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Abstract

The insula is a mammalian cortical structure that has been implicated in a wide
range of low- and high-level functions governing one’s sensory, emotional, and cogni-
tive experiences. One particular role of this region is considered to be processing of
olfactory stimuli. The ability to detect and evaluate odors has significant effects on an
organism’s eating behavior and survival and, in case of humans, on complex decision
making. Despite such importance of this function, the mechanism in which olfactory
information is processed in the insula has not been thoroughly studied. Moreover,
due to the structure’s close spatial relationship with the neighboring claustrum, it is
not entirely clear whether the connectivity and olfactory functions attributed to the
insula are truly those of the insula, rather than of the claustrum. My graduate work,
consisting of two studies, seeks to help fill these gaps. In the first, the structural
connectivity patterns of the insula and the claustrum in a non-human primate brain
is assayed using an ultra-high-quality diffusion magnetic resonance image, and the
results suggest dissociation of connectivity — and hence function — between the two
structures. In the second study, a functional neuroimaging experiment investigates
the insular activity during odor evaluation tasks in humans, and uncovers a potential
spatial organization within the anterior portion of the insula for processing different

aspects of odor characteristics.



1X

Published Content

Chapter 2 of this thesis has been published as:

Park, S., Tyszka, J. M., and Allman, J. M. (2012). The claustrum and insula in
Microcebus murinus: a high resolution diffusion imaging study. Front. Neuroanat.

6(21), doi: 10.3389/fnana.2012.00021



Contents
Acknowledgments iv
Abstract viiil
Published Content ix
1 Introduction 1
1.1 Overview . . . . . . o 1
1.2 Insula: General Anatomy and Function . . . . . ... ... ... ... 2
1.2.1 General Structure of the Insula . . . . . . . . . .. ... ... 2
1.2.2 The Human Insula . . . . . . . . . . .. .. ... ... 4
1.3 Frontoinsular Cortex and von Economo Neurons . . . . . . . . . . .. 6
1.4 Known Functions of the Frontoinsular Cortex and Anterior Insula in

1.5

Humans . . . . . . . . 9
1.4.1 Olfactory and Gustatory Functions . . . . . . . ... ... .. 9
1.4.2  Social, Emotional, and Cognitive Functions. . . . . . . . . .. 12

Known Connectivity Patterns of the Frontoinsular Cortex and Anterior

Insula . . . . . 15



x1

1.5.1 Structural Connectivity . . . . .. ... ... ... ... ... 15
1.5.2  Functional Connectivity . . . . . . . ... .. ... ... ... 17
1.6 Overview of Thesis . . . . . . . . .. .. ... .. ... ... 20

The Structural Connectivity of Insula and Claustrum in Microcebus

murinus 22
2.1 Abstract . . . . ... 22
2.2 Introduction . . . . .. ..o 23
2.3 Materials and Methods . . . . . . ... ..o 32
2.3.1 Diffusion Magnetic Resonance Imaging . . . . . . ... . ... 32
2.3.2 Histology . . . . . . . . . 33

2.3.3 Magnetic Resonance Image Processing and Fiber Tractography 34

24 Results. . . . . . 34
2.5 Discussion . . . . . .. 46
2.6 Acknowledgments . . . . ... ..o 52
Neural Processing of Olfactory Hedonic Values 59
3.1 Abstract . . . . . .. 59
3.2 Imtroduction . . . . . . . .. 60
3.3 Materials and Methods . . . . . .. ... ... ... 65

3.3.1 Participants . . . . ... oo 65

3.3.2 Olfactory Stimuli . . . . ... ... ... ... ... .. ... 66



3.3.3

3.3.4

3.3.5

3.3.6

3.4 Results

3.4.1

3.4.2

xii

Odor Delivery System . . . . .. ... ... .. ... .....
Experiment Protocol . . . . . . . ... ... ... ... .. ..
Image Acquisition . . . . . . . ... ...
Analysis . . . . . . ..
3.3.6.1 Respiration Data Analysis . . . . .. ... ... ...
3.3.6.2 Pupillometry . ... ... ...
3.3.6.3 Imaging Data Analysis . . . . . . .. ... ... ...
Behavioral Data . . . . . . .. .. ... 0oL
3.4.1.1 Hedonic and Intensity Values . . . . .. .. .. ...
3.4.1.2 Comparisons with Other Behavioral Measures . . . .
3.4.1.3 Out-of-Scanner Ratings . . . .. ... ... ... ..
Neuroimaging Data . . . . . . . .. . ... ... ... ... ..
3.4.2.1 Whole Brain Analysis . . . .. ... ... ... ...

34.22 ROI Analysis . . . ... ... ... ... ... ...,

3.0 Discussion . . . . . ..o

3.5.1

3.5.2

Summary and Discussion of Findings . . . . . . ... ... ..

Caveats and Future Directions . . . . . . . . . . . . . . .. ..

3.6 Acknowledgments . . . . . ... ...

4 Summary, Conclusion, and Future Directions

163



Xlil

5 Appendix 166

Bibliography 197



Xiv

List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

3.1

An overview of the seed placement and HARDI data quality. . . . . .

Horizontal sections of the Microcebus brain, and coronal sections of tar-

sier (Tarsius bancanus) and orangutan (Pongo abelii) brains, depicting

the spatial relationship between claustrum and insula in the three species.

Gene expression correlation maps provided by Allen Brain Atlas AGEA.

An overview of the connections of the claustral and insular tracts in

coronal planes. . . . .. . ..o
The connections of the claustrum and insula in parasagittal planes.
The connections of the claustrum and insula in horizontal planes.

The connections of the septum and amygdala to the claustrum and in-

sula. L
The slight spatial organization within the claustrum. . . . . . . .. ..
Probabilistic fiber tractography results from three seeds in the insula.

Comparison of connectivity patterns between the putamen and the claus-

trum, and olfactory cortex and the ventral insula. . . . . . .. .. ..

[lustration of the approximately 2-dimensional putative human olfac-

tory perception space. . . . . . . . ..o

27

29

36

39

40

41

43

44

45



3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

XV

The Olfactometer Setup. . . . . . . . . . .. ... ... ... .. ....
Visual Cues for Each Trial. . . . . . . ... ... ... ... ...
Distribution of hedonic value ratings, including blank stimuli. . . . . .
Distribution of hedonic value ratings, excluding blank stimuli. . . . . .
Distribution of intensity value ratings, including blank stimuli. . . . . .
Distribution of intensity value ratings, excluding blank stimuli.

Relationship between individual subject mean hedonic ratings and indi-

vidual subject mean intensity ratings. . . . . .. .. .. ... .. ...

Relationship between individual odor mean hedonic ratings and individ-

ual odor mean intensity ratings. . . . .. ... ...

Relationship between hedonic ratings and intensity ratings, subject #21.

Distributions of within-subject rating differences for hedonic (top) and

intensity (bottom) values. . . . . ... ... 0oL

Distributions of within-subject re-rating differences of hedonic values for

different hedonic categories. . . . . . . . . ...

Distributions of within-subject re-rating differences of intensity values

for different hedonic categories. . . . . . .. .. ..o

Distributions of within-subject re-rating differences of hedonic values for

different intensity categories. . . . . . . . ... ...

Distributions of within-subject re-rating differences of intensity values

for different intensity categories. . . . . . . . . . ...

Subjects and odors with within-subject hedonic value re-rating difference

magnitudes larger than two. . . . . . . ... ... oL

82

33

85

86

87

88

89

89

90

91



3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

Xvi

Subjects and odors with within-subject intensity value re-rating differ-

ence magnitudes larger than two. . . . . . . .. ... 000 93

Relationship between re-rating variability and the number of trials be-
tween same-odor pairs, for hedonic ratings (top) and intensity ratings

(bottom). . . . . .. 94

Relationship between re-rating variability of each subject and their full-

scale 1Q, for hedonic ratings (top) and intensity ratings (bottom). . . . 95

Relationship between re-rating variability of each subject and their au-
ditory working memory score, for hedonic ratings (top) and intensity

ratings (bottom). . . . . . ... Lo 96

Relationship between the overall emotional intelligence scores measured
by MSCEIT and the standard scores of individual participants’ rating
patterns. . . . . . . L. 98

Relationship between the emotional perceiving scores measured by MS-

CEIT and the standard scores of individual participants’ rating patterns. 99

Relationship between the number of people in social networks measured

by SNI and the standard scores of individual participants’ rating patterns.100

Relationship between the positive affect scores measured by PANAS and

the standard scores of individual participants’ rating patterns. . . . . . 101

Relationship between the negative affect scores measured by PANAS

and the standard scores of individual participants’ rating patterns. . . 102

Relationship between the state anxiety scores measured by STAI and

the standard scores of individual participants’ rating patterns. . . . . . 103

Relationship between the trait anxiety scores measured by STAI and

the standard scores of individual participants’ rating patterns. . . . . . 104



3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.3

3.36

3.37

3.38

3.39

3.40

3.41

3.42

XVvil

Results from PCA of out-of-scanner rating data. . . . . . ... .. .. 105
Distribution of interesting-ness ratings. . . . . . . . . ... ... .. .. 106
Distribution of emotional intensity ratings. . . . . . . . .. .. ... .. 107
Distribution of “burnt vs. chemical” ratings. . . . . . .. ... ... .. 107

Relationship between individual odors’ rating means and variances across
all subjects for the three main out-of-scanner questions. Each dot rep-

resents an odor. . . . . ... L., 109

Clusters of Significance from the Effect of Odor Perception (a) and the
[Odor Perception - Odor non-perception| Contrast (b). . . . . ... .. 111

Clusters of Significance from the Effect of [Negative - Neutral| (a), the
[Positive - Negative| (b), and [Negative - Positive| (¢). . ... ... .. 114

Clusters of Significance from the Effect of Increasing Hedonic Value. . 116

Clusters of Significance from the Effect of Increasing (a) and Decreasing

(b) Odor Intensity. . . . . . . . ... ... 118

Clusters of Significance from the Effect of Decreasing Emotional Inten-

SV, © o e 119
Insular ROIs Used. . . . . . . . .. ... ... .. .. ... 124
Partial Results of Insular ROI Analyses, Non-Hemisphere-Specific. . . . 125

Results of Pain-Related Insular ROI Analyses, Non-Hemisphere-Specific. 126

Results Insular ROI Analyses for the [Positive - Negative| Model, Hemisphere-
Specific. . . . . L 128

Revised ROI Analysis Results for the 5 Main Insular Regions, for Passive
Runs in Both Hemispheres . . . . . . . ... ... ... ... ..... 129



3.43

3.44

3.45

3.46

3.47

3.48

3.49

3.50

3.51

3.52

3.53

3.54

5.1

xviii
Revised ROI Analysis Results for the 5 Main Insular Regions, for Active

Runs in Both Hemispheres . . . . . . . . .. ... ... ... ... ..

Revised ROI Analysis Results for the 5 Main Insular Regions, for Right-

Hemisphere-Only Passive Runs . . . . . . . .. ... ... ... ....

Revised ROI Analysis Results for the Functional Insular Regions, for

Passive Runs in Both Hemispheres . . . . . . . .. ... ... ... ..

Revised ROI Analysis Results for the Functional Insular Regions, for
Active Runs in Both Hemispheres . . . . . . .. ... .. ... ....

Revised ROI Analysis Results for the Functional Insular Regions, for
Active Runs in the Right Hemisphere Only . . . . . . . . ... .. ..

Non-Insular ROIs Used. . . . . . . .. ... .. .. ... ... .....
Partial Results of OFC ROI Analyses, Non-Hemisphere-Specific. . . . .

Revised ROI Analysis Results for the OFC and Amygdala, for Passive
Runs in Both Hemispheres . . . . . . . . ... ... ... ... ...,

Revised ROI Analysis Results for the OFC and Amygdala, for Active
Runs in Both Hemispheres . . . . . . . . .. ... ... ... .....

Comparison of Negative PANAS Scores with Insular Signal Changes in

Emotional Intensity Parametric Model ROI during Passive Runs.

Revised Comparison of Perceiving MSCEIT and Positive PANAS Scores
with ROI Signal Changes. . . . . . . . . .. .. ... ... ... ....

Comparison of the Mean Signal Changes in Insular Areas and Models

with Significant Laterality Effects. . . . . . . ... ... ... .. ...

145

148

First Set of Results from the Original Group ROI Analyses, Non-Hemisphere-

Specific. . . . . .

167



5.2

9.3

5.4

9.5

5.6

5.7

0.8

9.9

5.10

5.11

5.12

5.13

Xix
Second Set of Results from the Original Group ROI Analyses, Non-

Hemisphere-Specific. . . . . . . . . .. ... o

Third Set of Results from the Original Group ROI Analyses, Non-
Hemisphere-Specific. . . . . . . . . .. ...

Results of the Original Insular ROI Analyses for the Hedonic Value

Parametric Model, Hemisphere-Specific. . . . . ... .. ... ... ..

Results of the Original Insular ROI Analyses for the [Negative - Neutral]

Model, Hemisphere-Specific. . . . . . . .. .. ... ... ... .....

Revised ROI Analysis Results for the 5 Main Insular Regions, for Right-
Hemisphere-Only Active Runs . . . . . . . .. ... ... ... ....

Revised ROI Analysis Results for the 5 Main Insular Regions, for Left-

Hemisphere-Only Active Runs . . . . . . ... ... ... ... ....

Revised ROI Analysis Results for the 5 Main Insular Regions, for Left-

Hemisphere-Only Passive Runs . . . . . ... ... ... ... .....

Revised ROI Analysis Results for the Functional Insular Regions, for
Right-Hemisphere-Only Passive Runs . . . . . . ... ... ... ...

Revised ROI Analysis Results for the Functional Insular Regions, for
Left-Hemisphere-Only Active Runs . . . . . . .. .. ... ... ....

Revised ROI Analysis Results for the Functional Insular Regions, for
Left-Hemisphere-Only Passive Runs . . . . .. .. ... .. ... ...

Revised ROI Analysis Results for the OFC and Amygdala, for Right-
Hemisphere-Only Active Runs . . . . . .. ... ... ... .. ....

Revised ROI Analysis Results for the OFC and Amygdala, for Right-

Hemisphere-Only Passive Runs . . . . .. ... .. ... ... .....

168

169



5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

XX

Revised ROI Analysis Results for the OFC and Amygdala, for Left-
Hemisphere-Only Active Runs . . . . . . . ... ... ... .. ....

Revised ROI Analysis Results for the OFC and Amygdala, for Left-

Hemisphere-Only Passive Runs . . . . . . ... .. ... ... .....

All p-Values from Two-Tailed, Paired t-Tests, Comparing the Raw Signal
Changes in the Medial and Lateral FI ROIs. . . ... ... ... ...

All p-Values and F-ratios from the ANOVA, Examining the Effect of
the Passive/Active (Top) and Left/Right (Bottom) Variables . . . . .

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Whole Insula . . . . . . . .. . .. ... . ...

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - FI . . . . . . . . . . ...

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Non-Fl Insula . . . . . . . .. . .. ... . ...

Correlation Coefficients between ROI Signal Changes and Individual
Behavioral Measures - Medial FI . . . . ... .. ... ... ... ...

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Lateral FI . . . . . . . . . .. .. ... .. ...

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Empathy Functional Areas . . . . . ... .. ..

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Olfaction Functional Areas . . . . . . . . . . ..

Correlation Coefficients between ROI Signal Changes and Individual

Behavioral Measures - Emotion Functional Areas . . . . . . . . . . ..

180

181

182

183

184

185

186

187

188

189

190



5.26

5.27

5.28

5.29

5.30

xxi

Correlation Coefficients between ROI Signal Changes

Behavioral Measures - Pain Functional Areas . . . . .

Correlation Coefficients between ROI Signal Changes

Behavioral Measures - Amygdala . . . . .. ... ...

Correlation Coefficients between ROI Signal Changes
Behavioral Measures - Lateral OFC . . . . . . . . . ..

Correlation Coefficients between ROI Signal Changes
Behavioral Measures - Middle OFC . . . . . .. .. ..

Correlation Coefficients between ROI Signal Changes
Behavioral Measures - Medial OFC . . . . . . ... ..

and Individual

192

193

194

195



xxi1

List of Tables

2.1

2.2

2.3

24

2.5

3.1

3.2

3.3

3.4

3.5

3.6

Comparison of claustral connectivity in the cat and the Microcebus.

Comparison of claustral connectivity in the rhesus macaque (Macaca
mulatta), the common squirrel monkey (Saimiri sciureus), and the Mi-

crocebus. ...
Comparison of insular connectivity in the rat and the Microcebus.
Comparison of insular connectivity in the mouse and the Microcebus.

Comparison of insular connectivity in the rhesus macaque (Macaca mu-

latta) and the Microcebus. . . . . . . . . .. ...

A general profile of the participant pool. . . . . . . . ... ... .. ..

List of odorants used, their descriptors, suppliers, solvents used, and

concentrations. . . . . . . ... L.
Structure of the scanning portion of the experimental procedure.

Comparison of inhalation data generated from head motion and respi-

ration signals. . . . .. Lo L

List of Clusters from the Whole-Brain Odor Perception Effect Analysis.

List of Clusters from the Whole-Brain Hedonic Valence Analysis.

54

25

26

57

o8

66

68

71

78

112

113



3.7

3.8

3.9

3.10

3.11

3.12

3.13

xxiil

List of Clusters from the Whole-Brain Hedonic Parametric Analysis.
List of Clusters from the Whole-Brain Intensity Parametric Analysis.

List of Clusters from the Whole-Brain Emotional Intensity Parametric

Analysis. . . . .
List of Insular ROIs. . . . . . . . . . . .,

List of Non-Insular ROIs. . . . . . . . . . . . . . . .. ... ....

Summary of Notable Findings from Passive vs. Active and Left vs.

Right Two-Way ANOVA . . . . . . . . . ... . . .. ...

Summary of Notable Findings from Behavioral Measure vs. ROI Signal

Change Comparison . . . . . . . . .. ...

116



Chapter 1

Introduction

1.1 Overview

The insula is a cortical region found in mammalian species. It can be anatomically
and functionally divided into three major parts. The anterior portion of the insula, on
which the second portion of this thesis focuses, seems to serve olfactory and gustatory
functions in non-human species, while the human anterior insula, and the specialized
frontoinsular cortex included in the ventral part of the anterior insula, appear involved
in social, emotional, and cognitive domains as well as olfactory and gustatory. The
insula, and especially the frontoinsular cortex, is a fascinating structure in which much
of important sensory information is processed and integrated to create rich, detailed
emotional and cognitive experiences, and hence greatly influences our day-to-day life.
While the currently available literature on the human insula’s connectivity with other
regions seem to support this, there is only limited data on this topic due to technical
limitations, and further studies must be conducted to elucidate the functions and
connections of the human frontoinsular cortex and anterior insula in more detail. It
is also worth noting that the additional — social, emotional, and cognitive — functions
found almost exclusively in the human anterior insula may be largely a consequence
of the ease of testing human subjects and the large number of studies done in them,

rather than reflecting a fundamental difference between humans and other primates.
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My thesis aims to contribute to our understanding of these structures through two
studies. The first study demonstrates the efficacy of a noninvasive, computational ap-
proach of modeling structural connectivity, through exploring the insular connections
of the gray mouse lemur. The outcome of this work demonstrates that the insula has
a connectivity pattern that is distinct from that of the closely neighboring claustrum,
which has been rather difficult to confirm in the past due to the difficulty in studying
claustral connectivity. The second study seeks to clarify the role of the frontoinsular
cortex and anterior insula in olfactory hedonic value computation through a func-
tional neuroimaging experiment, and provides a possibility that the function of the

FT is spatially organized.

In this chapter, I will begin the discussion by describing the anatomical structure,
connections, and functions of the insula. Then I will focus on the insular cortex in
the human brain, describing its structural complexity. The following section will be
dedicated to the discussion of von Economo neurons and the generally speculated
functions of the frontoinsular cortex, one of the main cortical areas that contain von
Economo neurons. Subsequently, the role that the frontoinsular cortex and the ante-
rior insula serve in the olfactory, gustatory, social, emotional, and cognitive modalities
will be discussed, followed by a description of the structural and functional connec-
tivity patterns of the frontoinsular cortex and the anterior insula that have been
observed in past studies. I will close this chapter by describing the general outline of

this thesis.

1.2 Insula: General Anatomy and Function

1.2.1 General Structure of the Insula

The insula is a mammalian cortical structure. In many small-brained mammals it is

located on the ventrolateral surface of the brain, while in monkeys, apes, humans,
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and other large-brained species such as the African elephant (Hakeem et al. 2009),
the region lies hidden under the operculum and inside the lateral sulcus (Bamiou et

al. 2003).

The insular anatomy has been extensively studied in rodents and macaques, and the
results have established the anatomical and functional division of the insula into three
distinct portions. The anteroventral division, due to its lack of the granular layer IV,
is called the agranular insular cortex, whereas the layer-IV-containing posterodorsal
part is dubbed the granular insular cortex. The area between these two regions,
which represents the transition from the agranular to the granular cortex in terms of
cytoarchitecture and structural connections, is called the dysgranular insular cortex
(Brodmann 1909, Rose 1928, Mesulam and Mufson 1982a, Shi and Cassell 1998, Van
De Werd et al. 2010).

These three portions of the insula exhibit different structural connectivity patterns,
and hence different functions. According to conventional tract tracing studies in the
macaque, the agranular insula appears to be involved mainly in olfactory, gustatory,
and emotional processes, as evidenced by its connections with the amygdala, anterior
cingulate cortex (ACC), and the prorhinal-entorhinal cortex. In contrast, the granular
insula, based on its association with the auditory, somatosensory, and visual cortical
areas, seems to integrate the sensory inputs from the external environment (Mesulam
and Mufson 1982b, Mufson and Mesulam 1982, Mufson and Mesulam 1984). The
somesthetic pathway in non-human primates from lamina I neurons of the spinal
cord, to the ventromedial nucleus of the thalamus, and in turn to the granular insular
indicates that that the granular insula is also involved in representing the interoceptive
state of the animal (Craig 2002). And as to be expected from the transitional nature
of its cytoarchitecture, the dysgranular insula exhibits a mixture of the two types
of connections, with the agranular-like connections in the anterior portion and the
granular-like ones in the posterior portion (Mesulam and Mufson 1982b, Mufson and
Mesulam 1982, Musfson and Mesulam 1984). A similar division of the insular cortex

seems to hold in rodents (Allen et al. 1991).



1.2.2 The Human Insula

The morphology of the human insula is considerably more complicated than that of
rodents or non-human primates (Afif and Mertens 2010, Menon and Uddin 2010).
Moreover, the gross anatomical features of the human insula — namely, the total
number of insular gyri — can vary significantly among individuals, and even between
hemispheres from the same individual (Naidich et al. 2004). Also, a recent study,
using an observer-independent approach in which the cortical cytoarchitecture was
analyzed objectively, further parcellated the posterior granular and dysgranular hu-
man insular cortex into distinct subregions, suggesting that the human insula may
be more detailed than originally thought to be (Kurth et al. 2010), though this
may be mainly due to the fact that observer-dependent methods at relatively low
resolutions — an approach that renders itself vulnerable to human error — have been
employed to divide the insula in the past. In fact, a more recent study employing an
observer-dependent segmentation but using very high-resolution photomicrographs
has categorized the macaque insula into 15 different architectonic regions (Evrard
et al. 2014). However, it is worth noting that while Kurth et al. 2010 has relied
only on cytoarchitecture for segmentation, Evrard et al. 2014 utilized both cyto- and
myeloarchitecture, which might have enabled the authors to categorize the region a
bit further than any other studies on the macaque insula. Hence Kurth et al. might
have found a larger number of subregions, had myeloarchitectonic divisions been also
taken into account. In addition, Kurth et al. only examined the posterior portion of
the human insula, while the most significant volumetric difference between humans
and non-human primate insular cortices appear to occur in the agranular portion
(Bauernfeind et al. 2013), and hence the comparison of architectonic organization of

the agranular insula between humans and macaques might illustrate more complexity

(Evrard et al. 2014).

In addition to the above evidence of increased complexity in the human insula, func-
tional imaging studies suggest that the primary gustatory cortex, which is located

in the anterior insula in non-human brains (Mesulam and Mufson 1982b, Shi and
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Cassell 1998), is located more caudally in humans, starting in the posterior part of

the anterior dorsal insula, and extending into the mid-insular area (Small 2010).

Despite the above differences, studies so far indicate that the overall distinction be-
tween the anterior and posterior insular divisions is similar to the patterns found in
non-human primates and rodents. One study utilized diffusion imaging data from hu-
man subjects, and ran probabilistic fiber tractography using every voxel in the insular
region of interest (ROI) as seeds. Then the degrees of cross-correlation among the
connectivity patterns of these seeds were computed, and based on this information,
the seeds were categorized using 1,000 repetitions of the k-means clustering algo-
rithm. The authors identified two major clusters in the ROI, roughly corresponding
to the anteroventral and the posterodorsal portions of the insula. The method was
unsuccessful in categorizing the area in between the two clusters (corresponding to
the dysgranular cortex), however, perhaps due to its transitional nature of this region,

which made it correlate highly with both clusters (Nanetti et al. 2009).

The functional distribution of the human insula reflects the anterior-posterior segre-
gation described above, and is consistent with the results of non-human studies. A
relatively recent meta-study of 1,768 functional neuroimaging experiments has shown
that the insula can be functionally divided largely into four different portions: the
sensorimotor portion, located in the mid-posterior section of the insula; the portion
processing social emotions such as empathy, located in the anteroventral insula; the
portion activated by olfactory and gustatory stimuli, situated in the central part of the
insula; and the part responsive during cognitive tasks related to attention, memory,
and language, in the anterodorsal insula. In addition, a small overlap region where all
of these functional categories (except for parts of the sensorimotor category) appear
to be computed was observed in the anterodorsal insula. Taken together, these data
suggest that the human insula participates in high-level processing of these different
types of systems, and integrating the results into a clear representation of the internal
and external experiences (Kurth et al. 2010). In section 1.5, further discussion on

the connectivity of the human insula, with a focus on that of the anterior insula (AI),



will be presented.

1.3 Frontoinsular Cortex and von Economo Neurons

In a small number of mammalian species, the anterior portion of the agranular insula
— the inferior portion of the AI (Allman et al. 2010) — contains a specialized region
called the frontoinsular cortex (FI). First characterized by Constantin von Economo
and Georg Koskinas in 1925, the FI is defined by its agranular nature and the presence
of a specialized group of large bipolar neurons in the layer V (von Economo and

Koskinas 1925, Kennedy et al. 2007).

These neurons, although now usually called von Economo neurons (VENS), are often
labeled “spindle cells” due to their distinctive morphology (Nimchinsky et al. 1999):
while the pyramidal neurons in layer V tend to have basal dendrites that are richly
arborized, VENs exhibit a roughly bipolar arrangement with basal dendrites that are
quite sparse in comparison with those of the nearby pyramidal cells (Watson et al.
2006a). This simple computational structure, combined with the evidence that VENs
are large projection neurons (Nimchinsky et al. 1995, Nimchinsky et al. 1999) that
are likely to possess large and rapidly conducting axons (Nimchinsky et al. 1995,
Sherwood et al. 2003) and sample information from small cortical columns, suggests
that VENs’ main function might be fast relay of information from VEN-containing
regions to other areas of the brain (Watson et al. 2006a). Besides the FI, VENs can
also be found in the limbic anterior (LA), which is a cortical structure contained within
the ACC (Allman et al. 2010). Other regions, such as the dorsolateral prefrontal
cortex of the human brain (Fajardo et al. 2008) and the frontal polar cortex of the
humpback whale (Hof and Van der Gucht 2007) and the African elephant (Hakeem
et al. 2009), have also been reported to contain VENS.

VENS, hence the FI or its non-primate homolog, are found in only a small number of

mammalian species, including humans, gorillas, chimpanzees, bonobos, orangutans,
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elephants, and cetaceans (Hof and Van der Gucht 2007, Butti et al. 2009, Hakeem
et al. 2009, Allman et al. 2010), and in small numbers in macaques (Evrard et
al. 2012). It is unlikely that the presence of VENs is a function of the degree
of encephalization or the brain size relative to body size, as some primate species
with large relative brain sizes or high degrees of encephalization, such as gibbons
and some New World monkeys, do not exhibit VENs. It has also doubtful that VEN
occurrence is related to social behavior, as many of the small-brained animals without
VENSs are highly social, and there appears to be no correlation between the size of
the insular cortex’s subdivisions and the species’ social group size (Bauernfeind et al.
2013). Instead, it appears that the absolute brain size is highly correlated with VEN
incidence, as the species that possess VENs have rather large adult brain sizes (around
300g or over in primates, and massively larger in elephants and cetaceans), and exhibit
sophisticated social structures in most cases. Given the relatively slow processing in
larger brains (action potentials must be transported over greater distances), demand
for fast responses in complex social behaviors, and the probable role of VENs as
projection neurons with large axons, it seems plausible that VENs have evolved to

manage social interactions among big-brained organisms (Allman et al. 2010).

The symptoms of a number of neuropsychiatric disorders to which VENs are linked
are consistent with the possible role of VENs postulated above. Individuals affected
by the behavioral variant of frontotemporal dementia (bvFTD) exhibit significant
impairments in perceiving their own self as well as the emotions of others, and these
deficits manifest as reduced embarrassment, self-control, empathy, and theory of mind
(Seeley et al. 2007). VENSs in the LA and FT are selectively destroyed in the early
stages of bvFTD, with most of the remaining VENs appearing dysmorphic. This
presents a sharp contrast to the Alzheimer’s disease (AD), in which VENs are not
reduced selectively or significantly, and individuals affected do not show severe re-
duction in the ability to process social emotions or mentalize about others’ thoughts
(Seeley et al. 2006, Seeley et al. 2007, Seeley 2008). VENSs also appear selectively

reduced in the agenesis of corpus callosum (AgCC), in which the corpus callosum fails
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to emerge during development (Kaufman et al. 2008). This supports the possible role
of VENSs in complex social behavior, as individuals affected by AgCC often experi-
ence social isolation and reduced interpersonal skills (Paul et al. 2007). In addition,
a post-mortem study of chronically alcoholic individuals showed noticeable reduction
in the number of VENS, suggesting that these neurons may contribute to regulating

impulsive behavior (Senatorov et al. 2014).

There is also, albeit not very compelling, evidence that VENs are implicated in
autism. An early stereological study of individuals with autism of varying ages showed
no significant reduction or increase of FI VENs (Kennedy et al. 2007). A later study
in the adult human ACC, however, has found that some autistic individuals possess
higher numbers of VENs compared to controls, while other autistic individuals ex-
hibit very low numbers of VENs (Simms et al. 2009). Another study indicated higher
VEN-to-pyramidal-neuron ratios in the FIs of a small number of children with autism
(Santos et al. 2011). This indicates that the VEN population might be somehow af-
fected in autism, and suggests that the behavioral impairment in autistic individuals
might originate from this disturbance. This hypothesis is consistent with a meta-
analysis of functional neuroimaging studies which found that, in participants with
autism, the perigenual ACC and the Al tend to be hypoactive during social tasks,
and the rostral ACC tend to be hyperactive during non-social, attention-related tasks,
when compared to healthy controls (Di Martino et al. 2009). A number of structural
and functional connectivity imaging studies also associate the FI and Al with autism,

and will be discussed in Section 1.5.
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1.4 Known Functions of the Frontoinsular Cortex

and Anterior Insula in Humans

1.4.1 Olfactory and Gustatory Functions

As discussed above, many animal studies suggest that the Al is involved in higher-
level processing of olfactory and gustatory information. In this section, these aspects
of the human FI and AI’s functions, elucidated from functional neuroimaging and

lesion studies, are described in detail.

A growing number of human neuroimaging studies have implicated the FI and the
AT in olfactory processing. They all seem to converge on the opinion that the Al,
including the inferior portion that makes up the FI, is involved in the neural network
that processes olfactory information: experiments using positron emission tomogra-
phy (PET) (Zatorre et al. 1992; Bengtsson et al. 2001; Ciumas et al. 2008), as well
as those utilizing functional magnetic resonance imaging (fMRI) (Francis et al. 1999;
Sobel et al. 2000; Suzuki et al. 2001; de Araujo et al. 2003), have suggested that
the region becomes active when human participants are exposed to odor stimuli, even
including subliminal stimuli as estrogen-like compounds (Savic et al. 2001). Further,
the activation pattern in the AI exhibited habituation in response to prolonged (60-
second) olfactory stimuli, and this was observed to be similar to the activations of
the primary olfactory cortex and the hippocampus in reaction to the same type of
stimuli. This result suggests that these three regions may interact with one another
to cause one to be desensitized when exposed an odor for an extended period of time

(Poellinger et al. 2001).

The past olfactory neuroimaging studies do not agree, however, on the role of the FI
and the Al (from now collectively referred to as the Al, as the FI is included in the
AT) in computation of hedonic values — pleasantness — of odors. While the authors

of some studies have observed activation of the AI regardless of the valence of odor
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stimuli when participants were judging their pleasantness (Savic et al. 2000), some
have only found correlation between the Al activity and perceived pleasantness of
odors (de Araujo et al. 2005), and others linked AT activity with perceived olfactory
unpleasantness (Rolls 2003; Royet et al. 2003; Wicker et al. 2003; Grabenhorst and
Rolls 2009). Meanwhile, others have argued that the Al has relatively little to do with
olfactory hedonic value signals, and that other regions, such as the orbitofrontal cortex
(OFC), are better candidates for investigating hedonic value computation (Kringel-
bach 2005; Katata et al. 2009; Kiihn and Gallinat 2012). Hence, it appears that
it is an important task to sort out this lack of consensus with a more extensive and
systematic experiment. In Chapter 3, I describe an fMRI study with olfactory stimuli

that attempts to address this issue.

Many neuroimaging studies have shown a strong link between gustation and the Al:
the region has exhibited activity in response to sucrose (de Araujo et al. 2003a),
glucose (Francis et al. 1999) and mineral water (de Araujo et al. 2003b), and the
dorsal Al appears to be involved in tracking the fat content and viscosity of food in
the mouth (de Araujo et al. 2004). Furthermore, various portions of the FI and the
dorsal Al have been shown to process different tastes (sour, bitter, salty, sweet, and
umami), further strengthening this link. In addition, it appears that mere imagery
of gustatory sensation, in the absence of actual taste stimuli, can also activate the Al

(Kobayashi et al. 2004).

The relationship between the Al and hedonic value computation seems complicated in
the gustatory modality as well. Some neuroimaging studies reported activation of the
region in response to taste stimuli of either valence (O’Doherty et al. 2001; Zald et al.
2002; Haase et al. 2007), while others have observed preferential activation in response
to unpleasant (bitter or salty) tastes (Zald et al. 1998; Small et al. 2003). There
is also some evidence of greater Al response toward taste stimuli that are preferred
by participant, compared to non-preferred ones (Berns et al. 2001). Hence, again,
it seems that these conflicting findings should be addressed with further research,

although gustation is unfortunately not in the scope of this thesis.
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Given the above information, one may begin to wonder whether or not the same
portions of the Al are responsive to both olfactory and gustatory experiences. Indeed,
a number of studies have shown that these two categories of activations do occur in
overlapping regions. For instance, an imaging study that presented both olfactory
and gustatory stimuli to the same individuals have found that a small set of areas
such as the amygdala, frontal operculum, OFC, and a small region in the lateral
FT exhibited convergence of the activations elicited by odors and sucrose solution
(de Araujo et al. 2003a). In addition, a neuroimaging meta-study that utilized the
activation likelihood estimation (ALE) technique to investigate the neural signals
associated with intranasal trigeminal stimulation found that the FT also plays a role
in processing trigeminal signals (Albrecht et al. 2010). These results, along with
other neuroimaging data, suggest that the lateral portion of the FI is the only area
in the human brain that becomes active in response to all three types of stimuli
that together form a flavor — olfactory, gustatory, and trigeminal (Lundstréom et al.
2011). Therefore, it appears that the FI may play the principal role in integrating

these different categories of signals to create the experience of flavor.

In addition to the neuroimaging studies discussed above, a small number of lesion
studies support the link between AI and olfactory and gustatory functions. For ex-
ample, a patient with an extensive bilateral lesion in the insula (as well as other
regions adjacent to it) exhibited reduced ability to recognize disgust in other people’s
dynamic facial expressions, even though his performance in identifying other basic
emotions fell in the normal range. The patient was also unable to feel or recognize
disgust when presented with stories of people experiencing disgust (Adolphs et al
2003). While one cannot entirely exclude the possibility that other regions and the
fiber tracts damaged in this patient’s brain have contributed to this effect, given the
association between the insula and the olfactory/gustatory functions discussed above,
and the selective nature of the patient’s impairment, it appears plausible that the in-
sular damage is the main cause of this phenomenon. Similarly, a patient with damage

in the insula and putamen showed impairment in recognizing disgust from facial and
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vocal expressions (Calder et al. 2000).

The eating behavior exhibited by some patients diagnosed with FTD is also consistent
with the suggested link between the Al and olfactory/gustatory function. A clinical
study that measured the degree of binge eating and brain degeneration in subjects
with various types of dementia found that, unlike those who had been diagnosed
with non-FTD dementia, the patients with FTD engaged in binge eating, even when
they were feeling satiated. Analyzing these patients’ brain atrophy patterns using
voxel-based morphometry (VBM) has revealed that all of the binge eaters had much
greater damage in the right lateral FI, as well as the striatum and OFC, compared to
non-binge-eating individuals (Wooley et al. 2007). This outcome suggests that the
atrophy of the FI, along with degeneration of the striatum and the OFC, may have
affected these patients’ motivation to eat, and is consistent with the proposed role of

the FI in gustatory behavior.

1.4.2 Social, Emotional, and Cognitive Functions

A growing number of studies in humans suggest that the Al and the FI are crucial
in facilitating social emotions and some cognitive functions, as well as olfactory and
gustatory experiences. In this section, I describe recent neuroimaging studies that

reflect this.

Al appears to be involved in processing generalized emotional responses to stimuli.
For example, the lateral FI was active when participants were recalling personal
experiences that elicited happiness, sadness, anger, or fear (Damasio et al. 2000),
and more active while participants viewed pictures containing emotionally charged
contents compared to when viewing neutral ones (Bermpohl et al. 2006). Moreover,
the degree of Al activation in response to emotional visual stimuli seems correlated
with each participant’s emotional susceptibility score (laria et al. 2008), suggesting a

close relationship between one’s subjective emotional intensities and the Al activity.
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There is also evidence of AI’s involvement during experience of specific categories of
emotion. A robustly increased bilateral activation of the Al was observed when partic-
ipants were experiencing fear due to threat of spontaneous pain (Butler et al. 2007),
whereas the left insular cortex exhibited significant decrease in activity when women
grieving recent romantic breakups were recalling memories of their past relationships
(Najib et al. 2004). Also, bilateral FI activation was observed when participants
were presented with highly aversive and violent pictures depicting injury and muti-
lation, and the activity in the right FI correlated with the subjective rating of the
negative feelings participants were experiencing (Garrett and Maddock 2006). Fear
and disgust probably are the emotions most strongly associated with this experiment.
The FI also seems to play a role in emotional experiences of social nature, such as
maternal love and romantic love, as the region was active in both hemispheres when
mothers viewed pictures of their children and of their romantic partners (Bartels and
Zeki 2004). The activity in the FI also seems correlated with the perceived funniness
of humorous stimuli (Watson et al. 2006b). Considering the importance of humor in

social boding, this involvement of the FI could also be construed as a social function.

Many neuroimaging studies implicate the Al in processing of empathy as well. Most of
these studies have utilized pain of others as the main vehicle for instigating empathy
in participants. One study used video recordings showing facial expressions of people
in pain to elicit activations of the lateral FI (Botvinick et al. 2005), while another
experiment utilized pictures of body parts being inflicted with pain, and observed FI
activations during active rating of pain intensity in these pictures (Gu and Han 2007).
An additional study found bilateral lateral FI signals when participants’ loved ones
were given painful stimuli (Singer et al. 2004), demonstrating that empathizing with
another’s pain involves FI processing. Other experiments have demonstrated that the
intensity of empathy is correlated with the magnitude of the FI activity. One study
used pictures depicting faces of chronic pain patients as stimuli, and observed bilateral
FI activation whose strength was correlated with both the participants’ estimate of the

pain that the ones in the pictures were experiencing, and the participants’ subjectively
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perceived levels of empathy (Saarela et al. 2007). Another study showed that while
people without expertise in acupuncture felt acute empathy for pain when presented
with pictures of people receiving acupuncture treatments and exhibited bilateral FI
activation, acupuncture specialists did not feel any concern for the pictured patients’

pain, and showed significantly reduced FI activity (Cheng et al. 2007).

Some studies have studied the AI’s role in empathy in the context of other types of
stimuli: lateral Al activity was found in the left hemisphere (Wicker et al. 2003)
and bilaterally (Jabbi et al. 2008) when participants were watching videos of oth-
ers drinking liquids and making disgusted facial expressions, and hence possibility
eliciting empathy, and the lateral FI in the left hemisphere was more active during
viewing of faces expressing happiness or sadness, compared to during viewing non-face

pictures of similar emotional contents (Britton et al. 2006).

In addition, the Al is also believed to play a role in various cognitive processes, includ-
ing attention, language, speech, working memory, and memory (Kurth et al. 2010b).
FI and AT appear to become active during visually presented tasks that require atten-
tion (Rubia et al. 2006), and in patients with obsessive-compulsive disorder during
assignments that acquire hypervigilance (Maltby et al. 2005). Language processing
was observed in the FI when the area showed increased activation during evaluation
of semantic coherence in verbal stimuli (Ilg et al. 2007), listening to other people’s
speech (Jardri et al. 2007), and phonological assessment of words (Katzir et al. 2005).
The FI also exhibited increased response when, rather than evaluating others’ speech,
participants produced their own speech by pronouncing syllables (Bohland and Guen-
ther 2006; Riecker et al. 2006), and when finishing incomplete sentences (Brown et al.
2006). The role of the Al in working memory and memory was illustrated by studies
in which a verbal working memory task activated the FI bilaterally (Koppelstaetter
et al. 2008), the bilateral Al activity was correlated with the level of working memory
load (Mayer et al. 2007), and the left lateral FI became more and more responsive
as a novel object was presented repeatedly, hence helping participants memorize the

object’s appearance and name (van Turennout et al. 2003).
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Human lesion studies of the Al support the results of the neuroimaging experiments
discussed above (Ibanez et al. 2010). Patients with post-stroke damage in the right
insula exhibited neglect in the visual, auditory, and tactile modalities, suggesting re-
duced abilities to attend to stimuli. Patients with similar lesions in the left insula
did not experience such deficit (Manes et al. 1999a). Impairments in language and
speech were also observed in an individual with an infarct in the left AI (Shuren
1993), a person with bilateral damage of the insula (Habib et al. 1995), and a group
of patients with lesions in the anterior insula (Dronkers 1996). Moreover, patients
with infarcts in the left insula exhibited reduced verbal memory, whereas those with
similar damages in the right insula did not (Manes et al. 1999b). In addition, individ-
uals diagnosed with the behavioral variant of FTD (bvFTD) tend to show impaired
social cognition, such as reduced interest in social life, decreased ability to empathize,
self-consciousness, and increased disinhibition and impulsiveness, while exhibiting rel-
atively normal non-social cognitive skills. This is consistent with the rather specific
atrophy of the frontal, insular, and temporal cortices in bvE'TD patients (Ibanez and

Manes 2012).

1.5 Known Connectivity Patterns of the Frontoinsu-

lar Cortex and Anterior Insula

1.5.1 Structural Connectivity

In the present section, I discuss in detail the connections of the human Al. As it is not
possible to use the conventional method of tracer injection to study the connectivity
patterns in the human brain — the tracer needs to be injected n vivo, which would be
highly unethical — one must rely upon a set of more indirect methods for elucidating
the connections of the AI. One such method is assay of the structural connectivity

patterns using diffusion magnetic resonance imaging, which seeks to map the axon
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fibers by measuring the movement of water molecules in the brain tissue, and will be
discussed in further detail in Chapter 2. This is a non-invasive method that can be

applied to live human participants in an MRI scanner.

While diffusion imaging is a method that has only recently been widely used, the small
number of available studies that apply the technique to the AI yielded results that
are consistent with the existing animal study results, and provided useful insights
into the connectivity and function of the AI in humans. It appears that most of
these studies were focused on parcellating the entire insular cortex into different
regions: in one study using probabilistic fiber tractography, every single voxel in the
human insular cortex ROI was used as a seed, and the resulting tracts were used to
construct a connectivity correlation matrix between each pair of seeds. A Laplacian
eigenmap of this matrix was computed, identifying two main categories of the seeds.
Finally, these seeds were mapped back onto the insular ROI, which revealed two main
portions of the insula (anteroventral and posterodorsal), with a transitional area in
between. The more anterior seeds tended to connect to the amygdala, entorhinal
cortex, and hippocampus, as well as the anterior frontal gyrus, whereas the posterior
seeds mostly were associated with somatosensory, parietal, and posterior temporal
cortical areas (Cerliani et al. 2011). In another study that also employs probabilistic
fiber tractography in human diffusion images, the anteroventral portion of the insula
was associated with the OFC, inferior frontal cortex, and the anterior portion of the

temporal cortex (Cloutman et al. 2012).

In addition, a preliminary probabilistic fiber tractography study in the high-quality
high angular resolution diffusion imaging (HARDI) data from the brain of a hyper-
enriched gorilla probed the connectivity patterns in different parts of its VEN-rich FI.
When the medial FI was seeded, the resulting connectivity pattern was very distinct
from those of the lateral FI and the dorsal Al near the FI. The medial FI seed was
observed connecting to the frontal polar cortex, amygdala, and septum. The other
two seeds exhibited many overlapping connections, including the hippocampus and

posterior portions of the frontal cortex (Allman et al. 2010). These results appear
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consistent with those of the two human studies discussed above, and seem to support

the possible cognitive, social, and emotional functions of the FI and Al

1.5.2 Functional Connectivity

Despite the promising results from the diffusion imaging experiments described above,
unfortunately there is only a small number of such studies on the AI available at
present, and due to current technical limitations in the diffusion imaging, the connec-
tivity data from the existing studies are not likely to provide a complete picture of the
AD’s structural connectivity patterns. However, results from functional connectivity
studies, which aim to identify neural regions that are simultaneously active during
the brain’s resting state or during specific tasks, have supplemented our knowledge

to some extent.

The existing data from resting-state functional connectivity studies seem to paint a
consistent picture of the Al’s association with other regions. In a study that parcel-
lated the human insula into two portions based on functional connectivity patterns,
the AI became co-activated with the middle and inferior temporal cortices, ACC,
and limbic regions (Cauda et al. 2010). In studies that further categorized the Al
into the dorsal and ventral parts, whereas the dorsal Al seemed associated with the
middle insula, dorsal ACC (Deen et al. 2010), and dorsolateral prefrontal cortex
(DLPFC), (Chang et al. 2013), the ventral Al, closer to the FI, exhibited co-varied
activation with the pregenual ACC (Deen et al. 2010), superior temporal sulcus, pos-
terolateral OFC, amygdala, and ventral tegmental area (VTA) (Chang et al. 2013).
The functional network among the bilateral AI, dorsal ACC, amygdala, periaqueduc-
tal gray (PAG), VTA, substantia nigra, dorsomedial thalamus, and hypothalamus,
whose strength was observed to be correlated with participants’ individual anxiety
scores, is called the “saliency network,” based on its integration of “conflict monitor-
ing, interoceptive-autonomic, and reward-processing” functions (Seeley et al. 2007).

A meta-analysis of 1,305 functional neuroimaging experiments presenting task-based



18
insular activations yielded results similar to those of the above resting-state stud-
ies: the anterior portion of the insula was associated with the frontal, cingulate, and

parietal cortices, as well as with the cerebellum (Cauda et al. 2012).

The endeavors described above focused mainly on distinguishing the functional con-
nectivity patterns of the Al from that of the PI, ignoring the possibility that there
might be smaller but significant variations in connectivity among different portions of
the AI. One resting-state functional connectivity study, however, sought to compare
two different areas — dorsal and ventral — of the AI. The authors observed a large
difference between the two connectivity patterns. The dorsal Al’s activity seemed
correlated with an array of cortical areas, such as the posterior insula, dorsal ACC,
frontal pole, inferior frontal gyrus, lateral occipital cortex, and the superior temporal
pole, as well as the dorsal putamen. On the other hand, the ventral Al seed ex-
hibited associations with the pregenual ACC, lateral OFC, superior frontal cortex,
medial frontal pole, as well as subcortical regions such as the ventral putamen and
substantia innominata. Both regions also co-vary with the lateral FI and the medial
FI, respectively (Touroutoglou et al. 2012). While the seed placed in the dorsal Al
may be a bit too dorsal to be included in the FI and hence the study does not truly
address the parcellation of the FI, this experiment does seem to succeed in separating

the AI functional connectivity pattern into two distinct sets.

A number of studies that assayed structural and functional connectivity in the same
set of participants suggest that, in many cases, functional connections do reflect
structural connections. In one such study, nine resting-state functional networks,
including a functional “core network” that involves the bilateral insular cortices (that
seems to contain the lateral FIs) and the ACC, which happen to be the three regions
that contain VENs, were identified. And when this result was compared with the
results of diffusion imaging and fiber tractography, eight of these nine functional
networks, including the core network, were also found to be structural networks (van
den Heuvel et al. 2009). In another study, a functional connection between the

Al and the middle portion of the intra-parietal sulcus, which could be associated
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with the often-proposed role of the Al in cognitive functions, was also observed as
a structural association (Uddin et al. 2010). Similarly, a resting-state functional
connection between the Al and the ventrolateral prefrontal cortex was confirmed to
exist structurally as well. Although in this study the functional connectivity assay
failed to detect a prominent connection between the Al and the OFC (Wiech et al.
2014), this may be due to the fact that the functional data were collected at rest,

rather than during a specific task that engages this association.

The structural and functional connections of the Al described above seem consistent
with the proposed functions of the region. In addition, a number of connectivity
studies support the role of the Al in the neuropsychiatric disorders discussed earlier
in this chapter. For instance, the effective connectivity between the right Al and the
DLPFC was observed to be weaker in individuals with schizophrenia (Iwabuchi et
al. 2014). Moreover, there is some evidence that atypical connectivity of the Al is
associated with autism (Uddin and Menon 2009; Uddin et al. 2013) and alexithymia
(Bernhardt et al. 2013).

Despite the promising nature of the connectivity data discussed so far, these results
can be construed as rather heterogeneous due to differences in analysis methods, im-
age qualities, number of subjects, and processing pipelines. Also, with the exception
of Touroutoglou et al. 2012, these studies mostly focused on parcellating the Al from
the rest of the insula, rather than attempting to investigate any subdivisions the Al
Moreover, as mentioned earlier, only one of the two seeds utilized in Touroutoglou et
al. 2012 appears to be included in the FI. Therefore, although whether any subdivi-
sions exist within the human FI remains mysterious, it may be plausible considering
the patchy distribution pattern of the VENs in the FI and the variation of structural
connectivity patterns within the gorilla FI (Allman et al. 2010).
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1.6 Overview of Thesis

For my graduate work, I have explored in detail the connectivity patterns of the
insula in a non-human primate species using the diffusion MRI technique. I have also
investigated the role that the human AI plays in the olfactory hedonic experience.
These studies were motivated by a number of topics in the current literature that
had not yet been addressed. First, there was a lack of a high-quality, comprehensive
diffusion MRI study in the field of neuroanatomy at the time of the study: while a
number of studies had studied in vivo and ez vivo brains using this technique, most
of these datasets were rather low in quality, and hence unable to yield very detailed
results. This prompted a need for a high-quality, high-resolution diffusion data and a
series of fiber tractography experiments that examine the data in a thorough manner
to demonstrate the value of the technique, since this method, when used properly,

could be a useful and important tool for noninvasive exploration of rare brains.

Second, as mentioned in the Section 1.4.1, there had been a lack of consensus on the
relationship between the AI and hedonic value processing. It is not surprising that
the past neuroimaging studies collectively do not present a very clear picture, as they
tend to vary in imaging protocol and quality, behavioral task, and analysis methods.
Also, most of the past studies have utilized very small number (less than five) of
olfactory or gustatory stimuli that had not been well characterized or selected in any
systematic manner. Considering the importance of olfactory hedonic value processing
in our daily lives and perturbation of this system in many neuropsychiatric disorders
(Hayes et al. 2006; Plailly et al. 2006; Atanasova et al. 2008; Atanasova et al. 2010),
it would be essential to establish a better-defined model for this function through a

more extensive and systematic study.

The organization of this thesis is as follows. In Chapter 2, I will describe a HARDI
study of structural connectivity of the insula and the neighboring claustrum in the
Microcebus murinus, the gray mouse lemur dataset. This study serves three differ-

ent functions: investigating the evolutionary relationship between the two structures
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using histology and gene expression data, and showing a clear dissociation between
the their connectivity patterns, hence confirming that the connectivity and functions
classically associated with the insula are indeed unique to the insula; exploring the
connectivity patterns of the two regions in the species considered morphologically and
behaviorally close to the common ancestor of all primates, hence furthering our knowl-
edge about the early primate brain organization; and, through comparisons with the
data from conventional tracer-injection studies, showcasing the efficacy of the HARDI
and probabilistic fiber tractography techniques. Chapter 3 will be devoted to an fMRI
study that explores the neural network that computes hedonic values represented in
olfactory stimuli. The study especially focuses on the role of the Al in this network,
and its relationship with the other regions active during passive smelling and hedonic
value judgment tasks. The study also seeks to find any correlation between the data
(both behavioral and neural) from the olfactory tasks and participants’ moral judg-
ment tendencies, based on the hypothesis that the primary disgust and “social /moral
disgust” are functionally related. The final chapter will summarize the findings from
the Chapters 2, and 3, and discuss the remaining questions and future directions in

the study of the insular connectivity and function.
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Chapter 2

The Structural Connectivity of Insula
and Claustrum in Microcebus
MUTrinus

2.1 Abstract

The claustrum and the insula are closely juxtaposed in the brain of the prosimian
primate, the grey mouse lemur (Microcebus murinus). Whether the claustrum has
closer affinities with the cortex or the striatum has been debated for many decades.
Our observation of histological sections from primate brains and genomic data in
the mouse suggest former. Given this, the present study compares the connections
of the two structures in Microcebus using high angular resolution diffusion imaging
(HARDI, with 72 directions), with a very small voxel size (90 micra), and proba-
bilistic fiber tractography. High angular and spatial resolution diffusion imaging is
non-destructive, requires no surgical interventions, and the connection of each and
every voxel can be mapped, whereas in conventional tract tracer studies only a few
specific injection sites can be assayed. Our data indicate that despite the high genetic
and spatial affinities between the two structures, their connectivity patterns are very
different. The claustrum connects with many cortical areas and the olfactory bulb;

its strongest probabilistic connections are with the entorhinal cortex, suggesting that
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the claustrum may have a role in spatial memory and navigation. By contrast, the
insula connects with many subcortical areas, including the brainstem and thalamic
structures involved in taste and visceral feelings. Overall, the connections of the
Microcebus claustrum and insula are similar to those of the rodents, cat, macaque,
and human, validating our results. The insula in the Microcebus connects with the
dorsolateral frontal cortex in contrast to the mouse insula, which has stronger connec-
tions with the ventromedial frontal lobe, yet this is consistent with the dorsolateral
expansion of the frontal cortex in primates. In addition to revealing the connectivity
patterns of the Microcebus brain, our study demonstrates that HARDI, at high reso-
lutions, can be a valuable tool for mapping fiber pathways for multiple sites in fixed

brains in rare and difficult-to-obtain species.

2.2 Introduction

Microcebus murinus, the grey mouse lemur, is a prosimian species native to the is-
land of Madagascar. Microcebus bears many similarities to the common ancestor of
primates, which motivated the early study of the microscopic anatomy of its cere-
bral cortex by Le Gros Clark (1931). Many sources of evidence indicate that the
common primate ancestor probably lived in tropical forests and was highly arboreal,
was nocturnal and small in size, weighing 500g or less, and that it fed on both fruits
and small animals. Microcebus murinus satisfies all of these criteria (Martin, 1990),
and the species’ skull shape and external brain morphology closely resemble the fossil
primates of the early Eocene period, 55 million years ago (Radinsky, 1975; Allman,
1977). These observations suggest a possible role of the Microcebus as an extant
proxy for the common ancestor of primates, hence motivating us to study the species

as a way of exploring the evolution of primate brains.

The claustrum is a thin, sheet-like subcortical cellular structure found in mammalian
brains. In primates it is located between the putamen and the insular cortex, usually

separated from each of these two structures by the external capsule and the extreme
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capsule, respectively (Figures 2.1A and 2.1B). Due to the claustrum’s location, size,
and shape, it is very challenging to investigate the structure’s connections and func-
tion using techniques that are currently available. However, the limited amount of
data from other species suggest that it is extensively connected with many cortical ar-
eas including the prefrontal, temporal polar, motor, hippocampal, parahippocampal,
parietal, and visual cortices (Tanné-Gariépy et al., 2002; Edelstein and Denaro, 2004).
Connections with the thalamus, caudate, and amygdala have also been found (LeVay
and Sherk, 1981; Arikuni and Kubota, 1985; Jiménez-Castellanos and Reinoso-Suarez,
1985; Amaral and Insausti, 1992; Edelstein and Denaro, 2004).

There has been a long debate concerning the ontogenetic origin of the claustrum,
with three different views: the opinion that the structure is derived from the adjacent
insular cortex (Meynert, 1868; Brodmann, 1909), the view that it is a part of the
basal ganglia (Edelstein and Denaro, 2004), and the one that argues for claustrum’s
independence from cortical or subcortical origin (Filimonoff, 1966). Meynert (1868)
and Brodmann (1909) considered the claustrum to be part of the insular layer VI, and
defined the borders of the insular cortex according to the location of the claustrum.
Bayer and Altman (1991a; 1991b) supported this view by demonstrating that, in rat
embryos, the claustrum and the deep layer of the anterior insular cortex emerge on
the same day. This view has also been supported in the context of pallidal evolution
in reptiles and birds: Striedter (1997), based on comparative analysis of reptile, bird,
and mammalian brains, argued that the claustrum and the endopiriform nucleus
(primate ventral claustrum) are pallidal in origin. In addition, Puelles et al. (2000)
have shown that the mammalian homologs of some of the genetic markers for the
pallidum in the embryonic chick are expressed in the claustrum, suggesting cortical
affinity. The second conception that the claustrum has its closest affinities to the
striatum, rather than the insular cortex, is supported by evidence that it is possible
for the claustrum to develop into a significant size in near absence of the insula, and
that the human claustrum tends to extend much beyond the upper border of the

insula. It has also been pointed out that the human embryonic claustrum is not
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directly connected with the deep layers of the insula. Instead, it is well-separated
from the cortex by the uncinate fasciculus as well as the extreme capsule, and closely
connected to the amygdala in some parts (Landau, 1919). The opinion that the
claustrum is neither cortical nor subcortical was supported by Ramon y Cajal (1902)
and by Filimonoff (1966), who, based on an exhaustive study of human adult and
embryonic brains, concluded that the claustrum is an intermediate structure between
the striatum and the cortex. A recent proteomic study of the rat claustrum agreed
with this view, although it also found a claustral affinity with layer VI of the insular

cortex (Mathur et al., 2009).

Inspecting histological sections from primate brains available in our laboratory sup-
ports the cortical origin of the claustrum. The spatial relationship between the claus-
trum and insula in the Microcebus is illustrated in the photomicrographs of Nissl- and
Gallyas-stained coronal sections (Figures 2.1A and 2.1B) and Nissl- and Heidenhain-
stained horizontal sections (Figures 2.2A and 2.2B). These sections show that the two
structures are only barely separated from each other. The extreme capsule is very
thin and does not entirely segregate the claustrum from the insula, and the claustrum
appears to be an extra layer of the insula. This is unlike most other primate brains,
in which claustrum and insula are more clearly separated by the extreme capsule:
Figures 2.2C-F show Nissl- and Gallyas-stained sections from the brains of a tarsier
(Tarsius bancanus) and an orangutan (Pongo abelii), including the claustrum, extreme
capsule, and insula. In the tarsier (Figures 2.2C and 2.2D) the extreme capsule di-
vides only the dorsal half of the claustrum from the insula, while the ventral halves of
the two structures appear fused. However, based on the width of the extreme capsule,
the dorsal segregation seems quite robust. In the orangutan (Figures 2.2E and 2.2F),

the claustrum is completely separated from the insula.

We have also investigated the genetic affinities of the claustrum and the insula, and
compared them with those of their neighboring regions. Using Allen Institute for
Brain Science’s AGEA, we studied the gene expression correlation patterns based on

4,376 genes in the claustrum, insula, caudate-putamen, and the olfactory cortex in
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Figure 2.1: An overview of the seed placement and HARDI data quality.

(A) A coronal section of the Microcebus murinus brain, stained for cell body with the
cresyl violet Nissl technique. The arrows point to the claustrum (CL) and the insula
(IN). (B) An adjacent section, processed with the Gallyas silver staining technique,
showing fiber distributions. Note the external capsule segregating the claustrum from
the putamen, and the extreme capsule barely separating the claustrum from the in-
sula. (C) A coronal cross-section of the HARDI data, at the level and cutting plane
similar to those of the histological sections. The arrows indicate the locations of
the claustral and mid-insular seeds. The red-yellow tract originates from the claus-
tral seed, whereas the blue-light blue tract arises from the mid-insular seed. (D-F)
The fractional anisotropy (FA) map of the HARDI data, in horizontal planes. This
map reflects the distribution of fiber tracts in the brain tissue, with the colors rep-
resenting fiber directions (blue = anterior-posterior; red = medial-lateral; green =
dorsal-ventral). The map clearly shows a number of major fiber bundles, such as
the anterior commissure (AC), cingulum bundle (CG), corpus callosum, genu (CCg),
corpus callosum, splenium (CCsp), fornix (FX), and internal capsule (IC).
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Figure 2.2: Horizontal sections of the Microcebus brain, and coronal sections of tar-
sier (Tarsius bancanus) and orangutan (Pongo abelii) brains, depicting the spatial
relationship between claustrum and insula in the three species.

(A,B) Horizontal sections of the Microcebus brain, stained for cell bodies with the
cresyl violet Nissl technique (A) and for axon fibers with the Heidenhain technique
(B). (C,D) Coronal sections of the tarsier brain, stained for cell bodies with the cresyl
violet Nissl technique (C) and for axon fibers with the Gallyas technique (D). (E,F)
Coronal sections of the orangutan brain, stained for cell bodies with the cresyl violet
Nissl technique (E) and for axon fibers with the Gallyas technique (F). In all panels,
the external capsule (EtC), claustrum (CL), extreme capsule (ExC), and Insula (IN)
are labeled. In the tarsier, the claustrum and the insula, while clearly segregated in
the dorsal halves, appear fused together in the ventral porti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>