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ABSTRACT 

 

 The intermediate and deep layers of the superior colliculus (DLSC) represent a principle 

target of basal ganglia output via the nigrotectal pathway from the substantia nigra pars reticulata 

(SNpr). In the nonhuman primate, unilateral inhibition of SNpr with the GABAA agonist 

muscimol (MUS) elicits abnormal postures and motor movements including dystonic head tilt 

(torticollis), body lean/ twist (postural asymmetry), quadrupedal rotations and dyskinesias. Some 

of these abnormalities can also be elicited by disinhibition of DLSC with the GABAA antagonist 

bicuculline methiodide. Here I investigated whether DLSC mediates abnormal motor and posture 

evoked from SNpr in the nonhuman primate. I pre-treated the DLSC with MUS to prevent nigra-

evoked disinhibition and examined the behavioral response to intranigral MUS. Control 

infusions contained saline in the same volume. Intracerebral drug infusions were done by 

removable cannulae inserted via an infusion grid positioned within a stereotaxically implanted 

chamber. To investigate whether DLSC mediates nigra-evoked head tilt and body lean/twist, 

bilateral, ipsilateral or contralateral infusions of MUS (9 nmol) in DLSC were followed by 

unilateral infusion of MUS (9 nmol) into either the left or right SNpr. The pre-treatments with 

MUS in DLSC prevented or reduced the expression of the head tilt in all 4 animals and 

prevented or reduced the expression of the accompanying body lean/twist in 3 of the 4 animals. 

Bilateral pre-treatment was used to investigate the role of DLSC in the nigra-evoked quadrupedal 
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rotations which were evoked in 2 of the 4 animals. Bilateral pre-treatment with MUS in DLSC 

did not reduce the rate of the quadrupedal rotations but altered the posture in one of the animals. 

In this animal, MUS pre-treatment in DLSC prevented the accompanying head turning and 

resulted in quadrupedal rotations that were wider in radius. The study suggests that DLSC 

activity is necessary for the nigra-evoked head tilt, body lean/twist and head turning but not 

quadrupedal rotations. The results also demonstrate that the normal state of the nigrotectal 

pathway (DLSC is normally under tonic inhibition by SNpr) is important in maintaining normal 

posture and motor movements. 
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Introduction 

The basal ganglia circuitry is critical for control of posture, motor coordination, initiation 

of behavior and procedural learning and memory (Blandini, Nappi, Tassorelli, & Martignoni, 

2000). Dysfunction within the basal ganglia circuitry results in disorders that induce involuntary 

movements such as akinesias, dyskinesias and dystonias (Mink, 2003). 

The substantia nigra pars reticulata (SNpr) is one of the principle output nuclei of the 

basal ganglia responsible for regulating posture and movement (Takakusaki & Okumura, 2008). 

In the monkey, unilateral inhibition of SNpr with GABAA agonist muscimol elicits 

contralaterally-directed head tilt (torticollis), postural asymmetry, contralaterally-directed 

dyskinesias, and contralaterally-directed quadrupedal rotational behavior (Burbaud, Bonnet, 

Guehl, Lagueny, & Bioulac, 1998; Dybdal, 1999). These abnormal motor and postural behaviors, 

some of which are not seen in rodents, closely resemble those seen in human patients. 

One of the SNpr principle target regions are the intermediate and deep layers of the 

superior colliculus (DLSC), located in the dorsal division of the midbrain called the tectum. 

DLSC is known to be important in saccade initiation. The efferent connection between SNpr and 

DLSC is the nigrotectal pathway. This nigrotectal pathway originates in the dorsolateral part of 

SNpr which receives inhibitory inputs from the caudate and putamen (together referred to as the 

“striatum”) and terminates in DLSC. Evidence for the conserved existence of the nigrotectal 

pathway in mammals comes from anatomical and electrophysiological studies in rats (Deniau, 

Hammond-Le Guyander, Feger, & McKenzie, 1977; Deniau, Chevalier, & Feger, 1978; 

Beckstead, Edwards, & Frankfurter, 1981; Williams & Faull, 1988; Redgrave, Marrow, & Dean, 

1992; Niemi-Junkola & Westby, 1998) cats (Hopkins & Niessen, 1976; Rinvik, Grofová,, & 
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Ottersen, 1976; Beckstead et al., 1981; Beckstead, 1983) and monkeys (Jayaraman, Batton, & 

Carpenter, 1977; Beckstead et al., 1981; Beckstead & Frankfurter, 1982; Beckstead, 1983; 

Tokuno, Takada, Kondo, & Mizuno, 1993). The projection from SNpr to DLSC is an inhibitory 

GABAergic projection which is tonically active. The projection is ipsilateral and GABA is the 

neurotransmitter (Deniau, Chevalier & Feger, 1978; Hikosaka & Wurtz, 1983a, Chevalier, 

Thierry, Shibazaki, & Féger, 1981; Hikosaka & Wurtz, 1985a, 1985b; Niemi-Junkola & Westby, 

1998). Therefore, normally the DLSC is under tonic inhibitory control by the SNpr. When this 

tonic inhibition by SNpr is removed either by phasic inhibitory activity from the striatum or by 

pharmacological manipulation, the DLSC neurons become disinhibited (Hikosaka & Wurtz, 

1985b; Redgrave et al., 1992; Niemi-Junkola & Westby, 1998). Hikosaka and Wurtz (1985a, 

1985b) demonstrated that an inhibitory infusion of muscimol into monkey SNpr suppressed the 

locally tonically high rate of discharge, thereby releasing DLSC from afferent inhibition, causing 

saccade initiation. Local infusions of the GABAA antagonist bicuculline methiodide into DLSC 

also evoked saccadic movements. These data suggests that the SNpr exerts a functional 

inhibitory control over on saccade-related cells in DLSC. 

Although the role of DLSC in the regulation of posture and motor behavior has been well 

documented in the rat, little information exists about the control of these functions by this region 

in the monkey. My thesis lab found that some abnormal postures and motor movements 

(quadrupedal rotations, postural asymmetry and dyskinesias) can be elicited in the monkey by 

unilateral disinhibition of DLSC with bicuculline (Zarbalian, Leung, Lower, Malkova, & Gale, 

2003; Gale, 2005). Moreover, the functional relationship between SNpr and DLSC in mediating 

posture and movement has been examined in both the rat (Imperato, Porceddu, Morelli, Faa, & 
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Di Chiara, 1981; Di Chiara, Morelli, Imperato, & Porceddu, 1982; Kilpatrick, Collingridge, & 

Starr, 1982; Cools, Coolen, Smit, & Ellenbroek, 1984) and the cat (Gelissen & Cools, 1986; 

Gelissen & Cools, 1987) but not in the monkey. Indeed, previous research on DLSC function in 

the monkey has concentrated almost exclusively on eye-head orientation and saccadic eye 

movements (Wurtz & Mohler, 1976; Ma, Graybiel, & Wurtz, 1991; Waitzman, Ma, Optican, & 

Wurtz, 1991; Basso, Krauzlis, & Wurtz, 2000; Krauzlis, Basso, & Wurtz, 2000). Therefore, in 

the present study I examined the role of the primate DLSC in more complex motor behavior. My 

current project examined the role of the nonhuman primate intermediate and deep layers of the 

superior colliculus (DLSC) in the control of posture and movement via GABAA receptor 

manipulation of the nigrotectal pathway. Understanding the role of DLSC as well as the 

functional association between SNpr and DLSC for posture and motor movement control in the 

nonhuman primate is of importance because the basal ganglia circuitry is critical for the initiation 

and maintenance of normal posture and motor movements. 

Clinical Implications 

Dysfunction within the basal ganglia circuitry leads to the emergence of disorders that 

include abnormal postures and motor movements such as akinesias, dyskinesias, and dystonias 

(Blandini et al., 2000). Abnormal postures and motor movements stemming from the pathology 

within the basal ganglia are the hallmark symptoms of the progressive neurodegenerative 

disorders, Parkinson’s disease and Huntington’s disease. Moreover, dysfunction in the basal 

ganglia results in dystonias such as torticollis (dystonic head tilt) which involves involuntary 

activation of muscles of the neck and shoulders causing turning, tilting, flexion or extension 

movements of the head, sometimes combined with postural asymmetry (Hallet, Benecke, Blitzer, 
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& Comella, 2009). However, the pathophysiology of torticollis is not well understood.  

Dystonia. Dystonia is an involuntary movement disorder dominated by sustained muscle 

contractions that frequently cause twisting, repetitive movements, and postural changes 

(QingGeLeTu, Suzuki, Kiyosawa, Ishiwata, & Mochizuki, 2009; Fahn, 1988). A group of 

dystonias, which affect a specific part of the body are called focal dystonias and these are the 

most common form. They usually have adult-onset (an individual develops symptoms age 30 or 

older). Focal dystonias are further characterized into different types: blepharospasm (affects the 

eyes), oromandibular dystonia (affects the face, mouth, and/or jaw), spasmodic dysphonia 

(affects the vocal cords), hand dystonia (affects the hand and forearm) and cervical dystonia 

(Evinger, 2005). The focus of this research project is the cervical dystonia which I was able to 

experimentally evoke in the monkey. 

Cervical dystonia involves involuntary activation of muscles of the neck and shoulders 

causing turning, tilting, and flexion or extension movements of the head, sometimes combined 

with postural asymmetry (Hallet, et al., 2009). Pain is present in approximately 60% of patients 

and can be the most disabling feature. Cervical dystonia has a prevalence of approximately 20-

200 per million (Hallet et al., 2009; Defazio, Abbruzzese, Livrea, & Berardelli, 2004). Currently 

there is no cure for cervical dystonia.  The treatment of choice right now is botulinum neurotoxin 

(BoNT) which involves injections into the affected muscles of the neck (Hallet et al., 2009; 

Shanker & Bressman, 2009; Skogseid, 2008). Patients that do not respond to BoNT are evaluated 

for deep brain stimulation (DBS) of the internal globus pallidus (GPi). 

Pathophysiology of Cervical Dystonia. The pathophysiology of cervical dystonia is not 

well understood but is primarily attributed to dysfunction within the basal ganglia. The primary 
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dysfunction seems to be a loss of cerebral cortex inhibition that determines an excessive muscle 

activation resulting in abnormal movement (Di Lazzaro et al., 2009). In human neurosurgery 

studies the regions targeted include the globus pallidus internal, thalamus, cerebellum 

(cerebellum is rarely looked at today due to inconsistencies in results and scarcity of objective 

measures which led to questions regarding claimed improvements), and most recently the 

interstitial nucleus of Cajal (Neychev, Gross, Lehéricy, Hess, & Jinnah, 2011).  The 

neurosurgical literature provides evidence that dystonic movements can be attenuated via 

interventions in multiple regions including the basal ganglia, thalamus, cerebellum and the 

interstitial nucleus of Cajal (Neychev et al., 2011). However, as Neychev et al. (2011) stated 

that,” The main limitation to inferring functional anatomy of dystonia from this evidence is that 

is difficult to determine if the region in question is the source of the problem or part of 

downstream pathways that permit the problem to occur.” Thus, there may be other structures 

involved.  

There are studies in monkeys that support the view that basal ganglia dysfunction and 

alteration in the GABAergic transmission pathway plays an important role in the 

pathophysiology of cervical dystonia (QingGeLeTu, et al., 2009). There are studies in monkeys 

that show that lesions of SNpr (Lestinne & Thullier, 1998) and pharmacological manipulations 

of SNpr with muscimol and bicuculline (Burbaud et al., 1998) result in abnormal movements of 

the head that resemble cervical dystonia in humans. However, there are other structures outside 

of the basal ganglia that are influenced by basal ganglia output that warrant attention in the 

pathophysiology of cervical dystonia. For example, no one has examined the role of the DLSC in 

the pathophysiology of cervical dystonia. 
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Understanding the neural mechanisms and pathophysiology of disorders like Parkinson’s 

disease, Huntington’s disease and cervical dystonia is of great importance due to the debilitation 

they cause. As was previously stated, Parkinson’s disease and Huntington’s disease are 

progressive and neurodegenerative. Furthermore, pain is present in approximately 60% of 

patients with cervical dystonia and can be the most disabling feature. An understanding of the 

functional relationship between DLSC and SNpr for posture and motor movement control is 

expected to reveal novel targets for both etiology and therapeutic intervention for movement 

disorders. 

I propose the following model for the interaction between SNpr and DLSC in the control 

of motor and posture: SNpr sends GABAergic inhibitory outputs to DLSC, which, under normal 

conditions, maintains DLSC in a state of tonic inhibition. Inhibition of the SNpr will suppress the 

activity of the inhibitory outputs from SNpr to the DLSC and disinhibit the DLSC neurons that 

receive inputs from SNpr. Disinhibition of DLSC results in the emergence of abnormal postures 

and motor movements, including quadrupedal rotations, head turning, head tilt, body lean/twist 

and dyskinesias.   

I hypothesized that the DLSC plays an important role in maintaining normal posture and 

motor movements and that abnormal postures and motor movements caused by inhibition of 

SNpr are mediated by disinhibition of DLSC. This hypothesis predicts that inhibition of DLSC 

should reduce or prevent the occurrence of the abnormal postures and motor movements evoked 

by inhibition of SNpr. 

To test the hypothesis, the SNpr was unilaterally inhibited by microinfusing muscimol (9 

nmol) in order to evoke abnormal postures and motor movements, and the effects of bilateral or 
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unilateral inhibition of DLSC on the SNpr-evoked abnormalities were examined. The DLSC was 

inhibited by microinfusing muscimol (9 nmol). 

 

This is the first study to examine the functional interaction between SNpr and DLSC in the 

control of posture and motor movements in the nonhuman primate. 

 

The section that follows is the background section. Here I give an overview of the basal 

ganglia nuclei and a summary of the components and organization of the superior colliculus and 

the substantia nigra. I have only provided the anatomical connections for DLSC and SNpr since 

these brain regions were the focus of my study. Following the summary on the anatomical 

connections I describe the nigrotectal pathway in more detail and then present a summary of the 

functions of the rat DLSC and SNpr separately. I end the functions section on the rat with a focus 

on the functional association between SNpr and DLSC (the nigrotectal pathway). Here I describe 

the functions supported or modulated by the nigrotectal pathway. The same format was used for 

the functions section on the non-human primate but I also included two additional sections: 1.) 

Motor and postural behaviors of the nonhuman primate; 2.) Defense-like behaviors of the 

nonhuman primate. At the end of the background section I list my hypothesis again but along 

with my predictions and the basis for them. 

Background Information 

Overview: The Basal Ganglia Nuclei 

The basal ganglia are a series of interconnected nuclei (Aird, 2000) located in the forebrain and 

midbrain that are composed of the caudate and putamen (together referred to as the “striatum”), 
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subthalamic nucleus, globus pallidus internal (equivalent to the entopenduncular nucleus in the 

rat), globus pallidus external, and the substantia nigra which has two components: pars compacta 

and pars reticulata (Redgrave, 2007). The two principle input nuclei within the basal ganglia are 

the striatum and the subthalamic nucleus and the two principle output nuclei are the globus 

pallidus external and the substantia nigra pars reticulata (Redgrave, Prescott & Gurney, 1999; 

Redgrave, 2007).  

Superior Colliculus Location and Organization 

The superior colliculi are located in the division of the midbrain called the tectum. The 

primate superior colliculi form the rostral two bumps on the dorsal aspect of the midbrain (Dean, 

Redgrave, & Westby, 1989; Moschovakis, Gregoriou, & Savaki, 2001; Nakahara, Morita, Wurtz, 

& Optican, 2006). The two caudal bumps are called the inferior colliculi and together with the 

superior colliculi they are referred to as the corpora quadrigemina (four bodies) (Belenkov & 

Goreva; 1969). Structures near to the superior colliculi are the thalamus, pineal gland and the 

periaqueductal gray. The thalamus sits dorsal to the superior colliculi. The pineal gland is 

surrounded by the superior colliculi and the periaqueductal gray is posterior to the superior 

colliculi (Paxinos, Huang, Xu-Feng, & Petrides, 2009).  

The superior colliculus is organized into seven alternating fiber and cell layers. These 

seven layers are further divided into two parts (see Figure 1): The superficial layers and the 

intermediate and deep layers (Wurtz & Albano, 1980; Huerta & Harting, 1984; Tardif, 

Delacuisine, Probst, & Clarke, 2005). The superficial layers are primarily visual sensory in 

nature and receive direct inputs from the retina (Dean, et al., 1989). The intermediate and deep 

layers are both multimodal and premotor in nature. The intermediate and deep layers receive 
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inputs that are visual, auditory and somatosensory as well as inputs from motor areas (May, 

2006; Tardif et al., 2005). 

 Superficial layers of the superior colliculus. The superficial layers of the superior 

colliculus include: the zonal layer (stratum zonale – SZ), the superficial gray layer (stratum 

griseum superficiale – SGS) and the optic layer (stratum opticum – SO) (Wurtz & Albano, 1980; 

May, 2006; Paxinos et al., 2009). SZ is a very thin and narrow layer covering the top of the 

superior colliculus (May, 2006). SZ contains mostly fibers and is nearly cell free (May, 2006). 

Beneath SZ lies SGS, which contains a lot of small cells. SGS can be divided into two parts: 

dorsal and ventral sublaminae. Cells in the ventral sublamina tend to be slightly larger and less 

spherical than cells in the dorsal sublamina.  

The dorsal sublamina is much thicker than the ventral sublamina. The next and final layer of the 

superficial layers is SO. SO contains cells but is dominated by fibers which also include those of 

incoming retinal axons (May 2006). 

  

 

 

Figure 1: Schematic drawing of a coronal section of the nonhuman 

primate brain showing the seven layers of the superior colliculus. The 

superficial layers are labeled in black. The intermediate and deep layers 

(DLSC) are labeled in red and highlighted in yellow.  Adapted from 

Wurtz & Albano (1980). 

Stratum Zonale 

Superficial gray 

Stratum Opticum 

Intermediate Gray 

Intermediate White 

Deep Gray 

Deep White 

Central Gray 

Inferior 

Colliculus 

Superficial 

DLSC 



 

10 

 

The intermediate and deep layers of the superior colliculus. The intermediate and 

deep layers of the superior colliculus include: the intermediate gray layer (stratum griseum 

intermediale – SGI), the intermediate white layer (stratum album intermediale – SAI), and the 

deep gray layer (stratum griseum profundum – SGP), and the deep white layer (stratum album 

profundum – SAP) (Wurtz & Albano, 1980; Huerta & Harting, 1984; May, 2006; Paxinos et al., 

2009). SGI is located ventral to the SO and is the first layer of the intermediate and deep layers 

of the superior colliculus. SGI is the thickest layer of all the collicular layers and is comprised of 

a variety of multipolar neurons. This layer has been considered to have two sublaminae: dorsal 

and ventral. The ventral sublamina is less cellular than the dorsal sublamina, due to the presence 

of rostrocaudally running fibers. Ventral to SGI is the SAI layer. SAI contains numerous fibers 

running from dorsomedial to ventrolateral. The layer ventral to SAI is SGP which is made up of 

neurons and fibers. However, it should be noted, that the boundaries of this layer are difficult to 

define. The SAP is the last layer of the superior colliculus and sits adjacent to the periaqueductal 

gray. This layer consists entirely of fibers (May, 2006). 

Connections of the Intermediate and Deep Layers of Superior Colliculus 

Afferents to the intermediate and deep layers of the superior colliculus. The 

intermediate and deep layers of the superior colliculus receive inputs from several sensory 

modalities, motor areas and projections from areas that are neither purely sensory nor motor. 

These come both from cortical and subcortical sources (Sparks, 1986). 

Cortical inputs. The cortical inputs to the intermediate and deep layers of the superior 

colliculus are from layer V of the frontal eye field (FEF), retina, posterior parietal cortex, 

prefrontal cortex, dorsomedial frontal cortex, precuneus (area 7m), somatosensory connections, 
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auditory sensory connections and projections from areas neither purely motor nor sensory 

(Sparks, 1986). 

Layer V of frontal eye field (FEF). The projection of the monkey FEF originates from 

layer V cells and terminates primarily in the ipsilateral SGI (May, 2006) but also has projections 

to the other intermediate and deep layers of the superior colliculus (Lynch & Tian, 2006). 

Specifically, FEF has dense projections to the dorsal part of the intermediate layers of DLSC 

(Wurtz & Albano, 1980). According to Lynch and Tian (2006) this is significant because the 

intermediate layers of the superior colliculus are the site of neurons which discharge immediately 

before saccadic eye movements (this is supported by the studies of Hikosaka and Wurtz, which 

will be discussed in the section on the functions of the superior colliculus) and which project 

directly to premotor regions in the brainstem oculomotor system. The FEF shares control of gaze 

movements with the superior colliculus. The part of the FEF that is responsible for large 

saccades projects to the SGI and SGP, while projections for small saccades terminated only in 

SGI (May, 2006).  

Retina. There is a direct projection from the retina to the SGI. Beckstead and Frankfurter 

(1983) re-examined the retinal projection to the superior colliculus in the monkey, cat and rat by 

anterograde transport of horseradish peroxidase (HRP). The results from the study demonstrated 

that there are a significant number of retinal ganglion cell axons below SO in SGI and deep 

retinotectal axons project to the contralateral superior colliculus in all animals (monkey, cat and 

rat). However, these deep retinotectal axons are present in lower numbers in the ipsilateral SGI 

of the cat and even lower in the SGI of the monkey (Beckstead, 1983; May 2006).  
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Posterior parietal cortex. The parietal eye field is part of the posterior cortex and is 

located in the lateral bank of the intraparietal sulcus. The parietal eye field sends a prominent 

direct projection to the intermediate and deep layers of the superior colliculus. Axons from 

lateral bank of the intraparietal sulcus terminate predominately in the SGI and extend into SGP 

(Lynch, Graybiel, & Lobeck, 1985; Lynch & Tian, 2006). Parietal activity precedes saccades 

made to the remembered location of a visual target that has been extinguished well before the 

eye movement was made (Lynch & Tian, 2006).  

Prefrontal cortex. The prefrontal cortex contains an area called the prefrontal eye field. 

The prefrontal eye field is located in area 46 of the dorsolateral prefrontal cortex and has dense 

projections to the intermediate and deep layers of the superior colliculus (Lynch & Tian, 2006). 

The prefrontal eye field is involved in oculomotor control. 

Dorsomedial frontal cortex. The dorsomedial frontal cortex has a region called the 

supplementary eye field. This region sends dense projections to the intermediate and deep layers 

of the superior colliculus. The supplementary eye field contains neurons that discharge before 

saccadic eye movements. The supplementary eye field is also involved in pursuit of eye 

movements (Lynch & Tian, 2006). 

Precuneus (area 7m). Precuneus is a region in the parietal lobe on the medial surface of 

the hemisphere (Lynch & Tian, 2006). Area 7m of the precuneus projects to the intermediate 

layers of the superior colliculus (Leichnetz, 2001; Lynch & Tian, 2006). 

Somatosensory connections. Studies involving cats, rats and mice demonstrate that there 

is a mapping of the somatosensory periphery present within the intermediate and deep layers of 

the superior colliculus. The mapping corresponds to the world as seen from the eye (May, 2006). 
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In the monkey, the lumbar and cervical enlargements project to the caudal superior colliculus. 

Cervical enlargements spread further rostrally (Wiberg, Westman, & Blomqvist, 1987; May, 

2006). The monkey cuneate and the gracile nucleus project to the caudal half of the contralateral 

SGI and SGP in a patchy distribution. A small ipsilateral projection is also present. In addition, 

the spinal cord and dorsal column nuclei provide a projection to three nearby targets: the 

intercollicular zone, nucleus of the brachium of the inferior colliculus and the external nucleus of 

the inferior colliculus (Wiberg et al., 1987; May, 2006). 

Somatosensory connections also involve the trigeminal nucleus which is the source of the 

superior colliculus head representation. The trigeminotectal neurons are found primarily in the 

ventral principal nucleus and pars interpolaris of the spinal nucleus (May, 2006). There is a 

trigeminotectal projection to SGI and this projection is mainly contralateral. Superior colliculus 

neurons project back upon the trigeminal nucleus (Wiberg et al., 1987; May, 2006). 

Auditory sensory connections. It is well established that there is a map of auditory space 

in the deep layers of the superior colliculus. These auditory inputs converge with visual inputs, 

and the auditory map is adapted to fit the visual-motor map, even when the eyes and head are 

pointed in different directions (Jay & Sparks, 1987; May, 2006). In the monkey, auditory cells 

projecting to the superior colliculus primarily lie in the nucleus of the brachium of the inferior 

colliculus and the external nucleus of the inferior colliculus (May, 2006). 

Projections from areas neither purely motor nor sensory: Multisensory. Multisensory 

inputs come from both cortical and noncortical sources and are primarily found in SGI. There are 

also multisensory neurons located in SGP but the amount is much less than in SGI (Jay & 

Sparks, 1987; May, 2006). 
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Subcortical inputs. The sources of subcortical inputs to the intermediate and deep layers 

of the superior colliculus are mostly known in the cat (Edwards Ginsburgh, Henkel, and Stein, 

1979) and have been examined after injecting retrograde horseradish peroxidase (HRP) into the 

superior colliculus.  

The Edwards, et al. (1979) study in the cat showed that over 40 different subcortical 

structures project to the superior colliculus and that only the parabigeminal nucleus, the nucleus 

of the optic tract and the posterior pretectal nucleus project to the superficial layers (SGS and 

SO) while all other subcortical afferents projected to the DLSC. The brain regions that contained 

labeled cells post retrograde horseradish peroxidase were the diencephalon, pretectal area, 

midbrain and isthmus region, pons, cerebellum, medulla and spinal cord. Below I present 

evidence that there are subcortical projections from the midbrain to the DLSC.  

 Following injections of retrograde horseradish peroxidase into the superior colliculus 

very large numbers of HRP-filled cells were located in the substantia nigra. Most of the labeled 

neurons in the substantia nigra were located in the pars reticulata and the density of the labeled 

cells increased at successfully more rostral levels. The contralateral DLSC contained labeled 

cells only in the anterior half of SGI and SGP. Cells were also labeled in the ipsilateral and 

contralateral external nucleus of the inferior colliculus (auditory) and in the ipsilateral pericentral 

nucleus of the inferior colliculus (auditory). Labeled cells were found through all parts of the 

locus coeruleus (Edwards et al., 1979). 

Efferents from the intermediate and deep layers of the superior colliculus. The 

efferents from the intermediate and deep layers of the superior colliculus fall under two major 

categories: 1.) ascending efferents from the intermediate and deep layers of the superior 
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colliculus and 2.) descending efferents from the intermediate and deep layers of the superior 

colliculus. 

Ascending efferents from the intermediate and deep layers of the superior colliculus. 

Harting, Huerta, Frankfurter, Strominger, and Royce (1980) demonstrated that ascending axons 

which arise from DLSC neurons terminate within nuclei in the dorsal thalamus, which in turn 

project upon the frontal eye fields (area 8) and the inferior parietal lobule (area 7). These areas 

contain neurons that discharge in association with saccadic eye movements (Sparks, 1986). 

Moreover, there are ascending projections from DLSC that are important in generating gaze 

commands (Sparks, 1991). These ascending projections are those to the rostral interstitial 

nucleus of the medial longitudinal fasciculus. This nucleus plays an important role in the 

generation of vertical saccadic eye movements (Sparks, 1991). Furthermore, there are ascending 

projections to structures that have been implicated in vertical and torsional movements of the 

head. These structures are the nucleus of the posterior commissure, the interstitial nucleus of 

Cajal, the periaqueductal gray, the supraoculomotor zone and the Edinger-Westphal nucleus 

(Sparks, 1991). Additional targets of the DLSC ascending efferents include the oculomotor 

complex, the magnocellular division of the ventral anterior nucleus, the paralamellar region of 

the mediodorsal nucleus and the parafascicular nucleus (Sparks, 1986). 

Descending efferents from the intermediate and deep layers of the superior colliculus. 

Descending efferents leave the DLSC via two tracts, the contralaterally directed tectospinal tract 

(or the predorsal bundle) and the ipsilateral tectopontine-tectobulbar tract. Through these tracts 

the DLSC exerts direct control over orienting movements of the eyes, head and pinnae (Sparks, 

1986). The predorsal bundle contains the main descending outflow of the DLSC. The tectospinal 
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fibers originate from the DLSC, cross within the dorsal tegmental decussation and terminate 

within nuclei of the pontine, medullary reticular formation and spinal cord (Sparks, 1986; 

Sparks, 1991). Specifically, upon leaving the DLSC the axons of the tectospinal tract parallel the 

border of the central gray in the mesencephalic reticular formation, before crossing to the 

contralateral side in the dorsal tegmental decussation beneath the oculomotor nuclei (May, 

2006). The axons then descend adjacent to the midline, beneath the medial longitudinal 

fasciculus, all the way to the brainstem (Harting, 1977; May, 2006). The most rostral and quite 

extensive target of the predorsal bundle is the nucleus reticularis tegmenti pontis (Harting, 1977; 

Sparks, 1986). The majority of neurons within the nucleus reticularis tegmenti pontis of the 

macaque monkey have been shown to burst or pause in association with saccadic eye movements 

of particular amplitudes and directions (Sparks, 1991). As the predorsal bundle courses caudally 

within the pontine tegmentum, labeled axons enter the dorsal and medial regions of both the oral 

and caudal divisions of the nucleus reticularis pontis (Harting, 1977). The oral division of the 

nucleus reticularis pontis corresponds to, in part to the paramedian pontine reticular formation 

which is important in the generation of horizontal eye saccades (Sparks, 1986; Sparks, 1991). At 

caudal medullary levels, the majority of labeled axons comprising the predorsal bundle pass 

ventrally to end profusely within the medial accessory nucleus of the inferior olivary complex 

(Harting, 1977). Through the predorsal terminations in the complex, the contralaterally 

projecting DLSC neurons gain access to the climbing fiber system and to visually responsive 

neurons in cerebellar lobules VI, VII and VIII in the posterior cerebellar vermis (Sparks, 1986; 

Sparks, 1991). This tecto-olivo-cerebellar pathway has been implicated in being critically 

involved in the cerebellar control of head and eye movements (Sparks, 1991). 
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The axons of the predorsal bundle descend into the cervical spinal cord in the cat and rat 

but only a few scattered axons have been found in the monkey (Harting, 1977; Sparks, 1986, 

Sparks, 1991, May, 2006). In the cat, the fibers of the predorsal bundle continue caudally and 

terminate in regions of the cervical spinal cord that are important in the control of head 

movements. These regions are the supraspinal nucleus which then project bilaterally to laminae 

VIII and IX of the first five cervical segments of the spinal cord and to laminae VI-VIII of the 

first five cervical segments of the spinal cord (Sparks, 1986). In addition, the distribution and 

extent of the DLSC projections upon the contralateral spinal cord differs among species. Cats 

have a large number of predorsal bundle cells (approximately equal to 900) and these cells are 

widely distributed in the intermediate gray and deep gray layers of the DLSC while in the 

monkey the number is much smaller, approximately equal to 100-200 and most of these cells are 

located in the intermediate gray layer of the DLSC (May, 2006). It should also be pointed out 

that the predorsal bundle cells are large multipolar neurons and they comprise a small population 

of the tectobulbar neurons projecting via the predorsal bundle (most fibers travelling in the 

predorsal bundle are directed to the medial pontobulbar reticular formation), which have an axon 

collateral extending into the spinal cord (Sparks, 1991; May, 2006). 

Through the ipsilateral tectopontine-tectobulbar tract the ipsilaterally directed DLSC 

fibers course laterally and ventrocaudally to terminate within visual regions (the dorsal lateral 

pontine gray and the paragebigeminal nucleus), oculomotor areas (the midbrain reticular 

formation), and regions of the rostral pontine reticular formation (the nucleus reticularis tegmenti 

pontis and the nucleus reticularis pontis oralis). The nucleus reticularis pontis oralis is the origin 

of the reticulospinal fibers and tectal input to this region may be involved in the mediation of 
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head movements (Harting, 1977; Sparks, 1986; Sparks, 1991). In addition, in the cat, ipsilaterally 

directed DLSC fibers that course through the tectopontine-tectobulbar tract send inputs to an area 

that is involved in pinnae movements. This area is called the paralemniscal region of the lateral 

pontine tegmentum (Sparks, 1986; Sparks, 1991). 

Finally, there is a small commissural projection in the monkey where axons pass to the 

contralateral colliculus via the tectal commissure. These axons appear to arise and end primarily 

within the DLSC (Harting, 1977). The fibers of the commissural projection in the cat 

interconnect a restricted region of the colliculi (Edwards, 1977). This region includes the 

intermediate and deep layers of the DLSC and to a lesser degree the stratum opticum layer of the 

superficial layers of the superior colliculus. It extends throughout only the rostral part of the 

colliculus where it ends abruptly at a level slightly less than half the distance from the anterior 

border of the deep gray layers of the DLSC (Edwards, 1977). This region is located within areas 

of the colliculus important in face representation and central vision. In addition to intertectal 

connections, the commissural projection in the cat contains decussating axons which terminate in 

tegmental structures and within a restricted zone of the central gray matter directly overlying the 

oculomotor complex (Edwards, 1977). This area may play a role in the regulation of eye and 

head movement (Edwards, 1977). 

Substantia Nigra Location and Organization 

The substantia nigra is a small brain region located in the division of the midbrain called 

the tegmentum. The substantia nigra is comprised of two sub-regions (see Figure 2): the 

substantia nigra pars compacta (SNpc) and the substantia nigra pars reticulata (SNpr) (Smith & 

Masilamoni, 2010). The SNpc consists of dopaminergic neurons while the SNpr is comprised of 
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GABAergic cells (Smith & Masilamoni, 2010). The SNpr is one of the major output nuclei of the 

basal ganglia. Together with the globus pallidus internal, it is the SNpr which provides the basal 

ganglia efferents to structures extrinsic to the system (Deniau & Chevalier, 1992). The SNpr in 

particular conveys the outflow of the dorsal striatum (caudate and putamen) to the DLSC, 

thalamus and the pedunculopontine nucleus (Deniau & Chevalier, 1992). I will be focusing on 

the anatomical connections of the SNpr. 

 

Afferents to the substantia nigra pars reticulata. The main input to SNpr is from the 

striatum. The main neuronal population of the striatum that projects to the SNpr consists of 

medium-sized spiny neurons. These neurons provide a major source of GABAergic inputs to 

SNpr neurons (Deniau, Mailly, Maurice, & Charpier, 2007). Fibers from the caudate nucleus 

(head) project to the rostral part of SNpr. Fibers from the putamen terminate to more caudal parts 

of SNpr. These fibers use GABA as the main neurotransmitter. Some of the striatal neurons that 

innervate SNpr express the peptides substance P, dynorphin, neurokinin A and neurotensin 

(Deniau et al., 2007). Striosomes also contribute to the innervation of SNpr (Deniau et al., 2007).   

Figure 2: Photomicrograph of a coronal 

section through the midbrain of a human 

brain showing the substantia nigra pars 

reticulata. SC, superior colliculus; RN, 

red nucleus; SNc, substantia nigra pars 

compacta; CP, cerebral peduncle; VTA, 

ventral tegmental area; SNr, substantia 

nigra pars reticulata. Adapted from 

Haber and Gdowski (2004). 



 

20 

 

In addition to the inputs from the striatum, SNpr receives projections from the globus 

pallidus external (GPe). GPe provides an additional source of GABAergic inputs to SNpr. These 

pallidonigral neurons also receive a major input from the striatum. As a result, the striatum can 

influence SNpr via an indirect striato-pallido-nigral circuit in addition to the direct striatonigral 

pathway. Both pathways are topographically organized and converge onto the same neurons. 

(Deniau et al., 2007).  

The third major input to SNpr is from the subthalamic nucleus (STN). The STN provides 

glutamatergic projections to SNpr. Results from retrograde and anterograde studies tracing 

experiments in monkeys showed that both the ventromedial and lateral parts of STN project to 

SNpr. Moreover, STN projections converge with striatonigral and pallidonigral terminals on the 

same SNpr neurons (Deniau et al., 2007). 

Efferents from the substantia nigra pars reticulata. The SNpr neurons project to the 

thalamocortical cells of the ventromedial thalamic nucleus (motor) (rat: Beckstead, Domesick, & 

Nauta, 1979, Bentivoglio, van der Kooy, & Kuypers, 1979, Steindler & Deniau, 1980; Deniau & 

Chevalier, 1985, cat: Kemel, Desban, Gauchy, Glowinski, & Besson, 1988, monkey: Beckstead 

& Frankfurter, 1982, Francois, Percheron, & Yelnik, 1984). This projection exerts a GABAergic 

tonic inhibition over the thalamic cells projecting to the motor cortex (Deniau & Chevalier, 

1985). An inhibition of SNpr firing increases the activity in ventromedial thalamic cells 

projecting to the motor cortex (Deniau & Chevalier, 1985). Thus, disinhibition is a basic process 

through which motor centers are influenced. Neurons of SNpr also send a projection to DLSC 

and this projection like that of the projection to the thalamus is inhibitory and uses GABA as the 

neurotransmitter (rat: Bentivoglio et al., 1979, Beckstead et al., 1981, Chevalier, Vacher, Deniau, 
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& Desban, 1985, Williams & Faull, 1988; cat: Hopkins & Niessen, 1976, Rinvik et al., 1976, 

Beckstead et al., 1981, Kemel et al., 1988; monkey: Jayaraman et al., 1977, Beckstead et al., 

1981, Beckstead & Frankfurter, 1982; Francois et al., 1984). Moreover, neurons of SNpr also 

exert a tonic inhibition over the tectal-spinal/tecto-diencephalic neurons of the DLSC, therefore 

influencing ocular and cephalic motor areas of the diencephalon (Chevalier et al., 1985). 

Responsiveness of tectal-spinal/tecto-diencephalic cells to somatosensory input is enhanced 

when the tonic discharge of SNpr is inhibited, thereby demonstrating disinhibition as a basic 

process through which somatosensory and eye/head orienting movements are influenced. SNpr 

sends projections to the pedunculopontine nucleus (rat: Hopkins & Niessen, 1976, Beckstead et 

al., 1979; cat: Hopkins & Niessen, 1976, Rinvik et al., 1976; monkey: Hopkins & Niessen, 1976, 

Beckstead & Frankfurter, 1982). The pedunculopontine nucleus is the third output target of 

SNpr. Like the projections to the thalamus and DLSC the SNpr projection to the 

pedunculopontine nucleus is GABAergic (rat: Childs & Gale, 1983; cat: Beckstead & Kersey, 

1985; monkey: Holstein, Pasik, & Hámori, 1986; Smith, Parent, Seguela, & Descarries, 1987) 

and tonically inhibitory. 

 There is evidence that some single neurons of the SNpr have branched axons that project 

to at least two of the major targets (rat: Deniau, Hammond, Riszk, & Feger, 1978; Bentivoglio et 

al., 1979, Steindler & Deniau, 1980; cat: Niijima & Yoshida, 1982; monkey: Beckstead, 1983). 

At least 50% of SNpr neurons send branched axons to two targets in the rat and cat (rat: Deniau, 

Hammond, et al., 1978; Bentivoglio et al., 1979, Steindler & Deniau, 1980; cat: Niijima & 

Yoshida, 1982) but in the monkey this number is only about 10% (Parent, Mackey, Smith, & 

Boucher, 1983). In addition, only a very small number of SNpr cells project to all three target 
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structures. It is worth noting that many SNpr neurons project either to the thalamus or DLSC or 

pedunculopontine nucleus (Beckstead, 1983). 

The Nigrotectal Pathway 

Below I have summarized what is currently known about the location and morphology of the 

nigrotectal cells and the functional impact of manipulating GABA inhibitory transmission in the 

nigrotectal pathway at the level of SNpr and DLSC, first in the rat and then in the nonhuman 

primate, as these findings formed the basis of my study and hypotheses. 

Anatomy of basal ganglia outflow: The nigrotectal pathway. As previously mentioned, 

the nigrotectal pathway originates in the dorsolateral part of SNpr which receives GABAergic 

inhibitory inputs from the striatum and terminates in the DLSC (Figure 3). Evidence for the 

conserved existence of the nigrotectal pathway comes from anatomical and electrophysiological 

studies in rats (Deniau et al., 1977; Deniau et al., 1978; Beckstead et al., 1981; Williams & Faull, 

1988; Redgrave et al., 1992; Niemi-Junkola & Westby, 1998) cats (Hopkins & Niessen, 1976; 

Rinvik et al., 1976; Beckstead et al., 1981; Beckstead et al., 1983) and monkeys (Jayaraman et 

al., 1977; Beckstead et al., 1981; Beckstead et al., 1982; Beckstead et al., 1983; Tokuno et al., 

1993).The ipsilateral projection from SNpr to DLSC is an inhibitory GABAergic projection (see 

simplified relationships in Figure 3) which is tonically active (Deniau, Chevalier, & Feger, 1978; 

Hikosaka & Wurtz, 1983a, Chevalier et al., 1981; Hikosaka & Wurtz, 1985a, 1985b; Niemi-

Junkola & Westby, 1998). Therefore, normally the DLSC is under tonic inhibitory control by 

SNpr. When this tonic inhibition is removed either by phasic inhibitory activity from the striatum 

or by pharmacological manipulation the DLSC neurons become disinhibited.   
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Location and morphology of Nigrotectal cells. Beckstead et al (1981) compared the location 

of nigrotectal cells within SNpr in the rat, cat and the monkey using horseradish peroxidase 

(HRP) retrograde cell-labeling method. In all three species, unilateral HRP deposits in the DLSC 

revealed that the nigrotectal cells are located in the rostral one-half of the SNpr but differences 

were found in the exact location of the nigrotectal cells and there was also an increasing degree 

of bilaterality of the projection from rodent to primate (Beckstead et al., 1981). In the monkey, 

nigrotectal cells are restricted almost exclusively to the lateral margin of the rostral one-half of 

SNpr (Beckstead et al., 1982). From this lateral region of high concentration, a progressively 

decreasing number of labeled cells extend medially in a ventral stratum immediately dorsal to the 

pes pedunculi. No labeled cells were found in the extreme medial part of the SNpr. In addition, a 

contralateral projection was identified. A substantial number of labeled cells were present in the 

contralateral SNpr in a similar distribution. Jayaraman et al. (1977) also identified the presence 

of a contralateral projection in the monkey. There was no labeling in the substantia nigra pars 

compacta. In the cat, labeled cells were not concentrated in the lateralmost zone of the SNpr. The 

cells were instead scattered throughout the mediolateral and dorsoventral expanse of SNpr, with 

a slightly higher density ventrally near the middle of the mediolateral expanse. There was also 

labeling in the contralateral SNpr but it was substantially less than the labeling in the 

contralateral SNpr in the monkey. There was no labeling in the substantia nigra pars compacta. 

In the rat, labeled cells were concentrated throughout the mediolateral extent of a ventral stratum 

of SNpr immediately dorsal to the pes pedunculi. The nigrotectal projection is mainly ipsilateral 

in the rat but there is a contralateral projection that derives almost exclusively from cells located 

in ventral and medial SNpr (Redgrave et al., 1992). The findings from these studies demonstrate 
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that the nigrotectal projection is largely ipsilateral but there is also a contralateral projection that 

should be taken into account.  

Research involving the use of retrograde tracing has also shown that in the monkey the 

nigrotectal cells are not just in the lateral margin of the rostral half of SNpr. This contradicts the 

finding of Beckstead et al. (1981) that the nigrotectal cells are restricted to the rostral one-half of 

the SNpr. Francois et al., (1984) discovered that there are two distinct groups of cells that project 

from substantia nigra to the DLSC. One group is located in the pars lateralis of the substantia 

nigra and the other group is located in the pars reticulata of the substantia nigra. The group of 

cells in the pars lateralis has large somata surfaces and mainly receives afferents from the 

putamen while cells in the pars reticulata have smaller somata surfaces and mainly receive 

afferents from the caudate nucleus (Francois et al., 1984). Furthermore, more recently in the rat, 

Redgrave et al., (1992) and Yasui, Tsumori, Ando, & Domoto et al., (1995) discovered that the 

dorsolateral part of the SNpr sends GABAergic projection fibers to the caudal respectively 

rostral parts of the lateral region of the deeper layers of the superior colliculus (Adachi et al., 

2003). Thus, nigrotectal cells are also located in the dorsolateral part of SNpr.   

The morphology of the nigrotectal cells is similar in the cat and the monkey but differ in 

the rat. In the cat and the monkey the nigrotectal cells are generally of irregular shape and 

medium size (20 to 30 µm somal diameter) with 3 or 4 major dendrites and they exhibit a 

tendency to cluster into aggregates of 5 to 10 cells (Beckstead et al., 1981). In the rat the 

nigrotectal cells are smaller (15 to 20 µm somal diameter) than those in the cat and the monkey. 

The cells have only 2 or 3 major dendritic processes which are usually oriented parallel to the 

pes pedunculi (Beckstead et al., 1981).  
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Laminar organization of the SNpr (relation to nigrotectal pathway). Tokuno et al. 

(1993) identified a laminar organization of the SNpr in the macaque monkey that involved the 

nigrotectal pathway. This study demonstrated that after injecting Fast Blue into the superior 

colliculus, a large number of retrogradely labeled cells were clustered along the anterolateral 

margin of the SNpr. This region corresponded to the SNpr region where the anterogradely 

labeled fibers and terminals were seen after horseradish peroxidase conjugated to wheat germ 

agglutinin (WGA-HRP) injection into the body of the caudate. In addition, axon terminals 

arising from the caudate and putamen, and cell bodies projecting to DLSC are arranged into 

parallel bands in the anteromedial-posterolateral direction in the SNpr. These data show that 

striatonigral and nigrotectal neurons form these bands in SNpr.  In addition, these data also show 

that a band receiving projection fibers from the body of the caudate contains neuronal cell bodies 

sending projection fibers to the DLSC. This overlap was observed along the rostrolateral margin 

of the SNpr. This overlap in the rostrolateral region of SNpr that contains nigrotectal cells 

suggests that the striatum is involved in the control of saccadic eye movements (Tokuno et al., 

1993). Fibers from the medial part of the head of the caudate and putamen did not terminate in 

Figure 3: The ipsilateral projection from SNpr to DLSC is an 

inhibitory GABAergic projection. 
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this region (Tokuno et al. 1993). The laminar organization of the SNpr in the monkey was 

similar to that in the cat (Tokuno et al., 1993) and in the rat (Deniau, Menetrey, & Charpier, 

1996). For example, Deniau et al. (2007) suggested that some of, “The characteristic features of 

the rodent and cat SNpr appear to be preserved in primates” (p. 157). Some of these 

characteristic features are as follows: SNpr neurons display a high degree of axonal branching, 

nigrocollicular neurons form parallel bands in the anteromedial-posterolateral direction and the 

orientation of these bands resembles the anteromedial-posterolateral distribution of 

nigrocollicular neurons in the ventral part of the rat SNpr (Deniau et al., 2007). The similarity in 

some of the characteristic features of the nonhuman primate to the rat and cat SNpr suggest that 

the functional architecture of the nonhuman primate may also be similar. “However, in the 

current state of knowledge, a precise model of the intrinsic organization of SNpr such as 

established in the rat cannot be elaborated for the monkey brain” (Deniau et al., 2007, p. 157). 

Functions of the Rat Substantia Nigra Pars Reticulata 

Unilateral SNpr Inhibition. Unilateral microinfusions of GABAA agonist, glutamate 

antagonist, or electrolytic lesions produce postural and abnormal motor movements: 1) increased 

locomotion, 2) postural asymmetries (contralaterally-directed) and 3) spontaneous rotations 

(contralaterally-directed) (Oberlander, Dumont, & Boissier, 1977; Olpe, Schellenberg, & Koella, 

1977; Scheel-Krüger, Arnt & Magelund, et al., 1977; Olianas, De Montis, Mulas, & 

Tagliamonte, 1978; Waddington, 1978a,1978b; Kozlowski & Marshall, 1980; Imperato & Di 

Chiara, 1981; Childs & Gale, 1984; Dybdal & Gale, 2000). 

Bilateral SNpr Inhibition. Bilateral microinfusion of GABAA agonist or glutamate 

antagonist induce stereotyped hyperactivity which includes repetitive sniffing, gnawing, head 
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nodding, licking and hyperlocomotion (Childs & Gale, 1983; Taha, Dean, & Redgrave, 1982; 

Baumeister & Frye, 1984).  

Functions of the Rat Intermediate and Deep Layers of the Superior Colliculus 

Evidence that the rat DLSC is involved in the control of posture and motor behavior comes 

from unilateral lesion studies and unilateral and bilateral GABAA agonist and antagonist infusion 

studies (Di Chiara et al., 1982; Geula & Asdourian, 1984; Speller & Westby, 1996; Adachi et al., 

2003). 

Unilateral DLSC Disinhibition and Unilateral DLSC Inhibition. Unilateral infusion of 

the GABAA antagonists, bicuculline (Geula & Asdourian, 1984; Speller & Westby, 1996) or 

picrotoxin (Geula & Asdourian, 1984), into lateral DLSC elicited contralaterally-directed 

quadrupedal rotations and postural asymmetry. By contrast, unilateral infusions of muscimol and 

GABA into the rat lateral DLSC evoked ipsilaterally-directed quadrupedal rotations.  

Besides rotation behavior, the lateral DLSC in the rat has a role in oral behavior. Unilateral 

infusions of muscimol into the lateral DLSC have been shown to block oral behavior (biting and 

licking) directed to persistent pain induced by subcutaneous injection of formalin into the front 

foot (Wang & Redgrave, 1997). This result was only achieved with unilateral infusions of 

muscimol into the DLSC that was contralateral to the injection into the front foot. The striato-

nigro-tecto-reticulospinal output system of the basal ganglia has been associated with rotation 

behavior and oral behavior in rats (Wang & Redgrave, 1997). 

Bilateral DLSC Disinhibition and Bilateral DLSC Inhibition. Results in rats as reported by 

Adachi et al (2003), showed that bilateral disinhibition of the lateral DLSC with bicuculline 

elicited distinct jaw movements in rats and thus implicated a role of the DLSC in the control of 
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jaw movements. The research group found that only bilateral infusions made into a 

circumscribed region (A 3.0) of the lateral DLSC elicited jaw movements and that this was the 

region of the DLSC that received input predominantly from the dorsolateral region of the SNpr. 

Moreover, Adachi et al (2003) discovered that the jaw movements were definitely evoked from 

the lateral DLSC and was GABAA receptor dependent. Bilateral infusions of muscimol made 

into the same site did not evoke the behavior and bilateral infusions of muscimol also into the 

same site abolished the effect of bicuculline. These findings not only demonstrate that the jaw 

movements are evoked from the lateral DLSC but also suggest that the nigrotectal pathway is 

involved because the SNpr GABAergic inhibition over the DLSC is removed with bicuculline 

and the result are the jaw movements.  

Moreover, studies have shown that, 

Removal of the GABAergic inhibition that is exerted by the nigrotectal neurons can 

disinhibit collicular neurons that terminate in the reticular region around the motor trigeminal 

nucleus and parvicellular reticular formation of the medulla oblongata where premotor 

neurons for the orofacial motor nuclei are present (Adachi et al., 2003, p. 152). 

These data also suggest that activity in DLSC and the nigrotectal pathway has a role in the 

control of orofacial movements such as the jaw movements. 

Besides jaw movements, the lateral DLSC in the rat is important for orienting and oral 

responses to noxious stimuli such as persistent pain. In a study by Wang and Redgrave (1997), 

biting and licking directed to the site of a subcutaneous injection of formalin into the hind-paw 

were suppressed by bilateral microinfusions into the lateral DLSC. Bilateral infusions of 

muscimol into the medial region of the DLSC had little effect on biting and licking behavior. In 
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addition, bilateral infusions of muscimol into the lateral DLSC caused formalin-treated animals 

to re-direct their attention and activity from ventral to dorsal regions of space (Wang & 

Redgrave, 1997). The striato-nigro-tecto-reticulospinal output system of the basal ganglia has 

been associated with oral behavior in rats (Wang & Redgrave, 1997). 

Defense-like Responses of the DLSC. Studies have demonstrated that defense-like behavior 

can be evoked from the rat DLSC. Stimulation of the DLSC of rats with bilateral microinfusions 

of the GABA A blocking agent picrotoxin produced responses such as orienting and approach as 

well as movements resembling avoidance, defense or escape (Redgrave et al., 1981). Other 

stimulating agents such as excitatory amino acids, electricity and GABA blockers also produce 

these defense-like responses (Dean et al., 1989). As an example, electrical stimulation of the 

DLSC in rats elicited not only orienting responses but also defense-like behaviors such as 

freezing, cringing, shying, fast running and jumping (Dean et al., 1988). Research has also 

identified the location of the cells mediating the defense-like responses. Regions of the DLSC 

that gave defense-like responses were the medial and lateral parts. The cells in these regions 

project to the ipsilateral descending pathway (Dean et al., (1988).  

The Nigrotectal Pathway in the Rat 

Functional connections between SNpr and DLSC. Niemi-Junkola and Westby (1998) 

examined the response of neurons in the rat DLSC to an increase of GABA in SNpr by recording 

from neurons in the DLSC. These recordings showed that populations of neurons in the DLSC 

were activated in response to an increase of GABA in SNpr. Additionally, the functional 

connections between DLSC and SNpr could be seen based on the behaviors elicited as a result of 

unilateral inhibition or disinhibition with GABAA agonist muscimol or antagonist bicuculline, 
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respectively. Inhibition within SNpr with muscimol or disinhibition within DLSC with 

bicuculline results in contralaterally-directed quadrupedal rotations. However, when SNpr is 

disinhibited with bicuculline, or DLSC inhibited with muscimol, the result is ipsilaterally-

directed quadrupedal rotations. Furthermore, in rats, Kilpatrick et al. (1982) demonstrated that 

there is evidence that the DLSC is required for the nigra-derived quadrupedal rotations. It was 

found that contraversive quadrupedal rotations to unilateral muscimol infusion in SNpr was 

partially attenuated by lesions or muscimol infusions placed in the ipsilateral or contralateral 

DLSC. In addition, the nigra-evoked head posturing was abolished but the trunk flexion 

remained when the DLSC was inhibited with muscimol. As a result, the quadrupedal rotations 

were no longer nose-to-tail. Therefore, the postural asymmetry of the quadrupedal rotations had 

also changed with inhibition of the DLSC with muscimol. The study by Kilpatrick et al. (1982) 

showed that the DLSC mediates not only the rate of the quadrupedal rotations (the motor 

component) but also the postural component of the quadrupedal rotations. Similar findings were 

obtained in rats by Di Chiara et al. (1982) with lesions of the lateral DLSC. Unilateral kainate 

lesions of the lateral DLSC on the same side of 6-OHDA lesions in the SNpr altered the postural 

asymmetry of the apomorphine induced quadrupedal rotations such that the tightness of the 

turning was reduced. The rotations became wider in radius and as a result there was a reduction 

in the turning intensity of the quadrupedal rotations. The wider radius increased the time needed 

to complete each rotation. The authors also found that lesions of the medial DLSC were less 

effective or not effective at all. Based on these studies as well as others it appears that the lateral 

DLSC is the region of the rat DLSC that mediates rotation behavior and posture but not the 

medial DLSC. This may be due to a difference in the role as output stations for striatum input 
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(Di Chiara et al., 1982). The lateral DLSC is known to receive input predominantly from the 

dorsolateral region of the SNpr. Thus, the results from the studies mentioned here suggest that 

the nigrotectal pathway is involved in eliciting quadrupedal rotation behavior. 

There is also a functional connection between the SNpr and DLSC in the production of 

oral stereotypy behaviors in rats but results varied according to how the behaviors were evoked 

from SNpr. Dean, Redgrave and Eastwood (1982) observed that a low dose of muscimol (25 ng 

in 0.5 µl saline/side) infused into regions of the DLSC with nigrotectal innervation almost 

abolished apomorphine-induced licking and gnawing responses. This result is consistent with the 

GABAergic nigrotectal pathway being important for the expression of dopamine-related 

stereotypy (Dean, et al., 1982). Gunne, Bachus and Gale (1988) also studied the gnawing 

behavior in rats but the behavior was evoked from the SNpr with bilateral infusions of muscimol. 

In their study, Gunne, Bachus and Gale (1988) found that the bilateral infusions of muscimol 

into the nigrotectal target region in the DLSC, blocked elicitation of gnawing by intranigral 

muscimol. Bilateral lesions of the DLSC were also effective at abolishing gnawing and biting 

behaviors induced by intranigral muscimol but the sniffing behavior (Taha, et al., 1982).   

These data suggest that there are behaviors evoked from SNpr that are mediated by the 

DLSC and some that are not. Thus, there is a range of dependency on the DLSC for nigra-

evoked behaviors.     

The nigrotectal pathway in the rat also seems to be involved in the production of defense-

like behavior. In a study by Coimbra and Brandao (1993), lesions of the SNpr or microinfusions 

of muscimol resulted in the animals exhibiting a decrease in the aversive thresholds and an 

increase in the responsiveness to bicuculline microinfusions or electrical stimulation in the 
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midbrain tectum. An opposite effect was obtained with microinfusions of bicuculline into the 

SNpr. The bicuculline microinfusions increased the aversive thresholds and decreased the 

responsiveness (decreases expression of defense-like behaviors) to bicuculline microinfusions or 

electrical stimulation in the midbrain tectum (Coimbra & Brandao, 1993).                                                                                                                          

 Moreover, Ribeiro et al. (2005) microinjected the anterograde/retrograde neurotracer, 

biotinylated dextran amine (BDA), in SNpr which showed positive non-varicose axonal 

terminals in the DLSC and periaqueductal gray, suggesting a reciprocal neural pathway between 

SNpr and neurons of the dorsal midbrain involved with the generation of fear and defense-like 

behavior. 

Functions of the Nonhuman Primate Substantia Nigra Pars Reticulata 

Stimulation Studies in SNpr. Stimulation studies revealed that there are cells in the 

SNpr that contribute to the transition between visually guided and nonvisually guided 

oculomotor behaviors and cells that receive cognitive (specifically spatial memory) signals and 

contribute to the initiation of memory-guided saccades (Hikosaka & Wurtz, 1983b, 1983c). 

Inhibition of SNpr. Inhibition of the monkey SNpr with muscimol evokes effects that 

mimic bicuculline in the DLSC (Hikosaka & Wurtz, 1985b). Hikosaka and Wurtz (1985b) found 

that muscimol in the SNpr facilitated initiation of eye saccades toward the side contralateral to 

the injection. In addition, the changes (direction of the deficit) with saccades to visual targets and 

remembered targets following muscimol in SNpr are the same as the changes that are evoked 

following bicuculline injection in SNpr (Hikosaka & Wurtz, 1985b).  
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Functions of Nonhuman Primate Intermediate and Deep Layers of the Superior Colliculus 

Stimulation Studies. Stimulation studies in the monkey have demonstrated that the 

superior colliculus is involved in the generation of eye saccades. The majority of the early 

research was carried out by Wurtz, Hikosaka and Goldberg. Wurtz and Goldberg (1972a) 

showed that neurons in the intermediate gray and white layers of the DLSC discharged before 

rapid eye movements of specific distance and direction. In addition, the visual receptive fields 

and the movement fields of these cells are all topographically organized and all lie in the same 

area of the contralateral visual field (Wurtz & Goldberg, 1972b). This topographical relationship 

holds both for cells with visual and movement fields and for those with only movement fields 

(Wurtz & Goldberg, 1972a).  

Inhibition and Disinhibition of DLSC. Inhibition of the monkey DLSC with muscimol 

produces eye saccades toward the movement field areas that are delayed, reduced in amplitude 

and lower in velocity while disinhibition with bicuculline produces irrepressible saccades that are 

higher in amplitude and velocity (Hikosaka & Wurtz, 1983a). Muscimol injected into the DLSC 

has also been shown to produce: selectively suppressed saccades to the movement field of cells 

near the injection DLSC site; saccades to visual targets that had longer latency and slightly 

shorter amplitudes that were corrected by subsequent saccades; saccades to remembered targets 

with an increase in latency and decrease in velocity; saccades that were ipsilateral to the side of 

the injection (Hikosaka & Wurtz, 1985a). In contrast, bicuculline injections have been shown to: 

induce saccades that were irrepressible and contralateral to the side of the injection; facilitate the 

initiation of saccades (evoked almost immediately post-injection); produce saccades that had a 

higher frequency (Hikosaka & Wurtz, 1985a). The opposite effects of muscimol inhibition 
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versus bicuculline disinhibition of the DLSC support and provide evidence for the view that the 

DLSC is under tonic inhibition by the SNpr and that this inhibition is mediated by GABA.  

The Nigrotectal Pathway in the Nonhuman Primate 

Functional connections between SNpr and DLSC. The investigation of the functional 

connections between SNpr and DLSC in the monkey has concentrated on eye-head orientation 

and saccadic eye movements. Hikosaka and Wurtz (1983d) showed that the SNpr cells that have 

visual or saccade-related responses have axons that project to the layers of the DLSC where cells 

discharge before saccadic eye movements. The findings revealed that the visual receptive fields 

and movement fields of these SNpr cells tend to correspond with those of the superior colliculus 

cells (DLSC cells) lying near the axons of the SNpr cells. Moreover, these SNpr cells change 

their discharge rate in inverse ways in relation to visual stimulation or saccadic eye movements: 

a decrease in the SNpr cells, an increase in the DLSC cells (Hikosaka & Wurtz, 1983d). In 

addition, in monkeys, Liu and Basso (2008) demonstrated through combined stimulation of the 

SNpr and recording in DLSC that the SNpr influences buildup neurons bilaterally. Buildup 

neurons are a second class of saccade-related neuron (the first is the saccade-related burst 

neuron) which has a low level of tonic discharge. The low level, tonic discharge appears while 

monkeys wait for a cue to make a saccade and is associated with processes such as saccade 

selection, target selection, attention, movement preparation, and decision making (Liu and Basso, 

2008). The results from the Liu and Basso (2008) study showed that SNpr stimulation reduced 

the discharge rate of the DLSC buildup neurons bilaterally. This result is consistent with 

activation of an inhibitory drive from SNpr to DLSC.  
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Posture and Motor Movements of the Nonhuman Primate 

The functional connection between the SNpr and DLSC for posture and motor movement 

control has not been explored in the monkey. Thus, below I have only provided information from 

studies examining these structures separately. 

Unilateral Electrolytic Lesions. Unilateral electrolytic lesions of SNpr elicited 

contralaterally-directed dystonic head tilt and postural asymmetry but not dyskinesia (Viallet, 

Trouche, Beaubaton, Nieoullon, Legallet, 1983; Lestienne & Thullier, 1998). 

Unilateral Inhibition of SNpr. My thesis lab (Dybdal, 1999) and others (Burbaud et al., 

1998) evoked contralaterally-directed behaviors such as dystonic head tilt, postural asymmetry, 

dyskinesias and quadrupedal rotation movements in monkeys by unilateral inhibition of SNpr 

with intracerebral microinfusions of muscimol. In addition, it is worth noting that even though 

Hikosaka and Wurtz (1985b) did not study freely moving monkeys, they did observe abnormal 

postures and motor movements in one monkey when they were returning the monkey to his 

homecage 3 hours after muscimol infusion into SNpr. Hikosaka and Wurtz (1985b) reported 

contralaterally-directed head tilt and postural asymmetry. These findings support the findings in 

my thesis lab because the head tilt behavior tends to be a long-lasting effect (behavior can last 2-

5 hours post-infusion).  

Unilateral Disinhibition of SNpr. In monkeys, unilateral disinhibition with bicuculline 

evoked a slight ipsilaterally-directed quadrupedal rotations and head tilt (Burbaud et al., 1998). 

Unilateral Inhibition of DLSC. Unilateral muscimol in the monkey DLSC elicits 

ipsiversive-directed postural asymmetry with quadrupedal rotations (Gale et al., 2005). 
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Unilateral Disinhibition of DLSC. We found that some abnormal postures and motor 

movements (quadrupedal rotation movements, postural asymmetry, head turning, and 

dyskinesias) can be elicited in the monkey by unilateral disinhibition of the DLSC with 

intracerebral microinfusions bicuculline (Zarbalian et al., 2003; Gale et al., 2005). 

Defense-like Responses of the Nonhuman Primate 

Unilateral Disinhibition of DLSC. We have demonstrated that defense-like responses 

can be evoked directly from the DLSC in the monkey. Unilateral intracerebral microinfusions of 

bicuculline elicited the following defense-like responses: escape responses, cowering, aversive 

vocalizations, exaggerated startle and the attack of inanimate objects (Cole et al., 2006). This is 

the first documentation that defense-like responses can be evoked from the monkey DLSC. 

 

These data suggest that the monkey DLSC may have a role in the control of posture and motor 

behavior as well as a role in the control defense-like behavior. 
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Proposed Model, Hypothesis and Predictions 

Proposed model for the interaction between SNpr and DLSC in the control of motor 

and posture: SNpr sends GABAergic inhibitory outputs to DLSC, which, under normal 

conditions, maintains DLSC in a state of tonic inhibition. Inhibition of the SNpr will suppress the 

activity of the inhibitory outputs from SNpr to the DLSC and disinhibit the DLSC neurons that 

receive inputs from SNpr. Disinhibition of DLSC results in the emergence of abnormal postures 

and motor movements, including quadrupedal rotations, head turning, head tilt, body lean/twist 

and dyskinesias.   

Hypothesis: Abnormal postures and motor movements caused by inhibition of SNpr are 

mediated by disinhibition of DLSC. This hypothesis predicts that inhibition of DLSC should 

reduce or prevent the occurrence of the abnormal postures and motor movements evoked by 

inhibition of SNpr. 

To test the hypothesis, the SNpr was unilaterally inhibited by microinfusing muscimol (9 

nmol) in order to evoke abnormal postures and motor movements, and the effects of bilateral or 

unilateral inhibition of DLSC on the SNpr-evoked abnormalities was examined. The DLSC was 

inhibited by microinfusing muscimol (9 nmol). 

The following predictions about specific SNpr-evoked abnormalities are consistent with 

my hypothesis.  

Prediction #1: Pre-treatment with muscimol in DLSC will reduce the rate of the SNpr-

evoked quadrupedal rotations and prevent the expression of head turning. While the quadrupedal 

rotations are not expected to be prevented, it is anticipated that their radius will increase as a 
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secondary consequence of the decrease in the postural component of the quadrupedal rotations: 

the absence of the head turning will reduce the tightness of the turning.  

Basis for Prediction #1: In rats, Kilpatrick et al. (1982) showed that DLSC activity 

mediates not only the rate of the quadrupedal rotations but also the asymmetrical postural 

component of the rotations. The latter study reported that the rate of the quadrupedal rotations 

was only partially reduced but the head posturing was abolished when the DLSC was inhibited 

with muscimol. As a result the quadrupedal rotations were no longer nose-to-tail. Moreover, Di 

Chiara et al (1982) demonstrated that kainate lesions of the DLSC disrupted the asymmetrical 

postural component of the quadrupedal rotations
1
 such that there was a reduction in the tightness 

of turning. Thus, the rotations became wider with a reduction in turning intensity. As a secondary 

consequence, the wider radius increased the time needed to complete each rotation. 

Prediction #2: Pre-treatment with muscimol in DLSC will reduce the expression of both 

the SNpr-evoked dystonic head tilt and body lean/twist behaviors. 

Basis for Prediction #2: There are no published studies that have investigated the role of 

the DLSC in the production of dystonic motor movements and posture in any species. The 

previous research in rats could not address this question because rats do not exhibit dystonia in 

response to inhibition of SNpr. My prediction that the head tilt and body lean/twist behaviors 

evoked from SNpr are dependent on DLSC is therefore based on the fact that the postural 

asymmetry evoked from SNpr in the rat (in association with quadrupedal rotations) was 

abolished by DLSC inhibition. Since the head tilt and body lean/twist are types of postural 

                                                 
1
 In this experiment, the quadrupedal rotations were evoked by administration of the dopamine agonist apomorphine 

to rats with unilateral 6-hydroxydopamine lesions of the nigrostriatal projections. 
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asymmetries, my expectation is that these abnormalities will also be mediated by DLSC 

inhibition. 

Use of Nonhuman Primates 

A major limitation in this field has been the lack of appropriate animal models. The 

rodent has provided excellent opportunities for the study of neural substrates of motor behaviors 

and fear and avoidance conditioning. However, our preliminary results demonstrated that 

manipulation of corresponding areas between rodents and nonhuman primates could lead to very 

different results. This is due to the higher complexity of motor behaviors in nonhuman primates 

as compared to those in rodents. Undoubtedly, the complexity of motor behaviors in humans is 

even more complex than those in nonhuman primates. However, the similarities between 

nonhuman primate species in many phenotypic displays and basic behavioral processes outweigh 

the differences, suggesting that the neural mechanisms underlying complex motor behaviors are 

likely to share common features across various primate species. Therefore, studies in nonhuman 

primates promise to substantially advance our understanding of the neural substrates relevant to 

motor disorders such as cervical dystonia (torticollis), Parkinson’s disease and Huntington’s 

disease. Moreover, the interactions between multiple brain regions are most suitably investigated 

in the nonhuman primate brain. Because of the direct relevance to human behavior, the 

nonhuman primate was selected as the species for the present study. For my study, each subject 

served as its own control. This guaranteed that the minimal number of subjects required for the 

study was used.   

 In the current study, my goals were to directly examine the effects of GABAA receptor 

manipulation in DLSC and SNpr on posture and motor behavior. Furthermore, intracerebral drug 
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infusions were used to assess the role of the DLSC in the control of abnormal postures and motor 

movements evoked from SNpr. 

Experimental Design 

Experiment 1A: Characterization of abnormal postures and motor movements 

evoked by microinfusions of bicuculline and muscimol in DLSC  

Treatment Expected Outcome 

Drug Location Treatment 

Type 

Bicuculline DLSC Unilateral Contralaterally-directed abnormal postures, eye 

saccades and motor movements. Defense-like responses  

Muscimol DLSC Unilateral Ipsilaterally-directed abnormal postures and 

movements (postural asymmetry and quadrupedal 

rotations) 

Muscimol DLSC Bilateral No Effect 

Saline DLSC Unilateral No Effect 

Saline DLSC Bilateral No Effect 

 

In Experiment 1A, I characterized the abnormal postures and motor movements elicited 

from DLSC in each monkey. I also characterized the defense-like responses evoked from DLSC 

with bicuculline. The defense-like behaviors typically occurred concurrently with abnormal 

postures and motor movements. All 4 monkeys received unilateral microinfusions of bicuculline 

(5nmol, 7.5nmol or 10 nmol) in DLSC.  

The purpose of infusing bicuculline unilaterally into DLSC was to characterize the 

abnormal postures and motor movements that are evoked via direct disinhibition of DLSC. In 

addition, our preliminary data indicated that direct disinhibition of DLSC with bicuculline can 

evoke abnormal postures and motor movements. I was interested in determining the extent to 

which these effects and some of these behaviors resemble those evoked by muscimol in SNpr.  
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The second purpose of examining the effects of unilateral bicuculline in DLSC was to 

identify DLSC sites that exerted control on posture or movement. The microinfusion sites that 

were found to evoke effects were then used subsequently for bilateral and unilateral muscimol 

treatments in Experiments 1A and 2. 

  In order to identify possible abnormal postures and motor movements that may occur 

following unilateral inhibition of DLSC with muscimol, I also examined the effects of 

microinfusion of 9 nmol of muscimol into the same sites in DLSC from which abnormal postural 

and/or motor effects were evoked with bicuculline methiodide. In our preliminary data we found 

that unilateral microinfusion of muscimol into DLSC evoked ipsilaterally-directed postural 

asymmetry and occasional quadrupedal rotations (an effect directionally opposite to that evoked 

from SNpr inhibition with muscimol). In contrast, microinfusion of muscimol in the DLSC of 

both hemispheres avoids introducing the postural asymmetry because it avoids creating an 

imbalance between the two sides. Based on the pilot experiments, I expected that unilateral 

muscimol treatments would evoke ipsilaterally-directed postural asymmetry and quadrupedal 

rotations, but that the bilateral muscimol treatments would evoke no asymmetrical behavior. 

Saline of the same volume was also infused into the sites to control for nonspecific effects of 

microinfusions. 

To test my hypothesis regarding SNpr interactions with DLSC (Experiment 2) bilateral 

pre-treatment with muscimol in DLSC was selected as the main treatment to inactivate DLSC. 

This was done in an effort to avoid introducing asymmetry as a result of the pre-treatment. The 

decision to carry out ipsilateral and contralateral pre-treatments was made once it was 
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determined that bilateral muscimol in DLSC was effective for preventing the dystonic head tilt 

and body lean/twist behaviors evoked from SNpr (See Experiment 2). 

Experiment 1B: Characterization of abnormal postures and motor movements 

evoked with unilateral muscimol in SNpr 

Treatment Expected Outcome 

Drug Location Treatment 

Type 

Muscimol SNpr Unilateral Abnormal postures and motor movements 

(Quadrupedal rotations, head turning body lean/twist, 

head tilt (torticollis), and dyskinesias) 

Saline SNpr Unilateral No Effect 

 

In Experiment 1B, I characterized the abnormal postures and motor movements elicited 

from SNpr in each monkey. All 4 monkeys received unilateral microinfusions of muscimol (9 

nmol) in SNpr.  

The microinfusion sites that were the best for eliciting abnormal postures and movements 

were used in Experiment 2 to find out if DLSC mediates abnormal postures and motor 

movements caused by inhibition of SNpr. Saline of the same volume was infused into the sites. 

Previously in our lab, David Dybdal demonstrated that there is a topography of the 

muscimol effects in SNpr. Dybdal found that depending on the location of the microinfusion site, 

different behaviors were elicited from SNpr following unilateral inhibition with muscimol. Based 

on these data, I expected to evoke head turning and quadrupedal rotations from more anterior 

sites, head tilt and body lean/twist from more posterior sites, and leg or arm dyskinesias from 

sites that are ventral, central or lateral. 
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Experiment 2: The effect of pre-treatment in DLSC with muscimol on nigra-evoked 

behaviors 

Treatment Expected Outcome 

Drug Location Treatment 

Type 

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Bilateral  

pre-treatment 

 

Unilateral 

The rate of the contralaterally-directed SNpr-evoked 

quadrupedal rotations will be reduced, expression of 

the head turning will be prevented and the postural 

component of the rotations will be reduced. The 

expression of the contralaterally-directed head tilt 

(torticollis) and body lean/twist will be reduced. 

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Ipsilateral 

pre-treatment 

 

Unilateral 

The expression of the head tilt (torticollis) and body 

lean/twist will be reduced. 

 

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Contralateral 

pre-treatment 

 

Unilateral 

There will be no effect on the expression of the head 

tilt (torticollis) and body lean/twist. The nigrotectal 

pathway is mainly ipsilateral so I am not expecting 

any change in the expression of the behaviors. 

 

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Bilateral  

pre-treatment 

 

Unilateral 

Abnormal postures and motor movements Abnormal 

motor and posture (Quadrupedal rotations, head 

turning, body lean/twist, head tilt (torticollis) and 

dyskinesias) 

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Ipsilateral  

pre-treatment 

 

Unilateral 

Abnormal postures and motor movements 

(Quadrupedal rotations, head turning, body 

lean/twist, head tilt (torticollis) and dyskinesias 

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Contralateral 

pre-treatment 

 

Unilateral 

Abnormal postures and motor movements 

(Quadrupedal rotations, body lean/twist, head tilt 

(torticollis) and dyskinesias) 

 

The purpose of Experiment 2 was to test the following hypothesis: Abnormal postures and motor 

movements caused by inhibition of SNpr are mediated by disinhibition of DLSC. This 

hypothesis predicts that inhibition of DLSC should reduce or prevent the occurrence of the 

abnormal postures and motor movements evoked by inhibition of SNpr. The microinfusion sites 
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in DLSC and SNpr that were found to be the best for evoking abnormal postures and motor 

movements in Experiments 1A and 1B, respectively, were used in Experiment 2. Saline of the 

same volume was infused into the sites. 

General Materials and Methods 

Subjects. Four rhesus macaques (Macaca mulatta), one female (ST) and three males (DE 

OL, and DA) were subjects in this study. They were 3-5 years of age and weighed 4.4-7.0kg at 

the beginning of this study. All monkeys were housed in pairs in a room with regulated lighting 

(12hr light/dark cycle) and maintained on primate Lab Diet (number 5049; PMI Nutrition 

International, Brentwood, MD) supplemented daily with fresh fruit/vegetables. Water was 

available ad libitum in the home cage. This study was conducted under a protocol approved by 

the Georgetown University Animal Care and Use Committee and in accordance with the Guide 

for Care and Use of Laboratory Animals adopted by the National Institutes of health (Wellman, 

Gale, & Malkova, 2005). The monkeys were implanted with sterotaxically positioned chronic-

platforms, which allowed a removable infusion grid to be placed inside the platform. The 

infusion grid allowed a removable injector fitted with an infusion cannula of adjustable length, to 

be inserted into predetermined sites in the brain through the guiding channels of the grid. 

Infusion chamber and injector. The chamber and injector were a modification of those 

previously described by Wellman et al. (2005).  A rectangular chamber (38 mm length x 44 mm 

width x 18 mm depth) was made of polyoxymethylene (Helm Tech Machining Inc., Middleburg 

Hts., OH).  It was covered with a removable top that was secured in place by four screws.  For 

drug infusions, the top was removed and a grid was inserted to provide guiding channels for the 

placement of the injector and cannula (Figures 4). The grid contained 168 guiding channels set in 
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12 rows and 14 columns spaced 2 mm apart. The columns were arranged into two groups of 

seven separated at the midline by a 12-mm-wide section. 

This provided us with the ability to easily move the injection sites in the rostrocaudal and 

mediolateral directions. Changing the length of the injection cannula allowed us to change 

dorsoventral coordinates of the injection.  

A custom-built telescoping injector (Elmeco Engineering, Rockville, MD) was designed 

to fit snugly into the infusion grid and allow an easy adjustment of infusion cannula length as 

shown in Figure 4.  The injectors are made of polyethylene terephthalate (PET) Polyester.  The 

individual discs are serially interlocked with stainless steel rods, with the central tubes acting as a 

guide.  A 27 ga tube is inserted into the topmost disc serving as the infusion cannula and is 

connected via polyethylene tubing (Small Parts, Miami Lakes, FL) to a 50 μl Hamilton syringe. 

To perform an infusion, the telescoping apparatus is slowly inserted through the infusion grid 

until the discs are flush with each other and the grid and the drug is infused (see below, 

Intracerebral drug infusions). 
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Surgery for implantation of the infusion chamber. After first sedating the monkey 

with ketamine (10-15 mg/kg), a surgical level of anesthesia was established and maintained with 

isoflurane gas (1–2%, to effect). Atropine (0.02-0.05 ml/kg, i.p.) was administered to counteract 

the decrease in heart rate caused by the anesthetics and maintain cardiac output close to normal. 

Throughout the aseptic procedure, the monkey received an intravenous drip solution of isotonic 

fluids; heart rate, respiration rate, blood pressure, expired CO2, and body temperature were 

monitored. For the surgery, the monkey was placed in a stereotaxic headholder, and a sterile field 

was established. The skull was exposed over the area of the cranium. The chamber was 

positioned stereotaxically, according to the macaque brain atlas (Paxinos et al., 1999), with 

respect to the earbars over the region of intended infusions. Four small craniotomies were made, 

each placed outside one of the four sides of the chamber. Four H-shaped anchor bolts (Elmeco 

Engineering, Rockville, MD), made of polyoxymethylene, were inserted and secured in place 

 

  

GRID 

(Top View) 

CANNULA 

27 GAUGE 

Figure 4: Infusion grid and cannula. 

The infusion grid was positioned into 

the surgically implanted chamber to 

allow for repeated intracerebral 

microinfusions into awake animals. 
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with a small amount of bone cement (Palacos R, BioMet Orthopedics, Warsaw, IN).  Additional 

bone cement was used to secure the entire chamber in place.  All monkeys received 

postoperative analgesics as determined in consultation with the facility veterinarian.  

Approximately 1 week after the surgery, the channels intended for drug infusions were opened 

by hand-held drill under anesthesia and aseptic conditions. 

Magnetic resonance imaging. Postoperatively, each monkey received at least one T1-

weighted scan to determine and/or verify the coordinates for the infusion sites.  Additional scans 

were performed throughout the experiment as needed.  For each scan, the monkey was 

anesthetized with a mixture of ketamine (ketamine hydrochloride, 10-15 mg/kg, i.m.) and 

xylazine (0.1 mg/kg, i.m.) and placed in a nonferrous stereotaxic frame (David Kopf Instruments, 

Tujunga, CA). A Siemens Trio 3T MRI scanner (Munich, Germany) equipped with a human 

head coil was used to perform a structural scan.  An MPRAGE pulse sequence was used to 

acquire 3D volume of the monkey brain with the following parameters: TR = 1600ms, TE = 

4.38ms, TI = 640ms, flip angle 15O, averages = 1, FOV = 256x256mm2.  The number of slices 

was 160 with a 1.0mm thickness and effective resolution 1.0x1.0x1.0mm3. To verify the location 

of the predetermined infusion sites, tungsten microelectrodes (FHC, Bowdoinham, ME), which 

were visible on the scan, were inserted through the infusion grid into the specified locations in 

each hemisphere, with the tip of the electrode placed at about 10 mm above the intended infusion 

site. Based on the position of the tip of the electrode on the MRI scan, the final coordinates for 

the drug infusions were adjusted with respect to the coordinates of the infusion grid as shown in 

Figure 4A. 
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Intracerebral drug infusions. The GABAA agonist muscimol (9nmol in 1.0 μl), GABAA 

antagonist bicuculline methiodide (10nmol in 1.0 μl), or sterile saline (0.9% NaCL solution) of 

the same volume were infused into the brain of the awake monkey while the animal was seated 

in a non-human primate chair (Crist Instrument Company, Hagerstown, MD) with minimum 

restraint. The GABAA agonist muscimol (9nmol in 1.0 μl) was used to transiently suppress 

synaptic activity in the vicinity of the focal infusion site (site was intermediate and deep layers of 

the superior colliculus or substantia nigra pars reticulata) while the GABAA antagonist 

bicuculline methiodide (10nmol in 1.0 μl) was used to disinhibit intermediate and deep layers of 

superior colliculus which is normally under tonic inhibition by substantia nigra pars reticulata. 

The drugs (as sterile solutions) were infused in volumes of 0.5-1.0 µl at a rate of 0.2 µl/min. 

Placement of the sterile, drug-filled infusion cannula (27gauge) into the guide channel of the 

infusion platform via an acutely-positioned injector was done using sterile technique. The speed 

and volume of infusion was monitored by following the displacement of a small air bubble 

introduced into the fluid-filled polyethylene tubing connecting the pump-driven syringe to the 

internal cannula. When more than one infusion site was to be used (e.g. for bilateral infusions), 

the infusions were done simultaneously via 2 (or more) infusion cannulae. The entire infusion 

procedure lasted ~ 15min. At least 48 hours were allowed to elapse between drug treatments in 

an individual subject. 

Direction of intracerebral microinfusions. The infusions in my study were aimed at the 

intermediate and deep layers of superior colliculus (Figure 1), which includes the intermediate 

gray layer (stratum griseum intermediale – SGI), the intermediate white layer (stratum album 

intermediale – SAI), the deep gray layer (stratum griseum profundum – SGP), and the deep 
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white layer (stratum album profundum – SAP). My infusions were also aimed at the substantia 

nigra pars reticulata. The whole colliculus is 4mm X 4mm X 5mm (Paxinos et al., 2009). I aimed 

to be in the intermediate and deep layers of the superior colliculus which is about 2-2 1/2mm 

down.  

Diffusion of drugs and localization of drug effects. There is a relationship between 

volume and diffusion (Myers, 1966). Myers (1966) investigated the extent of diffusion of dyes 

and the volume injected into cerebral tissue and discovered that the diffusion of the dye into the 

tissue surrounding the site of injection bore a direct relationship to the volume given. Myer’s 

findings demonstrated that the higher the volume used the more diffusion.  

We used the lowest dose (5 nmol, 7.5 nmol, or 10 nmol) and volume (0.5 µl, 0.75 µl or 1 

µl) which elicited an effect. This decreased the chance of the drug diffusing to different areas 

and a longer recovery time to baseline behavior. We also conducted tests to demonstrate that the 

drug is not diffusing to other areas by moving 2mm laterally to the site in which I observed the 

effect. In some cases we moved anterior or posterior to the site. 

Muscimol: diffusion, localization of effect, and recovery to baseline behavior). 

Muscimol is a GABAA agonist and is the most commonly used GABA agonist in inactivation 

experiments to focally inactivate regions with neurons expressing GABAA receptors (Arikan et 

al., 2002; Martin & Ghez, 1999). Muscimol is a potent agonist for the GABAA receptor and a 

weak agonist for the GABAB receptor (Martin & Ghez, 1999). The GABAA receptor is present 

throughout the central nervous system and thus GABAA agonists such as muscimol leads to 

hyperpolarization in virtually all brain regions. The hyperpolarization is induced rapidly (Martin 

& Ghez, 1999). Compared with the endogenous ligand, GABA, muscimol has a higher affinity 
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for and binds more tightly to the GABAA receptor. This can account for the long-lasting effects 

of muscimol (Martin & Ghez, 1999).   

Previous work (Martin, 1991; Martin & Ghez, 1999) showed that a 1 μl infusion of 

Muscimol affected a sphere of tissue ~2 mm in diameter surrounding the site of infusion. In 

addition, Partsalis, Zhang, and Highstein (1995) showed that there was a maximal suppression 

within one hour of focally injected muscimol and declining effect thereafter. Moreover, Arikan 

et al., (2002) examined the spatial extent of muscimol spread at one hour following injection 

into the cerebellum and followed the return of spontaneous activity for several hours post-

infusion. Arikan et al., (2002) used 1µl of 2% muscimol in Ringer’s solution. The authors found 

that muscimol immediately reduced recorded activity, which lasted for more than five hours 

with graded, partial return of activity over time. Initially, the volume where activity was absent 

was about 2mm in diameter and was surrounded by an area of roughly 4mm in diameter where 

the cellular activity was attenuated. Thus, the diffusion of drug is roughly symmetrical around 

the injection site (Arikan et al., 2002). In terms of recovery from the drug muscimol, the cellular 

activity gradually recovered over a period of 5.5 hours. Muscimol effectiveness continually 

declined from about an hour following injection through the 5.5 hour time period. At the 4.5-5.5 

hour time point the volume that was still weakly inhibited was only about 1mm in diameter. At 

5.5 hours there was only a minimum residual drug effect at the center of the injection. 

 Studies in my thesis lab (Dybdal, 1999) support the findings that muscimol is long acting 

and that recovery to baseline behavior takes several hours (e.g. 5 hours). Furthermore, for the 

dose of muscimol that we used (9nmol), the effective concentration of drug is distributed with a 

radius of 1.5 to 1.75 mm, beyond which the drug concentration falls sharply. 
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Bicuculline Methiodide: diffusion, localization of effect, and recovery to baseline 

behavior. Bicuculline Methiodide is a GABAA antagonist that acts to counter GABA. 

Bicuculline is a competitive antagonist of GABAA receptor activation and interacts with the 

same binding sites as GABA. There are very few research articles that report the extent of 

diffusion of bicuculline and the recovery time to baseline behavior. Yoshida, Nagatsuka, 

Muramatsu, and Niijima (1991) reported that locally infused tritiated bicuculline (2µg, 1.5µL, 

27.8kBq) into the rat striatum diffused spherically over a radius of about 1.5mm 30 min after 

infusion (Wang, Zhang, & Li, 2000). Wang et al. (2000) stated that if the spread of bicuculline 

in the monkey cerebral cortex is similar to that in the rat striatum, then the diffusion radius of 

bicuculline in their study would be ~ 1.5-3.0mm. Moreover, Oishi, Mikami, and Kubota (1995) 

reported that impairment of monkey’s performance on a GO/NO-GO task was most severe at 

32-47min after infusion of bicuculline (Wang et al., 2000). Recovery to baseline behavior took 

71-92min post-infusion (Oishi et al., 1995; Wang et al., 2000). 

 As previously mentioned, our past studies and recent research (Zarbalian, et al., 2003; 

Gale et al., 2005; Cole et al., 2006; Holmes et al., 2009; 2008) demonstrated that for the doses 

that we used, the effective concentration of drug is distributed with a radius of 1.5 to 1.75 mm, 

beyond which the drug concentration falls sharply; consistently clear differences are detected in 

the responses to infusions when an identical dose is placed at sites which are located at 1-2 mm 

distances from each other. The aforementioned applies to both muscimol (dose 9nmol) and 

bicuculline (dose 5-10nmol). We also found that bicuculline is largely cleared from the tissue by 

one hour after injection and the recovery to baseline behavior was 30-60 min post-infusion. If 

the behaviors were stronger recovery to baseline behavior was between 90-120 min post-



 

52 

 

infusion. 

Infusion site verification. A detailed histological analysis was performed on one 

monkey (DE), to validate the accuracy of the MRI-based calculation of infusion sites. For 

histological processing, the monkey was given an overdose of barbiturate (sodium pentobarbital, 

100mg/kg, i.p.) and perfused through the heart with normal saline, followed by aldehyde 

fixatives. The brain was removed from the skull, and the tissue was sectioned in the coronal 

plane at 50 m on a freezing stage microtome (Wellman, et al., 1995). Each section through the 

SNpr and DLSC was mounted, defatted, stained with thionin, and coverslipped. A 

photomicrograph of a representative section showing cannula placement in DLSC and SNpr is 

shown in Figures 5B and 6B, respectively. 

The placement of the cannula documented in the histological sections was coaligned 

with the placement of the electrode registered on the MRI scan of the same animal (Figures 5A 

and 6B). The remaining three animals are still undergoing additional testing and were not 

available for histological processing. We used MRIs and documented the placement of the 

infusion sites in all monkeys. Thus, we were able to confirm that the infusions were placed 

correctly in all animals.  
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Figure 5: MRI and photomicrograph of Nissl-stained coronal section through the DLSC of monkey 

DE. 5A shows the placement of the electrodes in the left and right DLSC. The arrows point to the tip 

of the electrodes. In B the cannula tracts are visible in the photomicrograph. The tracts are visible on 

both the left and right sides. The arrows point to the tip of the cannula tracts. Aq, cerebral acqueduct; 

PAG, periacqueductal gray; Pul, pulvinar; SAI, intermediate white layer of DLSC; SGP, deep gray 

layer of DLSC. 
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Figure 6:  MRI and photomicrograph of 

Nissl-stained coronal section through the 

SNpr of monkey DE. 6A shows the 

placement of the electrodes in the right SNpr. 

The arrow points to the tip of the electrode. In 

6B the cannula tract is visible in the 

photomicrograph. The tract is visible on the 

right side. The arrow points to the tip of the 

cannula tract. 3V, 3
rd

 ventricle; mcp, middle 

cerebral peduncle; Pn, pontine nucleus; SNpr, 

substantia nigra pars reticulata. 
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Evaluation of abnormal postures and motor movements, defense-like responses and 

baseline behavior. Prior to the start of the experimental treatments, all animals were habituated 

to all experimental procedures, and videotapes were made of baseline behavior in the absence of 

drug treatment. All animals were videotaped in an observation cage for 30 min for baselines and 

60min for infusions. The time period of 60 min was the minimum for post-infusion videotaping 

but animals would remain in the cage longer if the effects were still present. Animals continued 

to be monitored and notes were made until behaviors returned to baseline levels. During the post-

infusion observation periods a person that was familiar with the normal baseline behavioral 

patterns of each animal would take detailed notes of abnormal postures and movements of the 

limbs and trunk and the severity and direction of these movements. Detailed notes were made for 

the following behaviors: head tilt, body lean/twist, quadrupedal rotations, limb dyskinesias, head 

turning, eye saccades, and lip/mouth twitch. The observer also made note of defense-like 

responses (cowering, escape, and disturbed vocalizations), general postures, use of limbs, 

activity level, and ability to engage in normal behaviors such as reaching for and eating treats. 

Analyses of videotapes. The baseline, control and post-infusion videotapes were coded 

and analyzed by two observers (one of which was blind with respect to the treatment of the 

monkey) using “Observer” 5.0 and 9.0 (Noldus). Inter-observer reliability was controlled by 

comparing results of video segments scored by both observers, which in this case was 10 percent 

of all the video acquired during the study (Inter-observer reliability: mean Pearson Rho = 0.97 

with a standard deviation of ±0.03). Behaviors were coded as either events (number of 

occurrences of a particular behavior) or based on duration of time (% time) during which they 

were present. The videos were divided into 15 min intervals.  
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Analysis of Behaviors. As a means of establishing whether drug infusions led to changes 

in freely moving behaviors, the occurrence of behaviors following infusions were compared to 

baseline and or control saline observations. Moreover, for repeated infusions, the mean and 

standard error of measure were calculated for each 15 min bin. Behavioral changes following 

infusions were considered to be statistically significant if the number of occurrences deviated 

from baseline and or control bins according to statistical analyses. Behaviors were also 

considered statistically significant if they only occurred post-infusion and not during baselines. 

 To establish whether pretreatment of DLSC with muscimol lead to changes in nigra-

evoked abnormal postures and motor movements, behaviors from the results were compared to 

the results from the unilateral muscimol in SNpr experiments as well as baselines. Within subject 

and across subject analyses were carried out and are explained in the following section. 

Statistical Analysis. 

Within Subject analysis. Statistical analysis was conducted between different treatments 

within the same animal to examine the results for each animal individually. A one-way ANOVA 

with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis and Dunn’s post-

hoc analysis was used to examine the differences between treatment conditions. This analysis 

was used for the experiments involving head tilt, body lean/twist and head turning. There was a 

criteria set for the statistical analysis of the experiments involving head tilt and body lean/twist. 

The first 15 min interval (0-15 min or 15-30 min post-infusion) in which both behaviors (head 

tilt and body lean/twist) were first present together following unilateral muscimol in SNpr was 

chosen. The same 15 min interval was chosen for the pretreatment in DLSC experiment and the 

baseline. The first 15 min interval in which both behaviors were present following unilateral 
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muscimol in SNpr was 0-15 min for animals DE and DA and 15- 30 min for animals ST and OL. 

The pretreatment experiments were held constant for the analysis. 

The head turning behavior accompanied quadrupedal rotations in Animal DE and these 

behaviors were analyzed separately. Head turning was evoked during the first 15 min interval (0-

15 min post-infusion) following unilateral muscimol in SNpr and therefore this interval was 

chosen for analysis. The same 15 min interval was chosen for the pretreatment in DLSC 

experiment and the baseline.  

Analysis of the quadrupedal rotations consisted of examining whether there was any 

significant differences overall between treatment conditions and examining whether there was 

any significant differences at any time point (to find out if there were any significant differences 

between the four 15 min intervals: 0-15 min, 15-30 min, 30-45 min and 45-60 min) following 

unilateral muscimol in SNpr alone and with pretreatment of DLSC. The nonparametric Friedman 

Test was used to examine whether there was any significance overall and the nonparametric 

Wilcoxon Signed Ranks Test was used to examine whether there was any significance at any 

time point. The threshold was set at P < 0.05 for statistical significance. 

Across Subjects. The head tilt and body lean/twist data and baselines from all animals 

were combined and analyzed across animals to find out if there are any statistical significance 

between different treatment conditions. The across animal analysis was carried out using 

Repeated measures non-parametric Friedman’s ANOVA with a threshold set at P < 0.05 for 

statistical significance, with Wilcoxon Sign Rank Test (nonparametric) for post-hoc analysis. 

The same 15 min intervals that were used for the within subject analysis were used for the across 

subject analysis. The pretreatment experiments were held constant for the analysis. 
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 Across animal analysis could not be carried out for head turning and quadrupedal 

rotations because the head turning behavior was evoked in one animal and the quadrupedal 

rotations were evoked in two animals. 

Results 

Representative Cannula Localization. Microinfusions were performed in a total of 12 

sites within and outside the DLSC (3, 4, 3 and 2 sites in Monkeys ST, DE, DA, and OL, 

respectively. 10 sites were localized within the DLSC. Microinfusions were performed in a total 

of 22 sites within and outside the SNpr (2, 8, 8, and 4 sites in Monkeys ST, DE, DA and OL, 

respectively). 13 sites were localized within the SNpr. In the DLSC and SNpr localization figures 

the microinfusions were represented with reference to millimeters anterior-posterior from the 

interaural line. The localization of microinfusion sites, cannula placement and their effects are 

reported for the four monkeys in Figures 7-21. 

Figures 7-21: Localization of Microinfusion Sites and Cannula Placement. 

Localization of microinfusion sites and cannula placement in and outside of DLSC and SNpr are 

represented as circles. In the DLSC figures (Figures 7-12) white circles correspond to bicuculline 

microinfusions and gray circles to both muscimol and bicuculline infusions. The sites identified 

by the gray circles were used in subsequent experiments (Experiment 2). White circles with a 

line in the middle correspond to “no effect” from bicuculline microinfusion. Only the effects 

from bicuculline microfusion are listed on Figures 7-12. In the SNpr figures (Figures 13-21) 

white circles correspond to muscimol microinfusion sites and or depths used only in Experiment 

1B and gray circles to muscimol microinfusion sites and depths that were also used in 
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subsequent experiments (Experiment 2). The white circles with line in the middle indicate that 

there was no effect from muscimol microinfusion. 

In Figures 7-21 multiple depths for a specific site are indicated by multiple circles on the 

straight line which represents the cannula. The deepest depth for a site is considered the 

reference point and the lower depths are represented by the number of millimeters from the 

reference point. Different sites shown within a hemisphere are 2mm apart which is the same 

distance between the guiding channels on the infusion grid. In each of the figures the number at 

the bottom shows the millimeters in front of ear bar zero (mm anterior-posterior from the 

interaural line). This number only represents the region of the structures (anterior, central and 

posterior). In addition, on each figure, labels that indicate the actual placement of the cannula 

(central, lateral, medial, and anterior) within these regions of DLSC and SNpr are located either 

beside the site or right above the cannula (straight line). Labels were placed beside the DLSC or 

SNpr site when there were multiple depths on the cannula. Figures 7-21 are presented below. 

Figures 7-21 were adapted from Paxinos, et al. (2009). Lastly, a list of the abbreviations that 

were used in Figures 7-21 and their meaning is presented right after the figures. The meanings of 

the abbreviations used in Figures 7-21 could not be included within the figures due to limited 

space. 
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Behaviors evoked by unilateral microinfusion  

of bicuculline in DLSC: HTr: Head turning;  

S: Saccades; L: Lip/mouth twitch; 
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dyskinesias; F: Foot/leg dyskinesias;  

R: Quadrupedal rotations 
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Figure 8 
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Medial 

+2.05 mm 

HTr, S, 

Co, R 
R, F, E 

Behaviors evoked by unilateral 

microinfusion of bicuculline in DLSC: 
HTr: Head turning; S: Saccades;  

Co: Cowering; R: Quadrupedal rotations; 

F: Foot/leg dyskinesias; E: Escape 

responses;  

Localization of Microinfusion Sites 

and Cannula Placement in DLSC: 

Monkey DE 
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Figure 9 

HTr, S, 

Co 

HTr, S, 

Co 

Central Central 

+3.00 mm 

Behaviors evoked by unilateral 

microinfusion of bicuculline in DLSC: 
HTr: Head turning;  

S: Saccades;  

Co: Cowering;  

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of DLSC: Monkey ST 
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Figure 10 

Central 

+3.90 mm 

HTr, S, F 

Behaviors evoked by unilateral 

microinfusion of bicuculline in DLSC: 
HTr: Head turning;  

S: Saccades;  

F: Foot/leg dyskinesias;  

Localization of Microinfusion Sites 

and Cannula Placement in DLSC: 

Monkey DA 
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Figure 11 

Central Lateral 

+3.00 mm 

HTr, At, 

Co 

HTr, S, 

L, Co, E, 

Av, F 

Behaviors evoked by unilateral microinfusion  

of bicuculline in DLSC: HTr: Head turning;  

S: Saccades; L: Lip/mouth twitch; 

Co: Cowering; E: Escape responses;  

Av: Aversive vocalizations; F: Foot/leg 

dyskinesias; At: Attack of inanimate objects 

Localization of Microinfusion Sites 

and Cannula Placement in DLSC: 

Monkey DA 
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Figure 12 

HTr, S, 

Co, E 

Behaviors evoked by unilateral 

microinfusion of bicuculline in DLSC: 
HTr: Head turning;  

S: Saccades;  

F: Foot/leg dyskinesias;  

Lateral 

+3.90 mm 

Localization of Microinfusion Sites 

and Cannula Placement in DLSC: 

Monkey OL 
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2
 There were two sites not included in this figure that were located above the medial site in SNpr. One site was 2mm 

above the medial site and the other was 4mm above the site. These sites were outside of the SNpr and no effects 

were evoked with muscimol. The dystonic head tilt and body lean/twist behaviors evoked from the site outside of 

SNpr were due to spread. The behaviors had a delayed onset of 30 min or more post-infusion. 

Figure 13 

Medial 

+10.20 mm 

SNpc 

DHT, B 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
DHT: Dystonic head tilt;  

B: Body lean/twist 

DHT, B 

(No delayed 

onset) 

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of SNpr: Monkey DE 
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3
 There were two sites not included in this figure that were located above the medial site in SNpr. One site was 2mm 

above the medial site and the other was 4mm above the site. These sites were outside of the SNpr and no effects 

were evoked with muscimol.  

 

Figure 14 

Medial 

 

R, HTr 

+9.30 mm 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
HTr: Head turning;  

R: Quadrupedal Rotations 

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of SNpr: Monkey DE 
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Figure 15 

Medial 

+7.05 mm 

No Effect 

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of SNpr: Monkey DE 
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Figure 16 

Central-Medial Central-Lateral 

+8.85 mm 

No Effect DHT, B 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
DHT: Dystonic head tilt;  

B: Body lean/twist 

Localization of Microinfusion Sites 

and Cannula Placement in SNpr: 

Monkey ST 
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Figure 17 

Lateral 
Lateral 

 

R 

+9.30mm 

No Effect 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr:  
R: Quadrupedal rotations 

Localization of Microinfusion Sites 

and Cannula Placement in SNpr: 

Monkey DA 
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Figure 18 

R No Effect 

Lateral Lateral 

+7. 50 mm Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr:  
R: Quadrupedal rotations 

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of SNpr: Monkey DA 
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4
 There were two sites not included in this figure that were located below the central site in SNpr. These sites were 

located 2mm below the central site. One of these sites was located laterally. These sites were outside of the SNpr 

and no effects were evoked from them with muscimol.  

 

Figure 19 

Central 

+5.25 mm 

DHT, B 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
DHT: Dystonic head tilt;  

B: Body lean/twist 

Localization of Microinfusion Sites 

and Cannula Placement in SNpr: 

Monkey DA 
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5
 The dystonic head tilt and body lean/twist behaviors evoked from the sites outside of SNpr were due to spread. The 

behaviors had a delayed onset of 30 min or more post-infusion. The sites in SNpr in which these behaviors were 

evoked with a delayed onset were not used in Experiment 2. The requirement was that behaviors had to be evoked 

less than 30min in order for the site to be used in Experiment 2. 

 

Figure 20 

DHT, B 

DHT, B 

(Delayed 

onset) 

DHT, B, A, 

F, Tr 

DHT, B 

(Delayed 

onset) 

 

 

 

 

+7.50 mm 
Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
DHT: Dystonic head tilt; B: Body 

lean/twist; A: Arm/hand dyskinesias; F: 

Foot/leg dyskinesias; Tr: Trunk movements 

Localization of Microinfusion Sites 

and Cannula Placement in and 

outside of SNpr: Monkey OL 

 

Medial Anterior 
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Figure 21 

DHT, B 

Lateral 

+6.60 mm 

Behaviors evoked by unilateral 

microinfusion of muscimol in SNpr: 
DHT: Dystonic head tilt;  

B: Body lean/twist 

Localization of Microinfusion Sites 

and Cannula Placement in SNpr: 

Monkey OL 
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List of Abbreviations for Figures 7-21: Localization of Microinfusion Sites and Cannula 

Placement in and outside of DLSC and SNpr 

 

Abbreviations for Figures 7-12: Localization of Microinfusion Sites and Cannula Placement in 

and outside of DLSC. 

APT          Anterior pretectal nucleus 

Aq        cerebral acqueduct 

ECIC        external cortex of the inferior colliculus 

InCo        intercollicular nucleus 

mcp         middle cerebral peduncle 

mlf         medial longitudinal fasciculus 

OT         nucleus of the optic tract 

OPT         olivary pretectal nucleus 

PAG        periacqueductal gray 

Pi         pineal gland 

Pul         pulvinar 

SAI                         the intermediate white layer of the intermediate and deep layers of the   

       superior colliculus 

SAP                        deep white layer of the intermediate and deep layers of the   

       superior colliculus 

SGI                         the intermediate gray layer of the intermediate and deep layers of the   

       superior colliculus 
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SGP                        the deep gray layer of the intermediate and deep layers of the superior  

       colliculus 

SGS                        the superficial gray layer of the superficial layers of the superior colliculus 

SO         the optic layer of the superficial layers of the superior colliculus 

SZ         the zonal layer of the superficial layers of the superior colliculus 

 

Abbreviations for Figures 13-21: Localization of Microinfusion Sites and Cannula Placement in 

and outside of SNpr. 

cp         cerebral peduncle 

PBP         parabrachial pigmented nucleus 

SND         Substantia nigra dorsal part 

SNL         Substantia nigra lateral part 

SNM         Substantia nigra medial part 

SNpc         Substantia nigra pars compacta 

SNpr         Substantia nigra pars reticulata 

SNV         Substantia nigra compact part, ventral division 

SNVL         Substantia nigra compact part, ventrolateral division 

SNVM         Substantia nigra compact part, ventromedial division 

STN         Subthalamic nucleus 
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Graphs showing the time course of the effects evoked from bicuculline (Experiment 

1A) and muscimol (Experiment 1B and Experiment 2). The labels on all of these graphs 

indicate the region of the structures only. These regions are based on the numbers at the bottom 

of Figures 7-21. As stated previously, the actual cannula placement within these regions are only 

presented in Figures 7-21. However, when I talk about the results from the experiments I do 

mention the location of the microinfusion sites within the regions of DLSC and SNpr for each 

animal. 

Variability. The behaviors evoked from DLSC and SNpr varied due to the location of 

the microninfusions within the different regions of these structures in each animal. There was 

also variability as to how many different experiments that I could do in each animal due to the 

difference in duration in which the implant stays attached. Moreover, to test my hypothesis 

regarding SNpr interactions with DLSC (Experiment 2) bilateral pre-treatment with muscimol 

was selected as the main treatment to inactivate DLSC. This was done in an effort to avoid 

introducing asymmetry as a result of the pre-treatment. The decision to carry out ipsilateral and 

contralateral pre-treatments was made once it was determined that bilateral muscimol in DLSC 

was effective for preventing the dystonic head tilt and body lean/twist from SNpr (see 

Experiment 2).  

Experiment 1A: Characterization of abnormal postures and motor movements evoked with 

unilateral bicuculline and muscimol in DLSC 

In experiment 1A I characterized the abnormal postures and motor movements and 

defense-like behaviors elicited by unilateral microinfusions of bicuculline in all 4 monkeys.  
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Intermediate and Deep Layers of the Superior Colliculus. Bicuculline (5 nmol, 7.5 

nmol or 10 nmol) was infused unilaterally at least one time into one or two sites within the left 

and right hemispheres of the DLSC of 3 (ST, DE and DA) freely moving rhesus macaques. In 

the 4
th

 animal, OL, unilateral bicuculline (10 nmol) was infused only in the right DLSC. One 

DLSC site was tested in the right hemisphere of animal OL (Figure 12). The behavioral 

responses evoked varied by site, dose and animal. The responses evoked by unilateral infusions 

of bicuculline into DLSC included abnormal postures and motor movements and defense-like 

responses. The contralateral-directed abnormal postures and motor movements included (1) 

quadrupedal rotations, (2) lower limb dyskinesias, (3) upper limb dyskinesias, (4) eye saccades 

and head turning (5) lip/mouth twitch. The defense-like responses included (1) cowering, (2) 

escape responses, (3) aversive vocalizations, and (4) attack of inanimate objects. Typically the 

defensive-like behaviors occurred along with the abnormal motor movements. However, there 

was one site in monkey DA in which only abnormal postures and motor movements were 

elicited (central site in anterior DLSC, Figure 10). All animals returned to fully normal 

behavioral patterns 90-120 min post-infusion.  

I also characterized the behaviors evoked following unilateral and bilateral muscimol in 

DLSC. The descriptions of the behaviors evoked in each animal with bicuculline in DLSC are 

presented below. The respective figures follow the description of the behavior. Data presented as 

mean ± SEM where n is > 1. 

Abnormal Postures and Motor Movements Evoked from DLSC with Bicuculline 

Dyskinesias (lower and upper limb). Bicuculline (10 nmol) microinfused into the 

central site in the anterior region of the right DLSC of monkey DE and the lateral site in the 
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central region of the right DLSC of monkey DA (Figures 7, 11, 22A and 22B) evoked dyskinetic 

movements of the contralateral leg. Lower limb dyskinesias were also evoked from the central 

site in the anterior region of the right DLSC of monkey DA (Figures 10 and 22C).The 

dyskinesias ranged in velocity from slow to high magnitude twitch-like movements of the leg 

and foot to high ballistic and slow choreiform movements. The ballistic movements involved 

flinging of the legs while choreiform movements consisted of twisting and turning of lower 

extremities in a circular manner. The type of lower limb dyskinesias evoked in the two animals 

varied. The lower limb dyskinesias evoked in monkey DE started out with slow twitching of the 

foot downward. When the foot would twitch the toes would curl up and when the leg became 

involved the movements increased in velocity (speed). In monkey DA the twitch-like movements 

were in the opposite direction such that the foot twitched upward and the toes were spread apart. 

In addition, monkey DA displayed extension at the knee and when the entire leg became 

involved the dyskinesias were in an outward direction. The leg remained bent during the 

movements, the foot was held in an upward position and the toes were still spread apart. The 

dyskinetic movements remained slow in monkey DA. Lower limb dyskinesias were measured as 

the total number of occurrence per 15 min interval of the post-infusion observation. 

 The foot/leg dyskinesias evoked from anterior DLSC in the left hemisphere in monkey 

DA differed slightly from the dyskinesias evoked from the central region in the right hemisphere. 

These dyskinesias started out with the foot twitching upward but the toes were never spread apart 

and there was no extension at the knee. When the leg became part of the movements the leg 

would turn outwards resulting in the animal losing its balance sometimes when walking, rotating 

or sitting. The dyskinesias never increased in velocity (speed). 
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 Lower limb dyskinesias were also evoked with 5 nmol of bicuculline microinfused into 

the medial site in the posterior region of the right DLSC in monkey DE (Figures 8 and 24). As I 

previously mentioned, foot/leg dyskinesias were also evoked from the central site in the anterior 

region of the right DLSC in this same animal (Figures 7 and Figure 22A). The dyskinesias 

started out in the leg which was already bent while the animal was standing on all four legs. The 

leg would extend and then contract at the level of the knee. Eventually the leg would fling 

outward with the toes stretched out and ankle flexed upward. As time went on the leg 

dyskinesias became circular in motion such that the movements involved reciprocal external and 

internal rotation of the leg and hip. The toes were also still stretched out during these 

movements. Sometimes the leg and hip would not be involved in the dyskinetic movements. The 

foot would twitch upwards with the toes stretched out. 

 The movements were not visible when the monkeys were displaying defense-like 

movements such as escape and cowering. It was easier to see the behaviors when the animals 

were passive (standing or sitting). The monkeys also tried to suppress the behaviors in the 

affected limb. During the occurrence of the dyskinesias the animals would hold onto their 

affected leg with and unaffected limb or lean the affected limb against one of the sides of the 

cage or put the toes of the affected limb into their mouths. 

Overall lower limb dyskinesias appeared less than 30min (rapid-onset) after 

microinfusion of bicuculline into DLSC. The latency to onset for the lower limb dyskinesias was 

11 min and 51 sec in monkey DE (central site in right DLSC), 5 min and 24 sec in monkey DA 

(lateral site in right DLSC) and 6 min and 55 sec in monkey DA (central site in left DLSC). The 

peak total number of 32 dyskinesias was achieved for monkey DE (Figure 22A) during the first 
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15 min interval (0-15 min post-infusion) while the peak total number of 240 dyskinesias for 

monkey DA (Figure 22B) was not achieved until the second 15 min interval (15-30 min post-

infusion).  The frequencies of lower limb dyskinesias during the peak 15 min interval was 2.12 

movements per min for monkey DE and 16 movements per min for monkey DA. These results 

were for the central site in the anterior region of the right DLSC (monkey DE) and lateral site in 

the central region of the right DLSC (monkey DA). The peak total number of dyskinesias for the 

central site in the anterior region of the left DLSC of monkey DA was 189 and was achieved 

during the second 15 min interval (15-30 min post-infusion). The frequencies of lower limb 

dyskinesias were 12.66 movements per min. The latency to onset for lower limb dyskinesias 

evoked from the medial site in the posterior region of the right DLSC of monkey DE was less 

than 5 min and the peak total number of 49 dyskinesias was achieved during the first 15 min 

interval (Figure 24). The rate during the peak interval was 3.27 movements per minute. In all 

animals peak frequencies were reached within 30 min after infusion of bicuculline. 

Upper limb dyskinesias were only evoked from the central site in the anterior region of 

the left DLSC of monkey DE (Figure 23). The upper limb dyskinesias were evoked with a lower 

dose and volume of bicuculline (dose: 7.5 nmol; volume: 0.75 µl). The movements occurred in 

the following order: 1.) There was internal and external rotation of the wrist and elbow. The 

fingers rotated at the same time. 2.) The arm would fling downward toward the bottom of the 

cage. 3.) The shoulder became involved followed seconds later by the arm flinging downward. 

There was internal and external rotation of the shoulder, elbow, wrist and fingers before the arm 

flung downward. Upper limb dyskinesias were measured as the total number of occurrence per 

15 min interval of the post-infusion observation. 
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The upper limb movements like the lower limb movements were not seen when the 

monkeys were displaying defense-like movements such as escape and cowering. Attempts to 

suppress the movements consisted of putting the fingers of the affected limb into the mouth, 

holding onto the unaffected ipsilateral leg to prevent the arm from flinging and holding onto the 

cage bars. The upper limb dyskinesias occurred less than 30 min post-microinfusion. The latency 

to onset was 5 min and 56 sec. The peak total number of 26 dyskinesias was achieved for 

monkey DE (Figure 23) during the second 15 min interval (15-30 min post-infusion) and the 

peak rate was 1.74 movements per min. 

The frequency of upper and lower limb dyskinesias was substantially diminished (Figures 

22B and 22C) or no longer present (Figure 22A) during the last 15 min interval (45-60 min post-

infusion). This was 60-75min post- infusion and the animals returned to fully normal behavioral 

patterns 90-120 min post-infusion. Furthermore, dyskinetic movements of the leg or arm were 

not seen together or in limb ipsilateral to the bicuculline microinfusions, nor were they seen in 

any limbs during baselines or saline infused controls. 
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Figure 22 

A 

B 
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Figure 23 
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Figure 24 
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Eye Saccades and Head turning. In all animals tested, microinfusions of bicuculline (10 

nmol) evoked the rapid onset of contralaterally-directed eye saccades (Figures 7-12 and 25-27) 

and head turning (Figures 7-12 and 29-30). Eye saccades and head turning were not seen during 

baselines or saline infused controls. Eye saccades were characterized by rapid, jerky movements 

of both eyes simultaneously to the contralateral side. Eye saccades were measured as the total 

number of occurrence per 15 min interval of the post-infusion observation.  Head turning was in 

the same direction as the eye saccades and was driven by the eye saccades. Head turning was 

defined by the turning of the head consistently to the contralateral side. Sometimes the head 

turning would also involve looking up/over the shoulder. Head turning was measured based on 

the duration of time (% of time present during each 15 min interval of the post-infusion 

observation. Eye saccades were evoked while the animal was still in the primate chair. By 

contrast, head turning occurred while the monkey was still in the primate chair or right at the 

start of the post-infusion videotape (less than 5 minutes into the onset of the videotape). Eye 

saccades and head turning was elicited from left and right DLSC in monkey ST (Figures 9, 25A 

and 29A), monkey DE (Figures 7, 25B, 27A-B and 29B) and monkey DA (Figures 10-11, 25C, 

30A-B). No infusions occurred in the left DLSC of monkey OL.  

 Three of the animals (DE, DA, and OL) exhibited very large numbers of eye saccades 

throughout the duration of the 60 min post-infusion videotape (Figures 25B, 25C and 26). By 

contrast the total number of eye saccades for the fourth animal (monkey ST) was substantially 

lower relative to those seen in all of the other animals (Figure 25A) and the behavior was no 

longer present after 30 min. Moreover, even though monkey DA displayed large numbers of 

saccades from the lateral site in the central region of the right DLSC only large numbers were 
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exhibited from the central site in the anterior region of the left DLSC during the first 15 min and 

the behavior was absent after 30 min (Figure 25C).  

The peak total number of saccades per animal and the 15 min interval (first interval: 0-15 

min, second interval: 15-30 min, third interval: 30-45 min or fourth interval: 45-60 min) in which 

the peak was reached and peak frequency were as follows: monkey DE (central site in the 

anterior region of left DLSC, Figure 25B: peak total number of 248 saccades, first 15 min 

interval, rate was 16.53 saccades per min); central site in the anterior region of right DLSC, 

Figure 25B: peak total number of 512 saccades, first 15 min interval, rate was 34.04 saccades per 

min), monkey DA (central site in the anterior region of right DLSC, Figure 25C: peak total 

number of 354 saccades, fourth 15 min interval, rate was 20.93 saccades per min; lateral site in 

the central region of left DLSC, Figure 25C: peak total number of 206 saccades, first 15 min 

interval, rate was 13.73 saccades per min), monkey OL (lateral site in the anterior region of the 

right DLSC, Figure 26: peak total number of 451 saccades, second 15 min interval, rate was 30.1 

saccades per min) and monkey ST (central site in the central region of the left DLSC, Figure 

25A: peak total number of 23 saccades, first 15 min interval rate was 1.53 saccades per min; 

central site in the central region of the left DLSC, Figure 25A: peak total number of 33 saccades, 

first 15 min interval, rate was 6.83 saccades per min).  

 Head turning was elicited from both left and right DLSC in three monkeys (ST, DE, and 

DA). In three animals (ST, DE and DA) a maximum peak of 100% was achieved within the first 

15 min interval (0-15 min post-infusion) while in animal OL the peak was reached during the 

second interval (15-30 min post-infusion). The behavior was present throughout the duration of 

the post-infusion videotape for monkeys DE, OL and DA (Figures 29B, 29C and 30A). The 
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behavior displayed in each of these animals was also strong because it was present either 100% 

or near 100% for at least 45 min during the post-infusion videotape (Figures 29B, 29C and 30A). 

However, in monkey ST (central sites in central region of left and right DLSC), head turning was 

absent after 30 min (Figure 29A) and in monkey DA (lateral site in the central region of the left 

DLSC) head turning only lasted 15 min (Figure 30B). The dose of bicuculline used in the central 

site in the central region of the left DLSC of monkey DA was 7.5 nmol. 

 Microinfusion of a lower dose of bicuculline, 7.5 nmol, into the same central sites in the 

anterior regions of both left and right DLSC of monkey DE (Figures 27A and 27B) resulted in 

eye saccades and head turning. The strength of the head turning response and the duration was 

not different from the head turning evoked with the higher dose 10 nmol. The frequency and 

peak for eye saccades after 7.5 nmol infusion of bicuculline (peak total number was 245 and rate 

was 16.33 saccades per min) were similar to those for the 10 nmol dose in the left hemisphere 

site. However, the saccades evoked following 7.5 nmol in the right DLSC site were slightly 

lower than (peak total number was 332 and rate was 22.13 saccades per min) saccades elicited 

with the 10 nmol dose. The peak 15 min was the same for both doses (Figures 27A and 27B). 

Eye saccades and head turning were also evoked with 5 nmol of bicuculline microinfused into 

the lateral site in the posterior region of the left DLSC of monkey DE (Figures 28 and 32, 

respectively). Eye saccades and head turning were evoked while the monkey was still in the 

primate chair. Both behaviors peaked during the first 15 min interval and were not present 

throughout the post-infusion observation (Figures 28 and 32). The peak total number for eye 

saccades was 465 and the peak rate was 31 saccades per min. 
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Figure 25 
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Figure 26 
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Figure 27 
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Figure 28 
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Figure 29 
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Figure 30 
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Figure 31 
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Quadrupedal Rotations 

 Compared to baseline, microinfusions of bicuculline (10 nmol) evoked an increase in 

contralaterally-directed quadrupedal rotations in one monkey, DA (Figure 33). Moreover, a low 

dose of 5 nmol in the left lateral site and right medial site in the posterior region of DLSC and 

Figure 32 
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7.5 nmol in the central site in the anterior region of the right DLSC of monkey DE (right 

hemisphere) elicited contralaterally-directed quadrupedal rotations (Figures 34 and 35). Very 

little quadrupedal rotations were seen following saline microinfusion (Figure 34). Quadrupedal 

rotations were defined as one complete rotation on all four limbs, where the uninfused side 

formed the center of the quadrupedal rotation. Quadrupedal rotation behavior tended to be 

sporadic, even during peak periods, with bouts of relatively fast circling interspersed with 

periods in which the monkey did not rotate at all. Quadrupedal rotations were measured as the 

total number of occurrence per 15 min interval of the post-infusion observation. 

 Quadrupedal rotations were evoked less than 30min (rapid-onset) after microinfusion of 

bicuculline into all sites. In monkey DA the latency to onset was less than 5 min and the peak 

total number of 117 was achieved during the first 15 min interval (0-15 min post-infusion, Figure 

33). The frequency during the peak interval was 7.8 rotations per min. In monkey DE the latency 

to onset was less than 5 min for the central site in the anterior region of right DLSC, 22 min for 

the medial site in the posterior region of the right DLSC and less than 5 min for the lateral site in 

the posterior region of the left hemisphere. Peak total numbers were achieved within the first 15 

min interval (0-15 min post-infusion) for the central site in the anterior region of the right DLSC 

(Figure 34) and lateral site in the posterior region of the left DLSC (Figure 35) while the peak for 

the medial site in the posterior region of the right DLSC (Figure 35) was not reached until the 

second 15 min interval (15-30 min post-infusion). Monkey DE had relatively low rates of 

quadrupedal rotations during the peak 15 min interval. The peak total number for the central site 

in the anterior region was 23 and the rate was 1.57 rotations per minute (Figure 34). The peak 

total number for the medial site in the posterior region of the right DLSC was 36 and the rate was 
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0.33 quadrupedal rotations per minute (Figure 35). As for the lateral site in the posterior region 

of the left DLSC, there were very low frequencies of quadrupedal rotations; the peak total 

number was 5 and the rate for quadrupedal rotations per minute was 0.33 (Figure 35).  

 

 

 

 

 

 

 

 

Figure 33 
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Figure 34 
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Figure 35 
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Lip/Mouth Twitches. Microinfusions of bicuculline (10 nmol) in the DLSC of two 

animals (monkeys DE and DA) elicited lip/mouth twitch movements (Figures 7, 11, 36A and 

36B). Lip/mouth twitches were evoked from central sites in the anterior region of both left and 

right DLSC of monkey DE (Figures 7, 37A and 37B) and from the lateral site in the central 

region of the right DLSC of monkey DA (Figure 36). Lip/mouth twitches were defined as twitch-

like movements of the contralateral lip that included opening of the mouth. In both monkeys the 

twitches started out with a slight twitch of the contralateral upper lip upward and the mouth was 

partially open on the contralateral side but the teeth were not exposed. The behavior was very 

random when it was first evoked. As the twitches became stronger the entire mouth became 

involved such that the mouth was fully open and the teeth were exposed while the contralateral 

lip was twitching upward. The behavior also changed from random to continuous. Lip/mouth 

twitches were measured as the total number of occurrence per 15 min interval of the post-

infusion observation. The latency to onset for the twitches was less than 5 min post-infusion for 

both monkeys. Monkey DE had strong lip/mouth twitches from the central site in the anterior 

region of the right DLSC (peak total number of 348 twitches; rate 23.13 per min, Figure 36A). 

Monkey DA also exhibited strong lip/mouth twitches from the lateral site in the central region of 

the right DLSC (peak total number 182 twitches; rate 12.13 per minute, Figure 36B). The peak 

total number for monkey DE was achieved during the first 15 min interval (0-15min post-

infusion) but for monkey DA the peak was not reached until the fourth 15 min interval (45-60 

min post-infusion). Monkey DE had relatively lower rates of lip/mouth twitches from the central 

site in the anterior region of the left DLSC (peak total number of 27 twitches; rate: 1.4 per min). 
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A lower dose was also infused into the central site in the anterior region of the left DLSC of 

monkey DE (Figure 37A). The latency to onset was 7 min and 28 sec, the peak total number was 

only slightly higher with the lower dose (peak was 34) and the rate was 2.27 per min. The lower 

dose infused into the right central site in the anterior region did not evoke any lip/mouth twitches 

(37B). Lip/mouth twitches were never seen during baselines or saline infused controls. 
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Figure 36 
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Figure 37 
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Defense-like Behaviors 

Aversive Vocalizations. Microinfusions of bicuculline (10 nmol) into DLSC elicited 

aversive vocalizations in two of the animals (monkey DE and DA). Aversive vocalizations 

consisted of loud grunts and screams. Aversive vocalizations were measured as the total number 

of occurrence per 15 min interval of the post-infusion observation. Aversive vocalizations were 

evoked from central sites in the anterior region of both left and right DLSC of monkey DE 

(Figures 7, 38A and 38B) while the behavior was only evoked from the lateral site in the central 

region of the right DLSC of monkey DA (Figures 11 and 38B). Both animals exhibited a strong 

rapid onset (less than 30 min post-infusion) of aversive vocalizations. The latency to onset was 

less than 5 minutes and the behavior lasted throughout the duration of the post-infusion 

videotape. The peak total number of 421 aversive vocalizations for monkey DE (central site in 

the anterior region of the left DLSC, Figure 38A) and 249 aversive vocalizations for monkey DA 

(the lateral site in the central region of the right DLSC, Figure 38A) were achieved during the 

second 15 minute interval (15-30 min post-infusion). The peak rate was 28.07 and 16.61 per min 

for monkey DE and DA, respectively. The peak total number of 389 aversive vocalizations for 

monkey DE (central site in the anterior region of the right DLSC, Figure 38A) was achieved 

during the third 15 minute interval (30-45 min) and the peak rate was 25.93 per min.  

 7.5 nmol of bicuculline was also microinfused into the same central sites in the anterior 

region of the left and right DLSC in monkey DE. Very little aversive vocalizations were evoked 

from the central site in the anterior region of the left DLSC (total peak number was 10; peak rate: 

0.67 per min) and the behavior was not present throughout the duration of the post-infusion 
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videotape (Figure 39A). No aversive vocalizations were evoked from the central site in the 

anterior region of the right DLSC (Figure 39B). Aversive vocalizations were never seen during 

baselines or saline infused controls. 
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Figure 38 
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Figure 39 
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Cowering and Escape. In all animals tested, microinfusions of bicuculline (10 nmol) 

into DLSC evoked the rapid onset (0-30 min post-infusion) of cowering (Figures 7-9, 11-12 and 

40-42) and escape responses in three animals (monkeys DE, DA and OL, Figures 7-8, 11-12, 44-

45). Escape responses were not evoked in monkey ST. The latency to onset for both behaviors 

was less than 5 minutes. Escape responses were defined as sudden bursts of running around the 

cage lasting between 2 and 10 seconds. Cowering was defined as shrinking away from an 

apparently imaginary feared stimulus; crouching. Typically, the cowering was followed by the 

escape responses. The animal leaned (shrunk) far to the other side of the cage (leaned away from 

the contralateral side towards the ipsilateral side of infusion) and then escaped by running on its 

hind legs while holding onto the cage bars for support. The animal ran fast from one side of the 

cage to the other side. Sometimes the animal crouched down low towards that bottom of the cage 

and then ran on all fours. When the behavior was very strong (at its maximum peak) the animal 

jumped from one side of the cage to the other side instead of running. Escape responses were 

measured as the total number of occurrence per 15 min interval of the post-infusion observation. 

Cowering was measured as duration of time (% of time present during each 15 min interval of 

the post-infusion videotape). 

 Of the four animals tested, only two (DE and DA) had a strong duration of cowering 

(maximum duration of 100% was achieved) that lasted throughout the duration of the post-

infusion videotape. The response was stronger in monkey DE (Figure 40A) than in monkey DA 

(Figure 40B). The duration of cowering evoked from the central sites in the anterior region of 

both left and right DLSC of monkey DE was always either at 100% or close to it (89.38% to 

99.83%). Monkey DA (lateral site in the central region of the right DLSC, Figure 40B) had a 
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strong response of 100% or close to it for 0-45 min post-infusion but then the behavior dropped 

to 50% during the last 15 min interval (45-60 min post-infusion). The remaining two animals (ST 

and OL) had relatively low duration of cowering and the behavior was not strong. In monkey ST 

cowering was present only during the first 15 min interval (0-15 min) for central sites in the 

central regions of both left and right DLSC (Figure 41A). The behavior was present only 14.88 

% of time and 2.47% of the time for the left and right hemisphere sites, respectively. In monkey 

OL cowering lasted longer (0-30min post-infusion) but the duration was not substantially higher 

than in monkey ST (Figures 41A and 41B). Cowering was evoked from the lateral site in the 

anterior region of the right DLSC of monkey OL (Figure 12). The percentage for the duration for 

the first 15 min interval (0-15 min) was 13.26% and 17.37% for the second 15 min interval (15-

30 min post-infusion). 

 Cowering was also evoked with 7.5 nmol of bicuculline microinfused into the central site 

in the central region of the left DLSC of monkey DA but the duration was very low and was only 

briefly present during the second 15 minute interval (15-30 min post-infusion). The latency to 

onset of the cowering was 20 min and 52 sec (data not shown). 7.5 nmol was also microinfused 

into the same central sites in the anterior region of the left and right DLSC of monkey DE that 

were mentioned in the previous paragraph (Figure 42). Microinfusion of 7.5 nmol of bicuculline 

evoked a weak cowering response from the sites in both left and right DLSC. The peak 

percentage duration for cowering was 34.10% and 5.53% for the left and right sites, respectively. 

Cowering was also evoked with 5 nmol of bicuculline microinfused into the lateral site in the 

posterior region of the left DLSC in monkey DE. However, the response was similar to the 
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response evoked in monkey ST, cowering was present only during the first 15 min interval (0-15 

min) and the percent duration was 52.6% (Figure 43). 

 As previously mentioned, the 10 nmol dose evoked escape responses in 3 of the 4 

animals tested (DE, DA, and OL). Escape responses were evoked from the lateral site in the 

central region in the right DLSC of monkey DA, lateral site in the anterior region in the right 

DLSC of monkey OL (Figures 44B and 44C) and central sites in the anterior region in both the 

left and right DLSC of monkey DE (Figure 44A). Of the three animals tested, only monkey DE 

had strong escape responses (Peak total number of escape responses was 297 for the central site 

in the anterior region of the left DLSC and 222 for the central site in the anterior region of the 

right DLSC, Figure 44A). The peak rate for escape responses for the left hemisphere site was 

19.8 escape responses per min and 14.76 for the right hemisphere site. The remaining two 

animals (DA and OL) had relatively low escape responses (peak total number of escapes for 

monkey DA was 41 and 4 for monkey OL, Figures 44B and 44C). Monkey DA and OL also had 

very low frequencies of escape responses. The peak rate for Monkey DA was 2.4 escape 

responses per min and for Monkey OL the peak rate was just 0.27 per min. Moreover, the 

behavior expressed in monkey OL was short lived; the behavior was nonexistent after 30 min 

post-infusion. By contrast, in monkey DE and DA the escape responses were present throughout 

the post-infusion videotape. In all animals, peak total number of escape responses was achieved 

during the first 15 min interval (0-15 min post-infusion).  

 Microinfusion of a lower dose, 7.5 nmol, into the same central sites in the anterior region 

of both the left and right DLSC of monkey DE (Figure 45) resulted in either no escape responses 

(right hemisphere) or lower numbers of escape responses (left hemisphere). The peak total 
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number of escape responses was 89 and was achieved during the first 15 min interval (0-15 min 

post-infusion) and the rate was 5.93 responses per min. Escape responses were also evoked with 

5 nmol of bicuculline microinfused into sites in the posterior regions in both the left and right 

DLSC of monkey DE (Figure 46). A stronger effect was evoked from the medial site in the 

posterior region of the right DLSC (peak total number of escape responses was 262) than from 

the lateral site in the posterior region of the left DLSC (peak total number of escape responses 

was 101). The rate for escape responses evoked from the medial site in the posterior region of the 

right DLSC was 17.63 per min while the rate for the lateral site in the posterior region of the left 

DLSC was 6.73 per min. The latency to onset was less than 5 min with both doses and peak total 

number of escape responses was achieved during the first 15 min interval (0-15 min post-

infusion). Cowering and escape responses were never seen during baselines or saline infused 

controls. 
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Figure 45 
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Attack of Inanimate Objects. Microinfusions of bicuculline (7.5 nmol) in DLSC 

elicited the behavior, attack of inanimate objects, in one of the 4 animals (DA). This behavior 

was evoked from the central site in the central region of the left DLSC of monkey DA (Figure 

47). Attack of inanimate objects was defined as aggressively grabbing, biting or tearing 

inanimate objects placed inside of the observation cage (e.g. familiar toy).  Instances of attack 

were measured as the total number of occurrence per 15 min interval of the post-infusion 

Figure 46 
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observation. The latency to onset was less than five minutes and the behavior lasted throughout 

the duration of the post-infusion videotape. The attack behavior was very strong in Monkey DA. 

The course of the behavior was the following:  (1) animal aggressively grabbed a toy with his 

teeth and proceeded to bite down on it (2) animal kept the toy in his mouth and slammed it from 

side to side against cage and (3) The animal also aggressively shook the cage. These behaviors 

continued throughout the entire videotape but forty minutes post-infusion another behavior was 

evoked. In addition to the attack of inanimate objects the animal attacked his contralateral leg by 

self-biting. There were five instances of self-biting.  Peak total number of 237 instances of attack 

of inanimate objects was achieved within the first 15 min interval (0-15 min post-infusion) and 

the rate was 15.8 instances of attack behavior per min (Figure 47). Instances of attack behavior 

were not seen during baselines or saline infused controls. 
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Characterization of abnormal postures and motor movements evoked with 

unilateral and bilateral muscimol in DLSC. The microinfusion sites that were found to evoke 

abnormal postures and motor movements from the DLSC were infused with muscimol 

unilaterally and bilaterally. Sites were not tested in the left DLSC of monkey OL and therefore 

only unilateral muscimol was infused into the right DLSC. As a result, Monkey OL was not a 

Figure 47 
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part of the bilateral treatments in Experiment 2. The respective figures follow the description of 

the behavior. Data presented as mean ± SEM where n is > 1. 

Ipsiversive quadrupedal rotations were defined as one complete rotation on all four limbs, 

where the infused side formed the center of the quadrupedal rotation. Contralateral quadrupedal 

rotations were also included on the graphs. Quadrupedal rotations were measured as the total 

number of occurrence per 15 min interval of the post-infusion observation. Posture was not 

included on any of the figures since there was no change in any of the animals following 

muscimol microinfusion in DLSC. 

Muscimol in DLSC when given alone did not evoke changes in posture or movement as 

compared with baseline behavior in monkey DE and monkey ST (Figures 48A, 48B, 50 and 

51A) or saline control in monkey DE. In addition, microinfusion of muscimol in the DLSC of 

monkey OL and monkey DA did not evoke changes in posture as compared with baseline 

behavior and saline control. However, unilateral muscimol in the right hemisphere site in 

monkey DA as well as bilateral muscimol in sites in both hemispheres exaggerated turning in the 

rightward direction that was higher than baseline behavior and saline control (Figures 49A and 

51B). This effect would have been a problem when examining the effect of muscimol inhibition 

on SNpr-evoked left-directed rotations if there was blockade of the turning. Nevertheless, 

muscimol inhibition did not block nor reduce the leftward quadrupedal rotations as shown in 

Figure 63. In monkey OL, unilateral microinfusion of muscimol in DLSC evoked exaggerated 

contralateral leftward turning that was higher than baseline behavior and saline control (Figure 

49C). This was not a problem because quadrupedal rotations were not evoked from any sites 

examined in the SNpr in monkey OL. 
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Experiment 1B: Characterization of abnormal postures and motor movements evoked with 

muscimol in SNpr 

Muscimol (9 nmol) was infused unilaterally at least one time into multiple sites within 

the left and right hemispheres of the SNpr in 3 out of the 4 animals ( DE, DA and OL). In the 4
th

 

animal, ST, unilateral muscimol (9 nmol) was infused only into one site within each hemisphere 

(Figure 16). The behavioral responses evoked varied by site and animal (Figures 13-21). The 

contralaterally-directed abnormal postures and motor movements evoked by unilateral infusions 

of muscimol into SNpr included (1) directed head tilt, (2) body lean/twist (posture), (3) 

quadrupedal rotations, (4) head turning, (5) lower limb dyskinesias, (6) upper limb dyskinesias. 

Following the figures of the sites tested in each animal are the descriptions of the behaviors 

evoked in each animal with muscimol in SNpr. The respective figures follow the description of 

the behaviors. Data presented as mean ± SEM where n is > 1. 

Torticollic Head Tilt (Focal Dystonia) and Body Lean/Twist (posture). 

Microinfusions of muscimol (9 nmol) evoked a rapid-onset (0-30 min post-infusion), 

continuously maintained contralaterally-directed head tilt from at least one SNpr site in each 

animal (Figures 13-21). Two different types of head tilt were elicited: laterocollis and rotational 

collis (see Figure 52 for pictures). Laterocollis was evoked in animals DA, DE and ST and 

rotational collis in animal OL. Laterocollis was characterized by a lateral flexion and a slight 

rotation of the neck, resulting in dystonic leaning of the head towards the shoulder; the face 

remained oriented forwards and slightly downwards, and the body remained upright. In the most 

severe cases, the head was held fully horizontal (pressed against the shoulder) with the body 

leaning to the side of the head tilt. Rotational collis was defined by the head remaining upright 
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and rotated in one direction; the face remained turned to the side and the body was upright. 

When the behavior progressed the head would be turned slightly over the shoulder, resulting in 

twisting of the body to the side of the head tilt. Thus, the body lean/twist accompanied the head 

tilt when it was strong or became more severe. The sites tested from which the head tilt was 

evoked with a rapid-onset are depicted in Figures 13-21 (sites in which the behavior had a 

delayed onset are also identified on these figures). The head tilt was evoked with a rapid-onset 

from the anterior site in the posterior region in monkey OL (right SNpr), medial site in the 

anterior region in monkey DE (left SNpr), central site in the posterior region in monkey DA 

(right SNpr) and a central-medial site in the central region in monkey ST (right SNpr). The effect 

was also evoked in monkey OL when the depth was increased by 1.5mm (see Figure 20, right 

SNpr). The head tilt and body lean/twist behaviors were measured as duration of time (% of time 

present during each 15 min interval of the post-observation video tape). The shortest latency to 

onset of the head tilt was evoked from the central-medial site in monkey ST. The shortest latency 

to onset of body lean/twist was elicited from the central site in monkey DA. Based on the 

multiple sites explored in monkey OL the head tilt and body lean/twist behaviors could be 

evoked from multiple sites and thus appears to have had the least restricted site specificity 

(Figures 20 and 21). Head tilt and body lean/twist occurred after infusions in 3 sites in SNpr in 

monkey OL. The onset of the head tilt was immediate in monkey ST but gradual in the rest of the 

animals and the duration tending to be especially long lasting. In some cases, a strong head tilt 

and body lean/twist were observed to last longer than 2 hours post-infusion, with normal posture 

returning 4-5 hours post-infusion. Head tilt and body/lean twist were not seen during baselines or 

saline infused controls. 
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Quadrupedal Rotations. Microinfusion of muscimol (9 nmol) into SNpr evoked rapid-

onset (0-30 min post-infusion) contralaterally-directed quadrupedal rotation in 2 of 4 animals 

(DE and DA). Quadrupedal rotations from SNpr were defined in the same manner as 

quadrupedal rotations evoked from DLSC with bicuculline. As was stated previously, 

quadrupedal rotations were defined as one complete quadrupedal rotation on all four limbs, 

where the uninfused side formed the center of the rotation. Rotation behavior tended to be 

sporadic, even during peak periods, with bouts of relatively fast rotations interspersed with 

periods in which the monkeys did not rotate at all. Quadrupedal rotations were measured as the 

total number of occurrence per 15 min interval of the post-infusion observation. The shortest 

latency to onset was observed following an infusion into the lateral site in the posterior region of 

the right DLSC of monkey DA (Figure 55B). The peak total number of 50 was achieved during 

the first 15 min interval (0-15 min post-infusions) of the post-infusion observation and the 

frequency was 3.33 rotations per min. The mean for baseline rotations leftward for monkey DA 

was 0.34. Quadrupedal rotations were also evoked from a lateral site that was in the anterior 

region of the right SNpr of Monkey DA (Figure 18).  

The latency to onset for rotations evoked from the medial site in the anterior region of the 

right SNpr of monkey DE was 5 min, 10 min, and 24 min (3 infusions). Monkey DE had a higher 

peak of rotations and a higher rate. The peak total number of rotations following infusions in the 

medial site in monkey DE (Figure 55A) was 90 and the peak rate was 6.12 rotations per min. The 

peak total number of rotations was achieved during the third 15 min interval (30-45 min post-

infusion).  The mean for baseline rotations leftward for animal DE was 1.65.  
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Head Turning. Head turning was evoked along with the quadrupedal rotations for 

Monkey DE in 2 out of 3 of the infusions. Head turning had a rapid-onset (0-30 min post-

infusion) for one infusion but for second infusion the behavior did not occur until 40 min. The 

onset of the head turning was gradual and was present throughout the entire post-infusion 

observation (Figure 56). Head turning was measured as the duration of time (% of time present 

during each 15 min interval of the post-observation video tape). Head turning was not seen 

during baselines or saline infused controls. 

 

 

Figure 56 
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Dyskinesias (Lower and Upper Limb). Lower and upper limb dyskinesias were only 

elicited with muscimol (9 nmol) microinfused into the SNpr in Monkey OL (right SNpr, Figure 

20). These effects were the result of increasing the depth by 1.5mm. The dyskinesias were 

repetitive choreiform dyskinetic movements of the contralateral arm and leg. Choreiform 

movements consisted of twisting and turning of lower and upper extremities in a circular 

manner. Lower and upper limb dyskinesias were measured as the total number of occurrence per 

15 min interval of the post-infusion observation (these data are not shown graphically). Upper 

limb dyskinesias had a rapid-onset (0-30 min post-infusion) but the lower limb dyskinesias did 

not occur until 45 min post-infusion (last 15 min interval). The upper limb dyskinesias involved 

the entire shoulder, arm and hand. The lower limb dyskinesias involved the entire hip, leg and 

foot. The movements involved reciprocal internal and external rotation, as well as, flexion and 

extension at the hip and shoulder, flexion and extension at the knee and elbow, and 

circumduction at the ankle and wrist. The arm and leg dyskinesias did not occur together. The 

arm dyskinesias were present for 30 min post-infusion while the leg dyskinesias were present 

only during the last 15 min interval (45-60 min). The peak total number of dyskinesias was 53 

for arm dyskinesias and 25 for leg dyskinesias. The frequencies of arm dyskinesias (3.54 

movements per min) were higher than the frequencies of leg dyskinesias (1.67 movements per 

min). Lower and upper limb dyskinesias were not seen during baselines or saline infused 

controls. 

General Behavioral Characteristics. During the first 60 minutes after microinfusions 

into the SNpr, the general disposition of the animals remained essentially normal. Animals 

continued to be responsive to external stimuli despite the dyskinesias, quadrupedal rotations, 
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head tilt and body lean/twist. Animals would use the ipsilateral limbs (unaffected limbs and 

unaffected side of the body) to take and eat treats. Moreover, gestures such as vocalizations and 

lip smacking continued, as in normal, untreated conditions. However, in cases in which the head 

tilt was of prolonged duration (2-5 hours post-infusion), animals frequently became sluggish and 

unresponsive to external stimuli. The animals would not readily take treats. By contrast the 

effects of microinfusion of bicuculline into the DLSC were not as long lasting as the effects of 

muscimol in the SNpr. All animals returned to fully normal behavioral patterns between 90-120 

min post-infusion. As the animals were returning to fully normal behavioral patterns the general 

disposition of the animals remained essentially normal. All animals continued to be responsive to 

external stimuli, displayed typical gestures and readily took and ate treats. 

Experiment 2: The effect of pre-treatment in DLSC with muscimol on nigra-evoked 

behaviors 

The effect of bilateral pre-treatment with muscimol in DLSC on nigra-evoked head 

tilt and body lean/twist (posture). Three of the four animals (ST, DE and DA) received 

bilateral pre-treatment with muscimol (9 nmol) into DLSC, prior to unilateral microinfusion of 

muscimol (9 nmol) into left or right SNpr. Bilateral inhibition of DLSC by muscimol (9 nmol) 

prevented or reduced the expression of the head tilt in all 3 animals and body/lean twist in 2 

subjects, ST and DA (Figures 57A-B and 58A-C). Figures 57A-B and 58A-C) display the results 

from both the unilateral muscimol SNpr experiments and the bilateral pre-treatment with 

muscimol experiments. On the graphs the head tilt and body lean/twist behaviors are measured 

as duration of time (% of time present during each 15 min interval of the post-infusion 

observation). The left side of Figures 57A-B and 58A-C) show the responses evoked by 
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unilateral muscimol (9 nmol) in SNpr in animals ST, DE and DA, respectively. The right side of 

Figures 57A-B and 58A-C display the effect of bilateral pre-treatment with muscimol in DLSC 

on the nigra-evoked responses, head tilt and body lean/twist, in animals ST, DE and DA, 

respectively. The respective figures follow the presentation of the results from the bilateral pre-

treatment with muscimol in DLSC. Data presented as mean ± SEM where n is > 1. 

Bilateral pre-treatment with muscimol in DLSC (Figure 57A) in animal ST resulted in a 

significant 30 min delay in the onset of the head tilt (One-way ANOVA with Kruskal-Wallis test 

and Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-treatment with muscimol in 

DLSC, **p < 0.05, within subject analysis, see Figure 65A) and prevented the occurrence of the 

body lean/twist behavior (One-way ANOVA with Kruskal-Wallis test and Dunn’s post-hoc 

analysis, unilateral muscimol in SNpr vs. pre-treatment with muscimol in DLSC, not significant, 

p > 0.05, within subject analysis, see Figure 67A). The head tilt was not present for the first 30 

min post-infusion but subsequently emerged 30 min later. Bilateral pre-treatment with muscimol 

in DLSC in animal DE significantly prevented the head tilt for over an hour (One-way ANOVA 

with Kruskal-Wallis test and Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-

treatment with muscimol in DLSC, **p < 0.05, within subject analysis, see Figures 57B and 

65B). Animal DE was videotaped for two hours but only data from the first videotape is shown 

in Figure 65B. Body lean/twist was not reduced in animal DE (One-way ANOVA with Kruskal-

Wallis test and Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-treatment with 

muscimol in DLSC, not significant, p > 0.05, within subject analysis, see Figures 57B and 67B). 

Figure 57B shows that the pre-treatment did not result in a difference in the onset of the body 

lean/twist behavior. The onset of the behavior was similar for both conditions. The latency to 
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onset with pre-treatment was 13 min post-infusion while the latency to onset with unilateral 

muscimol in SNpr was 12 min and 19 min (n = 2) post-infusion. Bilateral pre-treatment with 

muscimol in DLSC in animal DA significantly reduced the head tilt and body lean/twist (One-

way ANOVA with Kruskal-Wallis test and Dunn’s post-hoc analysis, unilateral muscimol in 

SNpr vs. pre-treatment with muscimol in DLSC, **p < 0.05 for head tilt, ***p < 0.05 for body 

lean/twist, within subject analysis, see Figures 58A-C, 66A and 68A). With the pre-treatment of 

muscimol in DLSC both behaviors were not present 0-15 min post-infusion (n = 3, Figure 58A-

C). The behaviors were elicited 15-30 min post-infusion and for bilateral pretreatment #2 and #3 

(Figure 58B and 58C) the strength of the behaviors was similar to the strength of the behaviors 

during the 15-30 min interval following unilateral muscimol in SNpr alone. However, for 

bilateral pre-treatment #1 the behaviors did not have a similar duration as the effect following 

muscimol in SNpr alone because they were evoked later on within the 15-30 min post-infusion 

(latency to onset was 22 min for the head tilt and 24 min for the body lean/twist behavior). 
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The effect of ipsilateral pre-treatment with muscimol in DLSC on nigra-evoked 

head tilt and body lean/twist (posture). Three out of the four animals (ST, DA and OL) 

received ipsilateral pre-treatment with muscimol (9 nmol) into the right DLSC, prior to unilateral 

microinfusion of muscimol (9 nmol) into right SNpr. Ipsilateral inhibition of DLSC with 

muscimol (9 nmol) prevented or reduced the head tilt and body/lean twist in all 3 animals 

(Figures 59-60). Figures 59A-B and 60A-B display the results from both the unilateral muscimol 

in SNpr experiments and the bilateral pre-treatment with muscimol in DLSC experiments. On the 

graphs the head tilt and body lean/twist behaviors are measured as duration of time (% of time 

present during each 15 min interval of the post-infusion observation). The left side of Figures 

59A-B and 60A-B show the nigra-evoked responses by unilateral muscimol (9 nmol) in SNpr in 

animals ST, DA and OL, respectively. The right side of 59A-B and 60A-B display the effect of 

ipsilateral pre-treatment with muscimol in DLSC on the nigra-evoked responses, head tilt and 

body lean/twist, in animals ST, DA and OL, respectively. The respective figures follow the 

presentation of the results from the ipsilateral pre-treatment with muscimol in DLSC. Data 

presented as mean ± SEM where n is > 1. 

 Ipsilateral pre-treatment with muscimol in DLSC prevented the occurrence of the head 

tilt and body lean/twist behaviors in animal ST. The effect of ipsilateral pre-treatment with 

muscimol in DLSC was significant for the prevention of the head tilt but not for the body 

lean/twist behavior (One-way ANOVA with Kruskal-Wallis test and Dunn’s post-hoc analysis, 

unilateral muscimol in SNpr vs. pre-treatment with muscimol in DLSC, **p < 0.05 for head tilt, 

p < 0.05 for body lean/twist, within subject analysis, see Figures 59A, 65A and 67A) during the 

60 min observation. In animal OL pre-treatment of the right DLSC with muscimol reduced the 
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occurrence of the head tilt (Figure 59B). There was a 21 min delay in the onset of the head tilt 

(Figure 59B). The head tilt did not occur 0-15 min post-infusion like it did after muscimol in 

SNpr alone. With muscimol pre-treatment the head tilt was evoked 15-30 min post-infusion 

(Figure 59B). In addition, pre-treatment with muscimol resulted in the body lean/twist emerging 

at a later time (Figure 59B). The onset of the body lean/twist was 30-45 min post-infusion with 

pretreatment and 15-30 min post-infusion with muscimol in SNpr alone (59B). Although there 

was a reduction in the expression of both behaviors the results were not significant because of 

the low n (One-way ANOVA with Kruskal-Wallis test and Dunn’s post-hoc analysis, unilateral 

muscimol in SNpr vs. pre-treatment with muscimol in DLSC, p > 0.05 for head tilt, p > 0.05 for 

body lean/twist, within subject analysis, see Figures 66B and 68B). In monkey DA there were 

two ipsilateral pre-treatment experiments (Figures 60A and 60B). The results from both 

ipsilateral pre-treatment with muscimol experiments demonstrate that the occurrence of both the 

head tilt and body lean/twist behaviors were either reduced or prevented. However, the degree of 

the attenuation of both behaviors in both of the ipsilateral pre-treatment experiments differed 

greatly. In the first ipsilateral pre-treatment experiment both behaviors were not present 0-15 min 

post-infusion (15 min delay in latency to onset) but were evoked 15-30 min later and thus, 

resembled the results of the bilateral pre-treatment with muscimol in DLSC experiments in 

monkey DA (Figures 58A-C). In the second ipsilateral pre-treatment experiment the head tilt and 

body lean/twist behaviors were prevented (Figure 60B). These results were the same as the 

results that I got following ipsilateral pre-treatment with muscimol in DLSC of monkey ST 

(Figure 59A). The results were also similar to the bilateral pre-treatment with muscimol in DLSC 

of monkey DE because in this case the head tilt was also prevented (Figure 57B). The results 
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from both ipsilateral experiments were significant (One-way ANOVA with Kruskal-Wallis test 

and Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-treatment with muscimol in 

DLSC, **p < 0.05 for head tilt, ***p < 0.05 for body lean/twist, within subject analysis, see 

Figures 66A and 68A). 
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Figure 59 

A 

B 



 

145 

 

 

Figure 60 
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The effect of contralateral pre-treatment with muscimol in DLSC on nigra-evoked 

head tilt and body lean/twist (posture). Monkey DA received contralateral pre-treatments with 

muscimol (9 nmol) in DLSC, prior to unilateral microinfusion of muscimol (9 nmol) into right 

SNpr. Contralateral pre-treatment with muscimol (9 nmol) in DLSC reduced the occurrence of 

head tilt and body/lean twist in monkey DA (Figures 61A-B). Figures 61A-B displays the results 

from both the unilateral SNpr experiments and the contralateral pre-treatment with muscimol in 

DLSC experiments. On the graphs the head tilt and body lean/twist behaviors are measured as 

duration of time (% of time present during each 15 min interval of the post-infusion observation). 

The left side of Figures 61A-B show the nigra-evoked behaviors elicited by unilateral muscimol 

(9 nmol) in the central site in the posterior region of the right SNpr in monkey DA. The right side 

of Figures 61A-B display the effect of contralateral pre-treatment with muscimol in the central 

site in the central region of left DLSC on the nigra-evoked responses, head tilt and body 

lean/twist, in monkey DA. The respective figures follow the description of the behaviors. Data 

presented as mean ± SEM where n is > 1. 

Contralateral pre-treatment with muscimol in DLSC also resulted in a delay in the onset 

of the head tilt (almost 15 min delay in the onset) and body lean/twist behaviors (a 15 min delay 

in onset) in animal DA (Figures 61A-B).  The difference between the ipsilateral and bilateral pre-

treatment experiments was that the head tilt emerged 15-30 min post infusion while the head tilt 

was evoked 0-15 min post-infusion following contralateral pre-treatment (Figures 58A-C, 60A-B 

and 61A-B). Overall, the effect of contralateral pre-treatment on the onset of the nigra-evoked 

head tilt and body lean/twist behaviors were less than the effects of both ipsilateral and bilateral 

pre-treatment. The results were significant (One-way ANOVA with Kruskal-Wallis test and 
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Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-treatment with muscimol in 

DLSC, **p < 0.05 for head tilt, ***p < 0.05 for body lean/twist, within subject analysis, see 

Figures 66A and 68A). 
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Figure 61 
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The effect of ipsilateral post-treatment with muscimol in DLSC on nigra-evoked 

head tilt and body lean/twist (posture).  Here, I wanted to determine if infusing muscimol into 

the right SNpr prior to unilateral muscimol in ipsilateral DLSC would disrupt the expression of 

the head tilt and body lean/twist behaviors evoked by unilateral muscimol SNpr. This experiment 

was only carried out in monkey ST. Figure 62 displays the results from both the unilateral SNpr 

experiments and the ipsilateral post-treatment with muscimol in DLSC experiments. On the 

graph the head tilt and body lean/twist behaviors are measured as duration of time (% of time 

present during each 15 min interval of the post-infusion observation). The right side of Figure 62 

displays the effect of ipsilateral post-treatment with muscimol in DLSC on the nigra-evoked 

responses, head tilt and body lean/twist, in monkey ST. The respective figure follows the 

description of the behaviors. Data presented as mean ± SEM where n is > 1. 

The post-treatment reduced the head tilt but to a lesser degree than with bilateral and 

ipsilateral pre-treatment (Figures 57A and 59A). The onset of the head tilt was less than 10 min 

post-infusion. Moreover, the treatment did not prevent nor delay the onset of the body lean/twist 

behavior (Figure 62). The body lean/twist behavior actually appeared earlier during the 15-30 

min interval (15-30 min post-infusion) following post-treatment. The percent duration of the 

body-lean twist was 50% without post-treatment and 100% with post-treatment (Figure 62). No 

statistics were run on this data since no post-treatment experiments were carried out in the other 

three animals (DE, DA and OL). 
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The effect of bilateral pre-treatment with muscimol on nigra-evoked quadrupedal 

rotations and head turning. Unilateral microinfusions into SNpr evoked quadrupedal rotations 

in two of the four animals (DE and DA). Monkeys DE and DA received bilateral pre-treatment 

of with muscimol (9 nmol) in DLSC, prior to unilateral microinfusion of muscimol (9 nmol) into 

left or right SNpr. Head turning was also evoked in monkey DE and this behavior accompanied 

the rotations. Bilateral inhibition of DLSC by muscimol (9 nmol) did not have a significant effect 

on the rate of rotations in monkeys DE and DA (Figure 63A-C) but did prevent the head turning 

in animal DE (Figure 64A-B). Figures 63A-C and 64A-B display the results from both the 

unilateral SNpr experiments and the bilateral pre-treatment with muscimol in DLSC 

experiments. In Figures 64A-B head turning was measured as duration of time (% of time 

Figure 62 
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present during each 15 min interval of the post-infusion observation) and in Figures 63A-C 

quadrupedal rotations were measured as the total number of occurrence per 15 min interval of 

the post-infusion observation. The quadrupedal rotation and head turning behaviors are presented 

on separate graphs because they were measured differently. The left side of Figures 63A-C show 

the quadrupedal rotations evoked by unilateral muscimol (9 nmol) in SNpr in monkeys DE and 

DA, respectively. The right side of Figures 63A-C display the effect of bilateral pre-treatment 

with muscimol in DLSC on the nigra-evoked quadrupedal rotations, in monkeys DE and DA, 

respectively. Figures 64A-B displays the head turning behavior in monkey DE with muscimol 

alone (right side of graphs) and following bilateral pre-treatment with muscimol in DLSC (left 

side of graphs). The respective figures follow the description of the behaviors. Data presented as 

mean ± SEM where n is > 1. 

Bilateral pre-treatment with muscimol in DLSC (Figure 63A-C) in monkeys DE and DA 

did not have an effect on the rate of quadrupedal rotations and the peak total number of 

quadrupedal rotations. The peak total number of quadrupedal rotations following unilateral 

muscimol in SNpr for monkey DE was 90 and was achieved 30-45 min post-infusion. The peak 

total number of quadrupedal rotations following bilateral pre-treatment with muscimol in DLSC 

was 82 and 117 and was achieved 15-30 min and 0-15 min post-infusion, respectively (n = 2). 

The peak rate was 6.12 quadrupedal rotations per min with unilateral muscimol in SNpr and 5.46 

and 7.79 with bilateral pre-treatment with muscimol in DLSC (n = 2 for bilateral pre-treatment). 

Non-parametric Friedman’s ANOVA with non-parametric post-analysis Wilcoxon Sign Rank 

Test revealed that there were no significant differences overall (p > 0.05) between treatment 

conditions and there were no significant differences (p > 0.05) at any time point (0-15 min, 15-30 
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min, 30-45 min and 45-60 min) for the quadrupedal rotations evoked in monkey DE. For 

monkey DA the peak total number of 50 quadrupedal rotations following unilateral muscimol in 

SNpr  and was achieved 0-15 min post-infusion. After bilateral pre-treatment with muscimol in 

DLSC the peak total number of quadrupedal rotations was 67 and was achieved 30-45 min post-

infusion. The peak rate was 3.33 quadrupedal rotations per min with unilateral muscimol in SNpr 

and 4.47 with bilateral pre-treatment with muscimol in DLSC. No statistics were ran on monkey 

DA’s quadrupedal rotation data due to the low n but just looking at the time course (Figure 63C) 

one can see that there was no disruption in the occurrence of the quadrupedal rotation behavior. 

Although the bilateral pre-treatment with muscimol in DLSC did not have a significant effect on 

the rate of the quadrupedal rotations nor the peak total number of quadrupedal rotations, pre-

treatment did have an effect on posture in monkey DE. The bilateral pre-treatment with 

muscimol in DLSC prevented the accompanying head turning in monkey DE and as a result the 

posture of the animal changed (Figure 64A-B). Muscimol in SNpr produced very tight rotations 

and a strong body asymmetry. However, DLSC pre-treatment with muscimol resulted in turning 

from the SNpr that had a much wider radius and less postural asymmetry. The prevention of the 

head turning behavior was not significant (One-way ANOVA with Kruskal-Wallis test and 

Dunn’s post-hoc analysis, unilateral muscimol in SNpr vs. pre-treatment with muscimol in 

DLSC, p > 0.05 for head turning, within subject analysis, see Figure 69). 
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Figure 63 
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Figure 64 
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One-Way ANOVA with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis 

test and Dunn’s post-hoc analysis. One-Way ANOVA with Kruskal-Wallis test: **** P < 0.0001. 

Dunn’s post-hoc analysis: Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC + MUS in SNpr 

and MUS in SNpr  vs. MUS in DLSC + MUS in SNpr. Data presented as mean  ± where n is > 1. 

Figure 65: Within Subjects Statistics graphs 

B 
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One-Way ANOVA with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis 

test and Dunn’s post-hoc analysis. One-Way ANOVA with Kruskal-Wallis test: **** P < 0.0001. 

Dunn’s post-hoc analysis: Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC + MUS in SNpr 

and MUS in SNpr vs. MUS in DLSC + MUS in SNpr. Data presented as mean  ± where n is > 1. 

 

Figure 66: Within Subjects Statistics graphs 
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One-Way ANOVA with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis 

test and Dunn’s post-hoc analysis. One-Way ANOVA with Kruskal-Wallis test: **** P < 0.0001. 

Dunn’s post-hoc analysis, Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC + MUS in SNpr 

and MUS in SNpr vs. MUS in DLSC + MUS in SNpr. Data presented as mean  ± where n is > 1. 

 

Figure 67: Within Subjects Statistics graphs 
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One-Way ANOVA with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis 

test and Dunn’s post-hoc analysis. One-Way ANOVA with Kruskal-Wallis test: **** P < 0.0001. 

Dunn’s post-hoc analysis, Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC + MUS in SNpr 

and MUS in SNpr vs. MUS in DLSC + MUS in SNpr. Data presented as mean  ± where n is > 1. 

 

Figure 68: Within Subjects Statistics graphs 
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One-Way ANOVA with a threshold set at P < 0.05 for statistical significance, with Kruskal-Wallis test 

and Dunn’s post-hoc analysis. One-Way ANOVA with Kruskal-Wallis test: **** P < 0.0001. Dunn’s 

post-hoc analysis, Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC + MUS in SNpr and MUS in 

SNpr vs. MUS in DLSC + MUS in SNpr. Data presented as mean  ± where n is > 1. 

 

Figure 69: Within Subjects Statistics graphs 
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Summary and Discussion 

Summary 

Previously, the functional interaction between SNpr and DLSC in the control of posture 

and motor behavior has been examined in the rat and the cat but not in the monkey. Moreover, 

previous research on DLSC function in the nonhuman primate has concentrated on eye-head 

orientation and saccadic eye movements. This is the first study to examine the functional 

interaction between SNpr and DLSC in the control of complex motor behavior in the nonhuman 

primate. Here I used intracerebral microinfusions of muscimol (9 nmol) to examine the role of 

the DLSC in the control of motor and posture evoked from SNpr in the monkey. Using this 

method I characterized the abnormal postures, motor movements and defense-like responses 

evoked from DLSC with unilateral infusions of bicuculline, characterized the abnormal postures 

and motor movements evoked from SNpr with unilateral infusions of muscimol, and examined 

the behavioral effects of pre-treating DLSC bilaterally and unilaterally with microinfusions of 

muscimol followed by unilateral inhibition of SNpr with microinfusions of muscimol. In one 

monkey I also examined the behavioral effects of post-treating DLSC ipsilaterally with 

muscimol after unilateral microinfusion of muscimol into SNpr.  

My data showed that unilateral disinhibition of DLSC by focal infusion of bicuculline 

resulted in abnormal postures and motor movements as well as defense-like responses. The 

behavioral responses evoked varied by site, dose and animal. The abnormal postures and motor 

movements were all contralaterally-directed and included (1) quadrupedal rotations, (2) lower 
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limb dyskinesias, (3) upper limb dyskinesias, (4) eye saccades and head turning (5) lip/mouth 

twitch. The defense-like responses included (1) cowering, (2) escape responses, (3) aversive 

vocalizations, and (4) attack of inanimate objects. It should be noted that unilateral disinhibition 

of DLSC with bicuculline microinfusion does not evoke the head tilt and body lean/twist 

behaviors that are elicited following unilateral inhibition of SNpr with muscimol microinfusion.  

Typically the defensive-like behaviors occurred along with the abnormal motor and 

postural responses. I also characterized the abnormal postures and motor movements evoked by 

focal inhibition of SNpr with muscimol. The abnormal postures and motor movements evoked 

by unilateral infusions of muscimol into SNpr were all contralaterally-directed included (1) head 

tilt, (2) body lean/twist, (3) quadrupedal rotations, (4) head turning, (5) lower limb dyskinesias, 

(6) upper limb dyskinesias. All of the behaviors except for quadrupedal rotations were not 

observed under baseline or control conditions.  

Pre-treatment of DLSC with muscimol prior to muscimol in SNpr prevented or reduced 

the expression of the nigra-evoked head tilt in all four animals and the body lean/twist behavior 

in three animals. The degree of the attenuation of the behaviors was typically transient, with a 

variable duration; in some cases the attenuation lasted for over an hour before the nigra-evoked 

behaviors emerged. Quadrupedal rotations were evoked in two of the four animals. The rate of 

the nigra-evoked quadrupedal rotations was not reduced by pre-treatment with muscimol in 

DLSC. However, pre-treatment with muscimol in DLSC prior to muscimol in SNpr prevented 

head turning that accompanied the quadrupedal rotations in one of the two animals (head turning 

was evoked in one of the two animals). Pre-treatment also changed the postural component of the 

quadrupedal rotations in this same animal. Muscimol in SNpr produced very tight quadrupedal 
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rotations and a strong body asymmetry. Pre-treatment with muscimol in DLSC resulted in 

turning from the SNpr that had a much wider radius and less postural asymmetry.  

Figures 70 and 71 presented below show the major findings from the current study. The 

results are shown across animals for Figures 70 and 71A. Figure 70A and 70B show that 

inhibition of DLSC significantly attenuates head tilt and body lean/twist behaviors evoked from 

SNpr. Figure 70A and 70B also shows that the effect of saline pre-treatment in DLSC prior to 

unilateral muscimol in SNpr is the same as unilateral microinfusion of muscimol alone in SNpr. 

Figure 71 shows that inhibition of DLSC does not significantly attenuate SNpr-evoked 

quadrupedal rotations (Figure 71A) but does block the accompanying head turning (Figure 71B). 

Head turning was not evoked in monkey DA. Data presented as mean ± where n is >1. 
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Repeated measures non-parametric Friedman’s ANOVA with a threshold set at P < 0.05 

for statistical significance. Friedman’s ANOVA : * P < 0.05. Post-hoc analysis: Wilcoxon 

Sign Rank Test (non-parametric): Baseline vs. MUS in SNpr, Baseline vs. MUS in DLSC 

+ MUS in SNpr and MUS in SNpr vs. MUS in DLSC + MUS in SNpr. Data presented as 

mean  ± where n is > 1. 

 

Figure 70 



 

164 

 

 

Data presented as mean  ± where n is > 1. 

 

 

Below I display tables that show the actual outcomes from each experiment. The 

actual outcome is presented right next to the expected outcome. After each table I present a 

summary of my experimental design as well as the expected outcomes versus the actual 

outcomes. The discussion section follows the summary section. 

 

 

 

 

Figure 71 
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Results from Experiment 1A: Characterization of abnormal postures and motor 

movements evoked with unilateral bicuculline and muscimol in DLSC  

Treatment Expected Outcome Actual Outcome 

Drug Location Treatment 

Type 

Bicuculline DLSC Unilateral Contralaterally-directed 

abnormal postures, eye 

saccades and motor 

movements. Defense-like 

responses  

Contralaterally-directed abnormal 

postures and motor movements 

(Quadrupedal rotations, lower and 

upper limb dyskinesias, lip/mouth 

twitch, head turning and posture, 

& eye saccades).  

 

 

 

Defense-like responses (cowering, 

escapes, aversive vocalizations, 

attack of inanimate objects) 

Muscimol DLSC Unilateral Ipsilaterally-directed 

abnormal postures and 

movements (postural 

asymmetry and 

quadrupedal rotations) 

1.) No effect in monkeys ST and 

DE (both left and right DLSC) 

2.) Exaggerated ipsilaterally-

directed quadrupedal rotations in 

monkey DA (right DLSC). 

3.) No effect in monkey DA for 

left DLSC 

3.) Exaggerated contralaterally-

directed rotations in monkey OL 

(right DLSC) 
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Table continued. Results from Experiment 1A: Characterization of abnormal postures and 

motor movements evoked with unilateral bicuculline and muscimol in DLSC  

Treatment Expected Outcome Actual Outcome 

Drug Location Treatment 

Type 

Muscimol DLSC Bilateral No Effect 1.) No effect in monkeys ST and 

DE 

2.) Exaggerated rightward 

quadrupedal rotations in monkey 

DA  

3. Monkey OL did not receive 

bilateral muscimol in DLSC (left 

DLSC was not tested) 

Saline DLSC Unilateral No Effect No Effect 

Saline DLSC Bilateral No Effect No Effect 

 

In experiment 1A, I characterized the abnormal postures and motor movements elicited 

from DLSC in each monkey. I also characterized the defense-like responses evoked from DLSC 

with bicuculline. The defense-like behaviors typically occurred in addition to the abnormal 

postures and motor movements. All 4 monkeys received unilateral microinfusions of bicuculline 

(5nmol, 7.5nmol or 10 nmol) in DLSC.  

The purpose of infusing bicuculline unilaterally into DLSC was to characterize the 

abnormal postures and motor movements that are evoked via direct disinhibition of DLSC. In 

addition, our preliminary data indicated that direct disinhibition of DLSC with bicuculline can 

evoke abnormal postures and motor movements. I was interested in determining the extent to 

which these effects and some of these behaviors resemble those evoked by muscimol in SNpr.  

The second purpose of examining the effects of unilateral bicuculline in DLSC was to 

identify DLSC sites that exerted control on posture or movement. The microinfusion sites that 
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were found to evoke effects were then used subsequently for bilateral and unilateral muscimol 

treatments in Experiments 1A and 2. 

  In order to identify possible abnormal postures and motor movements that may occur 

following unilateral inhibition of DLSC with muscimol, I also examined the effects of 

microinfusion of 9 nmol of muscimol into the same sites in DLSC from which abnormal postural 

and/or motor effects were evoked with bicuculline. In our preliminary data we found that 

unilateral microinfusion of muscimol into DLSC evoked ipsilaterally-directed postural 

asymmetry and occasional quadrupedal rotations (an effect directionally opposite to that evoked 

from SNpr inhibition with muscimol). In contrast, microinfusion of muscimol in the DLSC of 

both hemispheres avoids introducing the postural asymmetry because it avoids creating an 

imbalance between the two sides. Based on the pilot experiments, I expected that unilateral 

muscimol treatments would evoke ipsilaterally-directed postural asymmetry and quadrupedal 

rotations, but that the bilateral muscimol treatments would evoke no asymmetrical behavior. 

Saline of the same volume was also infused into the sites to control for nonspecific effects of 

microinfusions. 

To test my hypothesis regarding SNpr interactions with DLSC (Experiment 2) bilateral 

pre-treatment with muscimol in DLSC was selected as the main treatment to inactivate DLSC. 

This was done in an effort to avoid introducing asymmetry as a result of the pre-treatment. The 

decision to carry out ipsilateral and contralateral pre-treatments was made once it was 

determined that bilateral muscimol in DLSC was effective for preventing the dystonic head tilt 

and body lean/twist behaviors evoked from SNpr (See Experiment 2). 
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Actual Outcomes. I expected that unilateral microinfusions of bicuculline in DLSC 

would evoke contralaterally-directed abnormal postures, eye saccades and motor movements and 

defense-like responses. I found that the types of contralaterally-directed abnormal postures and 

motor movements evoked by unilateral microinfusions of bicuculline in DLSC were as follows: 

Quadrupedal rotations, lower and upper limb dyskinesias, lip/mouth twitch, head turning and 

posture, and eye saccades. The defense-like responses included:  cowering, escapes, aversive 

vocalizations and attack of inanimate objects. However, not every behavior was evoked in all 

animals from the sites tested. For example, while most animals displayed a range of behaviors 

(escape responses, aversive vocalizations, quadrupedal rotations, e.g.) one animal (monkey ST) 

only displayed head turning, cowering and saccades with unilateral microinfusions of 

bicuculline. 

I expected that unilateral microinfusion of muscimol in DLSC would elicit ipsilaterally-

directed postural asymmetry and quadrupedal rotations in all animals while bilateral 

microinfusion would evoke no asymmetrical behavior. However, I found that unilateral 

muscimol in DLSC did not evoke changes in posture or movement in monkeys ST and DE. In 

addition, as expected, bilateral microinfusion of muscimol in the DLSC of monkeys ST and DE 

did not evoke any asymmetrical behaviors. 

In monkeys OL and DA I also found that unilateral muscimol in DLSC did not evoke 

changes in posture. However, I did find that unilateral muscimol in DLSC did evoke changes in 

ipsilateral quadrupedal rotations in monkey DA and contralateral quadrupedal rotations in 

monkey OL. In addition, bilateral microinfusion of muscimol in the DLSC of monkey DA also 

evoked changes in quadrupedal rotations. Unilateral muscimol in the right hemisphere site in 
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monkey DA as well as bilateral muscimol in sites in both hemispheres exaggerated turning in the 

rightward direction that was higher than baseline behavior and saline control. This effect would 

have been a problem when examining the effect of muscimol inhibition on SNpr-evoked left-

directed rotations if there was blockade of the turning. Nevertheless, muscimol inhibition did not 

block nor reduce the leftward quadrupedal rotations (see Figure 63). In monkey OL, unilateral 

microinfusion of muscimol in DLSC evoked exaggerated contralateral leftward turning that was 

higher than baseline behavior and saline control. This was not a problem because quadrupedal 

rotations were not evoked from any sites examined in the SNpr in monkey OL. The left DLSC in 

monkey OL was not tested in the current study so no bilateral microinfusions of muscimol were 

carried out in this animal. 

Results from Experiment 1B: Characterization of abnormal postures and motor 

movements evoked with unilateral muscimol in SNpr 

Treatment Expected Outcome Actual Outcome 

Drug Location Treatment 

Type 

Muscimol SNpr Unilateral Contralaterally-directed 

abnormal postures and motor 

movements (Quadrupedal 

rotations, head turning body 

lean/twist, head tilt (torticollis), 

and dyskinesias) 

Contralaterally-directed 

abnormal postures and 

motor movements 

(Quadrupedal rotations, 

head turning, body 

lean/twist, head tilt 

(torticollis), and 

choreiform dyskinesias 

that involved the arm, 

leg and trunk region 

Saline SNpr Unilateral No Effect No Effect 

 

In Experiment 1B, I characterized the abnormal postures and motor movements elicited 

from SNpr in each monkey. All 4 monkeys received unilateral microinfusions of muscimol (9 
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nmol) in SNpr. The microinfusion site locations that were found to be best for evoking abnormal 

postures and movements were used in Experiment 2 to find out if DLSC mediates abnormal 

postures and motor movements caused by inhibition of SNpr. Saline of the same volume was 

infused into the sites. 

Actual Outcomes. As expected unilateral infusions of muscimol in SNpr evoked 

contralaterally-directed quadrupedal rotations, head turning, body lean/twist, head tilt and 

dyskinesias while saline produced no effect. However, what was an unexpected finding were the 

trunk movements that occurred along with the choreiform dyskinesias. In our past experiments 

we have never seen trunk movements occur along with the choreiform dyskinesias. Saline in 

SNpr sites did not produce an effect. My data also demonstrated that quadrupedal rotations were 

evoked from SNpr sites more anterior to those sites in which the head tilt and body lean/twist 

behaviors were elicited. In addition, choreiform dyskinesias were evoked by increasing the depth 

of the microinfusion within one SNpr site by 1.5mm (moving ventrally). These data support the 

previous work done in our lab by Dybdal (1999). 
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Results from Experiment 2: The effect of pre-treatment in DLSC with muscimol on nigra-

evoked behaviors 

Treatment Expected Outcome Actual Outcome 

Drug Location Treatment 

Type 

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Bilateral  

pre-treatment 

 

Unilateral 

The rate of the SNpr-evoked 

quadrupedal rotations will be 

reduced, expression of the 

head turning will be 

prevented and the postural 

component of the rotations 

will be reduced. The 

expression of the 

contralaterally-directed head 

tilt (torticollis) and body 

lean/twist will be reduced. 

1.) The rate of the SNpr-evoked 

quadrupedal rotations was not 

reduced but the postural 

asymmetry was reduced. The 

radius of the rotations became 

wider. 

2.) Head turning was prevented. 

3.) The expression of the head tilt 

(torticollis) was either prevented 

or reduced. Body lean/twist was 

either prevented or reduced in 3 

of the 4 animals.  

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Ipsilateral 

pre-treatment 

 

Unilateral 

The expression of the head 

tilt (torticollis) and body 

lean/twist will be reduced. 

 

The expression of the head tilt 

(torticollis) and body lean/twist 

was either prevented or reduced. 

 

Muscimol 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Contralateral 

pre-treatment 

 

Unilateral 

There will be no effect on the 

expression of the head tilt 

(torticollis) and body 

lean/twist. 

 

The expression of the head tilt 

(torticollis) and body lean/twist 

was reduced but to a lesser degree 

than both ipsilateral and bilateral 

pre-treatment. 

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Bilateral  

pre-treatment 

 

Unilateral 

Abnormal postures and 

motor movements 

(Quadrupedal rotations, head 

turning, body lean/twist, 

head tilt (torticollis) 

Abnormal postures and motor 

movements (Quadrupedal 

rotations, head turning, body 

lean/twist, head tilt (torticollis).  

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Ipsilateral  

pre-treatment 

 

Unilateral 

Abnormal postures and 

motor movements 

(Quadrupedal rotations, head 

turning, body lean/twist, 

head tilt (torticollis) 

Abnormal postures and motor 

movements (Quadrupedal 

rotations, head turning, body 

lean/twist, head tilt (torticollis)  

Saline 

 

 

Muscimol 

DLSC 

 

 

SNpr 

Contralateral 

pre-treatment 

 

Unilateral 

Abnormal postures and 

motor movements 

(Quadrupedal rotations, body 

lean/twist, head tilt 

(torticollis) 

Abnormal postures and motor 

movements (Quadrupedal 

rotations, head turning, body 

lean/twist, head tilt (torticollis) 
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The purpose of Experiment 2 was to test the following hypothesis: Abnormal postures and motor 

movements caused by inhibition of SNpr are mediated by disinhibition of DLSC. This 

hypothesis predicts that inhibition of DLSC should reduce or prevent the occurrence of the 

abnormal postures and motor movements evoked by inhibition of SNpr. The microinfusion site 

locations in DLSC and SNpr that were found to be best for evoking abnormal postures and motor 

movements in Experiments 1A and 1B, respectively, were used in Experiment 2. Saline of the 

same volume was infused into the sites. 

Actual Outcomes. I postulated that the rate of the SNpr-evoked quadrupedal rotations 

would be reduced with pre-treatment in DLSC. The rate of the quadrupedal rotations was not 

reduced in either of the two animals (DE and DA) in which this behavior was evoked. However, 

the postural component of the quadrupedal rotations, head turning, which was only elicited in 

animal DE was prevented. Head turning was prevented and postural asymmetry was reduced 

such that the radius of the quadrupedal rotations became wider. I also predicted that the head tilt 

and body lean/twist behaviors would be reduced by bilateral and ipsilateral DLSC inhibition. I 

was not expecting that either behavior would be prevented but this was the case here. In some 

cases both behaviors were reduced or prevented and in other cases one behavior was prevented 

while the other behavior was reduced. In addition, I did not expect that the head tilt and body 

lean/twist behaviors would be changed by contralateral inhibition of DLSC due to the nigrotectal 

pathway being mainly ipsilateral. However, my data demonstrated that contralateral inhibition of 

DLSC does reduce the behaviors but to a lesser degree than bilateral and ipsilateral inhibition. I 

also found that post-treatment with muscimol after unilateral infusion of muscimol in SNpr 

reduced both the head tilt and body lean/twist behaviors. Pre-treatment with saline in DLSC prior 
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to unilateral infusion of muscimol in left or right SNpr resulted in abnormal postures and motor 

movements. The effect with saline pre-treatment in DLSC was exactly the same as the result that 

was elicited with just unilateral muscimol in SNpr. The strength and duration of the behaviors 

were the same which was expected. I had expected that saline would not reduce or prevent the 

nigra-evoked abnormal postures and motor movements. These experiments with saline 

demonstrated that the behavioral effect was not due to muscimol in DLSC. 

I also predicted that infusing muscimol into the right SNpr prior to unilateral muscimol in 

the ipsilateral DLSC would disrupt the expression of the head tilt and body lean/twist behaviors 

evoked by unilateral muscimol SNpr. This experiment was only carried out in monkey ST. Based 

on the results I found that post-treatment with muscimol in the ipsilateral DLSC delayed the 

onset of the head tilt but to a lesser degree than with ipsilateral and bilateral pre-treatment of 

DLSC. The onset of the head tilt was less than 10 minutes. I also expected that body lean/twist 

behavior would be reduced. However, the treatment did not prevent nor reduce the body 

lean/twist behavior. 

 

Some possibilities for all of the findings in this current study are presented in the discussion 

section below. 
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Discussion 

DLSC has a role in posture and motor movement behaviors. In the current study 

unilateral infusions of bicuculline in DLSC evoked abnormal posture and motor movement 

responses in the monkey. These contralaterally-directed behaviors included: (1) quadrupedal 

rotations, (2) lower limb dyskinesias, (3) upper limb dyskinesias, (4) eye saccades and head 

turning (5) lip/mouth twitch. Behaviors that were evoked in the monkey that resembles those in 

the rat were the quadrupedal rotations, head turning and lip/mouth twitch. These findings are 

consistent with rat studies which have documented that the DLSC has a role in posture and motor 

movement behaviors. In the rat, unilateral infusion of the GABAA antagonists, bicuculline 

(Geula & Asdourian, 1984; Speller & Westby, 1996) or picrotoxin (Geula & Asdourian, 1984), 

into DLSC elicited contralaterally-directed quadrupedal rotations and postural asymmetry. 

Another similarity between the monkey and the rat in the production of quadrupedal rotations is 

that in both species unilateral infusions of muscimol into DLSC evoked ipsilaterally-directed 

rotations. 

Moreover, in the current study I evoked lip/mouth twitches with bicuculline in DLSC. 

The results are consistent with the findings of Adachi et al. (2003) who evoked jaw movements 

in rats. Adachi et al (2003) showed that bilateral disinhibition of the lateral DLSC with 

bicuculline elicited distinct jaw movements in rats and thus implicated a role of the DLSC in the 

control of jaw movements. Furthermore, the eye saccades evoked in nonhuman primates with 

bicuculline microinfusion in DLSC resembled eye saccades evoked in the cat DLSC with 

bicuculline (Okada, 1992). In rats, eye saccades were evoked by electrical stimulation of DLSC 
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(McHaffie & Stein, 1982). The authors reported that electrical stimulation of the rat DLSC 

evoked the same pattern of movements observed in other mammals. 

The results of the current study also differ from rat studies in that dyskinesias were not 

evoked in the rat from DLSC. This presence of dyskinesias, a feature that is not associated with 

DLSC activation in the rat, appears to be unique to the nonhuman primate.  

Taken together, these results suggest that activity in the nonhuman primate DLSC has a 

role in the control of normal postures and movements. The results from this study also show that 

the abnormal postures and movements evoked from activation of DLSC in the monkey resemble 

those seen in rats, but there is one effect, dyskinesia, which may be unique to the monkey. 

DLSC activity is necessary for head tilt and body/lean twist. Pre-treatment with 

muscimol in DLSC prior to muscimol in SNpr prevented or reduced the expression of the nigra-

evoked head tilt in all four animals and body lean/twist in three of the four animals. These data 

support the hypothesis that abnormal postures and motor movements caused by inhibition of 

SNpr are mediated by disinhibition of DLSC. 

So far there have been no studies that have investigated the role of the DLSC in the 

production of dystonic motor movements and posture in any species. The previous research in 

rats could not address this because rats do not exhibit dystonia in response to inhibition of SNpr. 

The present study is the first to examine the role of DLSC in the control of nigra-evoked head tilt 

and body lean/twist in the monkey.  

The results from this study are intriguing in that disinhibition with unilateral 

microinfusion of bicuculline does not evoke head tilt and body lean/twist from DLSC but 
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inhibition of DLSC with muscimol disrupts the expression of these behaviors evoked from SNpr 

with muscimol. The question here is how does the DLSC mediate head tilt and body lean/twist 

when it is not sufficient to produce the behavior directly. It is possible that because disinhibition 

of DLSC with bicuculline does not elicit head tilt and body lean/twist there is more than just 

disinhibition of DLSC taking place following muscimol in SNpr. For example, Neafsey, Hull 

and Buchwald (1978) suggested that “The basal ganglia participate in the enabling and 

sequencing of movements rather than in directly causing them to occur” (p. 721). In the case of 

the current study I propose that the DLSC is the key participant in enabling the head tilt and body 

lean/twist behaviors and in control of their sequencing rather than in directly causing them to 

occur. This proposal suggests that when muscimol is microinfused into SNpr the DLSC becomes 

disinhibited and sends signals to its target regions about what specific head and body movements 

to make. This would suggest that the actual head tilt and body lean/twist behaviors are initiated 

downstream from DLSC. However, without disinhibition of DLSC the expression of the 

behaviors is prevented or reduced. This is because when DLSC is inhibited with muscimol it 

can’t send signals to its target regions.  

The proposal that the DLSC is the key participant in enabling head tilt and body 

lean/twist and sequencing of movements rather than in directly causing them can be supported by 

the results from the study by Klier, Wang, and Constantin (2002). In monkeys, Klier et al. (2002) 

investigated the role of one the output targets of DLSC in the control of head tilt. This output 

target of DLSC is the interstitial nucleus of Cajal which is a rostral midbrain nucleus that is 

functionally related to head and eye movement control and is thought to be an important 

premotor center for eliciting vertical and rotatory eye and head movements (Bianchi & Gioia, 
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1995). The interstitial nucleus of Cajal receives ascending efferents from DLSC and has been 

implicated in vertical and torsional movements of the head (Sparks, 1991). In this study, Klier et 

al. (2002) recorded three-dimensional orientations of the eye and head in monkeys. Electrical 

stimulations were delivered to the interstitial nucleus of Cajal and surrounding regions during 

periods of motionless gaze fixation. Stimulation in the interstitial nucleus of Cajal produced 

mainly torsional deviations in head position, with final head postures resembling those seen in 

head tilt. In addition, muscimol infusions into the nucleus resulted in the inability to hold a stable 

head posture. These findings demonstrate that the interstitial nucleus of Cajal plays an important 

role in the neural circuit for the integration of torsional head movement commands. Based on 

these findings it is possible that the DLSC sends signals to the interstitial nucleus of Cajal about 

what head and body movements to make and in this case it would be the head tilt and body 

lean/twist. Further support for this idea comes from the results from a study in monkeys by 

Poirier, Péchadre, Larochelle, Dankova, and Boucher (1975). Poirier et al. (1975) found that 

lesions of the periaqueductal gray and lower midbrain/upper pons produced head tilt along with 

trunk and limb distortion. This finding is interesting because the DLSC sends ascending efferent 

projections to the periaqueductal gray. These studies demonstrate that the head tilt and body 

lean/twist behaviors can be evoked from structures downstream from DLSC. Based on the 

findings from these studies it appears that the signals for initiating the abnormal postures and 

motor movements begin in DLSC and then are relayed from DLSC to specific structures 

downstream. These specific structures downstream from DLSC receive the signals telling them 

to produce the head tilt and body lean/twist. Furthermore, it is also possible that the 

contralaterally-directed tectospinal tract (or predorsal bundle) which is downstream from DLSC 
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and receives descending efferents from DLSC may be involved in the production of the head tilt 

and body lean/twist behaviors. The predorsal bundle contains the main descending outflow of 

DLSC. Through this tract the DLSC exerts direct control over orienting movements of the eyes, 

head and pinnae (Sparks, 1986). In addition, the axons of the predorsal bundle descend into the 

cervical spinal cord and terminate in regions of the cervical spinal cord that are important for the 

control of head movements (Sparks, 1986). The neck region of the spinal cord and neck muscles 

are involved in cervical dystonia (head tilt). However, the idea that this pathway may be 

involved would have to be examined in future studies.  

The final question that must be addressed is why in some cases both behaviors were 

prevented or reduced and in one case one of the behaviors was prevented while the other one was 

not affected. In the case of reducing but not preventing, it is possible that the behaviors 

subsequently emerged with a delayed onset due to the recruitment of additional circuits that may 

be able to overcome the focal inhibition within DLSC, the muscimol infusion only partially 

inhibited DLSC, or the effect of muscimol in DLSC was starting to wear off (possibly needed a 

higher dose). The case in which one behavior was prevented (head tilt) but the body lean/twist 

was not affected could be due to the muscimol effect in the DLSC sites only being able to 

prevent the posture of the head but not the body. This could suggest that these particular DLSC 

sites were only specific for movement and posture of the head but has no role in body posture or 

the muscimol infusion did not reach the region of the site that mediates control of body posture. 

In addition, I infused muscimol in DLSC bilaterally, ipsilaterally or contralaterally. The greater 

effects were obtained from ipsilateral and bilateral DLSC inhibition than with contralateral 

DLSC inhibition. This was no surprise to me because I did not expect to get any changes from 
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the contralateral treatment because of the anatomy of the nigrotectal projection itself. Although 

Beckstead et al (1981) identified through horseradish peroxidase (HRP) retrograde cell-labeling 

method that a substantial number of labeled nigrotectal cells were within the contralateral SNpr 

of the monkey the authors and many others found that the nigrotectal projection is mainly 

ipsilateral.  Jayaraman et al. (1977) also identified the presence of a contralateral projection in 

the monkey but the projection was reported as being weak. The strong ipsilateral projection has 

been identified via anatomical and electrophysiological studies in rats (Deniau et al., 1977; 

Deniau et al., 1978; Graybiel, 1978; Beckstead et al., 1981; Williams & Faull, 1988; Redgrave et 

al., 1992; Niemi-Junkola & Westby, 1998) cats (Hopkins & Niessen, 1976; Rinvik et al., 1976; 

Beckstead et al., 1981; Beckstead et al., 1983) and monkeys (Jayaraman et al., 1977; Beckstead 

et al., 1981; Beckstead et al., 1982; Beckstead et al., 1983; Tokuno et al., 1993). Thus, the 

nigrotectal pathway in the monkey is mainly ipsilateral so the results are not surprising that the 

greater affects were achieved with ipsilateral and bilateral infusions.  

A final factor that could explain why in some cases both behaviors were prevented or 

reduced and in one case one of the behaviors was prevented while the other one was not affected 

is variability. I was in different regions of both structures in the animals and the placement of the 

cannula within these regions varied across animals (see Figures 7-21). It would be of interest to 

find out if the results would change if the infusions were carried out in the same regions of 

DLSC and SNpr and the cannula placement was the same. To be able to do this the positioning 

of the implants would have to be the same in all animals. The ideal positioning would be the one 

in which the regions of the structures that gave the best results could be reached. 
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In sum, my results demonstrate that activity in DLSC is necessary for head tilt and 

abnormal posture (body lean/twist). My results also suggest that because the behaviors can’t be 

evoked from DLSC with bicuculline, DLSC is the key participant in enabling the head tilt and 

body lean/twist behaviors and in control of their sequencing rather than in directly causing them 

to occur. 

DLSC activity is not necessary for quadrupedal rotations but is necessary for head 

turning. Pre-treatment with muscimol in DLSC did not reduce the rate of the quadrupedal 

rotations but did prevent the expression of head turning. These data partially support the 

hypothesis that abnormal postures and motor movements caused by inhibition of SNpr are 

mediated by disinhibition of DLSC. These data also partially support my prediction. I had 

predicted that pre-treatment with muscimol in DLSC would reduce the rate of the SNpr-evoked 

quadrupedal rotations, prevent the expression of head turning and would increase the radius of 

the quadrupedal rotations as a secondary consequence of the decrease in the postural component 

of the quadrupedal rotations (the absence of the head turning would reduce the tightness of the 

turning). Prevention of head turning and reduced posture is consistent with studying the effects 

of intratectal muscimol versus intranigral muscimol on nigra-evoked quadrupedal rotations in 

rats. Ipsilateral muscimol in DLSC abolished head posturing and as a result reduced the postural 

component of the quadrupedal rotations. The reduced posture resulted in rotations that were no 

longer nose-to-tail (Kilpatrick et al., 1982). The results are also consistent with the effect of 

ipsilateral kainate lesions of DLSC on apomorphine-induced quadrupedal rotations and posture 

evoked in rats with 6-OHDA lesions of the SNpr. The results showed that lesions of lateral 

DLSC on the same side of 6-OHDA lesions reduced the tightness of turning as indicated by an 
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increase in the radius of the rotations (Di Chiara et al., 1982). The results from the present study 

also differ from the Kilpatrick and Di Chiara studies. Muscimol infusions in DLSC in the 

Kilpatrick et al. (1982) study not only changed posture and abolished head turning but also 

partially reduced the rate of the quadrupedal rotations. Furthermore, the reduction of quadrupedal 

rotations occurred following ipsilateral, contralateral and bilateral microinfusions with muscimol 

in DLSC. In the Di Chiara et al. (1982) study it was found that the kainate lesions of DLSC not 

only changed posture (reduced tightness of turning) but that this change in posture reduced the 

turning intensity. The rotations became wider with a reduction in turning intensity. As a 

consequence, the wider radius increased the time needed to complete each rotation. In the present 

study the wider radius did not reduce the turning intensity. 

Apart from species differences, there are several reasons why my results could have 

differed from those of Kilpatrick et al. (1982) and Di Chiara et al. (1982). First of all, my results 

probably differed from the Kilpatrick group due to a difference in methods. The rats were 

anesthetized and infused unilaterally with muscimol into SNpr. A normal pattern of quadrupedal 

rotation was established. After 30 minutes each rat was anesthetized again and then ipsilaterally, 

contralaterally or bilaterally infused with muscimol into medial and lateral zones of DLSC. In 

contrast, I carried out the infusions simultaneously (muscimol was infused bilaterally into DLSC 

and then muscimol was unilaterally infused into right or left SNpr). Thus, there is the possibility 

that I could have reduced the rate of quadrupedal rotations in the nonhuman primate if I reversed 

the order of our experiments by inhibiting SNpr with muscimol first and then bilaterally infuse 

DLSC with muscimol. This experiment would be closer to the rat study but would still differ in 

that there would not be any waiting between infusions in the SNpr and DLSC and we would not 
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anesthetize the animals. However, it would be interesting to find out if reversing the order of the 

infusions would reduce the rate of the quadrupedal rotations in the nonhuman primate. 

The methods used by the Di Chiara group also differed from those used in our study. Di 

Chiara et al. (1982) used chemical lesions, kainic acid in DLSC and 6-OHDA in SNpr. I used 

pharmacological manipulations so that we could not only examine whether DLSC has a role in 

quadrupedal rotations but also to investigate whether quadrupedal rotations caused by inhibition 

of SNpr are mediated by disinhibition of DLSC. Thus, I was interested in manipulating the 

GABAA receptors within SNpr and DLSC. 

Another possible reason for differing results is that there are regions of the DLSC that our 

infusions did not reach and these regions may be responsible for the quadrupedal rotations. In 

considering this reason, we have to recognize that cells in both SNpr and DLSC are arranged in 

spatially organized motor maps.  

For instance, Chevalier and Deniau (1990) stated the following in regards to the initiation of eye 

saccades:  

Nigral cells, whether they are modulated within a perceptual, motor or cognitive context, 

work in relation to a defined place in the perceptual world. For example, a nigrocollicular 

cell that is silenced by a stimulus presented in its receptive field will also, through 

collicular disinhibition, specify a saccade in the direction of that stimulus. Indeed, cells in 

the intermediate layers of DLSC constitute a matrix of premotor neurons in which the 

motor space is mapped topographically. Each collicular neuron emits presaccadic 

discharges that represent a vectorial command for the generation of saccades. The 

mapping of sensory and motor functions within the nigrocollicular connection means that 
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synaptically connected nigral and collicular neurons share the same receptive field and 

thus act in spatial register (p. 279). 

  In addition, Tokuno et al., (1993) identified a laminar organization in the SNpr of the 

monkey such that axon terminals arising from the caudate and putamen, and cell bodies 

projecting to DLSC are arranged into parallel bands in the anteromedial-posterolateral direction 

in the SNpr. It was shown that a band receiving projection fibers from the body of the caudate 

contains neuronal cell bodies sending projection fibers to the DLSC. However, fibers from the 

medial part of the head of the caudate and putamen did not terminate in this region. The laminar 

organization of the SNpr suggests that the neurons responsible for a specific function are located 

within a specific band or bands. Thus, it makes sense to suggest that in order for inhibition of 

DLSC to disrupt the expression (reduce the rate) of the nigra-evoked quadrupedal rotations the 

microinfusions within DLSC must be in topographical register with the microinfusions of 

muscimol into SNpr. 

Continuing with this idea of being in topographical register, is that one would expect that 

regions of DLSC in which quadrupedal rotations were evoked following bicuculline would be in 

topographical register with SNpr regions in which quadrupedal rotations were evoked with 

muscimol. This would be interesting to examine in future experiments because in the current 

study I did not choose DLSC sites based on whether or not a specific behavior that was evoked 

with unilateral bicuculline microinfusion was the same behavior evoked from SNpr with 

unilateral muscimol microinfusion. Only one of the colliculus sites in one of the animals resulted 

in quadrupedal rotations with unilateral bicuculline. As a result, it is possible that I could have 
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reduced the rate of the nigra-evoked quadrupedal rotations if all the DLSC sites were ones in 

which quadrupedal rotations could be evoked with bicuculline.  

However, head turning was evoked from all DLSC sites. Thus, it can be proposed that the 

DLSC regions in the animal that displayed nigra-evoked head turning along with the 

quadrupedal rotations were in topographical register with the SNpr region for the head turning 

behavior. It could have been that the DLSC sites infused with muscimol did not contain cells 

specific for head turning or did contain these cells but they were not in topographic register with 

head turning cells in SNpr site. This would explain why inhibition of DLSC prevented the 

expression of the nigra-evoked head turning but did not reduce the rate of the quadrupedal 

rotations. The cells for head turning in DLSC sites were in topographical register with the cells 

for head turning in SNpr. 

The third reason why my results probably differed from the rat studies may be due to 

species differences. There are differences in the location of the nigrotectal cells (Beckstead et al., 

1981) and differences between the two species in terms of intranigral distribution and 

somatodendritic morphology of the nigrotectal cells as compared with the nigrothalamic and 

nigroreticular neurons (Beckstead & Frankfurter, 1982). The nigrotectal cells of the monkey are 

spatially segregated in that there are two distinct groups of nigrotectal cells that project from 

substantia nigra to DLSC. The nigrotectal cells are numerous in the extreme rostrolateral portion 

of SNpr (Beckstead, et al., 1981; Beckstead & Frankfurter, 1982; Francois et al., 1984) but 

caudally, they are confined to the lateral part of the pars reticulata and the pars lateralis (Francois 

et al., 1984). The nigrotectal cells are large and polygonal in shape.  

By contrast, Beckstead and Frankfurter (1982) stated that,  
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nigrothalamic and nigrorecticular cells are smaller, less polygonal in shape (mostly 

fusiform and triangular), scattered throughout SNpr, with the only exception being that, 

in their relative distributions, the nigrothalamic cells tend to occur more frequently at 

rostral levels whereas the nigroreticular cells are more abundant at caudal levels of SNpr 

(p. 2386).  

In the rat, like in the monkey, nigrotectal cells are spatially segregated and confined 

mostly to the rostral one-half of SNpr. In addition, there is also a projection from substantia nigra 

pars lateralis to the intermediate layers of DLSC (Redgrave et al., 1992). Despite this similarity, 

the precise location of the nigrotectal cells differs in the rat and monkey. In the rat nigrotectal 

cells are concentrated throughout the mediolateral extent of a ventral stratum of SNpr 

immediately dorsal to the pes pedunculi (Beckstead et al., 1981). Moreover, the morphological 

distinction is reversed in the rat such that the nigrotectal cells are small and fusiform and the 

nigrothalamic cells are larger and multipolar (neurons have three or more dendritic processes 

attached to their cell bodies) (Faull & Mehler, 1978; Beckstead & Frankfurter, 1982). 

Furthermore, there appears to be a greater overlap of the nigrotectal and nigrothalamic cells in 

the rat than in the monkey. For example, Francois et al. (1984) found that there are interspecies 

differences in the degree of collateralization of nigral neurons. The numbers of neurons 

projecting to both the thalamus and DLSC appears smaller in monkeys (15-20%) than in rats 

(33-50%). However, the study by Redgrave et al., (1992) showed that the number is much higher 

in rats because there is a widespread overlap of nigrotectal cells in all regions of rostral SNpr and 

the dorsolateral quadrant of caudal SNpr following retrograde tracer in DLSC. Thus, Beckstead 

and Frankfurter (1982) suggested, “The spatial relationships and morphological features of 
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SNpr’s efferent cell populations exhibits a pattern in the monkey that does not compare well with 

that seen in the rat” (p. 2386). Moreover, the differences in the spatial relationships, 

morphological features as well as the difference in the degree of overlap between nigral 

populations allows room for speculation that there may be some functional differences in the role 

of the rat DLSC versus the role of the monkey DLSC in the control of abnormal postures and 

motor movements evoked from SNpr. The DLSC of the monkey may not mediate the same 

nigra-evoked motor and postural behaviors that the rat DLSC mediates. It is possible that the 

DLSC of the monkey mediates specific nigra-evoked postures and motor movements. 

Thus, the question is whether or not the DLSC in the monkey mediates quadrupedal 

rotations and this would be next step for future experiments. Several monkeys would be needed 

in order to explore multiple sites within DLSC with muscimol in order to find out if any of them 

mediate the quadrupedal rotations. Only after these experiments are carried out then we could 

say whether or not that there is a region or regions in the monkey DLSC that mediate 

quadrupedal rotations. If these experiments revealed that the monkey DLSC did not mediate the 

nigra-evoked quadrupedal rotations an alternative approach would be to consider the possibility 

that one of the other two output targets of the SNpr, the thalamus and the pontine 

tegmentum/reticular formation (including pedunculopontine nucleus), mediates the nigra-evoked 

quadrupedal rotation that were resistant to DLSC inhibition. The new hypothesis would be as 

follows: One of the other two output targets of SNpr, thalamus or reticular formation, mediates 

the nigra-evoked quadrupedal rotations that are resistant to DLSC inhibition. Nigra targets in the 

thalamus or brainstem would be inhibited to see if either structure can reduce the expression of 

the quadrupedal rotations. I would expect from these experiments that we would be able to 
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determine whether the thalamus or target sites in the reticular formation are necessary for the 

nigra-evoked quadrupedal rotations that are not subject to DLSC mediation. 

However, the DLSC still could not be ruled out because it is possible that not just one 

structure is responsible for the quadrupedal rotations. It may be that the DLSC works in 

cooperation with the thalamus or reticular formation in the control of quadrupedal rotations. 

Thus, it is not known if the DLSC is in itself sufficient or that it may work with other structures 

to control the quadrupedal rotations. The aforementioned experiments could be extended to 

include the DLSC. Although these experiments would be difficult they would give more 

information about the structures or structures involved in the production of quadrupedal 

rotations. 

Altogether, my findings from the current study suggest there is a major difference 

between the functional interactions between SNpr and DLSC in primate vs. rodent in terms of 

the control of quadrupedal rotations. While the DLSC in the rat has been shown to mediate 

quadrupedal rotations my results suggest that the DLSC in the monkey does not. Future 

experiments as suggested above will be able to answer the question about whether the DLSC in 

the monkey actually mediates quadrupedal rotations. 

DLSC has a role in defense-like behaviors. This study further implicates a role for the 

DLSC in defense-like movements and in the control of complex motor behavior and posture. Dr. 

Karen Gale and Dr. Malkova were the first to report that defense-like responses could be evoked 

from the nonhuman primate DLSC (Zarbalian et al., 2003; Cole et al., 2006). My thesis is the 

first to extensively characterize and document that defense-like behavior can be evoked from the 

monkey DLSC. Here, I infused bicuculline unilaterally into DLSC and evoked defense-like 
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responses. The defense-like responses included (1) cowering, (2) escape responses, (3) aversive 

vocalizations, and (4) attack of inanimate objects. 

It has been previously thought that the primate DLSC may not be involved in defense 

responding and that their function was primarily concerned with movements of the eyes (Dean, 

et al., 1989). This view was due to the vast amount of stimulus studies in the cat and monkey that 

reported only evoking orienting responses such as head and eye movements from the DLSC. 

Dean et al. (1989) also suggested that the anatomy of the cat and monkey may explain why no 

defense-like behaviors had been elicited. The authors suggested that in the cat and the monkey 

the decision to investigate or escape is taken exclusively in the forebrain and as a result the 

DLSC is important for orienting responses only and has nothing to do with defense. Another 

explanation was that the defensive responding may not have been evoked from the stimulus 

studies because animals with well-developed central vision and few predators (such as monkeys, 

cats and humans) benefit more from orienting towards a novel stimulus then running away from 

it (Dean et al., 1989). By contrast, Dean et al. (1989) suggested that in the rat the defense 

mechanism of jumping away is more beneficial than orienting due to the laterally placed eyes 

and poorly developed central area. Thus, the rat needs to be able to distinguish between safe and 

dangerous stimuli because inappropriate orienting to the sight of a predator will have harmful 

results. This suggests that the rat requires both orienting and defense mechanisms while the 

monkey and the cat only requires orienting responses. However, the authors did raise the idea 

that if the DLSC of the monkey and the cat does actually mediate defensive responding then the 

right circumstances (the appropriate combination of stimulus and context) should be able to 

overcome the tendency to orient toward a novel stimulus (Dean et al., 1989). On the other hand, 
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if the DLSC of these animals are only concerned with orienting then no such circumstances 

should exist (Dean et al., 1989). Based on the previous findings of Dr. Gale, Dr. Malkova and 

my present results I can speculate that there are two response systems in the nonhuman primate 

just as there are two response systems in the rat.  

 In the rat, it has been documented that at least two response systems exist, one for 

orienting and one for defense (Dean et al, 1989). In the rat, orienting responses can include the 

eyes, ears, whiskers, head and body while defense-like responses included movements 

resembling avoidance, defense or escape such as freezing, cringing, shying and fast running and 

jumping (Dean et al., 1988). In the monkey, the orienting responses are the contralaterally-

directed head turning and contralaterally directed eye saccades. The defense-like responses are 

cowering, escape responses, aversive vocalizations and attack of inanimate objects. These 

defense-like responses in the monkey are similar to those in the rat. For example, freezing and 

shying in the rat is like the cowering behavior in the monkey (the monkey shrinks away from an 

apparently imaginary feared stimulus; movement is toward the ipsilateral side). The fast running 

and jumping in the rat is also like the escape responses in the monkey (sudden bursts of running 

around). In addition, the direction of the orienting movements versus the defense-like 

movements in the monkey and the rat are similar. The direction of the orienting movements in 

both species is toward the contralateral side or contralaterally-directed and the defense-like 

responses are ipsilaterally directed. Based on these similarities it is possible that the descending 

output pathway that have been implicated in being responsible for defense systems in the rat may 

also be responsible for these systems in the monkey. In the rat, the ipsilateral descending 

pathway has been implicated in being responsible for some of the defense-like responses. The 
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pathway for orienting in the rat has yet to be determined. However, based on the similarity of the 

responses, the orienting and defense systems in the monkey may be functionally similar to the 

systems in the rat.  

In addition, studies in rats have suggested that the nigrotectal pathway is involved in the 

production of defense-like responses. In the midbrain tectum structures, such as the dorsal 

periaqueductal gray, DLSC and inferior colliculus, GABAergic neurons exert a tonic control on 

the neural substrates involved in the expression of defense-like reactions (Brandão et al., 2005). 

In rats, Coimbra and Brandão (1993) and Nobre, Lopes, Brandão (2004) showed that lesions of 

the SNpr or microinfusions of muscimol resulted in the animals exhibiting a decrease in the 

aversive thresholds and an increase in the responsiveness to bicuculline microinfusions or 

electrical stimulation in the midbrain tectum. An opposite effect was obtained with 

microinfusions of bicuculline into the SNpr. The bicuculline microinfusions increased the 

aversive thresholds and decreased the responsiveness (decreases expression of defense-like 

behaviors) to bicuculline microinfusions or electrical stimulation in the midbrain tectum 

(Coimbra & Brandão, 1993). Moreover, Ribeiro et al. (2005) microinjected the 

anterograde/retrograde neurotracer, biotinylated dextran amine (BDA), in SNpr which showed 

positive non-varicose axonal terminals in the DLSC and periaqueductal gray, suggesting a neural 

pathway between SNpr and neurons of the dorsal midbrain involved with the generation of fear 

and defense-like behavior. 

A limitation of these lesion and pharmacological studies is that the DLSC by itself was 

not investigated along with SNpr in rats. Moreover, these types of experiments have never been 

done in the monkey because it was previously thought that defense-like responses could not be 
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evoked from the monkey DLSC. Thus, it would be of great importance to examine the functional 

interaction between SNpr and DLSC in the control of defense-like responses in the monkey. This 

would also be fascinating because defense-like responses are not evoked from SNpr by inhibition 

or disinhibition. In the future direction section I propose an experiment. 

Another region that has been implicated in the control of defense-like behaviors as well 

as social interactions in nonhuman primates is the amygdala. Mediotemporal lobe dysfunction, 

especially when it involves the amygdala, has been implicated as a potential contributing factor 

to the socioemotional abnormalities found in autism. We investigated the functional interaction 

between the amygdala and DLSC in terms of social interactions and defense-like responses 

(Decker et al., 2009; DesJardin, Holmes, Gale, & Malkova, 2011). I was involved in these 

studies. We found that bilateral pre-treatment with muscimol in the amygdala followed by 

unilateral microinfusion of bicuculline in DLSC caused a decrease in hyper-responsive state 

elicited from disinhibition of DLSC and some recovery of social behavior compared to the 

unilateral bicuculline condition. These results show that the effect of bicuculline in DLSC can be 

modified by inhibition of the amygdala as evident by the decrease in defense-like behaviors and 

reemergence of social behaviors (Decker et al., 2009; DesJardin et al., 2011). Our results suggest 

that the amygdala-DLSC interaction is either reciprocal or the two systems converge additively 

on a final output (Decker et al., 2009; DesJardin et al., 2011). The results from this study 

contribute to the identification of brain regions that can be targeted for therapeutic intervention 

as well as diagnostic potential in patients with autism. 

 In sum, my results clearly demonstrate that defense-like behaviors are evoked from the 

monkey DLSC. Thus, like in the rat, the DLSC in the monkey is part of the defense system. 
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Future Directions 

The functional interaction between SNpr and DLSC in the control of defense-like 

responses in the monkey has never been examined.  It would be interesting to examine this 

connection for control of defense-like responses because neither inhibition nor disinhibition in 

SNpr is sufficient to elicit defense-like responses. Here I propose the following experiment. 

Specific Aim. Determine whether SNpr has modulatory control over the defense-like 

responses evoked from DLSC in the monkey. Because the defense-like responses evoked from 

DLSC are unlike any behaviors evoked from SNpr (in contrast to the abnormal postures and 

motor movements, which can be elicited from both regions), the important question is the 

following: Are the defense-like responses from DLSC subject to modulatory control from SNpr?   

Hypothesis. Although neither inhibition nor disinhibition in SNpr is sufficient to evoke 

defense-like responses, it is nevertheless possible that the DLSC neurons that trigger the defense-

like behaviors are under the control of the GABAergic inhibitory nigrotectal projections. To test 

this hypothesis, the nigrotectal projections will be modulated by focal application of bicuculline 

or muscimol into SNpr. If the hypothesis is supported, this treatment will decrease the defense-

like responses evoked by the focal application of bicuculline into DLSC. 

To test the hypothesis, bilateral microinfusions of muscimol (9 nmol) or bicuculline (10 

nmol) SNpr will be followed by unilateral microinfusion of bicuculline (10 nmol) into either the 

left or right DLSC. 
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Rationale. The connection between the SNpr and DLSC in terms of defense-like 

responses is an intriguing mystery because neither inhibition nor disinhibition in the SNpr is 

sufficient to evoke the defense-like emotional responses. Thus, my working hypothesis proposes 

an influence of the SNpr on DLSC-evoked defense-like responses based on their known 

connection via GABAergic inhibitory neurons. Since the defense-like responses are evoked 

when DLSC is disinhibited by bicuculline, my working hypothesis predicts that infusion of 

bicuculline or muscimol into SNpr will modulate the SNpr GABA inhibitory projections to 

DLSC, and thereby influence the effectiveness of bicuculline infused into DLSC, with a result of 

modulating the defense-like responses. 

Direction of Prediction. Based on the research done in the rat I predict that pre-

treatment with muscimol in SNpr will result in a decrease in the aversive thresholds and an 

increase in the responsiveness to bicuculline microinfusions in DLSC. By contrast, I predict that 

pre-treatment with bicuculline will result in an increase in the aversive thresholds and a decrease 

in the responsiveness to bicuculline microinfusions in DLSC.  

Experiment.  These experiments would be done following the same protocol as 

described in my experimental design, except that the drug treatments will be different (as 

outlined below). Baseline of the monkey’s behavior will be video recorded prior to the infusion. 

The monkey will be video recorded for 30 minutes in the observation cage. An hour later the 

monkey will be placed into a primate chair. The SNpr will be infused with bicuculline or 

muscimol bilaterally. Immediately following the infusion in SNpr the DLSC will be infused with 

bicuculline unilaterally into a central site (from which we have reliably elicited defense-like 

responses). To assess the behavioral effects of the infusion, the monkey will be transferred from 
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the primate chair to the observation cage and videotaped for at least one hour. The monkey also 

will be directly observed and monitored during both baseline and post-infusion video recording 

and notes will be taken. In addition, during the post-infusion videotaping the animal will be 

systematically presented with various probe stimuli, such as familiar toys, novel toys, and fear 

producing stimuli such as a rubber snake. All behaviors that will occur after the infusion will be 

scored, with special attention paid to behaviors such as aversive vocalizations, escape responses, 

exaggerated startle response, cowering, and attack of inanimate objects. Results from this future 

experiment would answer the question about whether or not activity in SNpr mediates the control 

of defense-like responses evoked from DLSC in the monkey. 

Conclusions 

The results suggest that activity in DLSC is necessary for the expression of certain types 

of focal dystonias (cervical dystonia) and abnormal postures elicited by inhibition of SNpr, but 

that the DLSC may not be necessary for quadrupedal rotation behavior evoked from SNpr. The 

results from this study suggest that there are behaviors evoked from SNpr that are mediated by 

DLSC and some that are not. 

Furthermore, the data support the concept that inhibition of SNpr causes disinhibition 

(i.e. activation of DLSC), and this experimentally induced disinhibition of DLSC is responsible 

for generating certain types of focal dystonias. 

The findings from this study suggest that the DLSC is a brain structure that should be 

examined further because it appears to contribute to the pathophysiology of cervical dystonias 

and its pathophysiology may result in other types of focal dystonias. Findings from this study 
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contribute to the search for unexplored brain regions that can be targeted for therapeutic 

intervention and development of novel treatments for focal dystonias. 
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