in VM 

neurons, as the higher visual discharge rate did not elicit a saccade, whereas the lower pre-

saccadic motor activity did elicit a saccade. To more accurately represent output signals from the 

FEF and SC, we also used bootstrap analyses of varied distributions of VM and M neurons to 
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estimate population activity. Because M neurons do not demonstrate a significant visual 

response, increasing the percentage of M neurons compared to VM neurons naturally reduces 

mean sampled visual activity compared to pre-saccadic motor activity. Utilizing ratios of VM 

and M output neurons previously estimated in the FEF (Everling and Munoz 2000; Sommer and 

Wurtz 2000) and in the SC (Rodgers et al. 2006), we found higher mean visual activity than pre-

saccadic motor activity in the anti-gap task, but not in the anti-overlap task.  Therefore, these 

results contradict a fixed threshold within the gap task, but not within the overlap task. This 

phenomenon may help explain conflicting conclusions regarding fixed and variable saccade 

threshold mechanisms between previous studies (Goossens and Van Opstal 2000a, 2000b; Grice 

et al. 1982; Hanes and Schall 1996; Paré and Hanes 2003; Lo and Wang 2006). 

 

2.5.3.  Role of inhibitory signals on saccade threshold 

Hanes and Schall (1996) found support for a fixed threshold for saccade initiation in the 

FEF with variable rate of rise which accounted for variability in SRT in a countermanding 

saccade task (for review, see: Munoz and Schall 2003; Stuphorn and Schall 2002). In the 

countermanding task, the monkey must look toward a peripheral visual stimulus, except in 

random trials when a “stop” signal is presented before stimulus appearance, which indicates that 

saccadic eye movement must be inhibited. Decreasing the delay between stop signal onset and 

stimulus appearance in “stop signal” trials can reduce the ability to inhibit a saccadic eye 

movement to the visual stimulus. However, the need to quickly inhibit a visually guided saccade 

without warning (Hanes and Schall 1995, 1996) might require high global inhibition throughout 

the countermanding task, which could mask early changes in threshold associated with 

appearance of a visual stimulus.   
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A computational accumulator model by Lo and Wang (2006) proposed a variable 

threshold for saccade initiation in which corticotectal projections discharge to initiate a saccadic 

eye movement, by crossing a threshold state that is set by local recurrent excitatory and 

inhibitory connections in the SC, but that can be tuned by basal ganglia loop inhibitory outputs.  

Previous neurophysiological evidence has also indicated that a fixed threshold may not hold in 

all cases (Everling and Munoz, 2000; Everling et al. 1999; Goossens and Van Opstal 2000a, 

2000b). A trend emerges when comparing these observations to our results in the overlap and 

gap tasks (Fig. 2.7). Overlap and gap conditions have been shown to increase or decrease SRT 

respectively, implicating either an increase of inhibitory signals or decreased activation in 

structures critical for saccade initiation in the overlap condition compared to the gap condition 

(Dorris and Munoz 1995; Dorris et al. 1997; Reingold and Stampe 2002).  Because the FEF to 

SC pathway is critical for saccade initiation (Dias et al. 1995; Dias and Segraves 1999; Hanes 

and Wurtz 2001; Schiller and Chou 1998; Schiller et al. 1979, 1980, 1987; Sommer and 

Tehovnik 1997), changes in SRT in the overlap and gap conditions should be reflected in the 

FEF and the SC. Indeed, increases in FEF saccade neuron pre-saccadic activity have been 

proposed as a physiological correlate of reduced inhibition in the gap task (Dias and Bruce 

1994). If the observed difference between gap and overlap conditions in our study is due to 

changing inhibitory signals, it is possible that inhibition is a contributing influence to saccade 

threshold, such that higher inhibitory signals create conditions where a fixed threshold may hold.  

If this is the case, previous studies supporting a fixed threshold in the FEF and SC using the 

countermanding saccade task (Brown et al. 2008; Hanes and Schall 1996; Paré and Hanes 2003) 

may have been influenced by increased global inhibition in this task.   
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2.5.4.  Alternate possibilities for saccade threshold 

If a fixed threshold for saccade initiation does not exist within the SC, we can speculate 

that a variable threshold may therefore exist. It has been shown previously that GABAergic 

nigrotectal projection neurons from the substantia nigra pars reticulata (SNr; output structure of 

the basal ganglia) must be inhibited prior to initiation of some saccades (Hikosaka et al. 2000; 

Hikosaka and Wurtz 1981; Hikosaka and Wurtz 1983). Because of its inhibitory influence on SC 

activity, signals from the basal ganglia loop are likely critical for a saccade threshold mechanism.  

Therefore, the basal ganglia may modulate a variable threshold, as proposed by Lo and Wang 

(2006). Within the basal ganglia loop, an excitatory projection exists from the SC to the 

subthalamic nucleus carrying visual information (Coizet et al. 2009). Activating the subthalamic 

nucleus increases inhibitory signals from the SNr basal ganglia output structure (Nambu et al. 

2002). It is possible that this SC-STN-SNr-SC feedback loop could contribute to a variable 

thresholding mechanism dependent on visual input, and could underlie our results during the 

anti-saccade task in the SC. In this case, a higher SC visual response may subsequently increase 

bilateral SNr inhibitory signals to the SC (through an SC-STN-SNr-SC feedback loop), which 

could inhibit the subsequent SC pre-saccadic motor discharge. However, other structures are 

implicated in addition to the basal ganglia loop to explain differences in the effect of visual 

stimulation across behavioral conditions, and to explain how a saccade is initiated by a smaller 

FEF and SC motor burst in the anti-saccade task compared to the pro-saccade task. 

While our results contradict a population fixed threshold for saccade initiation in the SC, 

and in the FEF depending on VM to M neuron distribution, it is possible that a fixed threshold 

may exist at the scale of a larger network of oculomotor structures. For example, in addition to 

the FEF, the SC, and the basal ganglia, the oculomotor network includes the supplementary eye 
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field (SEF; Schlag and Schlag-Rey 1987), which is associated with a higher pre-saccadic motor 

discharge during the anti-saccade task compared to the pro-saccade task (Schlag-Rey et al. 

1997).  While SEF neurons alone do not demonstrate activity consistent with a saccade threshold 

(So and Stuphorn 2010; Stuphorn et al. 2010), if considered as part of a larger oculomotor 

network, higher FEF and SC pre-saccadic motor discharge in the pro-saccade task could be 

balanced by higher SEF pre-saccadic motor discharge in the anti-saccade task, at the level of the 

brainstem saccade generating circuit downstream of the SC. In the brainstem saccade generating 

circuit, omnipause neurons (OPN) are located near the midline of the caudal pontine reticular 

formation within the nucleus raphe interpositus (Buttner-Ennever et al. 1988; Langer and 

Kaneko 1990), and are associated with tonic activity that inhibits saccade generation (Horn et al. 

1994; Keller 1974; Scudder et al. 2002). OPN must therefore be inhibited to generate a saccade 

in any direction (Everling et al. 1998b; Keller et al. 1996). Neurons exhibiting visual and saccade 

motor activity project from the SC to the brainstem saccade generating circuit (Rodgers et al. 

2006), and a transient increase in OPN activity corresponding to visual stimulus appearance has 

also been observed (Everling et al. 1998b), but the consequences of this phenomenon are so far 

unclear. Because of the requirement for OPN to pause to generate a saccade of any vector, and 

because OPN are part of the brainstem saccade generating circuit through which every signal 

must pass to produce an eye movement, these neurons may be good candidates controlling the 

threshold for saccade initiation downstream of the FEF and SC.   
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Chapter 3: Evidence for a task-dependent switch in subthalamo-nigral basal 

ganglia signaling 
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3.1. Abstract 

The basal ganglia (BG) have multiple signaling pathways that can either inhibit or 

facilitate movement. In disease conditions, broad differences in the relative strength of BG 

pathways can occur involving pathologically up- or down-regulated inhibitory or facilitatory 

signals. However, during healthy behavior, the comparative weighting of BG pathways is often 

assumed to be constant. Here, we present compelling neurophysiological evidence from two 

complimentary experiments suggesting that subtle changes in tonic BG pathway weightings 

provides an important component of healthy flexible behavior. First, we recorded local field 

potential signals from the subthalamic nucleus (STN; BG input) and substantia nigra pars 

reticulata (SNr; BG ouput) simultaneously in two monkeys, while they performed goal driven 

and free viewing saccade tasks that juxtaposed rewarded instruction and unconstrained (free-

reward) cognitive demands, respectively. Second, we causally probed the caudate nucleus, STN, 

and SNr with unilateral electrical microstimulation, while using saccade directionality bias in the 

tasks as a proxy of BG output activity. Overall, we provide converging evidence for specific and 

coordinated BG signaling changes, such that facilitatory (striato-nigral and subthalamo-pallidal-

nigral) pathways dominated during unconstrained free viewing, but inhibitory (striato-pallidal-

subthalamo-nigral) pathways dominated during reward driven saccades.  
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3.2.   Introduction 

The basal ganglia (BG) are a group of subcortical nuclei interconnected that can 

influence a variety of functions including motor control and saccadic eye movements
1 

via 

connections with the cerebral cortex and the superior colliculus (SC; critical for saccade control). 

Multiple parallel signaling pathways through the BG can either activate or inhibit BG output 

structures
2
. The striatum and the subthalamic nucleus (STN) receive input signals to the BG, and 

each can inhibit or activate output nuclei downstream via different signaling pathways (striatum: 

‘direct’ and ‘indirect’, respectively
2,3

; STN: subthalamo-pallidal and ‘hyperdirect’, 

respectively
4,5,6

; see Fig. 3.1a). Phasic signals through the direct and indirect pathways from the 

striatum are temporally and spatially separated due to differences in transduction speed and 

output fiber connectivity, and can be modulated by dopamine in the BG circuit
7,8,9

. However to 

the best of our knowledge, it has not been determined whether a similar modulation occurs 

between hyperdirect and subthalamo-pallidal pathways (Fig. 3.1a) during behavior
10

. 

Furthermore, relative tonic strength or weighting between healthy BG pathways is often assumed 

to be constant across different behavioral conditions, while tonically unbalanced activity between 

pathways has been associated with diseases such as Parkinson’s
11,12

. We hypothesize that these 

disorders may describe extremities of a spectrum, in which alterations of the tonic weighting of 

BG pathways (e.g., inhibitory pathways outweigh facilitatory pathways, or the opposite) may 

refine healthy voluntary movement control in flexible behavior. Here, we aimed to determine 

whether the tonic weighting between inhibitory and excitatory pathways from the STN (BG 

input and relay structure) to the substantia nigra pars reticulata (SNr; BG output structure) may 

alter according to behavioral context. Furthermore, we include and contrast these with published 
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caudate nucleus data in the same monkeys and tasks, to fully encompass BG input and output 

stages in oculomotor control, and test for coordinated changes across the entire BG network
13

. 

Examining functional changes across the BG network necessitates a careful and elaborate 

methodology, because the small size of some BG nuclei limits their temporal and anatomical 

resolution by functional MRI, necessitating more targeted neurophysiological techniques. Many 

of these neurophysiological techniques are, in turn, too focused to concurrently examine wide-

spread changes across the BG circuit. We have approached this challenge using two 

complimentary experiments to test network BG activity, during tasks that juxtapose reward-

driven and unconstrained free viewing (free reward) behavior requiring very different cognitive 

demands. First, we examine the phase difference of local field potential signals recorded 

simultaneously in the STN and the SNr of healthy monkeys. Second, we causally probe the 

influence of the STN and SNr, with low-current electrical stimulation of each structure in the 

saccade preparatory period, while using the resultant saccade biases as a behavioral indicator of 

BG output to the SC. We present evidence for robust differences in BG signaling at the level of 

the STN: subthalamo-nigral inhibitory output was decreased during the free viewing task, but 

increased during the rewarded goal-driven task. The inclusion and comparison to caudate 

nucleus stimulation reveals simultaneous changes within BG direct and indirect pathways. We 

suggest that during an unconstrained task condition such as free viewing, the BG release tonic 

inhibitory control from downstream motor structures such as the SC via the disynaptic 

subthalamo-pallidal-nigral pathway (Fig. 3.1a, blue pathway) and the ‘direct’ striato-nigral 

pathway, consistent with fast automatic or sensory-driven movements toward unexpected 

stimuli. In sharp contrast, during a rewarded goal-driven condition, BG increase inhibitory 

signals via the monosynaptic subthalamo-nigral pathway (Fig. 3.1a, red pathway) and the 
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‘indirect’ striato-nigral pathway, consistent with a reduction of erroneous movements in favor of 

voluntary motor commands with strong preparatory activity to elicit a saccade accurately
14,15

. 

 

3.3.   Results 

We trained two monkeys to perform two very different saccade tasks: an unconstrained 

free viewing task, and a goal directed task. The unconstrained task was absent of any local visual 

stimuli or behavioral cues, and consisted of free viewing on a blank grey screen to capture 

saccadic eye movements that had no explicit goal (Fig. 3.1b, left panel). The goal directed task 

consisted of randomly interleaved conditions that required the monkey to either look toward 

(pro-saccade) or 180° away to the blank screen (anti-saccade) from a peripheral visual cue
16,17

 

(Fig. 3.1b, right panel). The inclusion of two different instruction conditions in the goal driven 

task necessitated the monkey to maintain active engagement in the task. Here, we limit our 

discussion to the goal directed anti-saccade condition, as these were the best suited for 

comparison to free viewing saccades because no visual stimuli were present at the fixation point 

or saccade target in either task before saccade onset. This allowed a comparison between 

conditions with different cognitive demands (unconstrained viewing versus explicit task 

instructions with a goal) while avoiding the confound of visually-driven versus internally-driven 

saccades. During these tasks, we performed two experiments to probe functional changes in 

subthalamo-nigral signaling: first, the simultaneous recording of STN and SNr local field 

potential (LFP) signals in the saccade preparatory period (Fig. 3.2a), and second, low-current 

electrical stimulation of the STN and SNr in the same period (Fig. 3.2b). In reporting results 

below, ‘ipsiversive’ and ‘contraversive’ refers to behavior (i.e., saccades elicited toward either 

the same or opposite visual hemifield relative to the recording or stimulation site), whereas  
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Figure 3.1: Subthalamo-nigral unilateral connectivity and saccade tasks.  

(a) The STN (BG input and relay nucleus) modulates the SNr by multiple pathways, 

including the subthalamo-nigral “hyperdirect” pathway
2
 (red), and the subthalamo-pallidal-nigral 

pathway
4,5,33

 (blue), which activate and inhibit the SNr respectively. The STN also relays striato-

pallidal “indirect” pathway signals to BG output nuclei (not shown here; see Fig. 3.7). Circular 

and triangular endpoints reflect inhibitory and excitatory projections, respectively. STN, 

subthalamic nucleus; GPe, external segment of the globus pallidus; SNr, substantia nigra pars 

reticulata; SC, superior colliculus. (b) Two monkeys performed an unconstrained free viewing 

task and a goal driven anti-saccade (look away) task which require different amounts of 

cognitive control
13,17

. Before saccade onset, no visual stimuli existed at the fixation point or 

saccade target in either task. 
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‘ipsilateral’ and ‘contralateral’ refers to anatomy (i.e., brain regions located in either the same or 

opposite brain hemisphere relative to the recording or stimulation site).  

  

3.3.1.   Exp. 1: STN-SNr LFP phase angle changes between tasks 

We simultaneously recorded STN and SNr LFP activity using acute electrode pairs, while 

two monkeys performed free viewing and goal directed tasks (Fig. 3.2a). We examined the 

200msec pre-saccadic period in both tasks, during which no visual stimuli were present at the 

fixation point or saccade target. We tested whether there were task-dependent changes in 

subthalamo-nigral signaling by comparing within-site differences in the coherence and phase 

angle between STN and SNr LFP signals. For example, when comparing two signals x(t) and 

y(t) (e.g., Fig. 3.2a, pathways 1 and 2, respectively), if x = y then the coherence between signals 

x and y equals 1 with a phase angle of 0. However, if x = -y, the coherence between x and y 

would still equal 1, but the phase angle would change to 180°. If there are task-dependent 

alterations in the tonic weighting of BG pathways (such as between the hyperdirect and 

subthalamo-pallidal-nigral pathways), we hypothesized that this would result in a phase angle 

change based on different signal transduction times and a 180° signal phase shift because of 

pallido-nigral GABAergic projections (Fig. 3.2a, top panel). In particular, a dominance of the 

hyperdirect pathway should be associated with a positive STN-SNr phase difference (based on 

glutamatertic subthalamo-nigral projections and a short signal transduction time), while a 

dominance of the subthalamo-pallidal-nigral pathway should be associated with a negative STN-

SNr phase difference (when measured peak-to-peak; based on a 180° signal phase shift and 

increased subthalamo-pallidal-nigral transduction time; Fig. 3.2a, bottom panel). 
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Figure 3.2: Experimental outline.  

(a) Experiment 1: STN-SNr local field potential recording. STN and SNr local field 

potential activity was recorded simultaneously (n = 15 acute electrode pairs). The subthalamo-

nigral “hyperdirect” pathway should produce a small positive phase angle between STN and SNr 

signals due to signal transduction delay, while the subthalamo-pallidal-nigral pathway should 

produce a negative phase angle (measured from peak to peak) because of a 180° inversion of 

signals from GABAergic GPe-SNr projections. (b) Experiment 2: STN and SNr electrical 

stimulation. The SNr (BG output) sends GABAergic inhibitory fibers directly to the ipsilateral 

SC (to inhibit contraversive saccades), as well as to a lesser extent the contralateral SC
8,19,30,31

 

(not shown). The SC influences contraversive saccades via the saccade generating circuit in the 

brainstem
32

. We predict STN electrical stimulation should have a similar effect as SNr 

stimulation if the subthalamo-nigral pathway predominates (i.e., STN activates the SNr), but 

STN stimulation should have different or opposite effects as SNr stimulation if the subthalamo-

pallidal-nigral pathway predominates (i.e., STN inhibits the SNr).  

 

 

 

 

 

  



 

 

94 

There was strong coherence between STN and SNr signals encompassing the beta 

frequency band during both the free viewing and the goal directed anti-saccade task; from 5-29 

Hz during anti-saccades and from 5-48 Hz during free viewing saccades. However, STN-SNr 

coherence was significantly higher in the free viewing task than the anti-saccade task from 31-58 

Hz (Wilcoxon Rank-Sum Test, p < 0.05; Fig. 3.3a). Coherence line widths in Figure 3.3a reflect 

population standard error around the mean recorded at each frequency. Dashed horizontal lines 

indicate the 99% confidence line for an individual site (p < 0.05), and asterisks indicate the STN-

SNr phase angle at each frequency at which coherence was significant. Individual site coherence 

is shown in Supplementary Figures 3.2-3.4. Figure 3.3b demonstrates within-site differences in 

phase angle between free viewing and anti-saccades in the 15-25 Hz peak coherence window. 

Strikingly, there was a negative phase difference between STN and SNr signals during free 

viewing saccades, but a positive phase difference during anti-saccades (Wilcoxon Rank-Sum 

Test, n = 15 sites, 2523 free viewing saccade trials (after stringent filtration of saccade 

eccentricity and fixation duration), 4882 correct anti-saccade trials, p < 0.05). This suggests that 

the weighting between subthalamo-nigral pathways may have indeed changed between tasks. 

When movement was unconstrained during free viewing, the subthalamo-pallidal-nigral pathway 

(Fig. 3.1a, blue pathway) may have dominated, while when movement was goal driven during 

anti-saccades, the hyperdirect pathway may have dominated (Fig. 3.1a, red pathway). However, 

task-dependent phase angle differences were less than 180°, implicating a weighting shift (not an 

absolute switch) potentially between the hyperdirect and subthalamo-pallidal-nigral pathways, as 

well as likely involvement of indirect pathway signals. To causally test whether there was a task-

dependent change in effect of subthalamo-nigral signaling, we next compared the consequence 

of SNr and STN electrical stimulation between free viewing and anti-saccade initiation. 
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Figure 3.3: STN-SNr coherence and phase angle during the 200 msec period before free 

viewing saccade (blue) and anti-saccade (red) onset, during which no visual stimuli were present 

at the fixation point or saccade target in either task (i.e., unconstrained and free reward during 

free viewing; goal directed and reward driven during anti-saccades. (a) STN-SNr coherence 

across frequencies, line width reflects population standard error, and horizontal dashed lines 

reflect the 99% confidence line against 0. STN and SNr LFP was coherent from 5-29 Hz before 

anti-saccade onset, and from 5-48 Hz before free viewing saccade onset. STN-SNr coherence 

was significantly higher during the free viewing saccade task than anti-saccade task, from 31-58 

Hz (Wilcoxon Rank-Sum Test, p < 0.05). Asterisks indicate STN-SNr LFP phase angle at 

frequencies when STN-SNr coherence is above 99% confidence. (b) STN-SNr LFP phase angle 

is compared within sites, in the 15-25 Hz frequency window encompassing peak coherence. 

There was a negative phase angle between STN and SNr signals during free viewing, but a 

positive phase angle during anti-saccades, consistent with a weighting shift in subthalamo-

pallidal pathways. 
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3.3.2.   Exp. 2A: SNr stimulation inhibited contraversive or bilateral saccades  

SNr stimulation inhibited free viewing saccades (contraversive or bilateral). Eye 

movements were unrestricted during the free viewing task and therefore ‘trials’ began when the 

monkey happened to fixate near the center of the screen. During control trials without 

stimulation, monkeys made randomly distributed saccades across the screen, with mean 

horizontal and vertical saccade endpoints distributed around center (e.g., Fig. 3.4a, grey points). 

Low-current (unilateral) SNr stimulation was applied during the pre-saccadic period, consistent 

with LFP recordings described above. This began 300 ms after the monkey fixated near the 

center of the screen, and ended when a saccade was detected or after 800 ms. SNr stimulation 

either inhibited saccades directed toward the contraversive visual hemifield (Fig. 3.4b, blue 

arrows), or inhibited saccades bilaterally (Fig. 3.4b upper left panel, teal arrow and trace). 

Proportions of all SNr and STN stimulation site effects are summarized in Supplementary Table 

1. Contraversive or bilateral saccade inhibition was defined at each site based on the change in 

ipsiversive or contraversive saccade latency. Stimulation sites that inhibited saccades bilaterally 

(n = 21/68) were analyzed separately, because they exhibited little or no saccade direction bias 

toward ipsiversive or contraversive hemifields, and skewed the mean cumulative distribution of 

saccade latencies when grouped with other sites. We first address all other stimulation sites that 

produced only contraversive inhibition (n = 47/68). Figure 3.4a (upper left panel) illustrates the 

effect of SNr stimulation at one site at which saccade endpoint vectors were biased toward the 

ipsiversive (left) visual hemifield. We calculated the difference in mean saccade direction 

between control and stimulation trials at each site (see Methods), to compare the effect of 

stimulation across the population in 2 monkeys (see Supplementary Fig. 3.1 for anatomical 

localization). Stimulation across this population biased saccade endpoints ipsiversively overall  
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Figure 3.4: SNr stimulation contraversively inhibited or bilaterally inhibited free viewing 

saccades, but STN stimulation contraversively facilitated free viewing saccades.  

Electrical stimulation was delivered across the left STN or SNr of 2 monkeys. In the SNr, 

66% of stimulation sites affected saccade direction or frequency (paired t-test, p < 0.05). Of 

these, 40% were associated with an ipsiversive (left) bias of free viewing saccades with respect 

to the stimulated left hemisphere, whereas 47% were associated with a bilateral decrease in 

saccade frequency. In the STN, 62% of stimulation sites affected saccade direction or frequency 

(paired t-test, p < 0.05). Of these, 74% were associated with a contraversive bias of saccades, 

where saccade biases (i.e., contraversive facilitation, bilateral inhibition, etc.) were defined based 

on a change in saccade frequency toward ipsiversive or contraversive visual hemifields. (a) Left 

panels: representative SNr and STN stimulation sites, indicating an ipsiversive and contraversive 

bias of saccades, respectively. Each point indicates the end point of a single saccade (saccade 

start positions normalized to the origin), with overlaid control (grey) and stimulation (blue) trials. 

Saccade start points were standardized to the origin. Right panels: population direction bias 
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index. Average saccade bias was quantified for each stimulation site, each point represents a 

single site. Filled points are significantly different from 0 (paired t-test, p < 0.05). Paired t-test, 

SNr: p < 0.001 both monkeys, n = 47; STN: p < 0.001 both monkeys, n = 76. (b) Population 

histograms of change in ipsiversive (left panels) and contraversive (right panels) saccade latency 

after stimulation. Negative and positive values indicate increased and decreased saccade latency 

after stimulation, respectively. *, significant difference (paired t-test p < 0.05). **, significant 

difference (paired t-test p < 0.001). Teal arrows and trace indicate the subset of SNr stimulation 

sites that bilaterally inhibited spontaneous saccades (n = 21). These were analyzed separately, 

because there was no appreciable saccade direction bias toward either visual hemifield. 

 

 

[Fig. 3.4a, upper right panel; monkey E: t(7) = -5.62, p < 0.0001; monkey O: t(37) = -5.87, p < 

0.0001 (paired t-test)], and increased contraversive saccade latency (Fig. 3.4b; paired t-test, t(46) = 

-2.35, p < 0.05), consistent with inhibition of the downstream ipsilateral SC
18,19

. Moreover, SNr 

stimulation increased ipsiversive saccade frequency (Supplementary Fig. 3.5a; Two-sample 

Kolmogorov-Smirnov test, D = 0.51, p < 0.001), and decreased contraversive saccade frequency 

(Supplementary Fig. 3.5b; Two-sample Kolmogorov-Smirnov test, D = 0.63, p < 0.001) across 

the range of ipsiversive and contraversive free viewing saccade latencies, ruling out a trend 

driven by only short- or long-latency saccades. Some SNr stimulation sites also vertically biased 

saccades upward, but this was significant only in Monkey O [monkey E: t(7) = 1.38, p = 0.22; 

monkey O: t(37) = 9.22, p < 0.001 (paired t-test); n = 10].  

SNr stimulation sites that inhibited saccades bilaterally (n = 21/68) were analyzed 

separately. We calculated the cumulative distribution of saccade frequency at each of these 

stimulation sites, and then averaged across all sites (Supplementary Fig. 3.5c,d). The mean 

cumulative distribution of saccade latencies confirmed a bilateral decrease in saccade frequency 

[ipsiversive: D = 0.50, p < 0.001; contraversive: D = 0.55, p < 0.001 (Two-sample Kolmogorov-

Smirnov test)]. Stimulation at these sites also increased ipsiversive saccade latency (Fig. 3.4b, 

teal line, paired t-test, t(20) = -2.11, p < 0.05). These sites are consistent with activation of both 
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uncrossed and crossed GABAergic SNr efferents
19

, inhibiting the SC bilaterally as reported 

previously
14

. There were no systematic differences in the coordinates of stimulation sites 

between contraversive and bilateral suppression. Of the SNr stimulation sites that significantly 

affected saccade initiation (n = 45/68), 40% (n = 18) inhibited contraversive saccades, and 47% 

(n = 21) inhibited saccades bilaterally. 

 

SNr stimulation inhibited saccades during goal directed movement (contraversive or 

bilateral). SNr stimulation increased goal driven anti-saccade latencies bilaterally [ipsiversive: 

t(77) = 3.85, p < 0.001; contraversive: t(77) = 7.91, p < 0.001 (paired t-test); Fig. 3.5a], which 

occurred in 64% of effective stimulation sites (Fig. 3.5a bottom left quadrant; paired t-test, p < 

0.05). However, consistent with SNr stimulation during the free viewing task, anti-saccade 

contraversive latencies remained significantly higher than ipsiversive latencies (Fig. 3.5a,b; 

paired t-test, t(154)  = 2.97, p = 0.004), suggesting activation of uncrossed, and to a lesser extent 

crossed, GABAergic nigrotectal projections
19

. Specifically, 88% of SNr stimulation sites with a 

significant effect were also associated with significantly greater contraversive than ipsiversive 

inhibition of saccades (Fig. 3.5a above the line of unity; paired t-test, p < 0.05). Additionally, 

cumulative frequency plots of ipsiversive saccade latencies [Supplementary Fig. 3.6a; anti-

saccade: D = 0.21, p < 0.001 (Two-sample Kolmogorov-Smirnov test)], and contraversive 

saccade latencies [Supplementary Fig. 3.6b; anti-saccade: D = 0.28, p < 0.001 (Two-sample 

Kolmogorov-Smirnov test)] were shifted right across the range of saccade latencies. All SNr 

stimulation sites with bilateral inhibition in the free viewing task also exhibited bilateral 

inhibition in the goal driven task, consistent with activation of both crossed and uncrossed 

GABAergic nigrotectal projections to inhibit the downstream SC. 
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Figure 3.5: SNr and STN stimulation both inhibited anti-saccades bilaterally.  

(a) Population saccade latency index after SNr or STN stimulation. Each point represents 

a single stimulation site (120 trials minimum). Filled points are significantly different from 0 

(paired t-test, p < 0.05). n.s., not significant; sig, significant. (b) Population histograms of change 

in ipsiversive (left panels) and contraversive (right panels) saccade latency after SNr or STN 

stimulation. Negative and positive values indicate increased and decreased saccade latency after 

stimulation, respectively. **, significant difference (paired t-test p < 0.001). 
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3.3.3.   Exp. 2B: STN stimulation was task dependent 

STN stimulation facilitated free viewing saccades (contraversive). In Figure 3.4a the 

bottom left panel illustrates the effects of STN stimulation at one site and the bottom right panel 

compares the ipsiversive and contraversive saccade biases for 76 STN stimulation sites in 2 

monkeys (see Supplementary Fig. 3.1 for anatomical localization). Overall, STN stimulation 

biased free viewing saccades contraversively [monkey E: t(32) = -4.47, p < 0.0001; monkey O: 

t(40) = -7.33, p < 0.001 (paired t-test)], which was the opposite of SNr stimulation. Specifically, 

STN stimulation increased ipsiversive saccade latency (Fig. 3.4b, bottom left panel; inhibition; 

paired t-test, t(75) = 2.86, p = 0.005), and decreased contraversive saccade latency (Fig. 3.4b, 

bottom right panel; facilitation; paired t-test, t(75) = -2.30, p = 0.02), suggesting an inhibition of 

ipsiversive saccades and facilitation of contraversive saccades. The latency of spontaneously 

generated saccades during free viewing was defined as the fixation duration preceding the first 

saccade that was initiated during arbitrarily defined ‘trials’ (beginning 300 ms after eyes entered 

the central window; simultaneous with stimulation onset). Saccade frequency was decreased in 

the ipsiversive direction (Supplementary Fig. 3.5e; Two-sample Kolmogorov-Smirnov test, D = 

0.51, p < 0.001), and increased in the contraversive direction (Supplementary Fig. 3.5f; Two-

sample Kolmogorov-Smirnov test, D = 0.54, p < 0.001) across the range of free viewing saccade 

latencies (i.e., effects were not driven by only short- or long-latency saccades).  

STN stimulation inhibited saccades during goal directed movement (bilateral). STN 

stimulation revealed strikingly different effects on anti-saccades, when monkeys were required to 

follow specific instructions to achieve a rewarded goal (see Methods), than free viewing 

saccades. Stimulation during saccade preparation inhibited saccades bilaterally [Fig. 3.5b, lower 

panels; increased ipsiversive saccade latencies: t(85) = 4.04, p < 0.001; increased contraversive 
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saccade latencies: t(88) = 4.22, p < 0.001 (paired t-test)], with no significant difference in latencies 

between hemifields. Additionally, STN stimulation decreased saccade frequency bilaterally 

[Supplementary Fig. 3.6c,d; ipsiversive: D = 0.48, p < 0.001; contraversive: D = 0.31, p < 0.001 

(Two-sample Kolmogorov-Smirnov test)] across all anti-saccade latencies (i.e., effects were not 

driven by only short- or long-latency saccades). Therefore, STN stimulation had explicit task-

specific effects between unconstrained free viewing and goal directed anti-saccade conditions, 

which importantly, occurred within the same STN stimulation sites (n = 41). During free 

viewing, STN stimulation produced a decrease in contraversive saccade latency, and biased 

saccades toward the contraversive hemifield. In sharp contrast, STN stimulation during goal 

directed anti-saccades increased latencies bilaterally.  

 

3.3.4.   Summary of results  

Figure 3.6 compares the saccade latency effects of STN to SNr stimulation during free 

viewing and goal directed anti-saccade conditions, and includes caudate nucleus stimulation 

effects with the same tasks, stimulation parameters, and monkeys that were published previously 

in another format
13,16

. Caudate (CD) nucleus and STN stimulation both biased free viewing 

saccades contraversively, while stimulation at the same sites inhibited or delayed contraversive 

anti-saccades in the caudate nucleus (Fig. 3.6c) and bilateral anti-saccades in the STN (Fig. 

3.6b). Conversely, in both free viewing and goal directed anti-saccade tasks, SNr stimulation 

inhibited saccades bilaterally, and/or biased saccades away from the contraversive visual 

hemifield (Fig. 3.6a). A task-specific effect at the level of the STN is also apparent when 

considering the respective proportions of stimulation sites that significantly affected saccade 

frequency in each structure (Fig. 3.6d,e). By classifying stimulation effects broadly into ‘Inh’ 

(bilateral or contraversive inhibition) and ‘Fac’ (bilateral or contraversive facilitation) categories 
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to generalize the STN and SNr results described in detail above, the opposite effects of STN and 

SNr stimulation during free viewing (Fig. 3.6d,e, blue bars) but comparable effects during goal 

driven anti-saccades (Fig. 3.6d,e, red bars) are clearly observable, supporting explicit task-

dependent changes within the BG. 

Comparison of stimulation and LFP results. Altogether during free viewing, the negative 

STN-SNr LFP phase angle from Experiment 1 (Fig. 3.2a, Fig. 3.3 blue traces) and the opposite 

effects of stimulation of the STN and SNr from Experiment 2 (Fig. 3.2b, 3.4) are consistent with 

a higher weighting of the subthalamo-pallidal-nigral pathway (e.g., STN inhibits the SNr; Fig. 

3.1a, blue pathway). In sharp contrast, during goal driven anti-saccades, the positive STN-SNr 

LFP phase angle from Experiment 1 (Fig. 3.2a, Fig. 3.3 red traces) and the comparable effects of 

STN and SNr stimulation from Experiment 2 (Fig. 3.2b, 3.5) are consistent with a higher 

weighting of the hyperdirect subthalamo-nigral pathway (e.g., STN activates the SNr; Fig. 3.1a, 

red pathway). 

 

3.4.   Discussion 

The free viewing and goal directed anti-saccade tasks represented two extremes of 

cognitive demand. In both tasks the saccade motor command was internally driven and not 

guided by a visual stimulus at the saccade goal
13

. However, goal driven saccades necessitated 

explicit task instructions to achieve a reward, while free viewing saccades were unconstrained 

and reward was given freely. Here, we presented converging evidence from two experiments 

indicating task-specific differences in subthalamo-nigral signaling. First, we simultaneously 

recorded LFP activity in the STN and SNr, and found that the phase angle of LFP signals 

between the STN and SNr changed according to task. Second, we electrically stimulated the STN  
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Figure 3.6: (a) Summary of SNr, STN, and caudate nucleus stimulation effects on saccade 

latency during free viewing (blue) and anti-saccade (red) conditions. Caudate nucleus and STN 

stimulation resulted in task-specific saccade direction biases while the SNr did not; caudate and 

STN direction biases were opposite to SNr direction biases during free viewing saccades (i.e., 

contraversive facilitation versus inhibition), but comparable to the SNr during goal driven anti-

saccades (i.e., bilateral inhibition). (b) A summary of % sites with a significant difference in 

saccade frequency after stimulation (paired t-test, p < 0.05) supports task-specific effects of the 

STN. Inh (inhibition) describes any site with either an ipsiversive saccade bias (defined by an 

increased frequency of ipsiversive saccades, or a greater decrease in contraversive than 

ipsiversive saccade frequency), or a bilateral decrease in saccade frequency. Fac (facilitation) 

describes any site with either a contraversive saccade bias (defined by an increased frequency of 

contraversive saccades, or a greater decrease in ipsiversive than contraversive saccade 

frequency), or a bilateral increase in saccade frequency.  
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or SNr in the same tasks, while using the resultant saccadic eye movement biases as a proxy 

measure of BG output activity to the SC. STN stimulation resulted in quantitative and qualitative 

task-specific saccade biases (i.e., contraversive facilitation versus bilateral inhibition), while SNr 

stimulation downstream resulted in a consistent saccade direction bias in both tasks (i.e., 

contraversive and/or bilateral inhibition). Taken together, the incorporation of two independent 

experiments, and the involvement of three nuclei spanning the input (STN and caudate nucleus) 

and the output (SNr) stages of the BG in two monkeys, provides compelling evidence for 

coordinated task-dependent changes in the weighting of BG connectivity between unconstrained 

and reward driven behavior. 

 

3.4.1.   Simultaneous local field potential recording 

The STN can anatomically activate opposing pathways to the SNr
4,5,6

 (Fig. 3.1a). We 

chose simultaneous LFP recording of the STN and SNr because it reflects the summation of 

multiple local electrical fields
20,21

, and might therefore capture signals from both the subthalamo-

nigral and subthalamo-nigral-pallidal pathways in the same pair of electrode recording sites
4,5,6

. 

This was necessary to reveal within-site differences in the weighting of subthalamo-nigral 

pathways that increase (e.g., monosynaptic hyperdirect pathway) or decrease (e.g., disynaptic 

subthalamo-pallidal-nigral pathway
2
) BG inhibitory output. We calculated STN-SNr coherence 

across frequencies, and extracted the phase angle between STN and SNr signals at each 

frequency using the Fourier transform of the cross covariance function
22

. In both tasks, STN and 

SNr LFP signals were coherent in frequencies encompassing the beta frequency band (13-30 

Hz), but revealed distinct within-site differences in phase angle between nuclei according to task 

condition. 
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The involvement of beta frequencies in subthalamo-nigral coherence may be reasonable 

considering evidence that recurrent STN-GPe projections are implicated in developing beta 

oscillations in the BG
23,24,25,26

. However, LFP recording is susceptible to contamination from 

multiple signals. Furthermore, STN to globus pallidus internus (GPi) coherence exists in the ~20 

Hz beta range in human Parkinson’s disease patients when off medication, but this is shifted to 

~70 Hz gamma range when on medication
27

. While we did observe significantly increased low-

gamma (~31-58 Hz) coherence during unconstrained free viewing saccades versus the 

presumably more inhibited anti-saccades, we cannot rule out the possibility of STN-SNr beta 

coherence being driven by artefact in the LFP recording, or by a dopamine reduced state due to 

overtraining (boredom). However, the specific frequency of coherence largely does not address 

the hypothesis proposed here, which is instead well supported by the more robust within-site 

difference of LFP phase angle, and task-dependent effects of STN versus SNr electrical 

stimulation. 

 

3.4.2.   Stimulation implicates coordinated task-specific changes across the BG network 

BG stimulation effects and their likely associated changes in BG functional connectivity 

are summarized in Figure 3.7. Because the saccade control circuit is well-defined, and receives 

BG output signals from the SNr
8,18,28,29

, overall BG output activity during saccade tasks can be 

described by straightforward behavioral predictions of unilateral electrical microstimulation: 

either an ipsiversive or contraversive saccade bias, depending on whether the downstream SC is 

inhibited or disinhibited by SNr GABAergic output (Fig. 3.2b). In both tasks, we found that SNr 

stimulation either inhibited saccades bilaterally as previously demonstrated
14

, or biased saccades 

away from the contraversive visual hemifield, consistent with more prominent and/or 
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synaptically stronger ipsilateral nigrotectal GABAergic projection fibers than contralateral 

nigrotectal GABAergic projection fibers
8,19,30,31 

(Fig. 3.7a,b). Although SNr stimulation saccade 

bias directions were qualitatively the same between tasks, there were quantitative differences in 

the magnitude of effect between tasks (Fig. 3.6a,d). A full explanation is outside the scope of the 

current study, but may relate to differences in converging input to the downstream SC from 

structures outside the BG (e.g., frontal eye field, supplementary eye field)
32

. As described above, 

in contrast to the SNr, STN stimulation revealed dramatically different effects on saccade control 

between tasks. In the BG oculomotor loop, the two most prominent projections from the STN are 

glutamatergic efferents to the SNr (i.e., subthalamo-nigral pathway), and to the GPe (i.e., 

subthalamo-pallidal-nigral pathway), and these have antagonistic effects on saccade initiation via 

the SC
4,5,33

. During free viewing saccades, STN stimulation effects were opposite to SNr 

stimulation effects (e.g., Fig. 3.6b,e), suggesting STN-mediated deactivation of the more 

prominent ipsilateral (uncrossed) nigrotectal projection fibers (Fig. 3.7c; subthalamo-pallidal-

nigral pathway). In sharp contrast, both STN and SNr stimulation inhibited anti-saccades 

bilaterally (Fig. 3.7d; subthalamo-nigral pathway), consistent with STN-mediated excitation of 

the both ipsilateral (uncrossed) and contralateral (crossed) nigrotectal projections from the SNr.  

Based on our results, we predict concerted changes across the entire BG network 

according to behavioral condition. In fact, strong evidence within the same monkeys supports 

this view. The head and body of the caudate nucleus (BG input) was previously stimulated using 

the same behavioral conditions, stimulation protocols, and in the same monkeys
13

 (Fig. 3.6c). 

Like the STN, caudate stimulation effects were task-specific: free viewing saccades were biased 

contraversively, but goal driven anti-saccades were biased ipsiversively. The comparison to our 

SNr stimulation results can now also implicate associated changes in striato-nigral functional 
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connectivity (Fig. 3.7e,f). In the BG oculomotor loop, the two most prominent projections from 

the caudate nucleus are GABAergic efferents to the SNr (i.e., striato-nigral “direct” pathway), 

and to the GPe (i.e., striato-pallidal-subthalamo-nigral “indirect” pathway
2,3

), and these have 

antagonistic effects on saccade initiation. The opposite effects of caudate nucleus and SNr 

stimulation during free viewing implicates a striatal pathway that inhibited the SNr (e.g., Fig. 

3.7e; striato-nigral “direct” pathway), while the comparable effects of caudate nucleus and SNr 

stimulation during goal directed anti-saccades implicates pathway that excited the SNr 

downstream (e.g., Fig. 3.7f; striato-pallidal-subthalamo-nigral “indirect” pathway). Overall, this 

supports coordinated task-dependent changes in the weighting of pathways across the BG circuit 

during healthy behavior: both the STN and the caudate nucleus projects to facilitatory and to 

inhibitory BG pathways
2,3,4,5,33

, and a higher relative weighting of the former is implicated during 

free viewing, and of the latter during anti-saccades. With respect to saccade control, we suggest 

the conditions in Fig. 3.7 could prime the saccade control circuit for fast automatic saccades 

during unconstrained free viewing, and slower accurate voluntary saccades during goal driven 

anti-saccades. During goal directed movement, inhibition of BG output may decrease 

unnecessary or sub-optimal movements, in favour of correct rewarding movements
14,15

, while 

during unconstrained free viewing with no explicit goal, reduced tonic inhibition from BG output 

may facilitate (or disinhibit) automatic movements toward unexpected stimuli. In both cases, 

absolute saccade initiation signals are attributable to structures outside the BG that also converge 

at the SC (e.g., frontal eye field, supplementary eye field)
32,34

, because saccade latencies after 

STN or SNr stimulation were uniformly distributed, and not fixed with stimulation onset 

(Supplementary Fig. 3.5-3.6). 
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Figure 3.7: Hypothesized state of BG connectivity between free viewing and goal driven 

conditions.  

(a,b) SNr stimulation either inhibits contraversive saccades (i.e., ipsiversive bias) *or 

inhibits saccades bilaterally, regardless of free viewing or anti-saccade task condition. (c-f) Both 

the STN and the caudate nucleus (CD; previously electrically stimulated using the same saccade 

tasks, stimulation protocols, and monkeys
13

 activate the SNr during anti-saccades (red), but 

inhibit the SNr during free viewing saccades (blue), supporting concerted task-dependent 

changes across the BG circuit, such that faciliatory subthalamo-pallidal-nigral and striato-nigral 

“direct” pathways predominate during unconstrained (free reward) free viewing, while inhibitory 

subthalamo-nigral “hyperdirect” and striato-pallidal-nigral “indirect” pathways predominate 

during goal directed anti-saccades. Circular and triangular endpoints reflect inhibitory and 

excitatory endpoints, respectively. 
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3.4.3.   Switching between behavioral conditions: BG mechanism of action 

It is well established that BG modulate a variety of behaviors, via multiple pathways in 

recurrent loops
1,2,9,35,36

. Indirect and direct pathways have been suggested to mediate selective 

suppression and facilitation effects, respectively, while hyperdirect and subthalamo-pallidal 

pathways may mediate global effects
37,38,39

. Here, we have proposed that these pathways may 

coherently change between tasks. We can speculate a potential mechanism by which this may 

occur through multiple lines of evidence. 

STN and caudate nucleus single-unit tonic activity is high during voluntary goal driven 

saccades, but low during spontaneously generated saccades in free viewing
8,13,40

, suggesting 

differences in the excitatory cortical input to the BG. Electrical stimulation of the STN can 

increase both glutamate and GABA release to the SNr
41,42

. However, low-current stimulation of 

the STN decreases SNr activity, while high-current stimulation of the STN increases SNr 

activity
6
, consistent with the juxtaposition of subthalamo-pallidal-nigral and ‘hyperdirect’ 

subthalamo-nigral pathways proposed here (Fig. 3.7). In the GPe, most increase-type neurons 

receive glutamatergic input and facilitate saccades (e.g., suthalamo-pallidal pathway; Fig. 3.7c), 

while decrease-type neurons receive GABAergic input and mediate reflexive saccade 

suppression via different pathways (e.g., striato-pallidal-subthalamo pathway
39,43

; Fig. 3.7f). 

Excitation of GPe neurons following cortical stimulation is mediated by cortico-STN-GPe 

pathways
2,5

. Based on these findings and the data reported here, the tonic weighting of 

facilitatory or inhibitory subthalamo-nigral and striato-nigral pathways may vary according to 

the level of tonic excitatory input to the STN and CD. Mechanistically one possibility is that 

when STN activity is high, the subthalamo-nigral pathway may be preferentially activated due to 

recurrent inhibitory projections within the GPe that summate only at higher frequencies, acting 
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as a low-pass filter
44

. On the other hand, the subthalamo-pallidal-nigral pathway may be 

demonstrably dominant to the subthalamo-nigral pathway during a resting state, because low 

intensity STN stimulation inhibits the SNr, even though the same stimulation after SNr 

bicuculline injection (GABA antagonist) activates the SNr
5,6

. Altered tonic activity across BG 

nuclei (e.g., altering STN tonic activity changes spontaneous firing rate in BG output, and can 

influence behavior
2,45

) may broadly modify the probability of a motor command reaching a 

neural threshold in saccade initiation structures such as the SC and frontal eye fields (e.g., 

46,47,48
). 

 

3.4.4.   BG switching in neurodegenerative disorders 

Understanding how BG signals flexibly change to promote healthy behavior may help 

elucidate BG disorders in which BG signals are pathologically altered, such as Parkinson’s 

disease
49

 and Huntington’s disease
50

. Our findings imply that some pathological deficits may 

broadly involve an inability to switch flexibly between inhibitory and facilitatory BG pathways. 

For instance, in Huntington’s disease, patients exhibit dramatically increased erroneous saccades 

during an anti-saccade task
51,52

, suggesting a difficulty to inhibit spurious or erroneous 

competing saccade motor plans, and thus a bias toward a BG unrestrained state. In Parkinson’s 

disease, while patients may initiate goal driven saccades on command, their reaction times are 

increased
12,53

, and spontaneously generated (free viewing) saccades are rare (contributing to the 

“Parkinson mask” diagnostic criterion
54,55

), suggesting a pathological bias toward a BG goal 

driven state, as described here. Furthermore, we found that healthy STN and SNr LFP signals 

were coherent in the beta range, but the phase angle between structures varied according to task, 

leading to the testable hypothesis that phase angle is unchanging between STN and SNr LFP 
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signals in behaving Parkinson’s disease patients when off medication. Interestingly, pathological 

beta frequency oscillations are well implicated in Parkinsonian motor deficits (e.g., 
23,25

), and a 

phase shift can occur between STN and GPi LFP signals in Parkinson’s disease patients by 

artificially altering BG signaling using on- and off-medication states
27

. Altogether, a hypothetical 

switching deficit may be partially rebalanced by BG treatments, particularly because clinically-

effective STN deep brain electrical stimulation can reduce the efficacy of pathological STN 

afferent and efferent projections in Parkinsonian patients in favor of cortico-striatal, thalamo-

cortical, and disinhibitory direct pathway signals
56

. 

 

3.5.   Materials and Methods 

General. All experimental procedures were conducted in accordance with the Canadian 

Council on Animal Care policy on the use and care of laboratory animals, and approved by the 

Queen’s University Animal Care Committee. Surgical and electrophysiological procedures were 

described previously
13,57

. Briefly, two male monkeys (Macaca mulatta) weighing 14 and 10 kg, 

were implanted with scleral search coils, a head restraining device, and a recording chamber 

under gaseous isofluorane (2-2.5%) anesthesia with the analgesic buprenorphine (0.01-0.02 

mg/kg i.m.). A large recording chamber (19mm medial-lateral x 32mm anterior-posterior, inside 

diameter) was placed over the left hemisphere in both monkeys to access the head and body of 

the caudate nucleus, the STN, and the SNr with microelectrodes. To localize the STN and SNr, 

we mapped these and surrounding structures extensively, within the area allowed by each 

chamber using a grid system. The caudate nucleus and putamen
16,58

, lateral geniculate nucleus, 

thalamic reticular nucleus, cranial nerve III, and internal capsule were identified 

electrophysiologically based on stereotyped neuronal discharge characteristics, relative 
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anatomical locations, and visual (lateral geniculate nucleus) or eye position-related responses 

(cranial nerve III) where appropriate, and were used as landmarks for localizing the STN and 

SNr. The locations of the STN and SNr were confirmed by magnetic resonance imaging (MRI, 

3T, Siemens) in monkey O, whose implant was compatible with MRI, using the caudate nucleus, 

putamen, thalamus, internal capsule, and red nucleus as additional landmarks (Supplementary 

Fig. 3.1a), as previously described
59

. The locations of the STN and SNr were confirmed 

histologically in monkey E (Fig. S3.1b). Finally, the STN
5,40,60

 and SNr
3,15,19

 were identified 

electrophysiologically (Fig. S3.1c,d) by their previously described neuronal discharge 

characteristics. In particular these were distinguishable based on baseline firing rates, as the SNr 

is associated with comparatively high firing rates (> 50 spikes/sec) compared to the STN (25-30 

spikes/sec)
28,61

. In Supplementary Fig. 3.1c,d, different orientations are plotted for monkey E and 

monkey O to maximize the number of visible stimulation sites, because of differences in the 

recording chamber angle between monkeys with respect to the STN and SNr. These were the 

same animals used previously for single neuron recordings and electrical microstimulation in the 

caudate nucleus, with the same paradigm
13,16,29,58

, which allows for a within-animal comparison 

of caudate nucleus, STN, and SNr stimulation results.  Horizontal and vertical eye positions were 

sampled at 1 kHz using the search coil technique. 

  

Behavioral paradigms. We trained the monkeys to perform two different saccade tasks: a 

free viewing task (unconstrained, free reward), and a goal driven task (interleaved reward-driven 

anti- and pro-saccades; Fig. 3.1b). The sequence of the paradigms was counterbalanced across 

stimulation sites. Monkeys were centered in front of a large visual screen (50º horizontal, 30º 

vertical) illuminated with a diffuse grey light, and black draping occluded the monkeys’ view of 
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anything in the room save the screen. The onset and end of saccades were identified by radial eye 

velocity criteria (threshold: 30 º/s). In reporting results, ‘ipsiversive’ and ‘contraversive’ refers to 

behavior (i.e., saccades elicited toward either the same or opposite visual hemifield relative to 

the recording or stimulation site), whereas ‘ipsilateral’ and ‘contralateral’ refers to anatomy (i.e., 

brain regions located in either the same or opposite brain hemisphere relative to recording or 

stimulation site). We examined the 200 ms pre-saccadic period in both tasks, during which no 

visual stimuli were present at the fixation point or saccade target in either task, but cognitive 

demands were very different (unconstrained and free reward during free viewing; goal directed 

and reward driven during pro- and anti-saccades).  

The free viewing saccade task was absent of any local visual stimuli or behavioral cues, 

and consisted of free viewing on a blank grey screen to engage saccadic eye movements that had 

no explicit goal (Fig. 3.1b), and were driven only by an internal command (not a visual cue). 

Both free viewing saccade and goal directed anti-saccade motor commands were internally 

driven (see 
13,32

), but free viewing saccades were not associated with explicit task instructions or 

goals. We focused on the comparison between free viewing and anti-saccade conditions to 

remove the confound of visually-driven versus internally-driven movements. Juice was given 

randomly to the monkeys during free viewing to maintain alertness, at a rate comparable with 

pro- and anti-saccade task conditions, but was not time-locked to any single aspect of the free 

viewing task. The absence of behavioral cues was designed to replicate a simple environment in 

which saccadic eye movements had no explicit goal, and were driven only by an internal 

command generated spontaneously. Through this period the monkeys made saccadic eye 

movements across the grey screen whenever they pleased, with “trials” defined online but 

oblivious to the monkey, as follows. On each “trial”, we set an invisible computer-controlled 
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window (±10°) on the center of the screen and waited for up to 30 s for the eyes to enter the 

window. We analyzed the first saccades initiated at least 300 ms after eyes entered the window. 

We excluded saccades initiated between 0ms to 300ms after the eyes entered the window 

arbitrarily to remove step saccades that may have passed only briefly through the window. Trials 

were ended after a saccade was initiated or the eyes left the window (saccade trials), or 800 ms 

after the eyes entered the window (no saccade trials). Each trial was followed by an intertrial 

interval (600 ms minimum), during which the screen remained blank. On half of the trials, 

electrical stimulation (see below) was initiated 300 ms after eyes entered the window and lasted 

until the end of the trial (stimulation duration: M=253/238ms, SD=33/27ms for monkey E 

STN/SNr respectively; M=249/239ms, SD=21/24 for monkey O STN/SNr respectively). Control 

and stimulation trials were randomly interleaved in each block of trials. During analysis, each 

saccade start point was normalized to 0. Contraversive and ipsiversive free viewing saccades 

were defined as those initiated spontaneously with a direction of ± 22.5 degrees around the 

horizontal meridian. To remove the potential contamination of adjacent saccade preparatory 

signals, we analyzed only those free viewing saccade trials in which a second saccade was not 

initiated within 300ms of ending the first saccade. 

The anti-saccade task presented a peripheral visual cue, but required the monkey to 

inhibit a visually-guided saccade toward the cue in favor of an internally-driven saccade directed 

to blank space 180° away
16,17

 (Fig. 3.1b). Unlike the free viewing task, the anti-saccade task 

required the monkey to follow explicit task instructions, and to initiate the internally-driven 

saccade toward a rewarded goal. Anti-saccade trials were randomly interleaved with visually 

guided pro-saccade trials (i.e., look toward the visual cue), in order to maintain active 

engagement in the task (pro-saccade data not shown for brevity). Each trial was preceded by a 
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600 ms intertrial interval during which the screen was illuminated with a diffuse light. After the 

removal of the background light, a fixation point appeared in the center of the screen, and the 

monkeys were required to direct eyes toward the fixation point within 30 s. After they 

maintained fixation for 900–1200 ms, a red stimulus was presented either 12° left or right from 

the fixation point and the monkeys generated a saccade either toward the stimulus (pro-saccade 

trial) or to the opposite direction of the stimulus (anti-saccade trial) within 600 ms based upon 

fixation point color (red: pro; green: anti). Trials with saccade latencies (defined as the delay 

between eccentric stimulus appearance and saccade onset) below 70ms were excluded online 

because they are associated with a 50% probability of being correct, reflecting anticipatory 

responses
17

. We examined horizontal saccades, because unilateral SNr stimulation skews vertical 

saccades horizontally
14

, and visual receptive fields for STN neurons are very large and 

concentrated in the contralateral hemifield
40,60

. The trial instruction (pro/anti) was indicated by 

the color of the fixation point when it appeared. After making a saccade to the appropriate 

location, the monkey was required to maintain fixation for 150–350 ms (on the peripheral red 

stimulus on pro-saccade trials, or on a peripheral invisible window of blank space in the mirror 

position of the peripheral red stimulus after saccade onset on anti-saccade trials). The monkeys 

received a liquid reward after each correct performance. A 200 ms gap was introduced before 

stimulus appearance during which the fixation point disappeared and the monkeys maintained 

fixation on the blank screen. We adopted this temporal gap to reduce active fixation signals 

during saccade preparation
62

, increasing the probability of eliciting behavioral effects by low-

current electrical stimulation. During the electrical stimulation experiment (see below), 

stimulation was delivered from stimulus appearance until saccade initiation on half of the trials 

(stimulation duration: M=234/185ms, SD=88/75ms for monkey E STN/SNr respectively; 
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M=265/264ms, SD=65/75 for monkey O STN/SNr respectively). The pro/anti instructions, 

left/right stimulus locations and stimulation/control trials were randomly interleaved in each task 

block. We excluded any stimulation site with less than 240 correct trials (i.e., 30 correct trials per 

task condition).  

 

Local field potential (LFP) recording. LFP was recorded in the STN and the SNr 

simultaneously, via pairs of monopolar tungsten microelectrodes (impedance: 0.1–1 MΩ, 

Frederick Haer). For each recording session, we identified both the STN and SNr 

electrophysiologically, and then selected pairs of STN-SNr LFP recording locations based on 

combinations of those sites where we encountered task-related activity, broadly defined as any 

neuron (multi- or single-unit) that increased or decreased firing rate depending on task conditions 

after stimulus onset, as described previously in the caudate nucleus in the same monkeys
16,29

. 

The minimum distance between recording sites within each structure was 300 μm. At each STN-

SNr recording site pair, the monkey performed from 500 to 2000 interleaved pro- and anti-

saccade trials and 500 to 2000 free viewing saccade trials. Raw LFP data were band pass filtered 

between 0.5 Hz and 300 Hz (Butterworth filter, 2
nd

 order), and LFP data were analyzed within 

sites. We examined STN and SNr signals using coherence and physiologically generated phase 

angle differences (see Fig. 3.2a). Coherence is a measure of the variability of time differences 

between signals (i.e., phase locking)
22

, and the time difference between signals is represented by 

phase angle. Coherence approaches 1 if the phase angle is stable and constant over time between 

signals, while coherence approaches zero if the phase angle between two signals varies 

frequently.   
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Electrical stimulation parameters. Constant-current charge-balanced biphasic pulses 

(anode first, 500 μs pulse width, 10-40 μA, 100 Hz, behaviorally-contingent durations as defined 

above) were delivered to the STN or to the SNr via a monopolar tungsten microelectrode 

(impedance: 0.1–1 MΩ, Frederick Haer) using a stimulator (Grass S88, Grass Tech) attached to a 

pair of constant current stimulus isolation units (Grass PSIU6). We chose the stimulation 

parameters based on previous reports
13,64

 to preferentially activate gray matter structures, and 

reduce current spread to the internal capsule (i.e., low current, and long pulse width)
63

. Electrical 

current was measured by the voltage drop across a 1 kΩ resistor in series with the return lead of 

the stimulator. For each penetration, we first identified the STN or SNr electrophysiologically 

and then stimulated at sites evenly along the penetration at 500 μm intervals. We confirmed 

similar results in a subset of stimulation sites where we encountered task-related neurons, 

broadly defined as any neuron that increased or decreased firing rate depending on task 

conditions after stimulus onset, as described previously in the caudate nucleus in the same 

monkeys
16,29

. Eleven stimulation sites were removed from analysis, because they were located at 

the border of the STN and SNr, and may have exhibited characteristics of both STN and SNr 

stimulation. At higher currents (30-40 µA), some stimulation sites in the STN or the SNr induced 

saccades such that saccade vector endpoints were very tightly clustered in the free viewing task, 

and the monkey was only able to produce saccades toward one hemifield in the goal-directed 

saccade task regardless of task instruction. At these sites, induced saccadic reaction times had a 

mean of 177ms ± 93ms in the STN, and 173 ± 24ms in the SNr, which is substantially longer 

than the evoked saccadic reaction times associated with stimulation of the frontal eye field or SC 

(approximately 50ms and 30ms respectively
65,66

), suggesting that antidromic activation of either 

structure was unlikely. In addition, stimulation in SNr penetrations (approximately the same 
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distance from the internal capsule as the STN) did not cause a contraversive movement bias (see 

Results), as predicted by current spread to the internal capsule
67

, and stimulation within the 

internal capsule superior to the STN did not reveal consistent behavioral effects as stimulation 

within the STN (not shown). Based on this, and because STN stimulation can both activate and 

suppress SNr neuronal activity
6,41,42

, our stimulation effects in the STN and SNr are unlikely the 

result of current spread to other brain areas, particularly the frontal eye field or superior 

colliculus. Nevertheless, the possibility cannot be completely discounted, and at these sites the 

current amplitude was lowered below 40 μA in order to record enough of both ipsiversive and 

contraversive correct goal-directed trials for the analyses of reaction times. 

Data analysis: saccade direction bias. To quantify the effect of electrical stimulation on 

saccade direction during free viewing, we calculated the following index for each stimulation 

site: 

 

(1) Saccade direction bias   Sbias – Cbias 

(2) Sbias   
  contraversive stimulation trial saccades     ipsiversive stimulation trial saccades

total   stimulation trial saccades
 

(3) Cbias   
  contraversive control trial saccades     ipsiversive control trial saccades

total   control trial saccades
 

 

where Sbias and Cbias denote stimulation and control trials, respectively. The value of this index is 

close to ± 2 if there is a large difference between the saccade direction ratio on stimulation and 

control trials, while it is close to zero when the difference between stimulation and control trials 

is negligible.  Horizontal and vertical components of saccade direction were isolated and 
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analyzed individually using equations (1-3). Positive indices indicate that stimulation caused a 

rightward horizontal saccade direction bias, or an upward vertical saccade direction bias. 

Negative indices indicate that stimulation caused a leftward horizontal saccade direction bias, or 

a downward vertical saccade direction bias. 

 

Data analysis: saccade latency and frequency. Saccade latency and frequency were 

examined to determine the mechanism of saccade bias (e.g., contraversive facilitation, or 

ipsiversive inhibition, etc). In the free viewing task, saccade latency was defined as the fixation 

duration preceding the first saccade in each trial. In goal driven trials, saccade latency was 

defined as the fixation duration from peripheral visual stimulus onset to saccade onset. To 

quantify the effect of electrical stimulation on saccade latency, we calculated the following index 

for each stimulation site (derived from 
16

).  

(4) Saccade latency index   
Clatency   Slatency 

| Clatency   Slatency |   2  Serr r
 

(5) RMSerror   √SSE / (N - 2)  

where Slatency and Clatency indicate average saccade latency in stimulation and control trials, 

respectively. RMSerror was calculated using equation (5). SSE is the squared sum error around 

the averages on stimulation and control trials. N indicates the total number of trials. This index is 

close to ± 1 if the difference between average saccade latencies during control and stimulation 

trials is much larger than the variance in saccade latencies, and is close to zero when the 

difference between average saccade latencies is negligible compared to the variance. Positive 

and negative indices indicate that stimulation shortened and prolonged saccade latencies, 
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respectively. This is a more conservative index of change in saccade latency, which negates 

possible trends due to non-meaningful variance (noise) in the data. 
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3.6.   Supplementary Tables and Figures 

Table S3.1: Summary of sites with a significant difference in saccade frequency after 

stimulation (paired t-test, p < 0.05). Ipsiversive bias describes either increased frequency of 

ipsiversive saccades, or a greater decrease in contraversive than ipsiversive saccade frequency. 

Contraversive bias describes either increased frequency of contraversive saccades, or a greater 

decrease in ipsiversive than contraversive saccade frequency. Bilateral inhibition describes a 

decrease in both contraversive and ipsiversive saccade frequencies, regardless of an ipsiversive 

or contraversive bias overall. Each goal driven stimulation site included a minimum of 120 pro-

saccade trials + 120 anti-saccade trials (interleaved). 

 

     SNr    STN 

Condition  # % # % 

Free Viewing All sites 68 100 76 100 

 
Ipsiversive bias 18 26 4 5 

 
Contraversive bias 4 6 35 46 

 
Bilateral inhibition 21 31 6 8 

 Bilateral facilitation 2 3 2 3 

Goal Driven All sites 39 100 45 100 

 
Ipsiversive bias 16 42 7 15 

 
Contraversive bias 4 10 10 22 

 Bilateral inhibition 13 33 12 26 

 Bilateral facilitation 2 4 1 2 
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Figure S3.1: Anatomical localization and electrophysiological mapping of the subthalamic 

nucleus (STN) and substantia nigra pars reticulata (SNr). 

  (a) MRI coronal plane. STN and SNr were localized anatomically in monkey O by T2-

weighted turbo spin-echo. Electrode trajectories roughly followed the internal capsule. T, 

thalamus; S, subthalamic nucleus and substantia nigra; P, pallidum. (b) Histology, coronal slice. 

STN and SNr penetrations were confirmed histologically in monkey E. Electrode trajectories 

were angled parallel to the internal capsule. IC, internal capsule. (c,d) Mapping of the STN and 

SNr in two monkeys. Semi-transparent gray surface plots indicate the edge of STN and SNr 

nuclei with respect to electrode trajectory, determined electrophysiologically over the course of 

recording sessions. Each point represents a single stimulation site, and electrical stimulation 

effects in the spontaneous task are indicated. Different orientations were plotted for Monkey E 

and Monkey O to maximize the number of visible stimulation sites, because of differences in the 

recording chamber angle between monkeys. IC, internal capsule. 
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Figure S3.2: Individual STN-SNr pair coherence during unconstrained free viewing. 

Coherence was calculated between simultaneously recorded STN and SNr LFP signals, in 

the 200 ms period before saccade onset. Coherence is a measure of the variability of the time 

differences between STN and SNr signals (i.e., phase locking), and approaches 1 if the phase 

angle between signals is stable and constant over time, or approaches zero if the phase angle 

between signals varies greatly. Free viewing saccades were excluded if the monkey did not fixate 

at least 300 ms before and after saccade onset, to remove contamination from multiple saccade 

initiations. At each recording site pair, the monkey performed from 500-2000 “correct” free 

viewing saccade trials (i.e., exhibited appropriate fixation requirements online). 
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Figure S3.3: Individual STN-SNr pair coherence during goal driven anti-saccades. 

Coherence was calculated between simultaneously recorded STN and SNr LFP signals, in 

the 200 ms period before anti-saccade onset, during which no visual stimuli were present at the 

fixation point or saccade target. At each recording site pair, the monkey performed from 500-

2000 correct interleaved pro- and anti-saccades. 
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Figure S3.4: Individual STN-SNr pair coherence during goal driven pro-saccades. 

Coherence was calculated between simultaneously recorded STN and SNr LFP signals, in 

the 200 ms period before pro-saccade onset. A visual stimulus was present at the saccade target 

at this time, making pro-saccades a less ideal comparison to the free viewing condition than anti-

saccades. At each recording site pair, the monkey performed from 500-2000 correct interleaved 

pro- and anti-saccades. 

 



 

 

127 

 

 

Figure S3.5: Population cumulative distributions of free viewing saccade latencies during 

SNr and STN electrical stimulation. 

SNr stimulation revealed two distinct effects, (a,b) saccades were biased toward the 

ipsiversive visual hemifield (n = 47), and (c,d) saccades were inhibited bilaterally (n = 21). The 

subset of SNr stimulation sites with a bilateral inhibition in saccade latencies (n = 21) was 

analyzed separately, because there was no appreciable saccade direction bias toward either visual 

hemifield. (e,f) In sharp contrast to the SNr, STN stimulation biased free viewing saccades 

toward the contraversive visual hemifield (n = 76). The summation of cumulative latencies for 

saccades toward all directions did not reach 100% because there were trials in which appropriate 

saccades were not generated within the period of analysis. 
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Figure S3.6: Population cumulative distributions of goal driven pro- and anti-saccade 

latencies during SNr and STN electrical stimulation. 

Stimulation of the both the SNr, and the STN during goal driven pro- and anti-saccades 

inhibited saccades bilaterally. (a,b) As in free viewing, SNr stimulation-mediated inhibition was 

greater on contraversive than ipsiversive saccades, resulting in a bilateral saccade inhibition with 

a bias toward the ipsiversive visual hemifield overall. (c,d) STN stimulation effects were 

switched between free viewing and goal driven saccade conditions. STN stimulation bilaterally 

inhibited (not contraversively facilitated) goal driven pro- and anti-saccades. 
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Chapter 4: Role of monkey basal ganglia outputs in flexible oculomotor 

control 
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4.1.   Abstract 
 

The basal ganglia (BG) have been proposed to play a critical role in the expression of 

behavioural flexibility. The anti-saccade (look away) task is an oculomotor paradigm that has 

been used extensively to investigate flexible behavioural control. Patients with BG pathology 

exhibit performance deficits in this task, which may be attributed to a deficiency in such control. 

The substantia nigra pars reticulata (SNr), a prominent output nucleus of the BG, is thought to 

mediate initiation of saccades via inhibitory GABAergic projections to the superior colliculus 

(SC). As a first step toward understanding the role of healthy BG in flexible oculomotor 

behavior, we recorded the activity of single SNr neurons while monkeys performed randomly 

interleaved pro- and anti-saccades. Based on known inhibitory connections between the SNr and 

SC, we hypothesized that SNr neurons would exhibit enhanced inhibitory signals when saccadic 

suppression is selectively required in the anti-saccade task. SNr neuronal saccade responses have 

been described as ‘pause’ type or ‘burst’ type based on a decrease or increase in activity before 

saccade initiation, respectively. Within these, we found two distinct subpopulations that exhibit 

either task-specific or task-generalized responses. Overall, pause and bust responses revealed a 

greater pre-saccadic modulation in the anti- compared to the pro-saccade task, but these had 

dramatically different effects on saccade initiation according to task-generalized or task-specific 

neuronal populations. These data suggest that the SNr may perform a gating function on SC 

activity that facilitates performance in this task. More generally, our findings are consistent with 

a dual role of disinhibitory and inhibitory basal ganglia outputs in the shaping of behavior.  

 

  



 

 

137 

4.2.   Introduction 

 The ability to flexibly adapt behavior depending upon environmental context is a 

fundamental aspect of cognitive control. Behaviors that are appropriate and adaptive in one 

situation may be inappropriate and maladaptive in another. Based on their anatomical 

connections to frontal cortical areas known to be involved in flexible behavioral control (Wise et 

al., 1996; Middleton & 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), it has been suggested that the basal ganglia (BG) have a major role in behavioral 

flexibility. Accordingly, such a role has also been encapsulated in many current models of BG 

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 behaviour within the oculomotor system (Everling & Fischer, 1998). 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 mirror location in the opposite 

visual field. Correct performance of this task is dependent upon two processes; suppression of 

the reflexive saccade toward the visual stimulus (pro-saccade), and initiation of a voluntary 

saccade to the mirror opposite location. Consistent with the impairments in behavioral flexibility 

observed in other paradigms, patients with BG pathology exhibit performance deficits in this task 

(Briand et al., 1999; Cameron et al., 2010; Chan et al., 2005; Peltsch et al., 2008).  

The superior colliculus (SC) is a midbrain oculomotor structure that is critically involved 

in anti-saccade performance. 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 
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(Everling et al., 1999). It has been shown that the SC receives direct frontal cortical inputs 

consistent with this pattern of activity (Everling & Munoz, 2000; Johnston & Everling, 2006). 

Another likely source of SC modulation in the anti-saccade task is the substantia nigra pars 

reticulata (SNr), one of the two BG output nuclei (Utter & Basso, 2008). The SNr sends direct 

inhibitory afferents to the ipsilateral (‘uncrossed’) and contralateral (‘crossed’) SC (Fig. 4.1A; 

Jayamaran, 1977; Jiang et al., 2003; Chevalier et al., 1981; Hikosaka & Wurtz, 1983a). It has 

been suggested that these nigrotectal projections mediate saccade initiation by tonically 

inhibiting SC saccade neurons (Hikosaka & Wurtz, 1985; Hikosaka, 2007). Furthermore, anti-

saccade signals have been identified in upstream BG nuclei that project to the SNr (caudate 

nucleus: Watanabe and Munoz, 2010; external segment of the globus pallidus: Yoshida and 

Tanaka, 2016). 

Here, we used the saccadic eye movement system as a model to investigate the role of the 

BG in flexible behavioral control. We recorded the activity of neurons in the SNr (BG output 

nucleus; Fig. 4.1A) while monkeys performed a task in which they were required to perform 

randomly interleaved pro- and anti-saccades (Fig. 4.1B). 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.  

 

  



 

 

139 

 

 

Figure 4.1: Nigrotectal projection anatomy and behavioral tasks. 

A: Pause and burst responses in SNr projections to the superior colliculus (SC) of the 

same hemisphere (uncrossed nigrotectal projection) to influence saccades toward the 

contraversive visual hemifield, as well as to the SC of the opposite hemisphere (crossed 

nigrotectal projection) to influence saccades toward the ipsiversive visual hemifield. Circular and 

triangular endpoints reflect inhibitory and excitatory endpoints, respectively. B: Schematic 

representation of the randomly interleaved pro- / anti-saccade task.  C: Cumulative distribution 

of Saccadic Reaction Times (SRT) for correct pro- (blue traces) and anti-saccade trials, collapsed 

across monkeys.  D: Mean percentage of direction errors on pro- (blue) and anti-saccade trials 

(red), collapsed across 3 monkeys. 
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4.3.   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 3 male rhesus monkeys (Macaca mulatta) performing a 

randomly interleaved pro- and anti-saccade paradigm. The monkeys, weighing 5, 12, and 10 kg 

each, underwent a single surgical session to prepare for chronic recording (see Marino et al., 

2008 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). A large recording 

chamber (19mm medial-lateral x 32mm anterior-posterior, inside diameter) was placed over the 

left hemisphere in Monkey E and Monkey O to access the SNr with microelectrodes, as well as 

surrounding nuclei (used for neurophysiological landmarks). In Monkey H, a craniotomy was 

performed that was centered on the midline and tilted 40º posterior to vertical, and a stainless 

steel recording chamber and head holder was 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. To localize the SNr, we mapped this and surrounding structures extensively, 

within the area allowed by each chamber using a grid system. The superior colliculus in Monkey 

H, and the caudate nucleus and putamen, lateral geniculate nucleus, thalamic reticular nucleus, 

cranial nerve III, subthalamic nucleus, and internal capsule in Monkey E and Monkey O were 

identified electrophysiologically based on stereotyped neuronal discharge characteristics 

(Watanabe and Munoz 2009, 2010), relative anatomical locations, and visual (lateral geniculate 

nucleus) or eye position-related responses (cranial nerve III) where appropriate, and were used as 

landmarks for localizing the SNr. The location of the SNr was confirmed by magnetic resonance   
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imaging (MRI, 3T, Siemens) in monkey O, whose implant was compatible with MRI, using the 

caudate nucleus, putamen, thalamus, internal capsule, and red nucleus as additional landmarks 

(Fig. 4.2A), as previously described (Brunenberg et al. 2011). The location of the SNr was 

confirmed histologically in monkey E (Fig. 4.2B). 

Experimental Procedures. For training and experimentation, the monkeys were seated in 

a primate chair for the duration of each session (2-4 hours), with their heads firmly attached to 

the chair via the head holder, as described previously (Watanabe and Munoz, 2010). Monkeys 

were centered in front of a large visual screen (50º horizontal, 30º vertical) illuminated with a 

diffuse grey light, and black draping occluded the monkeys’ view of anything in the room save 

the screen.  The onset and end of saccades were identified by radial eye velocity criteria 

(threshold: 30 º/s). The behavioral paradigm was controlled by a QNX-based real-time data 

acquisition system (REX, version 5.4; Monkey H and Monkey E; Hays et al., 1982). The system 

was then replaced with the Tempo/Win computing system (reflective computing; Monkey E and 

Monkey O). Visual stimuli (red and green) were back projected on a tangential screen at a 

distance of 86 cm from the eye by light-emitting diodes (0.3 cd/m
2
 for REX) or a projector (24 

cd/m
2
 for Tempo). The fixation point and peripheral stimuli were filled circles with 0.4° and 0.7° 

diameters in the Tempo/Win system. The appearance and disappearance of visual stimuli were 

synchronized with the projector's vertical refresh (noninterlaced refresh rate of 60 Hz). 

Monkeys were trained to perform a randomly interleaved pro/anti gap 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 were required to fixate 

this point within 1000 ms and subsequently maintain fixation for a variable period of between 

800-1200 ms until FP disappearance. The animals were further required to maintain fixation after  
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Figure 4.2: Anatomical localization and electrophysiological mapping of the SNr.  

A: MRI coronal plane. The SNr was localized anatomically in monkey O by T2-weighted 

turbo spin-echo (TSE). Electrode trajectories roughly followed the internal capsule. T, thalamus; 

S, subthalamic nucleus and substantia nigra; P, pallidum. B: Histology, coronal slice. SNr 

penetrations were confirmed histologically in monkey E. Electrode trajectories were angled 

parallel to the internal capsule. IC, internal capsule. C: SNr neuron response distributions in two 

monkeys. SNr neurons can have varied responses and these can change according to task. SNr 

burst and pause responses (not individual neurons) were classified and compared in each 

condition, and their effects on SRT were compared between neuronal population that did or did 

not change responses between tasks (task-specific and task-general, respectively). 
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FP disappearance for an additional 200ms (gap period) until a peripheral stimulus appeared (Fig. 

4.1A). The peripheral stimulus was presented pseudo-randomly 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 (Basso and Wurtz 2002; Handel and Glimcher 

1999; Hikosaka and Wurtz 1983c). 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 mirror opposite location from 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 x 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.  

Single neuron activity was recorded using tungsten microelectrodes (FHC) that were 

lowered through 23 gauge stainless steel guide tubes by a hydraulic microdrive (Narishige 

MO95) attached to the recording chamber. Guide tubes were secured in place with a delrin grid 

anchored to the inside of the recording chamber (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. This was replaced 

with the Plexon data acquisition system, in which we isolated single neurons online, saved their 

waveforms (20 kHz sampling rate), and performed offline sorting analyses. Horizontal and 

vertical eye positions were sampled at 1 kHz using the search coil technique. 

We 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 
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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. 

 

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 data were verified for accuracy offline. Saccadic reaction time (SRT) was computed 

for each trial. SRT was defined as the delay between eccentric stimulus appearance and saccade 

onset. Trials with saccade latencies below 70ms were excluded online because they are 

associated with a 50% probability of being correct, reflecting anticipatory responses (Bell et al. 

2000). 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 < 0.05) to compare the mean activity of 

each neuron in two epochs; a “fixation” epoch consisting of the 100ms period immediately 

preceding the presentation of the peripheral stimulus, and a 50ms period immediately preceding 

saccade onset. If pre-saccadic activity was significantly lower than activity during the fixation 

epoch, this was classified as a “pause” response. In contrast, significantly greater pre-saccadic 
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activity than fixation activity was classified as a “burst” response. This nomenclature is similar 

to that employed in previous studies of SNr neuronal activity (Handel & Glimcher, 1999). 

Neurons with no significant activity differences between these epochs were classified as 

unmodulated and removed from further analysis. Previously, Hikosaka and Wurtz (1983b) 

described that SNr neurons may exhibit large differences in their response during different tasks, 

and therefore characterized their neurons based on their responses within a task, not across tasks. 

Consistent with this and previous literature, we found neurons with bilateral pause or burst 

responses; burst-pause or pause-burst responses for ipsiversive and contraversive saccades 

(Basso & Wurtz, 2002; Handel & Glimcher, 1999); and these responses were either consistent 

(i.e., “task-generalized” neurons) or different (i.e., “task-dependent” neurons) between pro- and 

anti-saccade conditions (see Fig. 4.2C). Because SNr neurons can exhibit these response 

differences between tasks (Basso & Wurtz, 2002; Hikosaka & Wurtz, 1983), we compared the 

burst and pause responses (not neurons) for contraversive and ipsiversive saccades in each task. 

To investigate differences in neural activity between pro- and anti-saccade trials, we 

carried out analyses of neural activity for “pause” and “burst” responses using t-tests evaluated at 

p < .05, within the “fixation” and “pre-saccadic” 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 pre-

saccadic activity were investigated by comparing activity during the pre-saccadic 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 pre-saccade epochs with the 

activity on correct trials. Paired t-tests (p<0.05) were used to determine whether the neural 
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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.  

 

4.4.   Results 

4.4.1.   Behavior 

 Figure 4.1C illustrates the cumulative distribution of saccadic reaction times (SRTs) 

obtained from three monkeys performing the interleaved pro-/anti-saccade task. No significant 

differences in the pattern of SRTs were found between the three 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 correct anti-saccade trials than on correct pro-

saccade trials (Wilcoxon Rank Sum Test, p<0.01). Figure 4.1D depicts the percentage of 

direction errors made during the pro- and anti-saccade tasks. Direction errors were made almost 

exclusively on anti-saccade trials at a rate of 8.7%. Pro-saccade direction error rate was 0.02%.   

 

4.4.2.   SNr Neurons  

We recorded from 151 neurons in the SNr of three monkeys, 89 of which met our 

classification criteria (see METHODS). Of these 89, we classified 38 (43%) with ipsiversive 



 

 

147 

burst and 42 (47%) with ipsiversive pause responses, and 46 (52%) with contraversive burst and 

35 (39%) with contraversive pause responses. Not all neurons had significant responses for both 

contraversive and ipsiversive saccade directions.  

 

4.4.3.   Fixation activity of SNr burst response neurons is enhanced on anti-saccade trials 

Given the inhibitory effect of the SNr on the SC, and the fact that reflexive saccades must 

be inhibited on anti-saccade trials, we hypothesized that the activity of SNr neurons during the 

fixation epoch would be greater on anti-saccade trials than pro-saccade trials. Surprisingly, only 

a minority of SNr neurons that exhibited a pause response showed significant differences in 

activity (5/44 = 11%, filled circles in Figure 4.3A right panel). Overall, we found no significant 

differences in fixation activity between pro- and anti-saccade trials in the population of SNr 

neurons exhibiting pause responses (t-test, p > 0.05, Fig. 4.2A, B). In contrast, a greater number 

of SNr burst response neurons exhibited differences in fixation activity between pro- and anti-

saccade trials (13/45 = 29%, filled circles in Figure 4.3B, right panel), and of these 12 had 

greater activity for anti-saccades than pro-saccades. Within the population of SNr neurons, 

activity was significantly greater for anti-saccade than pro-saccade trials (t-test, p < 0.05, Fig. 

4.3B). These data are consistent with a suppressive role of SNr burst neurons on SC neurons 

during instructed fixation for anti-saccades.  

 

4.4.4.   Pre-saccade activity of SNr pause responses is reduced on anti-saccade trials 

 There was a decrease in discharge of SNr pause responses during the pre-saccadic epoch. 

For many neurons, the magnitude of this decrease was greater during anti-saccade trials. Pre-

saccadic activity was significantly lower for anti-saccade than pro-saccade trials (t-test, p < 0.05,  
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Figure 4.3: Average discharge rate ( SEM) for pause (A), and burst (B), response neurons 

during the instructed fixation epoch.  

Right panels plot activity during instructed fixation for pro- and anti-saccade trials, for 

individual pause and burst response neurons.  Open circles denote neurons that did not differ 

significantly between pro- and anti-saccade trials (t test, p>0.05); filled circles denote neurons 

that differed significantly between pro- and anti-saccade trials (t test, p<0.05).   
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Figure 4.4: Pause response activity for correct pro- (blue) and anti- (red) saccade trials 

during the pre-saccade epoch for ipsiversive (left panels) and contraversive (right panels) 

saccades.   

A: Spike density functions of a pause response neuron, aligned on saccade onset.  B: 

Mean ( SEM) pre-saccade discharge rate. C: Contrast of single pause response neuron activity 

recorded during the pre-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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filled circles in Fig. 4.4C) for both ipsiversive (14/38 neurons, 37%) and contraversive (10/31, 

32%) saccades. This effect was also observed in the population of SNr pause responses during 

saccades bilaterally (t-test, p < 0.05, Fig. 4.4A-C). Thus, enhancements of the pre-saccadic pause 

in activity were observed on anti-saccade trials for both contraversive and ipsiversive saccades, 

consistent with both uncrossed and crossed nigrotectal projections to the ipsilateral and 

contralateral SC (Jiang et al., 2003). 

 

4.4.5.   Anti-saccade activity of SNr burst responses is greater for ipsiversive saccades 

We defined SNr burst responses as a significant increase in activity during the pre-

saccadic epoch relative to the fixation epoch before stimulus onset. We found that the pattern of 

activity differences in SNr burst responses between pro- and anti-saccade trials was dependent 

on saccade direction. For contraversive saccades, some neurons (6/31 = 19%, t-test p < 0.05) had 

significant differences in activity between pro and anti-saccades (Fig. 4.5C, filled circles). These 

differences were inconsistent however, with 3 neurons exhibiting higher pre-saccadic activity on 

pro-saccade trials, and 3 exhibiting higher activity for anti-saccades. Overall, we found no 

significant differences in activity within the population of SNr burst responses for contraversive 

saccades (t-test, p > 0.05, Fig. 4.5A-C). For ipsiversive saccades, 15 of 43 neurons (35%), had 

significant differences in activity between pro-saccade and anti-saccade trials (Fig. 4.5C left 

panel, filled circles) with the majority of burst responses (13/43, 30%) having greater activity 

during anti-saccades. For the population of SNr burst responses, activity was significantly greater 

for anti-saccade than pro-saccade trials during the pre-saccadic epoch (t-test, p < 0.05, Fig. 4.5A-

C). This difference appeared to be the result of a reduced pre-saccadic burst for ipsilateral pro-  
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Figure 4.5: Burst response activity for correct pro- (blue) and anti- (red) saccade trials for 

during the pre-saccade epoch for ipsiversive (left panels) and contraversive (right panels) 

saccades.   

A: Spike density functions of a burst response neuron, aligned on saccade onset.  B: 

Mean ( SEM) pre-saccade discharge rate.  C: Comparison of single burst response neuron 

activity recorded during the pre-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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sacades, relative to the consistent burst observed for both ipsilateral and contralateral anti-

saccades (Fig. 4.5A,B). 

 

4.4.6.   Neuronal activity during anti-saccade direction errors 

We hypothesized that if SNr burst responses 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). Based on our findings, we also expected that the pre-saccade activity of SNr 

pause and burst responses 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 

responses should show more activity during the pre-saccade epoch than they did on correctly 

executed anti-saccade trials and SNr burst responses 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. 4.1D), the activity of 9 burst response neurons and 8 pause response 

neurons were analyzed for correct versus error saccades made in the contraversive direction, and 

10 burst response neurons and 5 pause response neurons for correct versus error saccades made 

in the ipsiversive direction.   

SNr pre-saccadic pause responses were not significantly different between error and 

correct trials when the stimulus appeared on either the ipsilateral or contralateral side (t-test, p > 

0.05). In contrast, pre-saccadic burst responses were significantly lower on error than correct 

trials when the stimulus appeared on the ipsilateral side (t-test, p < 0.05, Fig. 4.6A). 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 > 0.05, Fig. 4.6B). We also carried out analyses  
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Figure 4.6: Mean ( SEM) discharge rate during the pre-saccade epoch for burst responses 

on correct (dark gray), and error (light gray) anti-saccade trials.   

A,B: Population activity of burst responses 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 responses 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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to determine whether activity during the fixation epoch differed when monkeys’ made 

performance errors on anti-saccade trials. In this case, no significant differences were found. 

One consideration for the difference in pre-saccade burst response 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 burst responses for error trials in 

which saccade direction was congruent (stimulus appeared at different locations, but the 

saccades were executed in the same direction). As shown in Fig. 4.6C and D, pre-saccadic 

activity on correct trials was generally higher than that on error trials. This difference was 

significant only for contraversive saccades (t-test, p < 0.05). These results suggest that the 

elevated SNr burst responses observed on anti-saccade trials could contribute extra inhibition to 

suppress the automatic (erroneous) pro-saccade on anti-saccade trials. 

 

4.4.7.   Task-general and task-specific SNr neurons differently affect saccade initiation 

SNr saccade-related neurons were separable into task-general and task-specific 

subpopulations. Task specific neurons were defined during ipsiversive and contraversive 

saccades by either different responses between tasks (burst or pause), or a significant response in 

one task only. We hypothesized that neurons exhibiting task-specific responses might 

specifically tune pro- and anti-saccade behavior, while task-general neuronal responses might 

mediate more general control signals such as movement initiation or cancellation. 
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Of the 89 recorded SNr neurons that met our classification criteria, 52 neurons (58%) had 

task-general responses during ipsiversive saccades, and 50 neurons (56%) had task-general 

responses during contraversive saccades. 36 neurons (40%) were task-specific during ipsiversive 

pro-saccades or anti-saccades, and 40 neurons (45%) were task-specific during contraversive 

pro-saccades or anti-saccades. Different numbers of task-general and task-specific responding 

neurons were possible during contraversive or ipsiversive saccades because some neurons only 

responded to one saccade direction, or were only task-specific during one saccade direction.  

In order to infer the influence of task-general and task-specific neuron responses on 

saccade initiation, saccade trials were sorted (within tasks and recording sessions) based on pre-

saccadic neuronal activity within each neuron. Firing rate-sorted trials were split into tertiles, and 

mean SRT was calculated for the top and bottom firing rate activity tertiles. For task-generalized 

neuron populations, we found robust differences between the influence of burst and pause 

responses on saccades (Fig. 4.7A). Consistent with GABAergic nigrotectal projections, both 

burst and pause response activity significantly increased SRTs (t-test, p < 0.05). However, there 

were robust directional differences in the effects of burst and pause response activities. Pause 

response activity significantly influenced contraversive SRTs, in agreement with previously 

observed uncrossed nigrotectal projections of pause response neurons. In sharp contrast, burst 

response activity significantly influenced ipsiversive but not contraversive SRTs, consistent with 

a previous inability to find robust uncrossed nigrotectal projections of SNr burst response 

neurons (Hikosaka and Wurtz, 1983b). 

Burst and pause responses of task-specific neurons had strikingly different effects on 

SRT than task-general responses (Fig. 4.7B). First, both burst and pause response activities 

decreased not increased SRT, suggesting that these responses facilitated performance in these  
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Figure 4.7: Effects of task-general (A) and task-specific (B) pause and burst responses on 

SRT.  

 Positive values indicate a positive correlation of firing rate and SRT (i.e., saccade 

inhibition), while negative values indicate a negative correlation of firing rate and SRT (i.e., 

saccade facilitation). A: Task-generalized burst and pause response firing rates were positively 

correlated with SRT. Task-generalized burst SNr responses inhibited ipsiversive but did not 

affect contraversive saccades, while task-generalized pause responses disinhibited contraversive 

but did not affect ipsiversive saccades. There was no significant difference between pro- and 

anti-saccade conditions. B: Task-specific burst and pause response firing rates were negatively 

correlated with SRT. Task-generalized burst SNr responses facilitated ipsiversive and 

contraversive saccades, while task-generalized pause responses inhibited contraversive saccades 

with no significant affect on ipsiversive saccades. The magnitude of task-general pause and burst 

response effects on SRT were greater during anti-saccades versus pro-saccades (t-test, p < 0.05). 

Asterices indicate a significant difference from 0 (t-test, p < 0.05). 



 

 

157 

tasks. Second, unlike task-generalized neuron bursts, task-specific neuron burst responses 

effected both contraversive and ipsiversive saccades, and also had a significantly greater effect 

on contraversive than ipsiversive saccades (t-test, p < 0.05). Finally, contraversive burst and 

pause responses were significantly greater for anti-saccades than pro-saccades (t-test, p < 0.05). 

Given their influence on SRTs and that nigrotectal projections are primarily GABAergic, overall 

these results suggest that elevated SNr responses observed during anti-saccade trials may 

facilitate behavior in this task by suppressing sub-optimal or erroneous saccade motor plans. 

 

4.5.   Discussion 

The BG have been implicated in behavioral flexibility (e.g., see Hikosaka et al., 2000; 

Mink, 1996). To investigate this role we recorded the activity of neurons in an output nucleus of 

the BG known to have direct inhibitory connections to the SC, while monkeys performed an 

oculomotor task that has been used extensively to investigate the flexible control of behavior. 

We identified subsets of SNr neurons that modulated their discharge during an interleaved pro- / 

anti-saccade task, a finding that suggests that the SNr possesses neural correlates of an enhanced 

saccadic suppression signal on anti-saccade trials. SNr neurons exhibiting a burst response also 

discharged at a higher rate during the instructed fixation period prior to stimulus onset (Fig. 4.3) 

and the magnitude of the pre-saccadic burst was significantly higher for ipsiversive anti-saccades 

(Fig. 4.5). On trials in which a subsequent anti-saccade error was made, burst response discharge 

was significantly decreased (Fig. 4.6). In contrast, SNr neurons exhibiting a pause response did 

not differ between pro- and anti-saccade trials during the instructed fixation period (Fig. 4.3). 

However, pause responses revealed significantly increased magnitude in the pre-saccadic 

reduction in discharge for anti-saccades (Fig. 4.4). By classifying SNr neurons into distinct task-
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general and task-specific response subpopulations, we then found markedly different effects on 

saccade initiation, such that the former inhibited saccades (Fig. 4.7A), while the latter facilitated 

saccades (Fig. 4.7B). These results suggest that the SNr could be providing two important 

control signals for successful completion of the anti-saccade task. First, task-general neurons 

modulate nonspecific saccade movement initiation (i.e., go versus no-go), and second, task-

specific neurons optimize task-performance (i.e., task switching). For instance, the elevated 

discharge of SNr burst responses during the instructed fixation can provide enhanced suppression 

of the saccadic generating system prior to stimulus appearance. The enhanced pre-saccadic pause 

response of SNr pause neurons may provide an important disinhibitory component of the saccade 

generating system to initiate a voluntary saccade. Together, these signals are consistent with the 

suppression of an automatic response to a visual stimulus, and the facilitation of a voluntary 

movement toward a rewarded target, respectively, as described in the anti-saccade task (Munoz 

and Everling, 2004).  

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 1983a; May and Hall 1984; Karabelas and Moschovakis 1985), and a 

second with a crossed projection to the contralateral SC (Jiang et al., 2003). The SNr responses 

identified here share several physiological properties with those previously described in the SNr. 

Neurons exhibiting pause responses also have high levels of fixation activity and decrease their 

activity during saccades (Hikosaka and Wurtz 1983b; Handel and Glimcher 1999; Basso and 

Wurtz 2002), while neurons exhibiting burst responses also have relatively lower levels of 

fixation activity and instead, increase their activity for saccades (Handel and Glimcher 1999). 

Pause responses contribute to the uncrossed projections to the ipsilateral SC (Hikosaka and 



 

 

159 

Wurtz 1983a). We hypothesize that the burst responses contribute to the crossed projection to the 

contralateral SC. 

 

4.5.1.   Mechanism of task-general and task-specific pause and burst responses 

Theories of BG function have suggested that the BG 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 in a similar fashion, via two mechanisms; focused disinhibition of neurons in the 

ipsilateral SC coding the specific amplitude and direction of the desired saccade, and global 

inhibition of the contralateral SC, to inhibit competing saccade programs. These mechanisms 

could be instantiated by the uncrossed and crossed nigrotectal projections, respectively. Support 

for such a conceptualization has been provided by physiological studies demonstrating 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 & Wurtz, 1983a), while 

the projections of crossed nigrotectal neurons are more diffuse (Jiang et al., 2003).  

A schematic description of this mechanism is presented in Fig. 4.8 First, we start with the 

assumption that anatomically, pause responses project robustly to the uncrossed (ipsiversive) SC, 

while burst responses do not (Hikosaka and Wurtz, 1983a). Based on this, we hypothesize pause 

responses may project to a lesser extent to the crossed (contraversive) SC, while burst responses 

are transmitted primarily to the crossed SC (Fig. 4.8A). Aside from the specific mechanism 
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proposed here, we emphasize that these results indicate a general competition of two signals: 

task-general signals whose firing rate inhibits saccades, and task-specific signals whose firing 

rate facilitate saccades. Furthermore, there is an obvious competition between pause and burst 

responses, which have opposite effects on saccade initiation within task-general and task-specific 

subgroups.  

 

Task-general signals 

For constructing a conceptual model, we assume that SNr responses during ipsiversive 

saccades (i.e., when the crossed SC initiates the saccade) are the same as that of the opposite SNr 

during contraversive saccades. In this way, we can infer or consolidate the responses of both SNr 

nuclei during a single saccade direction. Task-general pause responses influence contraversive 

but not ipsiversive saccades, and firing rate is positively correlated with SRT, indicating that the 

pause response facilitates contraversive saccades. This is consistent with an uncrossed nigrotectal 

projection to the saccade target location on the SC retinotopic map (Fig. 4.8A, solid gold line to 

the left SC; Fig. 4.8B, left panel). Burst responses influence ipsiversive but not contraversive 

saccades, and firing rate is positively correlated with SRT, indicating that the burst response 

inhibits ipsiversive saccades with respect to the SNr recording hemisphere. Therefore, during 

contraversive saccades, this is likely supplied by a crossed signal from the opposite SNr (Fig. 

4.8A, solid teal line to the left SC; Fig. 4.8B, left panel).  

 

Task-specific signals 

Task-specific pause and burst response activity are both negatively correlated with SRT, 

indicating that (because of their opposite stereotyped responses) that task-specific pause 



 

 

161 

responses inhibit saccade initiation overall while burst responses facilitate saccade initiation. 

This is opposite to the effect of task-general pause and burst responses, as described above. 

Several mechanisms could underlie these observed effects, and we present one possibility here. 

Task specific pause response firing rate is negatively correlated with contraversive but not 

ipsiversive SRT, indicating that overall pause responses inhibited contraversive saccade 

initiation. This could be due to a crossed projection to disinhibit the opposing SC at the 

competing mirror location of the target, or by uncrossed projections to disinhibit alternative 

(competing) motor plans on the SC of the same hemisphere. Crossed projections may fit best, 

given the juxtaposition of visual and motor activity across colliculi in the anti-saccade task (Fig. 

4.8A, dashed gold line to the right SC; Fig. 4.8B, right panel). Task-specific burst responses 

were also negatively correlated with contraversive SRTs, indicating that task-specific burst 

responses facilitated contraversive saccades. It is likely that burst responses predominantly 

influence the opposing SC (Hikosaka and Wurtz, 1983a). Therefore, contraversive SRTs may be 

facilitated by inhibiting the SC of the opposite hemisphere (Fig. 4.8A, dashed teal line to the 

right SC; Fig. 4.8B, right panel). As summarized in Fig. 4.8, we hypothesize that task-specific 

responses broadly influence the SC to inhibit incorrect competing motor plans. In contrast, task-

general responses influence a specific location representing the saccade target on the SC 

involved in initiating the correct saccade. The effects of task-general burst and pause responses 

on the SC are opposite (inhibitory and facilitatory, respectively), implicating a competition 

between “go” and “no-go” signals, and may relate to modifying a threshold for saccade initiation 

(Hanes and Schall, 1996; Heitz and Schall, 2012; Jantz et al., 2013). Overall, the juxtaposition 

between task-specific (global) and task-general (local) signals is consistent with the competition 
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between automatic and voluntary signals between SC hemispheres described for the horizontal 

anti-saccade task (Munoz and Everling, 2004). 

 

4.5.2.   Nigrotectal signals during pro- and anti-saccade initiation 

The conceptual 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 voluntary saccades, but instead are thought to perform a “gating” 

function (Brown et al., 2004), which allows activity from other brain areas to drive SC saccade 

neurons, resulting in saccade initiation. Many current quantitative models have suggested that 

such gating is a fundamental aspect of BG function (Gurney et al., 2001; Brown et al., 2004; 

Frank, 2005; Frank, 2006; Hazy et al., 2007). A gating disruption may be responsible for the 

greater proportion of anti-saccade errors observed in patients with BG pathology (Amador et al. 

2006; Chan et al., 2005; Cameron et al. 2012), as it would allow excessive drive of SC saccade 

neurons by visual stimuli or inputs from cortical areas. The instability of visual fixation observed 

in some Parkinsonian patients is also consistent with such a mechanism (Wark et al., 2008).  
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Fig 4.8: Hypothesized nigrotectal projections from bilateral SNr to initiate a single 

(contraversive) saccade.  

A: Based on their correlation with SRT, SNr task-general signals may project to the SC 

involved in correct saccade initiation (e.g., left SC, solid lines), while task-specific signals 

project to the opposing SC (e.g., right SC, dashed lines). Circular and triangular endpoints reflect 

inhibitory and excitatory endpoints, respectively. B: Hypothesized nigrotectal influence on SC 

retinotopic maps (not including other afferent signals to the SC). Task-general responses may 

represent a targeted go/no-go motor initiation command, while task-specific responses may tune 

behavior with diffuse connections to inhibit competing action plans. Contralateral nigrotectal 

projections (right) are more diffuse than ipsilateral projections (left) (Jiang et al., 2003). During a 

contraversive anti-saccade, these task-specific responses may be ideally suited to modulate the 

competition between automatic (“crossed” SC) and voluntary (“uncrossed” SC) signals. 
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In addition to projections from the SNr, 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). Thus, the SC is a site of convergence for both subcortical 

and cortical inputs involved in performance of the anti-saccade task. Similar to activity observed 

in the SC, FEF saccade neurons have lower levels of activity for anti-saccades (Everling and 

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) (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 (e.g., see Johnston and Everling, 2006; Johnston et 

al., 2009, 2014). 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 modulate frontal cortical areas via the thalamus (Alexander et 

al., 1986; Lynch et al., 1994; Middleton & Strick, 2000; Middleton and Strick, 2002). 

 

4.5.3.   Relationship to basal ganglia pathways 

We found the SNr neurons carried signals consistent with a role in suppression of 

saccades in the anti-saccade task, and proposed a theoretical mechanism by which these signals 

could account for behaviour. It should be noted, however that a definitive physiological 

demonstration of the crossed pathway in the primate has yet to be carried out. As such, our 
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model must remain speculative. In addition, while we have characterized BG output signals, the 

network of connections leading to this output is highly complex (Parent and Hazrati, 1995a; 

Parent & Hazrati, 1995b), and the SNr receives input from several BG pathways (Utter & Basso, 

2008; Hikosaka et al., 2000; Parent et al., 1984). One interesting possibility is that burst and 

pause SNr responses reflect signals from different pathways upstream. The upstream subthalamic 

nucleus is the only excitatory glutamateric structure of the BG network (Smith and Parent, 1988), 

it is the input structure of the temporally fastest ‘hyperdirect’ BG pathway (Nambu et al., 2002), 

and it sends strong diffuse glutamatergic projections to the SNr (Aron, 2011; Majid et al., 2013; 

Yoshida and Tanaka, 2016). Therefore, subthalamo-nigral projections may be a good upstream 

candidate for SNr burst responses, particularly because these SNr neurons revealed fast task-

specific responses during fixation not present in pause responding neurons. In contrast, the 

striatum sends slower, focused inhibitory projections to the SNr as part of the ‘direct’ BG 

pathway (see Nambu et al., 2002), and may correspond to SNr pause responses. Investigation of 

the properties of these inputs to the SNr are critical to a full understanding of the mechanisms by 

which BG mediate anti-saccade performance, and behavioral flexibility in general.  
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Chapter 5: Pallidal deep brain stimulation modulates afferent fibres, efferent 

fibres, and glia 
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 In Chapter 3, we used electrical stimulation of the BG to present causal evidence of 

coordinated task-dependent changes in BG network signaling. However, there remains some 

ambiguity regarding the mechanism of electrical stimulation, particularly because this may vary 

according to stimulation parameters and duration (Ranck 1975). This is important to consider in 

the interpretation of experimental results, and because of its increasing popularity as a clinical 

treatment option (“deep brain stimulation”). This was well addressed in the BG by an article 

published in the Journal of Neuroscience (Chiken and Nambu 2013). The following comprises a 

published response to this article and summary reviewing predominant mechanisms of 

stimulation effects (Jantz and Watanabe, 2013). 

 Deep brain stimulation (DBS) of the basal ganglia is an effective treatment option for 

intractable symptoms of neurological and psychiatric disorders.  For example, movement deficits 

in Parkinson’s disease and dystonia are improved by DBS of the internal segment of the globus 

pallidus (GPi), a major output structure of the basal ganglia.  Despite its increasing prevalence, 

however, there remains substantial disagreement over the therapeutic mechanisms of DBS 

(Miocinovic et al., 2013).  Because there is potential for adverse side effects depending on DBS 

parameters and location, further elucidating the mechanism of DBS of the basal ganglia may 

improve treatment.  In a recent report published in The Journal of Neuroscience, Chiken and 

Nambu (2013) address this issue in the globus pallidus of normal monkeys. It is known that the 

GPi is inhibited by afferent GABAergic projections from the striatum and the external segment 

of the globus pallidus (GPe), and it is activated by a glutamatergic projection from the 

subthalamic nucleus. Chiken and Nambu (2013) suggest that DBS of the GPi blocks cortical and 

basal ganglia signals by increasing GABA release from afferent fibers to the GPi, thereby 

suppressing GPi activity. 
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Chiken and Nambu (2013) inserted into the GPi or GPe an electrode bundle containing 

two drug delivery tubes, a recording electrode, a stimulating electrode, and an attached tungsten 

ground wire (to allow bipolar stimulation).  In addition, bipolar stimulating electrodes were 

chronically implanted in the primary and supplementary motor areas in the cortex.  This 

multifaceted approach allowed the authors to comprehensively investigate the method of action 

of DBS, including the influence of glutamatergic and GABAergic pallidal receptors. 

 

5.1.1.  Afferent fibre stimulation 

The authors first recorded single-neuron activity in the GPi, and found a suppression of 

spiking during either single pulses or trains of electrical stimulation.  In contrast, GPe stimulation 

produced mixed responses, generally consisting of decreased neuronal firing rate during 

stimulation and increased firing rate shortly thereafter (Chiken and Nambu, 2013, Figure 3,6).  

They hypothesized that stimulation activates afferent fibers to the GPi or GPe respectively, 

increasing both GABA and glutamate release (Fig 5.1A, i).  Supporting this, Chiken and Nambu 

(2013) found that in the GPi, suppression of neuronal activity during stimulation was prevented 

by local drug microinjection of gabazine (GABAA receptor antagonist).  In contrast, after 

GABAA block, GPi stimulation caused a local increase in neuronal activity, which was in turn 

blocked by AMPA/kainite and NMDA ionotropic glutamate receptor antagonists. Similarly in 

the GPe, drug microinjection of GABA receptor antagonists blocked neuronal inhibition, and 

ionotropic glutamate receptor antagonists blocked neuronal excitation. This suggests a 

competition of both glutamatergic (excitatory) and GABAergic (inhibitory) signals during DBS. 

Interestingly, although glutamatergic excitation was present in both GPi and GPe, GABAergic 

inhibition dominated glutamatergic excitation in the GPi.  Chiken and Nambu (2013) found that 
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this GPi suppression blocked cortical motor commands, mimicked by electrical microstimulation 

of the primary or supplementary motor areas, from being transmitted through the basal ganglia.  

These results suggest that DBS activates afferent fibers to influence pallidal activity (Fig 5.1A, 

i), which presumably may disrupt pathologically altered cortical signals in different disorders. 

However, it is important to note that the decrease in GPi activity found by Chiken and 

Nambu (2013) in healthy monkeys may not entirely reflect the DBS mechanism underlying 

ameliorative effects in PD. Chiken and Nambu (2013) argue that in PD, increased GPi GABAA 

receptor expression would amplify, not counteract, their effect.  Nevertheless, results have been 

reported using a PD monkey model that may not support this conclusion.  First, the efficacy of 

GPi GABA transporters (critical for GABA transmission) is altered in a PD model (Galvan et al., 

2010), which may implicate different GPi-DBS effects in PD.  Second, GPi electrical stimulation 

in a PD model resulted in multiphase responses of GPi neurons (McCairn and Turner, 2009), as 

opposed to the inhibition (only) in healthy monkeys reported by Chiken and Nambu (2013). 

Therefore, factors in addition to GABAA overexpression may be relevant to the DBS effect in 

PD, and may explain these inconsistent results between GPi stimulation of healthy monkeys 

(Chiken and Nambu, 2013) and PD monkeys (Galvan et al., 2010; McCairn and Turner, 2009). 

Further research should use the techniques described by Chiken and Nambu (2013) to address 

the same questions in a PD model. 

 

5.1.2.  Glial activation 

In addition to the activation of afferent fibers to the GPi, we propose that DBS activation 

of non-neuronal glial tissues, specifically astrocytes, may be relevant to the inhibition of GPi 
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activity.  Astrocytes are directly depolarized by DBS (Vedam-Mai et al., 2012), and glia-

neuronal signaling can modulate both GABA and glutamate release in the GPi (Cunha, 2005), 

making this a plausible contributor.  In the basal ganglia, stimulation facilitates release of ATP 

(and its catabolic byproduct adenosine) from nearby astrocytes (Fig 5.1A, ii; for review, see 

Vedam-Mai et al., 2012), and adenosine acts upon A1 receptors in the GPi to affect neuronal 

activity (Fig 5.1B).  A1 receptors are localized both post-synaptically and pre-synaptically, and 

their activation reduces neuronal activity through several parallel mechanisms (including pre-

synaptic inhibition of glutamate release; Cunha, 2005).  Therefore, astrocytic activation may 

contribute to the dominance of inhibitory over excitatory neuronal signals during GPi 

stimulation. Furthermore, glial activation may help explain different excitatory and inhibitory 

effects of electrical stimulation in GPi and GPe (Fig 5.1B). Because both the GPe and GPi 

receive GABAergic and glutamatergic inputs, Chiken and Nambu (2013) hypothesized that 

differences in the balance of GABAergic and glutamatergic inputs to these structures may 

underlie different effects of DBS. Complimentary evidence also suggests that differences in glia-

neuronal signaling between the GPe and GPi lead to different modulations of glutamate and 

GABA release (Cunha, 2005; Luquin et al., 2012; Morelli et al., 2009).  For example, the 

gliotransmitter adenosine activates A2A receptors, which are expressed at higher levels in the 

GPe and striatum than in the GPi (Cunha, 2005; Luquin et al., 2012; Morelli et al., 2009). 

Activation of A2A receptors in GABAergic and glutamatergic nerve terminals within the GPe 

can locally increase both GABA and glutamate release (Cunha, 2005; Morelli et al., 2009). In 

contrast, A1 adensosine receptors are expressed widely in GPe as well as GPi. Therefore, it is 

plausible that the higher concentration of A2A receptors in the GPe compared to the GPi, 

combined with a similar expression of A1 receptors between structures, explains the different 
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effects of DBS (Chiken and Nambu, 2013).  Specifically, A2A activation may increase both 

GABA and glutamate release in the GPe, whereas activation of A1 receptors suppresses 

neurotransmission in the GPi (Fig 5.1B). 

 

5.1.3.  Efferent fibre stimulation 

The suppression of GPi activity with GPi-DBS may contribute to DBS efficacy in PD or 

dystonia by suppressing pathological signaling in the BG output (Miocinovic et al., 2013). 

However, strong evidence also indicates that GPi activity is pathologically attenuated in 

dystonia, in both transgenic mice and humans (Nambu et al., 2011).  Hence, a factor in addition 

to the suppression of GPi activity must be required for GPi-DBS clinical effects, to explain this 

conflict. One potentially critical difference between the pathological suppression of GPi activity 

in dystonia, and the DBS-mediated suppression of GPi activity to treat dystonia symptoms, is 

whether the axons of GPi output fibers are also excited by DBS (in addition to the inhibition of 

GPi cell body spiking).  While Chiken and Nambu (2013) have demonstrated that GPi 

stimulation inhibits GPi neuronal spiking, evidence also supports an increase in neurotransmitter 

release in GPi efferent terminals, likely due to the transmission of the artificial (non-

physiological) DBS pulse down the axon (Anderson et al., 2003).  In particular, GPi stimulation 

has been shown to reduce activity in thalamic neurons, presumably due to activation of pallido-

thalamic GABAergic efferent fibers (Anderson et al., 2003); and, single-pulse GPi stimulation 

also evokes a single spike at a regular latency in GPi single neurons, in addition to the otherwise 

suppressed endogenous neuronal activity (Chiken and Nambu, 2013).  Therefore GPi DBS may 

exert clinical effects by simultaneously inhibiting endogenous activity in cell bodies while 

directly activating efferent fiber output (Fig 5.1A, iii). 
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 The report by Chiken and Nambu (2013) is a thorough and well-implemented study, with 

ambitious methods and straightforward results.  The authors suggest that DBS of the globus 

pallidus affects neuronal activity by activating neurotransmitter release from afferent fibers. 

Furthermore, we hypothesize that additional, complimentary processes may underlie the 

mechanism of action of DBS, specifically the activation of glia and GPi efferent fibers, to 

produce clinical effects. Further research can expand upon a few unanswered questions using the 

Chiken and Nambu (2013) methods. For instance, the experimental design adopted in this study 

can be extended to examine our hypothesis regarding the influence of adenosine (using drug 

microinjection).  It is also important to examine the impact of DBS on endogenous motor 

commands during behavioral tasks, instead of those mimicked by cortical electrical stimulation. 

This will complement further studies using electrical stimulation in awake monkeys, and in 

studies examining DBS in patients with neurological and psychiatric disorders. 
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Figure 5.1:  Hypothesized effects of DBS in the pallidum.  

A. DBS activates (i) afferent GABAergic and glutamatergic fibers, and (ii) astrocytes, 

and suppresses endogenous neuronal activity (iii) while activating afferent fibres.  B. DBS 

stimulates ATP release from astrocytes; ATP is converted to adenosine (ADN) by ecto-ATPase.  

ADN activates A1 receptors (filled rectangles) and A2A receptors (hollow rectangles), which 

inhibit neurotransmission and facilitate neurotransmitter release, respectively. In the basal 

ganglia, A2A receptors are preferentially located in the GPe. A1 and A2A receptor localization 

may contribute to differential stimulation effects between basal ganglia nuclei such as the GPi 

(A1 receptors) and GPe (A1 and A2A receptors). 

  



 

 

179 

5.2.   References 

Anderson ME, Postupna N, Ruffo M (2003) Effects of high-frequency stimulation in the internal 

globus pallidus on the activity of thalamic neurons in the awake monkey.  J Neurophysiol 

89(2): 1150-1160. 

Chiken S, Nambu A (2013) High-Frequency Pallidal Stimulation Disrupts Information Flow 

through the Pallidum by GABAergic Inhibition.  J Neurosci 33(6): 2268-2280. 

Cunha R (2005) Neuroprotection by adenosine in the brain: From A1 receptor activation to A2A 

receptor blockade.  Purinergic Signaling 1: 111-134. 

Galvan A, Hu X, Smith Y, Wichmann T (2010) Localization and function of GABA transporters 

in the globus pallidus of parkinsonian monkeys.  Exp Neurol 223(2): 505-515. 

Luquin N, Sierra S, Rico AJ, Gomez-Bautista V, Roda E, Conte-Perales L, Franco R, 

McCormick P, Labandeira-Garcia JL, Lanciego JL (2012) Unmasking adenosine 2A 

receptors (A2ARs) in monkey basal ganglia ouput neurons using cholera toxin subunit B 

(CTB).  Neurobiol Dis 47(3): 347-357. 

McCairn K, Turner RS (2009) Deep Brain Stimulation of the Globus Pallidus Internus in the 

Parkinsonian Primate: Local Entrainment and Suppression of Low-Frequency 

Oscillations.  J Neurophysiol 101: 1941-1960. 

Miocinovic S, Somayajula S, Chitnis S, Vitek JL (2013) History, Applications, and Mechanisms 

of Deep Brain Stimulation.  JAMA Neurol 70(2): 163-171. 

Morelli M, Carta AR, Jenner P (2009) Adenosine A2A Receptors and Parkinson’s Disease.  

Handb Exp Pharmacol 193: 589-615. 

Nambu A, Chiken s, Shashidharan P, Nishibayashi H, Ogura M, Kakishita K, Tanaka S, 

Tachibana Y, Kita H, Itakura T (2011) Reduced pallidal output causes dystonia.  Front 

Syst Neurosci, in press. 

Vedam-Mai V, van Battum EY, Kamphuis W, Feenstra MG, Denys D, Reynolds BA, Okun MS, 

Hol EM (2012) Deep brain stimulation and the role of astrocytes.  Mol Psychiatry 17(2): 

124-131. 

Vitek JL, Hashimoto T, Peoples J, DeLong M, Bakay RA (2004) Acute Stimulation in the 

External Segment of the Globus Pallidus Improves Parkinsonian Motor Signs.  

Movement Disorders 19(8): 907-915. 

  



 

 

180 

 

 

 

 

 

Chapter 6: General Discussion 
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6.1.   Summary of Findings 

 Here, we investigated mechanistic changes within the saccade control circuit during the 

flexible response to different events and conditions. The FEF and SC are critical for initiating 

saccadic movement (Bruce and Goldberg 1985; Bruce et al. 1985b; Dias et al. 1995; Dias and 

Segraves 1999; Hanes and Wurtz 2001; Hikosaka and Wurtz 1985; Mohler et al. 1973; Robinson 

1972; Schiller and Chou 1998; Schiller et al. 1979, 1980, 1987; Sommer and Tehovnik, 1997; 

Stryker and Schiller 1975; Wurtz and Goldberg 1971), and their modulation by the BG network 

is a strong candidate for flexibly switching between different behaviors (Basso and Liu, 2007; 

Liu and Basso, 2008; Hikosaka et al., 2000, 2006). Evidence in each of these nuclei has 

implicated them in saccade control, including the STN (Isoda and Hikosaka 2008; Matsumura et 

al. 1992), the CD nucleus (Watanabe and Munoz 2009, 2010, 2011), the GPe (Yoshida and 

Tanaka 2016), and the SNr (Basso and Liu 2007; Basso and Sommer 2011; Hikosaka and Wurtz 

1983a, 1983d; Hikosaka et al. 2006). However, signals through the BG can have strikingly 

different effects on BG output, depending on whether inhibitory or disinhibitory BG pathways 

are recruited (Nambu et al. 2002). This highlights the importance of the networked signaling 

between these highly interconnected structures. The experiments in this dissertation were 

motivated by the overall aim of investigating how signals across the FEF-BG-SC network 

contribute to saccade initiation and control. Our experiments extend well beyond previous 

paradigms by incorporating multiple behavioral tasks across five separate nuclei, within the same 

monkeys in the FEF and SC, and in the BG. We were most interested in how saccade initiation 

and modulation signals changed to flexibly modulate automatic and voluntary movement 

conditions. What follows is a brief summary of the studies and their principle findings. 
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In the first study (Chapter 2), we tested whether a fixed threshold for saccade initiation 

exists across multiple saccade conditions, after correcting for potential confounds of saccade 

latency and eccentricity. Our results provided strong evidence against a fixed saccade threshold 

between pro-saccade and anti-saccade tasks during a gap saccade paradigm. However, 

interestingly the results from the overlap condition were more consistent with a fixed saccade 

threshold. As described in 2.5.3, higher global inhibitory signals may exist in the SC and FEF 

during the countermanding task (because of the need to quickly inhibit saccades on stop trials; 

Hanes and Schall 1995, 1996; Logan, 2015), and to a lesser extent during an overlap condition 

(because of fixation neuron engagement), compared to a gap condition (Dias and Bruce 1994; 

Dorris and Munoz 1995; Reingold and Stampe 2002). This led to the hypothesis that a fixed 

versus varying saccade threshold might depend on the level of inhibitory signals presented to the 

FEF or SC. 

In the second study (Chapter 3), we investigated the BG as likely candidates to modulate a 

threshold for saccade initiation (Lo and Wang 2006), based on strong GABAergic output signals 

from the BG to the FEF and SC (Basso and Liu, 2007; Jiang et al., 2003; Liu and Basso, 2008; 

Hikosaka and Wurtz, 1983d) that would be consistent with a role of inhibitory signals in 

determining a fixed threshold as hypothesized in Chapter 2. If the BG network is involved in 

modulating the probability of saccade initiation, we hypothesized there would be large-scale 

task-contingent changes in BG signaling between different saccade tasks. Our simultaneous 

recording of STN and SNr LFP, and stimulation of the STN, CD, and SNr, revealed 

complimentary results of coordinated changes in BG signaling. During a free-reward task 

condition with low cognitive demand, facilitatory BG pathways dominated, whereas during goal-

directed voluntary saccades, inhibitory BG pathways dominated. This study established that 
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coordinated changes in the weighting of disinhibitory or inhibitory BG pathways can occur 

during flexible behavior.  

In the third study (Chapter 4), we investigated how BG output signals change to influence 

flexible behavior, based on the assumption of large coordinated changes in the weighting of BG 

pathways upstream. Previously, saccade-responsive SNr neurons have been categorized as 

“burst” or “pause” populations (Basso and Liu 2007; Basso and Sommer 2011; Hikosaka and 

Wurtz 1983a, 1983d; Hikosaka et al. 2006). Within these, we identified task-general and task-

specific subpopulations that were consistent with modulating non-specific movement initiation 

and optimizing task performance, respectively. Consistent with observed SC and FEF motor 

responses in Chapter 2, SNr neurons exhibited stronger responses in anti-saccade versus pro-

saccade task conditions. One tempting speculation is that the task-specific signals in the SNr 

directly relate to the switch in BG pathways observed in Chapter 3, and that pause and burst 

neurons relate to upstream afferent BG projections that inhibit (striato-nigral) or activate 

(subthalamo-nigral) the SNr, respectively (Fig. 1.2). Importantly, these results provide a neuronal 

basis by which the BG might flexibly modulate saccade initiation, and are consistent with data in 

the FEF and SC. 

In the final chapter (Chapter 5), we briefly reviewed potential mechanisms of BG electrical 

stimulation, with emphasis on GPe-GPi projections. Based on electrophysiological results by 

Chiken and Nambu (2013), and supporting clinical, physiological, and molecular evidence, BG 

electrical stimulation may extert effects through a combination of four mechanisms (see Fig. 

5.1). First, stimulation can evoke neurotransmitter release from afferent fibre terminals, to either 

inhibit or activate the stimulation target based on the neurotransmitter type (e.g., glutamatergic 

excitation, GABAergic inhibition; Chiken and Nambu, 2013). Second, endogenous neuronal 
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signaling at the stimulation target can be suppressed during higher frequency or longer duration 

stimulation (Garcia et al., 2005; Miocinovic et al., 2013). Third, the artificial stimulation pulse 

may be transmitted down efferent axons to influence downstream nuclei (Anderson et al., 2003; 

Garcia et al., 2005). Finally, we suggested that glia, specifically astrocytes, may contribute to 

stimulation effects based on evidence that DBS stimulates neurotransmitter release from 

astrocytes (Vedam-Mai et al., 2012), which may modulate the excitability of local BG neurons 

via nuclei-specific adenosine molecular pathways (Cunha, 2005; Luquin et al., 2012; Morelli et 

al., 2009).  

 

6.2.  Future Directions 

 This dissertation demonstrates that activity between the FEF, SC, STN, CD, and SNr are 

consistent with the flexible control of behavior, and attempts to construct a mechanistic 

framework by which this network might operate. There are multiple lines of methodological and 

experimental study that could be further explored within the BG and their interaction with motor 

initiation structures such as the FEF and SC, to broaden this framework.  

 

6.2.1.   Saccade initiation mechanism in the FEF-BG-SC network 

 In Chapter 2 we presented evidence that a firing rate-based neuronal threshold for 

saccade initiation might not remain fixed during flexible behavior. This has been supported by 

subsequent work that found evidence of variability in a saccade initiation firing rate threshold (if 

present at all, see Standage et al. 2014) according to a speed-accuracy trade off (Heitz and Schall 

2012, 2013). Heitz and Schall (2012, 2013) trained monkeys on a visual search task that 
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juxtaposed speed and accuracy, and found that FEF motor neurons exhibit robustly higher pre-

saccadic firing rate in “fast” trial conditions compared to “accurate” conditions. This is 

qualitatively similar to the higher FEF and SC pre-saccadic activity that we observed during pro- 

compared to anti-saccade tasks. However, while our results implied a task-dependent variability 

in saccade initiation, we could not specify mechanistically how a saccade is initiated by a smaller 

FEF and SC motor burst in the anti-saccade task compared to the pro-saccade task. 

Heitz and Schall (2012, 2013) argue that one potential explanation is a leaky accumulator 

that integrates saccade related activity, such that saccades are initiated based on a fixed threshold 

of accumulated spikes rather than firing rate. At the time of publishing Chapter 2, we suggested 

that the smaller FEF and SC motor burst observed in the anti-saccade task could result from 

increased nigrotectal inhibitory input to the SC during anti-saccades, perhaps triggered by task 

relevant visual signals via the SC-STN-SNr-SC feedback loop (Coizet et al., 2009; Redgrave et 

al., 2010a). Subsequent work in Chapters 3 and 4 confirmed a robust shift in STN-SNr signaling 

according to task demand, as well as a large-scale shift between inhibitory and disinhibitory 

signals across the BG network, and a greater magnitude of SNr activation in the anti-saccade 

task. Therefore, applying a continuous biasing signal, such as from BG inhibitory input, might 

also change the probability of saccade initiation in both threshold and accumulator models of 

saccade initiation (Lo et al. 2015; Simen 2012). In fact, an attractor network model of decision 

(choice) thresholds suggests that higher and lower neuronal activity may be linked to fast and 

accurate conditions, respectively (Standage et al. 2014). Future work could further explore this 

and other models (e.g., Gandhi and Katnani 2011; Simen 2012; Goossens and van Opstal 2012) 

as potential mechanisms for the initiation of saccades during flexible behavior. FEF and SC 

recording during different behavioral tasks could test the congruity of neural data with 
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predictions of specific saccade initiation models. For example, the leaky integrator model by 

Heitz and colleagues (2012, 2013) initiates saccades when the accumulation of spikes reaches a 

fixed point, which can be tested in neural data across tasks with different cognitive demands. 

Furthermore, the simultaneous recording of neuronal activity in the FEF or SC with subsets of 

the BG using linear arrays, microwire bundles, or cortical multielectrode arrays may broaden the 

framework of the population characteristics of saccade initiation. 

 

6.2.2.  The GPe as a gate between inhibitory and disinhibitory basal ganglia states 

 Chapter 3 described a robust switch in the weighting of inhibitory or disinhibitory BG 

pathways according to task. One intriguing finding that emerged when resolving stimulation 

results with BG pathway anatomy was a potential gating effect of the GPe to transmit either 

inhibitory signals from the striatum, or facilitatory signals from the STN (Fig. 3.7e,f). If a signal 

from the striatum passed through the GPe, this activated inhibitory BG pathways (i.e., increased 

GABAergic SNr output), while if this was blocked in favor of signals from the STN, this would 

activate disinhibitory pathways (i.e., decreased GABAergic SNr output). We therefore suggested 

that the GPe might be a critical node in gating between inhibitory and disinhibitory states, and 

proposed the testable hypothesis that this is mediated by the amount of excitatory input to the 

GPe by the STN or striatum. Further investigation of the GPe could test its role as a gate between 

inhibitory and disinhibitory BG states. For instance, microinjection of glutamatergic receptor 

antagonists should interrupt STN transmission, while GABAA receptor antagonists such as 

bicuculline should interrupt striatal transmission (Kaneda et al. 2005). We predict that GPe 

glutamate receptor antagonism will amplify our observed effects of STN or CD stimulation 

during goal-directed saccades, but abolish or reverse the effect of STN stimulation during 
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unconstrained free viewing. In fact, the 1alpha subtype of metabotropic glutamatergic receptors 

are downregulated in the GPe in an MPTP primate model of Parkinson’s disease, when 

movement inhibition is pathologically increased (Kaneda et al. 2005). In contrast, GPe GABAA 

receptor antagonism should amplify our observed effects of STN or CD stimulation during 

unconstrained free viewing, but abolish or reverse the effect of CD stimulation during goal-

directed saccades.  

 

6.2.3.  Basal ganglia involvement in the default mode network and frontal-parietal network 

 The free viewing and goal driven tasks used in Chapter 3 were previously linked to 

recruiting frontal-parietal or default networks, respectively (Buckner et al. 2008; Mazoyer et al. 

2001; Raichle et al. 2001; Shulman et al. 1997). The frontal-parietal network facilitates 

externally goal-directed tasks (i.e., active control), which is juxtaposed by a default network that 

is attenuated during active control, but facilitates internalized events such as freethinking and 

daydreaming (i.e., passive control; Buckner et al. 2008; Mazoyer et al. 2001; Raichle et al. 2001; 

Shulman et al. 1997). Therefore, passive and active states represent two extremes of behavioral 

control. During the passive state, saccades are purely internally driven, with no external task 

instruction required to receive a reward (e.g., free viewing saccade task); whereas during the 

active state, flexible external instructions indicating a specific goal must be attended and obeyed 

(e.g., anti-saccade task). As such, the switch in BG signaling described in Chapter 3 between 

goal-directed saccades and free viewing saccades may in part involve the recruitment of a default 

mode network versus a frontal-parietal network in the cortex. Interestingly, recent brain imaging 

studies have implicated BG involvement as part of the task-dependent activation or deactivation 
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of the frontal-parietal and default networks (Gusnard et al. 2001; Robinson et al. 2009; Uddin et 

al. 2008; Wen et al. 2012). 

During a passive behavioral condition, BG resting state activity was found to temporally 

anticipate the cortical default network using functional imaging (Robinson et al. 2009; 

Szewczyk-Krolikowski et al. 2014; Quarantelli et al. 2013). One intriguing possibility is that the 

robust shift in striato-nigral and subthalamo-nigral signaling observed in Chapter 3 might be part 

of a mechanism that promotes a shift between large-scale frontal-parietal and default networks in 

the cortex. If so, we can propose the testable hypothesis that facilitatory (striato-nigral and 

subthalamo-pallidal-nigral; Fig. 1.2 top panels; Fig. 3.7 left panels) pathways dominate during 

passive control, but inhibitory (striato-pallidal-subthalamo-nigral; Fig. 1.2 bottom panels; Fig. 

3.7 right panels) pathways dominate during active control. This might correspond to our 

hypothesis of the functional significance of the switch in BG signaling relating to a speed-

accuracy trade-off. Passive and active conditions may uniquely impact the preparatory state 

during interactions with external stimuli; for example, imagine the response of a person to an 

unexpected stimulus when daydreaming compared to when concentrating actively on a task.  

Understanding how healthy BG signals flexibly change during passive and active 

behavioral control conditions may relate to BG disorders in which default network signals are 

also pathologically changed. The default network has been proposed as a marker for pathologies 

involving the BG, including Parkinson’s disease (Robinson et al. 2009; Szewczyk-Krolikowski 

et al. 2014) and Huntington’s disease (Quarantelli et al. 2013), during which the BG resting state 

network is altered, and no longer anticipates the cortical default network. Our findings predict 

that these deficits may broadly involve an inability to flexibly switch between inhibitory and 

facilitatory BG pathways, and could be explored in the clinical setting. 
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6.2.4.  Movement disorders: pathological changes in flexible behavior 

A significant portion of the rationale behind the studies presented in this dissertation was 

constructing a neurophysiological framework of the control of healthy flexible behavior. This 

could be used as a comparative control for disorder conditions in which signaling is 

pathologically altered. For instance, before understanding the changes in the BG circuit during 

PD, we must first understand how BG nuclei interact within the healthy BG network, as well as 

with external cortical and subcortical motor control structures (e.g., Redgrave et al., 2010b). In 

Chapter 3, we suggested that the observed inhibitory and disinhibitory BG states might be part of 

a continuum of coordinated changes within the BG that vary during healthy flexible behavior, 

and that disorders such as Parkinson’s disease might represent pathological extremes. A next 

logical step then is to directly compare how saccade initiation and modulation signals during 

flexible behavior are altered in BG disorder conditions.  

PD is best known for a progressive loss of dopamanergic cells in the substantia nigra pars 

compacta (SNc; BG structure), causing motor deficits that include difficulty with movement 

initiation; rigidity; and slowness of movement (Albin et al., 1989; Frank 2011; Kalmar et al. 

2011; Kudlicka et al. 2011; Kumar et al. 1998). Deficits in saccadic eye movements also occur in 

PD patients (Briand et al. 1999; Kumar et al. 1998), which include difficulty in intiating 

voluntary saccades, but also more direction errors (automatic pro-saccades) in an anti-saccade 

task (Chan et al., 2005; Yugeta et al., 2010). However, PD etiology is still not well understood, 

and treatment options can be associated with severe side effects and decreased efficacy over time 

(Prescott 2009; Smith et al. 2011; van de Vijver 2001). Subsequent studies could compare BG 

signaling during flexible behavior paradigms in PD models and patient populations against 
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healthy BG signaling as presented here, to implicate specific changes in BG involved in PD 

behavioral deficits.  

A combination of methods may allow an examination of the in vivo monkey BG circuit, 

with rationale similar to the “knock-out” and “knock-in” techniques used to determine 

physiological function in rodent models. First, dopamine agonist and antagonist microinjections 

in BG nuclei can reveal the influence of up- or down-regulating local dopamine signaling. 

Second, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) injections can examine the 

influence of global dopamine depletion in the BG. MPTP specifically destroys SNc 

dopaminergic cells, and is arguably the most accurate current monkey model of PD (Vezoli et al. 

2011). Altogether, these can be used to enact selective dopamine depletion in BG nuclei 

(dopamine antagonist microinjection); transient global BG dopamine depletion (dopamine 

antagonist systemic injection); global BG dopamine depletion in BG nuclei (MPTP 

administration), or dopamine depletion in all BG nuclei except for one (MPTP administration 

with local dopamine agonist microinjection). As a first step, we demonstrated in a proof of 

concept experiment that monkey MPTP injection resulted in pathologically increased SRTs in 

pro- and anti-saccades, as well as an increased incidence of no movement trials (i.e., “freezing”), 

similar to the deficits observed in humans during the same tasks (Fig. 5.2; Briand et al. 1999; 

Chan et al. 2005; Kumar et al. 1998; Yugeta et al. 2010). By replicating the experiments 

presented in this dissertation in an MPTP model, the in vivo neuronal changes in BG signaling 

and their influence on saccade initiation structures such as the FEF and SC could be identified 

that might contribute to PD symptoms. Consistent with canonical models of PD, one possibility 

is that inhibitory BG pathways will predominate (Obeso et al. 2008; Redgrave et al. 2010b). 

However, this has also been called into question, due to the observation that both direct pathway 
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(disinhibitory) and indirect pathway (inhibitory) signals may increase before movement initiation 

(Calabresi et al. 2014; Cui et al. 2013; Freeze et al. 2013), and pathologically upgregulated 

indirect pathway signals may not accompany deficits in primate models of PD (Nelson and 

Kreitzer 2014). Therefore, deficits in switching between BG inhibitory and disinhibitory states as 

described here might also contribute to PD symptoms, and may partially address the apparent 

conflicting results of simultaneously upregulated direct and indirect pathways.  
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Figure 6.1.  Influence of MPTP injection on pro- and anti-saccade behavior (proof of 

concept) 
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MPTP was injected unilaterally into the left internal carotid artery in one monkey. Pro- 

and anti-saccade behavior is compared before (control) and after MPTP injection. A: MPTP 

increased pro- and anti-saccade reaction times bilaterally (paired t-test, p < 0.05). B: No 

movement trials were defined as those in which a monkey made no saccade, and remained 

fixating after the visual stimulus was presented until the trial timed out after 5 seconds. MPTP 

administration significantly increased no-movement trials, consistent with “freezing” in 

Parkinsonian patients. C: Saccade endpoints were bimodally distributed after MTPTP 

administration. 

 

Optimization of DBS stimulation parameters in PD treatment 

DBS is a versatile treatment option for multiple neurological disorders, which allows a 

targeted modulation of specific nuclei, such as the STN, GPi, and (to a lesser extent) the SNr, in 

PD (Chiken and Nambu, 2013; Garcia et al., 2005; Nagy and Tolleson, 2016; Miocinovic et al., 

2013; Weiss et al., 2011). One intriguing possibility is the ability to target specific BG nuclei, as 

well as customize stimulation parameters (Montgomery and He, 2016), which is in stark 

constrast with the anatomically non-specific effects of pharmacological intervention. Based on 

the observation of coordinated changes across the healthy BG network reported here, it is 

possible that a targeted approach of DBS between multiple BG nuclei may refine or improve 

treatment outcomes. Emerging work is currently investigating the efficaicy of simultaneous STN 

and SNr stimulation to amplify DBS effects (Vesper et al., 2007), and suggests that STN-SNr 

stimulation may better improve PD gait disturbances than STN stimulation alone (Castrioto and 

Moro, 2013; Weiss et al., 2011). We speculate that targeting multiple nuclei across the BG 

network may bias the BG toward inhibitory or facilitatory states as described in Chapters 3 and 

4, and ideally might require lower current overall if stimulation effects can be additive and non-

linear. If targeting specific changes in BG activity better imitates healthy physiological signaling 

(versus high frequency artificial stimulation of a single structure), perhaps this may decrease 

negative outcomes overall. One hypothetical example is described below. 
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We suggested in Chapter 3 that the amount of excitatory activity applied to BG input 

nuclei might contribute mechanistically to the switch between inhibitory or disinhibitory BG 

states, possibly involving the GPe as a gating mechanism. If true, a real time modulation of 

either STN stimulation parameters, or selective concurrent GPe stimulation, during behavior 

might selectively bias BG disinhibitory or inhibitory states. While there are of course substantial 

practical limitations to a real time adjustment of stimulation parameters, if these were partially 

addressed we speculate a reduction in the potential side effects of clinical DBS such as 

impulsivity and gambling addition (Brandt et al., 2015; Demetriades et al., 2011; Smeding et al., 

2007), which may involve DBS-mediated activation of the wrong BG state for a behavioral 

situation. For example, if current DBS parameters continuously bias the BG toward a 

disinhibitory state (or decouple the BG altogether due to neurotransmitter depletion; Garcia et 

al., 2005; Kumar et al. 1998; Yugeta et al. 2010), this might be suboptimal in conditions where 

inhibitory control is necessary, such as gambling. 

 

6.3.   Conclusions 

A hallmark of healthy behavior is the ability to flexibly tune responses according to 

behavioral condition. The results of this thesis present a framework by which networked activity 

across the FEF, SC, and BG can flexibly control behavior. We first investigated potential 

characteristics of a threshold for saccade initiation (a mechanism proposed to underlie triggering 

saccades; Hanes and Schall 1996; Paré and Hanes 2003; Schall et al. 2011; Sparks et al. 2000) in 

the FEF and SC, critical structures for saccade initiation. Conflicting evidence has been reported 

for whether this threshold is fixed (Carpenter and Williams 1995; Hanes and Schall 1996; 

Ratcliff et al. 1999), or can change under different conditions such as a speed-accuracy tradeoff 
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(Grice et al. 1982; Heitz and Schall 2013; Lo and Wang 2006). Our results contradict a fixed 

threshold hypothesis in conditions when inhibitory signals are decreased, but agree with a fixed 

threshold hypothesis when inhibitory signals are raised. Because GABAergic nigrotectal 

projection neurons from the SNr must be inhibited prior to initiation of some saccades (Hikosaka 

et al. 2000; Hikosaka and Wurtz 1981; Hikosaka and Wurtz 1983), variations of inhibitory 

signals from the BG is a good candidate for a mechanism that modulates characteristics of the 

saccade threshold (Lo and Wang 2006). We identified coordinated shifts in BG inhibitory or 

disinhibitory states between BG input (STN, CD) and BG output (SNr) nuclei that may also 

juxtapose speed and accuracy, as well as non-selective and selective BG output signals that 

modulate saccade initiation, consistent with the modulation of FEF and SC activity recorded in 

the same tasks. These converging lines of evidence point toward a switching mechanism across 

the saccade control circuit to flexibly modulate saccade behavior. We predict that a pathological 

bias or deficits in this switch between inhibitory and disinhibitory states may contribute to 

pathologies of movement disorders such as Parkinson’s and Huntington’s, based on the reported 

saccade behavioral deficits and strong BG involvement in these diseases. 
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