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�The eye obeys exactly the action of the mind. When a thought strikes us, the eyes �x, and

remain gazing at a distance; in enumerating the names of persons or of countries, as

France, Germany, Spain, Turkey, the eyes wink at each new name. There is no nicety of

learning sought by the mind, which the eyes do not vie in acquiring.�

- Ralph Waldo Emerson,The Conduct of Life



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 The role of the superior colliculus in orienting movements . . . . . . . . . . . 3
1.2 The role of the superior colliculus in target selection . . . . . . . . . . . . . . 4
1.3 The role of the SC in cognitive spatial processing . . . . . . . . . . . . . . . 5

1.3.1 The primate SC in involved in the deployment of spatial attention . . 5
1.3.2 The primate SC is involved in sensorimotor decision-making . . . . . 6

2 PRIMATE SUPERIOR COLLICULUS IS ENGAGED IN ABSTRACT HIGHER-
ORDER COGNITION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Robust encoding of sample category in the SC . . . . . . . . . . . . . 13
2.2.3 Category encoding in the SC cannot be explained by eye movements 17
2.2.4 Preferential encoding of category in visual SC neurons . . . . . . . . 18
2.2.5 Orthogonal encoding of saccades and stimulus category in the SC . . 19
2.2.6 Reversible pharmacological inactivation of the SC impairs performance

on DMC task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.2 Behavioral tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.3 Surgical procedures and electrophysiological recordings . . . . . . . . 30
2.4.4 SC inactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4.5 Behavioral inclusion criteria . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.6 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5 Supplemental Figures and Tables . . . . . . . . . . . . . . . . . . . . . . . . 43
2.5.1 Supplemental Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 CONTEXT-DEPENDENT STIMULUS ENCODING IN CORTICAL AND SUB-
CORTICAL VISUAL REGIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2.1 Di�erences in �ring rates between the DMC and PV task . . . . . . . 60

v



3.2.2 Neurons in MT, LIP and SC encode stimulus direction more reliably
during the categorization task than the passive viewing task . . . . . 62

3.2.3 Category encoding is largely absent in LIP and SC during the passive
viewing task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.4.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.4.2 Behavioral tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.4.3 Surgical procedures and electrophysiological recordings . . . . . . . . 78
3.4.4 Behavioral inclusion criteria . . . . . . . . . . . . . . . . . . . . . . . 79
3.4.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.5 Supplemental Figures and Tables . . . . . . . . . . . . . . . . . . . . . . . . 85

4 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.1 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

vi



LIST OF FIGURES

1.1 Neurons in the lateral intraparietal area signal learned categories . . . . . . . . 2

2.1 Monkeys learn to categorize motion stimuli based on an arbitrary category rule 12
2.2 Neural activity in the SC contains reliable and short-latency sample stimulus

category information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Orthogonal population-level encoding of saccade and category in the SC . . . . 21
2.4 SC is causally involved in categorization task performance . . . . . . . . . . . . 24
2.5 No di�erence in behavioral performance between LIP and SC recording sessions 43
2.6 rCTI method and shu�ing procedure . . . . . . . . . . . . . . . . . . . . . . . . 44
2.7 Direction classi�er accuracy in LIP and SC . . . . . . . . . . . . . . . . . . . . . 45
2.8 rCTI and category classi�er accuracy in LIP and SC by monkey . . . . . . . . . 46
2.9 Monkeys' eye movements re�ect working memory contents during delay period of

DMC task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.10 Comparison of the contribution of stimulus category and eye movements to single-

neuron activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.11 SC responses during the memory-guided saccade (MGS) task . . . . . . . . . . . 49
2.12 Additional subspace alignment indices . . . . . . . . . . . . . . . . . . . . . . . 50

3.1 Schematics of the DMC and PV paradigms . . . . . . . . . . . . . . . . . . . . . 59
3.2 Task context modulates �ring rates in MT, LIP, and SC neurons. . . . . . . . . 61
3.3 Stronger single-neuron direction encoding during the DMC task than the PV task. 64
3.4 Changes in unimodal direction tuning strength between the DMC and PV task. 65
3.5 Stronger population-level direction encoding during the DMC task than the PV

task. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.6 Stronger correlations between DMC-PV tuning curves in MT than in LIP and SC 68
3.7 Comparison of single-neuron category tuning during the DMC and PV tasks. . . 71
3.8 Stronger population-level category encoding during the DMC task compared to

the PV task. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.9 Behavioral accuracy during DMC task. . . . . . . . . . . . . . . . . . . . . . . . 85
3.10 Examples of direction-tuned MT neurons that are modulated by task context . . 86
3.11 Examples of direction-tuned LIP neurons that are modulated by task context . 87
3.12 Examples of direction-tuned SC neurons that are modulated by task context . . 88
3.13 Example tuning curves and resulting direction tuning index (DTI) values. . . . . 89
3.14 Performance of direction classi�ers trained separately on direction-tuned and un-

tuned neurons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.15 Direction-tuned neurons (identi�ed using ROC) have more similar tuning curves

during the DMC and PV tasks than untuned neurons. . . . . . . . . . . . . . . 91
3.16 Examples of category-tuned LIP neurons that are modulated by task context . . 92
3.17 Examples of category-tuned SC neurons that are modulated by task context . . 93

vii



LIST OF TABLES

2.1 SC and LIP �ring rates by epoch . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.2 SC inactivation session information . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.3 MGS peak saccade velocity (PSV) during SC inactivation experiments . . . . . 53
2.4 DMC performance during SC inactivation experiments . . . . . . . . . . . . . . 54

3.1 Percentage of direction-encoding neurons during the DMC and PV tasks . . . . 94

viii



ACKNOWLEDGMENTS

I am tremendously grateful to my advisor, Dave Freedman, for his guidance and mentorship

over the past six years. Dave has been unwavering in his support and encouragement, and

I have learned so much from Dave's careful and creative approach to science. I would also

like to thank past and current members of the Freedman Lab. It's been a true joy to work

with such bright, kind, and fun people, and I will miss our science chats and lunchtime

BeaverGang tournaments.

I am deeply grateful to my thesis committee, Jason MacLean, John Maunsell, and Matt

Kaufman, for their insightful comments and valuable feedback on my research throughout the

course of my PhD. Beyond helping to shape my PhD project, each member of my committee

has provided a model for how to be a thoughtful, rigorous scientist, and they will continue

to be a source of inspiration for the rest of my career.

I would also like to thank my incredible family. Babulja, Mamulja, Dedulja, Rob, Richard,

Marie and David: Thank you for �lling my life with love. I feel your unconditional support

every day, even when we are oceans apart. Thank you to Zoya for being the brightest light

in my life, and to Bernie for being a reliable source of love, warmth, and tail wags. Finally,

I would like to thank Tony, who has been my rock for the past 10+ years. Thank you

for moving across oceans with me as I pursued my dreams, for being a constant source of

encouragement, and for being the best parent to Zoya (and Bernie). I am forever grateful

for your love and support.

ix



ABSTRACT

Categorization is a fundamental cognitive process by which the brain assigns stimuli to be-

haviorally meaningful groups. Previous studies on visual categorization in primates have

identi�ed a hierarchy of cortical areas that are involved in the transformation of veridical

sensory information into abstract category representations. However, categorization behav-

iors are ubiquitous across diverse animal species, even those without a neocortex, motivating

the possibility that subcortical regions may contribute to abstract cognition in primates. One

candidate structure is the superior colliculus (SC), a midbrain region that is evolutionarily

conserved across vertebrates. Although traditionally thought to mediate only re�exive spa-

tial orienting behaviors, especially saccades in primates, the SC is also involved in cognitive

tasks that require spatial orienting.

In the �rst part of this thesis, we investigated the involvement of the primate SC in

abstract categorization, and show that the SC plays an unexpected key role in higher-order,

non-spatial cognition. We trained monkeys to group motion stimuli into categories based

on an arbitrary rule, and compared neural activity in the SC and the lateral intraparietal

area (LIP), a cortical region previously shown to causally contribute to category decisions,

while monkeys performed this task. We observed unexpectedly strong and short-latency

category encoding in the SC that was more reliable and arose even earlier than in the LIP.

Moreover, monkeys' performance on the categorization task was markedly impaired during

reversible inactivation of the SC, indicating that the observed category signals in the SC

may causally contribute to category processing. In addition, we show that category and eye

movement-related signals are encoded in near-orthogonal subspaces in population activity

in the SC, providing an explanation for how a motor structure like the SC can be recruited

to participate in more �exible cognitive behaviors. These results extend the well-established

role of the SC in spatial orienting to non-spatial, higher-order cognition.

In the second part of this thesis, we investigated how behavioral task demands a�ect
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category and sensory encoding in the SC, LIP, and the middle temporal area, (MT), an early

visual cortical area that is involved in motion processing. We trained monkeys to alternate

between blocks of the motion categorization task and blocks in which they passively viewed

the same stimuli and received a reward for maintaining �xation. The physical stimulus

and stimulus location was identical in the two blocks, but only the categorization task

required the monkeys to use the stimulus information to obtain a reward; therefore, we

could compare, in the same neurons, how behavioral context a�ects stimulus encoding. We

observed signi�cantly weaker stimulus direction encoding during passive viewing than during

the categorization task in all three brain areas. Moreover, although both LIP and SC encoded

stimulus category during the categorization task, category encoding was largely absent during

passive viewing in both areas. These results indicate that neural populations in LIP and SC

can �exibly route sensory input based on current behavioral demands.
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CHAPTER 1

INTRODUCTION

Categorization is a fundamental cognitive process that enables animals to e�ciently process

and organize information in their environment, thus facilitating their understanding and

memory of the world and allowing them to form decisions, make predictions, and adapt to

novel situations. Animals (especially primates) are remarkably skilled at rapidly categorizing

complex stimuli into behaviorally relevant groups. How do our brains perform this (seem-

ingly e�ortless) feat of �exibly transforming low-level sensory information into high-level

representations of categories?

In advanced animals, category rules are often learned from experience, and categories

can be de�ned by abstract features rather than shared physical characteristics. Because the

higher-order cognitive processing required for this kind of abstract categorization has tradi-

tionally been attributed to the neocortex, previous investigations of the neural mechanisms

of abstract categorization have largely focused on cortical regions. These studies have iden-

ti�ed several cortical brain regions in the rhesus macaque that encode categories of visual

stimuli during abstract categorization tasks, including the prefrontal cortex (Freedman et

al., 2001; Swaminathan and Freedman, 2012; Antzoulatos and Miller, 2011), the lateral in-

traparietal area (Freedman and Assad, 2006; Sarma et al., 2016; Rishel et al., 2013; Mohan

et al., 2021), and the frontal eye �elds (Ferrera et al., 2009).

In an early study, monkeys were trained to categorize parametrically morphed "cat" and

"dog" stimuli. Activity of neurons in the prefrontal cortex (PFC) re�ected the category

membership of the stimuli; many PFC neurons preferentially responded to all stimuli in

one of the two categories, even though the category was comprised of stimuli that varied

considerably in their physical features (Freedman et al., 2001). In more recent studies,

monkeys were trained to categorize motion stimuli that consist of videos of a patch of dots

moving coherently in a particular direction. In these experiments, 360° of motion directions
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were assigned to two categories based on an arbitrary category boundary (Fig. 1.1a ). After

animals learn the motion categorization task, neurons in LIP acquire category selectivity (i.e.,

preferentially respond to all motion stimuli that belong to one category over all stimulus in

the other category;Fig. 1.1b ). (Freedman and Assad, 2006). However, experience with the

categorization task does not a�ect a�ect responses across all visual cortical areas. Neurons

in the middle temporal area (MT), an extrastriate region that receives direct input from

the primary visual cortex (V1) (Cragg, 1969) and is involved processing of motion stimuli

(Maunsell and Van Essen, 1983b), remained tuned to direction rather than category even

after extensive training on the category task (Freedman and Assad, 2006).

Figure 1.1: Neurons in the lateral intraparietal area signal learned categories. a,
Schematic illustrating how 360° of motion directions are assigned to two groups based on an
arbitrary category rule. b, An example category-tuned neuron from the lateral intraparietal
area (LIP). The neuron preferentially responds to motion directions that belong to one of
the two categories. Adapted from (Freedman and Assad, 2006)

Converging evidence suggests that the LIP may play a central role in visual categoriza-

tion. In a study that compared neuronal responses in the LIP and PFC during motion

categorization, LIP neurons had stronger, more predictive, and shorter-latency category sig-

nals than PFC neurons (Swaminathan and Freedman, 2012). Moreover, a recent experiment

reported that reversible inactivation of the LIP caused signi�cant impairments in perfor-

mance on a motion categorization task when stimuli were placed in the inactivated hemi�eld

(Zhou and Freedman, 2019), indicating that the LIP may be causally involved in sensory

evaluation of stimuli during categorization.

2
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