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Network Coherence in Autism Spectrum Disorder:
A Multimodal Neuroimaging Study of Functional Connectivity and Spectroscopy MRI
John Hegarty

Dr. David Q. Beversdorf, Dissertation Supervisor

Abstract

The underlying neuropathology and effects on neuronal activity in individuals with ASD
are still being elucidated as well as their impact on intervention and treatment outcomes. Frontal,
temporal, parietal and cerebellar pathways exhibit disrupted structural and functional
connectivity in individuals with ASD and we sought to investigate the potential clinical utility of
altered network coherence. Beta-adrenergic antagonism improved information processing in a
subset of individuals with ASD and improved performance was related to pharmacologically-
mediated alterations in functional connectivity in the fronto-parietal control network. These
findings support the potential utility of beta-adrenergic antagonists for some patients with ASD
and the clinical significance of alterations in network coherence. There are also additional
considerations for functional connectivity investigations in ASD. The cerebellum is
interconnected via feedback loops to the neocortex and thus has some modulatory influences on
cortical and subcortical neuronal circuits. The cerebellum is consistently implicated in the
neuropathology of ASD but has been largely ignored in investigations of functional network
coherence. Functional connectivity between the cerebellum and neocortex was anticorrelated in a
subset of individuals with ASD. These individuals exhibited reduced glutamate levels in the
cerebellum and diminished interpretive linguistic abilities, suggesting a potential mechanism
underlying altered cerebrocerebellar connectivity in some individuals with ASD as well a

cognitive outcome of alterations in cerebrocerebellar network coherence.



CHAPTER 1: INTRODUCTION

Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a behaviorally defined disorder characterized by
impairments in social communication and the presentation of stereotyped interests and repetitive
behaviors early in life.! Dr. Eugen Bleuler first coined the term autism in 1908 to refer to patients
with schizophrenia who exhibited a tendency to withdraw within one self (drawing from the
ancient Greek term “autds” meaning “self”).? The first formal description of early infantile
autism was not until 1943 by Dr. Leo Kanner.’ Dr. Kanner presented a case series of children
displaying symptoms differing from previous cases of childhood schizophrenia and suggested a
new unique syndrome. These patients exhibited a preference for aloneness from the beginning of
life and responded atypically during interactions with others, such as no adjustment in posture
when being held or an anxious response to interaction. Many patients also displayed aversion to
loud noises or moving objects and exhibited an extreme preference for sameness with activities.
Language development was delayed and their utterances were often governed by rigidity, such as
preference for identical order. Language was not often used for communication but to exhibit
object or wrote memory, perhaps for a self-serving interest or to appease a caretaker’s request for
repetition. Dr. Hans Asperger also described a class of patients as autistic psychopaths in 1944
that largely resembled Dr. Kanner’s patients*; however these patients did not exhibit language
delays.

Autism did not begin to receive widespread attention as a distinct disorder until Bernard
Rimland published the book Infantile Autism: The Syndrome and Its Implications for a Neural

Theory of Behavior in 1964.° An early prevalence study in 1966 estimated that approximately 4.5



in every 10,000 children exhibited evidence of the syndrome.® Following greater clinical
recognition, infantile autism was added to the third edition of the Diagnostic and Statistical
Manual of Mental Disorders in 1980 (DSM III).” Autism was now formally separated from
childhood schizophrenia. Children presenting with widespread distortions in the development of
multiple psychological functions, such as gross and sustained impairment in social relationships
paired with excessive anxiety, constricted affect, resistance to change, abnormal speech or motor
movements, and sensitivity to sensory stimuli, were diagnosed with a pervasive developmental
disorder (PDD), which included infantile autism. Infantile autism was characterized by onset
before 30 months of age with a pervasive lack of responsiveness to other people, gross deficits in
language development, peculiar speech patterns, bizarre responses to various aspects of the
environment (e.g. resistance to change or peculiar interest or attachment to objects), and
importantly an absence of delusions, hallucinations, loosening of associations, and incoherence
associated with schizophrenia. Revisions to the DSM III shifted autism classification from
symptom description to distinctive areas of functioning in which a minimum number of concrete
and observable abnormalities had to be met.® By 1992 approximately 19 in every 10,000 children
in the United States met diagnostic criteria for infantile autism.

Pervasive developmental disorders, including autism, were further segregated and
redefined in the DSM-IV.’ Autistic Disorder required a minimum of six criteria that must be met
with at least two symptoms in qualitative impairment in social interaction, one impairment in
communication, and one presentation of restricted, repetitive, and stereotyped patterns of
behavior, interests, and activities. Delays or abnormal functioning in social interaction, language
for social communication or symbolic or imaginative play were also required and symptom onset

had to occur before 3 years of age. Furthermore, these associated disturbances could not be



accounted for by other disorders such as Rett’s syndrome (a genetic disorder), or childhood
disintegrative disorder, which was characterized by normal development until at least the third or
fourth year of life but often not occurring until after approximately 10 years followed by a severe
loss of social, communication, or other skills. Asperger Disorder was also added following the
incorporation of Dr. Asperger’s original work into research published in English journals in
1981' and translation of his original German work into English in the 1991 book Autism and
Asperger Syndrome."" Asperger disorder was characterized by impairment in social interaction
and the presentation of restricted repetitive and stereotyped patterns of behavior or interests;
however, there could be no clinically significant delay in language or cognition. The
classification of Asperger disorder accounted for patients presenting with social interaction
symptoms associated with autistic disorder that appeared to otherwise have normal cognitive
development. By 2000 approximately 67 in every 10,000 children in the United States met
diagnostic criteria for autistic or Asperger disorder.'

The new DSM 5 edition released in 2013 has further altered diagnostic criteria and
collapses Asperger, PDD-NOS, and autistic disorder into a single autism spectrum disorder
(ASD) category. ASD is now defined by persistent deficits in social communication and social
interaction across multiple contexts with a minimum of two manifestations of restricted,
repetitive patterns of behavior or interests presenting early in development. The DSM 5 also
classifies ASD without a requirement for language delay, which allows inclusion of individuals
whom previously would have received an Asperger diagnosis. Overall, ASD is a behaviorally-
defined disorder defined by deficits in social interaction and communication with the
presentation of circumscribed interests and behaviors. Current estimates suggest approximately

147 in every 10,000 children meet diagnostic criteria for ASD'’; however new estimates of



disorder prevalence with DSM 5 criteria have yet to be obtained from a population sample.

ASD is diagnosed based on the presentation of symptoms across different cognitive and
behavioral domains. Symptom presentation and severity within domains is highly variable,
ranging from mild to severe and may or may not involve the onset of cognitive impairments,
approximately 70% of cases exhibit such impairments.'* ASD is also highly comorbid with other
disorders, compounding diagnostic boundaries, with approximately 70% of patients diagnosed
with ASD meeting criteria for at least one other psychiatric disorder.'>'® The underlying
biological mechanisms causing the ASD phenotype have been very difficult to identify due to the
heterogeneity across individuals; however twin studies of concordance rates of ASD in
monozygotic and dizygotic pairs support a high rate of genetic influences in the disorder.
Concordance rates of diagnosis are between 36-91% for monozygotic pairs and closer to 0% for
most dizygotic pairs but ranging up to 21% in some estimates.' 2’ Considering a broader
dimensional definition of ASD-related abnormalities, concordance in monozygotic pairs still

remains much higher than dizygotic pairs, 77-92% vs. 10-31%.%%!

ASD appears to be highly
heritable but is not entirely genetic in origin.

Genetic contributions to ASD-related outcomes are largely multigenic as only 6-15% of
ASD cases express a known associated monogenic mutation.'”**** Genomic sequencing and
genome-wide association studies (GWAS) have identified genomic variant regions and loci
mutations associated with ASD, but many of these genetic regions are not distinct to ASD and
show some overlap in familial and genetic susceptibility to other psychiatric disorders,** further
confounding the identification of ASD-specific mechanisms. The majority of genetic

contributions to ASD etiology are rare variants and common allelic variation and can be

organized into eight general classes”: 1) genes regulating activity-dependent alterations to



molecular pathways, such as TSC1&2,%% 2) genes associated with translation and protein
stability, such as fMRI1,%** 3) genes involved with neuronal development and synapse

30-32

formation, such as neurexin/neuroligins, 4) genes affecting production and signaling of

33,34

neurotransmitters, such as the serotonin transporter, 5) genes regulating intracellular ion

concentrations,”> 6) genes affecting protein metabolism, such as phenylalanine hydroxylase,*®’

7) genes associated with genomic expression, such as MeCP2°%*’

and 8) genes of unknown
function, such as AHI1.***! Overall, genetic susceptibility appears to play a major role in the
development of ASD-related symptoms and the majority of these genetic contributions involve
genetic regions associated with neuronal development and signaling mechanisms.

The core symptoms of ASD were originally thought to be emergent from a common
underlying mechanism but recent research has suggested ASD may more accurately reflect a
dimensional disorder originating from difficulty and impairments at the extreme end of a
continuum across independent domains.** For example, ASD-related traits exhibit significant
heritability but express low levels of covariation,* even when examining those with the most
severe impairments.** Furthermore, genetic influences associated with individual traits further
supports fractionation of autism-related impairments because genetic modeling indicates that one
half to two thirds of the genes associated with variation in social symptoms of ASD are not
associated with nonsocial symptoms.*** Considering variation of ASD-related symptoms in the
normal population, the prevalence of non-overlapping genetic influences for individual cognitive
and behavioral outcomes, and largely multigenic susceptibility associated with diagnosis; ASD
does not appear to be due to a single underlying genetic cause. Multifactorial genetic influences

may independently contribute to specific behavioral outcomes in ASD; therefore, much attention

has been given to identifying neurodevelopmental trajectories and neuropathological outcomes



associated with the disorder. Unfortunately the identification of ASD-specific neuropathology
and/or biomarkers has proven difficult and is only beginning to be elucidated.

Investigations of cellular structure in individuals with ASD implicate widespread
microstructural neuronal abnormalities. In general, cellular abnormalities associated with ASD
include altered neuronal orientation, irregular laminar patterns, and altered neuronal density,
increased or decreased depending on the region being investigated.*® For example, individuals
with ASD exhibit reduced neuronal size and increased cellular density in the limbic system®’;
whereas investigations of the cerebellum report a decreased number of Purkinje cells.**>°
Abnormalities in cerebellar circuits are one of the most consistently reported neuropathological
perturbations in individuals with ASD; however more recent investigations have also noted
abnormal minicolumn structure in the frontal and temporal lobes, specifically more numerous,
smaller, less compact columnar organization.”' Microstructural abnormalities in neuronal circuit
structure in the frontal, temporal, and cerebellar cortices are implicated in the presentation of the
ASD phenotype; however a major limitation in the investigation of neuropathological outcomes
in ASD is the reliance on post-mortem brain samples. Post-mortem investigations typically have
limited sample sizes, due to lack of tissue availability. They also generally rely on samples from
older individuals whom died many years after neuropathological perturbations have occurred,
which may obscure neuropathological outcomes due to treatment-related and compensatory
mechanisms. To address these limitations recent investigations have utilized non-invasive in vivo
neuroimaging techniques.

Neuroimaging techniques such as magnetic resonance imaging (MRI) allow the
assessment of younger (living) individuals, larger samples, and most importantly the longitudinal

assessment of neuropathological and behavioral outcomes associated with ASD. Structural MRI



techniques, which allow differentiation between white matter, grey matter, and cerebrospinal
fluid, have identified morphological differences in the brain related to ASD. Abnormal brain
volume has been consistently reported in younger individuals with ASD, with those diagnosed
typically exhibiting significantly larger brains even after adjustment for body mass, 1Q, and
intra-cranial volume.”>>® Cerebral development throughout adolescence to adulthood is also
implicated such that following initial hyperplasia in individuals with ASD, patients typically
exhibit significantly reduced cerebral growth rates compared to unaffected individuals, such that
brain volumes are comparable to unaffected individuals by adulthood.’*>* The reported cerebral
enlargement and altered growth trajectories in ASD do not appear to be globally mediated as
regionally specific abnormalities have been reported that may underlie whole-brain volume
differences. The most consistently implicated cortical regions include those comprising the

53,54,57,60

frontal, temporal, parietal,”” >’ and cerebellar cortices with the occipital lobe remaining

largely unaffected.®’ Furthermore, there have also been selective alterations in volumes such as

36,5764 Wwithin the medial

decreased hippocampal volumes®*® but increased amygdala volumes
temporal lobe, suggesting regional specificity of alterations to neuronal circuits. Although some
inconsistencies exist across studies such as discrepant reports of frontal cortex’’ and amygdala
volumes,* the pattern of prefrontal, tempo-parietal, limbic, and cerebellum perturbations are
generally supported within the available literature.®’ These macrostructural investigations are
consistent with the previously reported microstructural findings of a distributed network of
abnormalities in ASD involving the frontal, temporal, and cerebellar cortices and cumulatively
this evidence suggests altered organization of neuronal networks in ASD. Due to the widespread

neuropathological abnormalities in ASD, investigations of neuropathological abnormalities have

largely shifted to understanding network-level effects on network organization. Neuronal cells



are regionally organized into distinct neuronal clusters® with short-range projections within
clusters and long-range projections between different regions of the brain. Neuronal projections
are organized into white matter tracts connecting regions in the brain. The widespread cellular
abnormalities in individuals with ASD across different regions in the brain and network
organization of neuronal clusters suggests that white matter tracts connecting these regions may
also be affected.

Diffusion tensor imaging (DTT) is an MRI technique that allows assessment of white
matter tracts in the brain. DTI measures water diffusion based on molecular interactions with the
surrounding environment, such as biological tissue, providing a means of characterizing white
matter tracts in the brain. Two of the primary outcome variables associated with DTI analysis are
fractional anisotropy (FA) and mean diffusivity (MD).®® An FA value reflects the directional
variation in molecular diffusion, such that smaller values reflect generally spherical isotropic
diffusion and larger values reflect highly directional diffusion along a specific axis. FA is
sensitive to microstructural differences in white matter, thus providing a measure of white matter
integrity. A MD value represents the average molecular motion independent of directionality and
provides an inverse measure of tissue density.

Typical patterns of healthy white matter tracts in the brain would present with high FA
values and low MD values. Whole-brain analysis of individuals with ASD have consistently
reported reduced FA®™® and increased MD®”"° compared to unaffected individuals, suggesting
microstructural white matter abnormalities. Some studies have reported discrepant findings such
as generally increased FA in individuals with ASD’""* but across the available literature reduced
FA and increased MD appears to be associated with ASD.” Perturbations in specific white

matter tracts appear to be driving these effects. The corpus callosum is the primary whiter matter



bundle connecting the contralateral hemispheres and typically exhibits reduced FA’*"” and
increased MD®”">"® in individuals with ASD, suggesting decreased interhemispheric
connectivity. The superior longitudinal fasciculus is the primary ipsilateral/within-heimsphere
white matter bundle and connects the prefrontal, parietal, posterior temporal, and occipital lobes.
The arcuate fasciculus is a bundle comprising a subsection of the superior longitudinal fasciculus
connecting the inferior parietal cortex/caudal temporal cortex to the inferior frontal cortex and
most notably connects language regions such as Broca’s and Wernicke’s areas. The superior
longitudinal fasciculus and arcuate fasciculus exhibit more heterogeneous findings in ASD such
that some report bilaterally decreased FA,””® whereas others report only right hemisphere
differences,*®®' left hemisphere differences,” or no differences in individuals with ASD
compared to unaffected individuals.*® These seemingly discrepant findings on the integrity of
white matter pathways connecting language-related regions in ASD may be partially due to the
heterogeneity within the ASD population at the behavioral level, which is especially relevant
when comparing individuals with ASD and Asperger disorder whom do not present with the
same delays in language. Overall, global inter-hemispheric white matter integrity in ASD seems
to be reduced with more heterogeneous effects in intrahemispheric white matter integrity,
depending on the individuals and white matter tracts being assessed. These findings suggest
abnormal neuronal circuitry in ASD, consistent with previous neuropathological reports from
post-mortem investigations, and further suggests altered structural connectivity between regions
in the brain as an underlying neuropathology in ASD.

Altered structural connectivity in the brain may affect functional utilization of distinct
neuronal clusters during cognitive processing causing atypical cognitive and behavioral

outcomes, such as those seen in ASD. The association between structural abnormalities and
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functional utilization in the brain appears to be highly dependent on network-level connections
and not solely due to direct connections between regions,* suggesting alterations in structural
connectivity affect coherence of functional networks in the brain. Optimized network coherence
in the brain is believed to rely on dense local connections between neighboring neuronal clusters
with additional long-range connections between distant clusters, which minimizes the metabolic
cost of information processing™ while still allowing efficient information transfer between
spatially distributed systems.® Thus, atypical white matter integrity in individuals with ASD
may alter neuronal network activation and organization in the brain and modify information
processing.

Neuronal activation in the brain can be assessed non-invasively with functional magnetic
resonance imaging (fMRI). fMRI measures a correlate of neuronal activation, the blood oxygen
level dependent (BOLD) response, and fluctuations in the BOLD response can be correlated
between regions in the brain, termed functional connectivity (FC),*’ allowing an assessment of
functional network coherence. Investigations into the development of functional networks in the
brain have suggested network maturation exhibits a general segregation of anatomical neighbors
with concurrent integration of more distant brain regions into functional networks.® Functional
network organization seems to be affected in ASD with initial investigations reporting general
global hypoconnectivity between neuronal clusters.”'*® These disturbances are present across a
widespread network within the brain as affected regions comprise the frontal, temporal, and
parietal lobes, consistent with previous structural neuropathological abnormalities in these
cortices and further demonstrating functional outcomes of these perturbations. However,
additional research into functional connectivity patterns in ASD has found more complex

outcomes in functional network organization and utilization than just global hypoconnectivity.
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Additional investigations have also reported local hyperconnectivity of neighboring regions.*-*

Although these findings may seem somewhat contradictory, these patterns of functional network
abnormalities suggest a shift in developmental maturation of functional network coherence in
ASD that warrants further investigation.”’

Previous studies have utilized both resting state and task-based fMRI designs to assess
functional connectivity in ASD. Resting state fMRI measures neuronal activation in the absence
of a cognitive processing task whereas task-based fMRI measures activation during the
performance of a cognitive processing task. Resting-state connectivity focuses on intrinsic
functional connectivity in the brain, which reflects spontaneous synchronous low-frequency
fluctuations between different regions. The default mode network (DMN) is of particular interest
in the study of resting state fMRI because the DMN is the primary network activated during
passive states” and dissociates from other networks during cognitive processing.”®*’
Investigations of resting state functional connectivity of the DMN in ASD generally report

global patterns of hypoconnectivity, %'

consistent with previous underconnectivity theories
of ASD. However, increased connectivity within the DMN network'®” and between the DMN
and visual and motor networks has also been reported.'® Additional discrepancies also exist
from investigations of task-based functional connectivity in ASD. Task-based fMRI primarily
focuses on activation-based functional connectivity in the brain or intrinsic functional
connectivity patterns during a specific cognitive processing task. An initial investigation of
sentence comprehension in individuals with ASD reported reduced connectivity between
language regions'”’, illustrating altered functional connectivity in regions underlying a specific

cognitive domain affected in the disorder and suggesting hypoconnectivity in ASD. Further

investigations of functional connectivity in individuals with ASD during cognitive processing in
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other domains have also exhibited alterations in functional connectivity of networks related to

symptom outcomes. Individuals with ASD exhibit reduced connectivity in networks underlying

95,109 110,111

. . 1 . . . 112
executive functioning,”"'*® language processing, working memory, mental imagery,

114,11 11
115 and motor control.!'® These

theory of mind,'" stimulus inhibition,”' visuomotor processing,
findings are also consistent with theories of general underconnectivity across cognitive domains
implicated in the core characteristics of ASD; however higher functional connectivity in ASD

has also been reported in networks associated with language and imitation,''” memory, ''®
emotional processing, ' and visuomotor processing. *° Connectivity was higher between

11 . . .
1 """ and temporal lobes ' and more spatially extensive across cortico-

regions within the fronta
thalamic '*° and bilateral networks. ''® Abnormal functional connectivity in individuals with
ASD may be more accurately reflected by hypoconnectivity of more distant network regions and
perhaps hyperconnectivity of anatomically neighboring regions. Additionally, altered functional
connectivity within networks coupled with more extensive networks can be conceptualized into a
neural systems framework to suggest reduced functional network integration and less network

segregation during neuronal network development. '*'

Overall, functional connectivity measures
provide a powerful tool for assessing domain-specific networks in the brain and implicate
abnormal functional organization and utilization of neuronal networks in ASD; however
additional research is necessary to develop more definitive theories of functional connectivity
patterns in ASD.

Investigations of functional connectivity in ASD have provided important information
regarding the association between specific cognitive and behavioral symptoms of the disorder

and network level processing in the brain; however due to the heterogeneity across patients with

ASD and methodological differences across studies,'** these techniques are not currently reliable
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as diagnostic markers. These techniques may be more applicable as patient stratification and
treatment markers providing a means of identifying subjects expressing abnormal function
within specific networks or allowing the ability to track treatment-related changes in network
coherence. Within-subject designs can account for more patient heterogeneity when assessing
treatment outcomes as well as account for some methodological concerns because patients and
processing techniques remain constant across time points. Additionally, focusing on treatment-
related changes in functional connectivity in ASD will help researchers determine the clinical
utility of these techniques. If differences in functional connectivity are clinically relevant to the
study of ASD then treatment paradigms that improve symptom outcomes of the disorder should
also modulate connectivity patterns in patients benefiting from treatment. Therefore, we propose
that individuals with ASD will express abnormal functional connectivity in networks underlying
cognitive processing domains associated with the disorder and that treatment paradigms that
benefit core symptoms of the disorder should modulate functional connectivity within these
networks. Beta-adrenergic antagonism, such as that resulting from the administration of
propranolol, may benefit individuals with ASD by reducing aggressiveness and improving
language and communication abilities.'*> Propranolol has been shown to alter functional
connectivity in language regions in individuals with ASD124; however these propranolol-
meditated benefits may also be associated with changes in coherence of other functional
networks.

There are also additional considerations for functional connectivity investigations in ASD.
Functional connectivity research in ASD has primarily investigated the relationship between
cortical and subcortical networks with cognitive and behavioral domains associated with

symptom outcomes of the disorder; however the cerebellum has largely been ignored in these
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investigations. As previously reported, the cerebellum consistently expresses neuropathological
outcomes associated with ASD. The cerebellum is interconnected via feedback loops to the
neocortex and thus has some regulatory control of cortical and subcortical neuronal circuits.
Although traditionally thought to be exclusively involved with motor control, imaging and lesion

studies have implicated the cerebellum in higher-order cognitive domains as well. Patients with

cerebellar lesions or atrophy exhibit deficits in general intelligence, verbal learning,'**'*®

127,128 126,130

language, executive functioning memory,' > visuospatial planning, and modulation of

affect.'”® Neuroimaging studies have also reported that the cerebellum is activated during

131-135 135-137 135,138,139

language processing, visuospatial processing, emotional processing, working

memory, >>'**'*! and executive functioning.'**'* The cerebellum is believed to play an
important role in cognitive functions such as attention, language, working memory, and sensory
integration in addition to motor control. Due to the multiple efferent/afferent projections between
the cerebellum and motor control and cognitive regions of the brain, and the consistent reports of
cerebellar perturbations in ASD; cerebellar alterations may underlie some of the core aspects of
ASD symptomatology. We propose that cerebellar abnormalities may influence functional
networks underlying cognitive processing domains in individuals with ASD and that these
influences are related to symptom presentation of the disorder. Furthermore, altered functional
network coherence in ASD may be due to an altered balance of excitation to inhibition (E/I) in

144145 which is largely defined by glutamate and GABA signaling. Reduced Purkinje

the brain,
cell output in individuals with ASD may alter the E/I balance in the cerebellum causing

abnormal functional relationships with cortical and subcortical networks during cognitive

processing.
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Summary

ASD is a behaviorally defined neurodevelopmental disorder characterized by
impairments in social communication and the presentation of stereotyped interests and repetitive
behaviors early in life. Symptom presentation and severity are highly variable, and current
estimates suggest approximately 1 in 68 children in the United States meet diagnostic criteria for
ASD. Genetic susceptibility appears to play a major role in the development of ASD-related
symptoms and the majority of these genetic contributions involve genes associated with neuronal
development and signaling mechanisms. There have been no reports of gross brain abnormalities
associated with the disorder; however, investigations of underlying neuropathology have
implicated widespread microstructural and macrostructural abnormalities across the frontal,
temporal, parietal, and cerebellar cortices, suggesting abnormal circuit formation within local
neuronal clusters and altered long range projections between clusters. Functional MRI techniques
have been utilized to assess the functional outcomes of these abnormalities, and individuals with
ASD exhibit general patterns of reduced functional network integration and less functional
segregation between networks. Overall, genetic susceptibility for perturbed neuronal
development appears to affect neuronal migration and network organization in the brain causing
abnormal functional utilization of networks underlying specific cognitive and behavioral
processing domains associated with the disorder.

The proposed investigations outlined in this manuscript will apply MRI techniques to
assess functional connectivity in individuals with ASD and unaffected individuals to assess the
relationship between perturbations of functional networks with behavioral and cognitive
outcomes. FMRI and connectivity analyses will be applied to a group of participants following

beta-adrenergic antagonism in order to assess alterations in functional connectivity in response to



16

treatment. FMRI and additional MRI techniques that can assess glutamate and GABA levels will
also be applied to a separate group of participants with the goal of measuring cerebellar
influences on network dynamics in the brain. The proposed research will allow an assessment of
the potential clinical utility of measurements of functional connectivity in individuals with ASD
as well as allow a better understanding of the neuropathological effects of cerebellar

abnormalities on functional neocortical networks.
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CHAPTER 2:
PHARMACOLOGICAL MODULATION OF NETWORK COHERENCE

Beta-adrenergic antagonism and ASD

Current pharmacological treatments for ASD affect multiple mechanistic pathways, are
primarily directed at managing secondary manifestations,'** and may cause substantial side
effects in patients. The underlying neuropathology and effects on neuronal activity in ASD are
still being elucidated, which makes mechanistically driven pharmacological intervention difficult.
The only currently FDA-approved medications for ASD are risperidone, aripiprazole, and
antipsychotics. Risperidone is an atypical antipsychotic that acts as a dopamine and serotonin
antagonist as well as a partial alpha-adrenergic antagonist and histamine inverse agonist.
Aripiprazole is also an atypical antipsychotic but acts as a partial dopamine and serotonin agonist
at some receptor subtypes and a dopamine and serotonin antagonist at other receptor subtypes,
with antagonist effects on beta- and alpha- adrenergic and histamine receptors. Antipsychotics
have widespread effects in the central nervous system making the exact mechanisms of action on
individual outcomes largely unknown. For patients with ASD, antipsychotics are primarily
prescribed to treat aberrant behaviors, generally reducing aggression, self-injurious behaviors,
and rapid mood changes'*”"'*®; however, antipsychotics do not affect core symptoms of the
disorder. Additionally, antipsychotics can have moderate to severe side effects such as weight
gain, diabetes mellitus, dyslipidemia, myocarditis, anxiety, insomnia, gastrointenstinal
dysfunction, and even cardiac death in elderly individuals.'**""*° Patients with ASD also express
higher rates of anxiety,"”' insomnia,'** and gastrointestinal dysfunction'> and these issues could

be exacerbated with antipsychotic medications.
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Pharmacological agents affecting distinct mechanistic pathways have been investigated in
the treatment of ASD but there is currently no pharmacological intervention for the core
symptoms of the disorder. Selective serotonin reuptake inhibitors (SSRI) have exhibited
beneficial effects in individuals with ASD such as reduced aggression, anxiety, affective
reactions, and repetitive thoughts and behavior. Some patients even exhibited improved language
and social behaviors; however, these effects varied across small open-label trials and case
series.'”*!'>> Double-blind, placebo-controlled studies primarily assessed repetitive thoughts and
behaviors and reported some improvement,'*®"*” but these effects were not replicated in a large-
scale placebo controlled trial.">® The most robust effect of SSRIs in individuals with ASD was
reduced anxiety. SSRIs may also be able to reduce repetitive thoughts and behaviors in some
individuals with ASD but these effects were inconsistent within larger placebo-controlled trials.

Glutamatergic and GABAergic agents have also been investigated and exhibited
beneficial effects in patients with ASD for hyperactivity, irritability, and inappropriate speech as
well as some reported effects on socialization; however these effects also varied across open-
label trials and case series'™'*° A double-blind, placebo-controlled study found that memantine
(‘an NMDA receptor antagonist) decreased irritability, stereotypic behaviors, and hyperactivity
but this was in the context of being used as an adjunctive treatment to risperidone'®'; whereas a
double-blind, placebo controlled study of lamotrigine (an antiepileptic drug that is thought to
inhibit glutamate release) reported no treatment benefits in individuals with ASD.'** A double-
blind, placebo controlled trial of bumetanide (a diuretic that reinforces GABAergic inhibition)
reduced global ASD symptom severity, which was mostly driven by diminished restricted
interests and stereotypical behaviors.'® Large-scale placebo controlled trials have either failed to

replicate these results'® or are still ongoing. The most robust effects from
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glutamatergic/GABAergic agents were reduced irritability and hyperactivity in individuals with
ASD.'!

Oxytocin is a neuropeptide that mediates complex social behaviors such as attachment
and social recognition.'®> Oxytocin exhibits beneficial effects in social cognition'®® and affect in
individuals with ASD'® as well as a potential reduction in repetitive behaviors in small-scale,
double-blind, placebo-controlled trials.'®® However, these effects also vary across trials with

reports of no clinical efficacy for some patients with ASD,'®’

and large-scale trials are necessary
to better assess the effects of this type of intervention.

In summary, pharmacological intervention in ASD can benefit certain symptom
presentations in some individuals but there is currently no pharmacological treatment across the
core symptoms of the disorder. Antipsychotic medications can reduce aberrant behaviors but are
often accompanied by side effects. Serotonergic medications can reduce anxiety-related
symptoms and perhaps some repetitive thoughts and behaviors. Glutamatergic/GABAergic
medications can reduce hyperactivity and irritability. However, the latter two types of treatments
do not consistently mitigate core social and language impairments. Oxytocin may reduce social
impairments but not those in the communication and language domains. There is currently no
pharmacological intervention for the core symptoms of ASD, especially for language and
communication domains.

Noradrenergic system in ASD

A pharmacological intervention with clinical efficacy for the core symptoms of ASD has

yet to be discovered but there are additional mechanisms of action that warrant further

investigation. Norepinephrine (NE), or noradrenaline, is a monoamine and the primary

neurotransmitter released by the sympathetic nervous system, which initiates the stress response.
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The noradrenergic system may be affected in individuals with ASD. Individuals with ASD

1170172 173,174

exhibit heightened sympathetic nervous system arousa and stress reactivity compared
to unaffected individuals. Peripheral levels of NE and stress hormones released following NE
signaling may be upregulated in individuals with ASD'"*!'""; 175176 however some investigations
have reported no differences in NE compared to controls and suggested previous results may
have been due to a heightened stress reaction to sample collection.'”” ASD is also commonly
accompanied by comorbid diagnoses such as ADHD" and anxiety"' and secondary symptoms
such as autonomic nervous system dysfunction,'”” which also implicate the noradrenergic system.
Dysfunction of the noradrenergic system impacts cognitive and affective processing and has

been implicated in disorders such as attention deficit hyperactivity disorder (ADHD),'"

anxiety,
and post-traumatic stress disorder.'”’ The noradrenergic system may also be related to
hypersensitivities often reported in patients with ASD such that top-down attentional processes,
which are modulated by the NE, are thought to underlie some aspects of hypersensitivity to
environmental stimuli.'®® Although a definitive noradrenergic mechanism has not been
established in ASD, these associated disturbances suggest that modulation of the noradrenergic
system may provide clinical benefit for some individuals.

Pharmacological interventions directly affecting the noradrenergic system can target
alpha- or beta- adrenergic receptors. Double-blind, placebo-controlled studies of clonidine and
guanfacine, primarily a/pha 2-adrenergic agonists which inhibit NE release, have reported

181,182

diminished irritability and hyperactivity as well as modest social and affective

improvements in individuals with ASD.'®

However, drowsiness was often reported following
treatment and language and communication domains were unaffected. An initial open trial of

beta-adrenergic antagonists in individuals with ASD reported diminished aggressiveness along
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with some improvement in speech and socialization abilities,'> suggesting potential beneficial
effects in some of the core domains. Most importantly, befa-adrenergic antagonism improved
domains not currently addressed by other pharmacological interventions. The beta-adrenergic
antagonist propranolol has been further investigated in pilot trials of individuals with ASD.
Propranolol is a lipophilic non-selective beta-adrenergic antagonist. In a series of double-blind,
placebo-controlled, single-dose studies, individuals with ASD exhibited significantly lower
response latencies during verbal problem solving (i.e. anagrams),'®* increased performance for
semantic fluency (i.e. number of items generated in response to a categorical cue),'® and
decreased error rates on a working memory task'* following propranolol administration
compared to placebo. Additionally, individuals with ASD exhibited improved social
reciprocity.'®’ Beta-adrenergic antagonism may benefit individuals with ASD by reducing
aggressiveness and potentially improving speech, language, associative processing, and working
memory abilities; however large-scale clinical trials are necessary to determine the clinical
efficacy of this type of intervention across the ASD population.

Beta-adrenergic antagonism in the peripheral nervous system (PNS) leads to lower blood
pressure and heart rate.'™ In the central nervous system (CNS), it affects initiation and
maintenance of functional network coherence,'® (i.e. coordinated functional utilization of

0 NE release is

distinct neuronal clusters) which is modulated by noradrenergic activity.
mediated by the locus coeruleus (LC); which is located in the rostral pons. Alpha 1- and beta-
adrenergic receptor binding in the central nervous system typically hyperpolarizes cells causing

neuronal activation following NE release from the LC.1oh12

The locus coeruleus-norepinephrine
(LC-NE) system initiates and maintains neuronal states appropriate for the acquisition of sensory

information and modulates processing of salient information via sensory, memory, attentional,
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and motor processes.' > The LC has projections throughout the neocortex and considering NE
effects on cognitive processing has particularly salient connections to the basal forebrain and
medial temporal lobe.'*® During typical cognitive processing states, the LC-NE responds
phasically to task-relevant stimuli primarily from prefrontal cortex regulation of attentional
networks.'* Arousal causes the LC-NE to shift to tonic firing, which is associated with
distractibility and hypervigilance. This shift impairs attentional control in favor of re-orientation

194195 and alters activity patterns within networks underlying cognitive

to environmental stimuli
processing.'”® Therefore, changes in LC-NE output may modulate networks underlying cognitive
processing tasks in favor of networks that prompt environmental adaptation. For example,
cognitive flexibility (not including set-shifting) represents the ability to inhibit a dominant
response and examine remote alternatives that may produce an optimal solution. The ability to
examine these remote alternatives is theorized to be dependent on flexible network access in the
brain, which may be due to alterations in signal-to-noise with and between neuronal networks.
7198 Upregulation of the LC-NE via stress induction or pharmacological modulation decreases
performance on cognitive flexibility tasks whereas beta-adrenergic antagonism improves

199,200

performance, and these effects are especially robust for individuals experiencing difficulty

21 Thus, states of hyperarousal or instances of LC-NE dysfunction may limit

with the problem.
access to networks underlying certain information processing domains in favor of greater
adaptation to the environment, which affects cognitive processing.

Beta-adrenergic antagonism appears to mitigate some of the effects of increased LC-NE
output on the brain. An fMRI investigation found that exposure to an acute stressor (aimed at

upregulating the LC-NE) increased activation and functional connectivity between regions

associated with stimulus salience and sensory and attentional re-orienting, and increased
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connectivity within these networks was significantly associated with response to stress.?”
Propranolol administration significantly reduced this increase in connectivity,”** suggesting that
beta-adrenergic antagonism can reduce the upregulation of salience and re-orienting networks
during instances of increased LC-NE activation. Additionally, an fMRI investigation of
individuals with ASD reported that beta-adrenergic antagonism increased functional
connectivity in regions involved with associative and language processing.124 Functional
connectivity of regions activated during phonological associative processing (i.e. rhyming)
was significantly higher during propranolol administration compared to nadolol, a
hydrophilic beta-adrenergic antagonist that cannot pass through the blood brain barrier
and thereby controlling for general cardiovascular effects.124 Beta-adrenergic antagonism
can increase network access in domain relevant networks in individuals with ASD during
cognitive processing, suggesting a link between the previously outlined behavioral benefits
of propranolol in individuals with ASD and coherence of network underlying cognitive
processing. Our goal with this investigation is to further examine beta-adrenergic effects on
functional networks in the brain in individuals with ASD and compare these to unaffected
individuals. Specific aims include:

Aim 1: Utilize resting-state fMRI to assess baseline changes in network coherence in
individuals with and without ASD during beta-adrenergic antagonism. This investigation
will allow us to determine if beta-adrenergic antagonism affects network coherence and if
any of the changes are specific to ASD.

Aim 2: Utilize task-based fMRI to assess changes in network coherence during
cognitive processing in individuals with and without ASD during beta-adrenergic

antagonism and assess how these changes relate to language-based associative processing
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performance. This investigation will allow us to determine if changes in network coherence

are associated with cognitive and behavioral improvements in individuals with ASD.
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RESTING STATE fMRI

Resting state fMRI assesses the BOLD response while individuals have their eyes closed
or are passively viewing a basic fixation cross, i.e. with a lack of stimulus or specific cognitive
processing task. Resting state fMRI allows an assessment of intrinsic functional connectivity
when correlations in the BOLD response between regions of interest are calculated. The default
mode network (DMN) is of particular interest in the study of resting state fMRI because the
DMN is the primary network activated during passive states’® and dissociates from other
networks during cognitive processing tasks.”®” Activation of the DMN in the absence of an
overt cognitive processing task does not simply reflect an idle brain state. The DMN is involved
with internal mentation such as constructing self-relevant decisions, mental imagery, and future-
oriented thought.”” Due to a role in internal mentation, the DMN has received considerable
attention in its contribution to dysfunction in psychiatric disorders,””* such as ASD. The DMN is
relevant in the study of network coherence in ASD because the regions comprising the DMN are

204,205
d,

involved with social cognition and Theory of Min which are affected in the disorder.?

Investigations of resting state functional connectivity of the DMN in ASD generally

report global patterns of hypoconnectivity, %1%

consistent with previous underconnectivity
theories of ASD. However, increased connectivity within the DMN network'®” and between the
DMN and visual and motor networks has also been reported.'’ The DMN is comprised of
multiple subnetworks including a midline core, a dorsal medial prefrontal cortex (IMPFC)
subnetwork, and a medial temporal lobe (MTL) subnetwork.’’ The MTL subnetwork is
preferentially activated during self-referential prospective thought and mental imagery, and the

dMPEFC is preferentially activated during self- and other- mental state inference, suggesting a

role in social cognition. The midline core is activated during internal mentation associated with
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both the MTL and dMPFC subnetworks as well as evaluation of personal significance.”’’
Hyperconnectivity within the DMN in individuals with ASD was reported specifically within the
MTL subnetwork and between regions across DMN subnetworks,'*® suggesting less segregation
between subnetworks of the DMN and a potential bias towards MTL-based processing. Overall,
DMN coherence appears to be affected in ASD with general hypoconnectivity across the DMN
but potentially hyperconnectivity with MTL regions and less segregation between the DMN and
other functional networks in the brain.

Previous research into pharmacological modulation of network coherence in ASD
has shown that beta-adrenergic antagonism can increase functional connectivity during
associative processing124 in regions associated with lexical, semantic, and associative
networks.'”” Although a definitive noradrenergic mechanism has not been established,

individuals with ASD exhibit heightened sympathetic nervous system arousal,'’*"'"* stress

173,174 175,176

reactivity, and peripheral levels of NE and stress hormones, suggesting that
modulation of the noradrenergic system may provide some clinical benefit. Beta-adrenergic
antagonist trials in individuals with ASD have reported diminished aggressiveness, '** verbal
problem solving,'** semantic fluency,'® working memory,'*® and social reciprocity.'® The
widespread effects of beta-adrenergic antagonism on cognitive processing in individuals with
ASD indicate that networks underlying other cognitive domains may also be altered following
pharmacological intervention. Given that the DMN is involved in social cognition, network
coherence of the DMN is affected in ASD, and beta-adrenergic antagonism modulates FC, we

proposed that beta-adrenergic antagonism could modulate network coherence of the DMN in

individuals with ASD.
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The purpose of this study was to assess the effects of beta-adrenergic antagonism on
resting-state network coherence in ASD. ASD and matched controls were administered
propranolol, a CNS and PNS beta-adrenergic antagonist, nadolol, a PNS only beta-adrenergic
antagonist, and placebo across three separate within-subject conditions. Nadolol served as a
control for the PNS effects of beta-adrenergic antagonism because it does not cross the blood-
brain barrier yet yields identical peripheral physiological effects as propranolol. To assess the
PNS effects of beta-adrenergic antagonism, heart rate and blood pressure were measured. To
assess the CNS effects of beta-adrenergic antagonism, resting-state fMRI data were acquired.
Functional network coherence of cortical and subcortical networks was assessed within drug
conditions and between ASD and control groups, with particular emphasis on the DMN due to
the reported alterations in network coherence in individuals with ASD and its purported role in
social cognition. Graph theory techniques were utilized because graph theory provides a data-
driven assessment of network coherence that allows evaluation of different aspects of network
topology.”*®

Based on previous reports of hypoconnectivity of the DMN, we hypothesized that
individuals with ASD would exhibit significantly lower functional connectivity in the entire
DMN and dMPFC subnetwork at baseline; however, the MTL subnetwork may exhibit
hyperconnectivity due to increased connectivity between MTL and midline core regions.
Following propranolol administration, we hypothesized that individuals with ASD would exhibit
significantly higher functional connectivity in the DMN compared to nadolol and placebo, due to
diminished LC-NE effects, and that these changes would be greater in individuals with ASD than
controls. We also hypothesized that individuals with the lowest functional connectivity estimates

at baseline would show the largest changes in functional connectivity following propranolol
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administration because LC-NE activation modulates network access and beta-adrenergic
antagonism may mitigate these effects in individuals with ASD and allow greater functional
integration of the DMN.

Methods

PARTICIPANTS

Fifteen individuals with ASD, confirmed from clinical report and the Autism Diagnostic
Interview-Revised,”” with a full-scale IQ (FSIQ) of at least 80 and aged between 15 and 35
years were recruited from the University of Missouri Thompson Center for Autism and
Neurodevelopmental Disorders. Fifteen gender, age, FSIQ and handedness matched controls
without any previous major medical or psychiatric diagnoses were recruited from the
surrounding community. All participants were interviewed by a physician ensuring drug
administration safety and that enrollment criteria were met. [Q was estimated with the Wechsler
Abbreviated Scale of Intelligence.”’® Demographic information (e.g. ethnicity, years of education,
and socio-economic status) were collected with questionnaires. All participants were consented
in accordance with the University of Missouri Health Sciences Institutional Review Board.

ENROLLMENT CRITERIA

Inclusion criteria included: 1) an ASD diagnosis confirmed from clinical report and the
Autism Diagnostic Interview-Revised”” and no previous major medical or psychiatric diagnoses,
2) between 15 and 35 years old, and 3) a minimum low average IQ of 80. Exclusion criteria
included: 1) a history of hypersensitivity or adverse reactions to beta-adrenergic antagonists, 2)
diabetes, 3) a current diagnosis of reactive airway or pulmonary disease, 4) thyroid disease, 5)

bradyarrhythmia, 6) narrow angle glaucoma, 5) schizophrenia, 6) major depression, 7) bipolar



29

disorder, 8) non-ASD related learning disability, 9) previous major head trauma, or 10)
pregnancy.

Control participants were also interviewed by a clinician experienced in
neurodevelopmental disorders to confirm no current or previous history of neurodevelopmental
diagnoses. Participant medications were also screened. Control participants were not enrolled if
currently or regularly taking any psychoactive medications. ASD participants prescribed
medication commonly used to treat ADHD, including but not limited to Ritalin, Adderall,
Clonidine, Focalin, Methylin, Concerta, or Strattera, were advised that these medications could
not be used within 24 hours of participation. Before altering medication regimes, participants
were required to consult with a personal physician and obtain written verification of the ability to
safely withhold medication.

DRUG ADMINISTRATION

Participants attended three sessions counterbalanced for drug order separated by at least
24 hours in which propranolol, nadolol, or placebo were administered orally in a blinded manner.
A dose of 40 mg propranolol was administered because this dose was previously shown to be
sufficient to benefit cognitive flexibility for those struggling to complete difficult
problems.2%1 A dose of 50 mg nadolol was administered because it does not cross the
blood-brain barrier and yields identical heart rate and blood pressure changes as 40 mg
propranolol.”'' Drug administration was followed by wait times for peak effects: 60, 90 or 120
minutes for propranolol, placebo and nadolol, respectively.

Heart rate, blood pressure, and self-report anxiety, as assessed by the Beck Anxiety

212

Inventory (BAI),” © were measured before drug administration, at peak effects, and following

testing. Difference scores between baseline and each subsequent time point were computed for
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further analysis. Researchers were blinded during data processing to participant diagnostic group
and treatment condition.

MRI ACQUISITION

Following the proper wait time for peak drug effects, MRI was carried out at the Brain
Imaging Center of the University of Missouri, Department of Psychological Sciences utilizing a
Siemens 3T Trio scanner (Siemens, Malvern, PA). Structural T1-weighted images were acquired
for anatomical localization (TR=1920 ms, TE=2.9 ms, Flip Angle=9 degrees, 1 mm’ resolution)
and functional T2*-weighted images were acquired for BOLD activation (TR=2200 ms, TE=30
ms, Flip Angle=90 degrees, 35 ACPC-aligned slices at 4 mm”) during 5 minutes of passive rest
in which the participant viewed a blank screen with a cross-hair fixation point.

MRI PREPROCESSING

Preprocessing of fMRI data consisted of slice timing correction, rigid body realignment,
intensity normalization, brain extraction and registration to the structural T1-weighted image
with the FMRIB Software Library (FSL).*"**'* To account for spurious fluctuations in the BOLD

215
1,

signal,”  translation and rotation parameters (X, y, z, pitch, roll, and yaw) from realignment were

combined with average BOLD signals from the whole brain, ventricles and white matter and
their temporal derivatives and regressed out of the timeseries data with the REST toolkit.*'®
Temporal band-pass filtering (0.01 < { < 0.08 Hz) was also applied to reduce the effects of low-
frequency drift and high-frequency noise and focus the analysis on intrinsic fluctuations.”'’
FMRI data were then conservatively motion corrected as motion can substantially influence
functional connectivity analyses.”'®*'* BOLD acquisitions were scrubbed for excess motion and

signal intensity using in-house MATLAB programs (The Mathworks, Inc., Natick, MA). Any

acquisitions that exceeded 2 standard deviations from the within-subject within-run mean for any
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translation, rotation, or intensity parameter or exceeded motion of more than 2 mm in any
direction were removed.

220,221 .
0.221 and inverse

Structural T1-weighted images were registered to the MNI atlas
matrices were generated for each subject for each session. Standard space regions of interest
(ROIs) from the Automated Anatomical Labeling method *** were converted to each
participant’s native space and timeseries were averaged from all voxels within each ROI. The
AAL template includes 45 ROIs from the cerebrum and 9 from the cerebellum in each
hemisphere and an additional 8 ROIs from the cerebellum along the vermal midline, totaling 116
separate brain regions. Regions comprising the DMN, as defined by Andrews-Hanna, et al.,”*’
were localized within AAL ROIs and included: the midline core, consisting of the anterior
medial prefrontal cortex (aMPFC) and posterior cingulate cortex (PCC), (2) the IMPFC
subnetwork, consisting of the dorsal medial prefrontal cortex (AIMPFC), temporal parietal
junction (TPJ), lateral temporal cortex (LTC) and temporal pole (TempP), and (3) the MTL
subnetwork, consisting of the ventral medial prefrontal cortex (VMPFC), posterior inferior
parietal lobule (pIPL), retrosplenial cortex (RsP), parahippocampal cortex (PHC) and
hippocampal formation (HF), Figure 1. The midline core regions were included in both the
dMPFC and MTL subnetworks for further analyses due the robust connectivity between the
midline core and each DMN subnetwork.

To account for covariance and allow for assessment of unique functional connectivity,
partial correlation matrices containing all possible ROI pairs were generated for each participant

and each condition. Fischer’s r-to-z transformations were then applied to standardize the data,

and self- and negative correlations were set to zero. Negative correlations were removed from
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Figure 1 Default Mode Network structure. (A) Regions comprising the default mode
network (DMN), as defined by Andrews-Hanna et al. 223. The midline core (light grey)
and dMPFC (dark grey) and MTL (black) subnetworks are displayed. (B) Connections
within subnetworks of the DMN are displayed for the left hemisphere. Images were
generated with BrainNet Viewer 224,

A
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further analysis because false negative correlations may be introduced by removal of the whole
brain signal during preprocessing.”*>**°

NETWORK COHERENCE ANALYSIS

Network coherence analyses were conducted utilizing data-driven graph theory
techniques to assess properties of the whole-brain and sub- networks. A graph is a mathematical
representation of a network and consists of a set of nodes, ROIs, and a set of edges, connections
between nodes. Graph theory has been applied previously to assess networks in the brain and
allows comparison between normal and pathological states.””” Most importantly, graph theory
allows a comprehensive assessment of different aspects of network coherence expanding on
previous functional connectivity investigations between specific neuronal clusters.””® Graph
metrics, Table 1, were calculated for the whole-brain and DMN using the Brain Connectivity
Toolbox.”*® Clustering coefficient measures the likelihood of connections between regions
connected to a common region, and local efficiency measures the average efficiency of
information exchange of clusters within the network, representing local processing.
Characteristic path length measures the average shortest number connections between
regions and global efficiency measures the efficiency of information exchange across the
network, representing global processing. Therefore these additional measures provide assessment
of global vs. local processing within networks of interest. Abnormal functional connectivity in
individuals with ASD typically presents patterns of global hypoconnectivity but some
hyperconnectivity of anatomically neighboring regions.”* We hypothesized that individuals with
ASD would exhibit increased local processing and decreased global processing at baseline and

that propranolol administration would increase global processing within the DMN.
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Table 1 Definitions of graph metrics. Description of graph metrics computed to
assess network coherence.

Graph Metrics |Analysis Level and Interpretation
Functional |(FC)
Connectivity |The average weight of connections
Clustering ©
Coefficient The fra.ctlon of a node’s neighbors, connected by edges, that are
also neighbors
Characteristic ®
Path Length The average shortest number of edges, connections, between
nodes
(Eglobal)
Global
Efficiency of information exchange across the network
Efficiency
(Elocal)
Local The average efficiency of information exchange in clusters within
Efficiency the network

Standardized partial correlation matrices were first analyzed at a whole-brain or global

level, and graph metrics were generated to characterize network coherence across all regions
within the brain and those comprising the bilateral DMN. Before graph metrics were calculated

the matrices were thresholded to control for sparsity of the network (i.e. number of connections)
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because graph theory techniques are most applicable to sparse graphs and differences in sparsity
between groups and drug conditions may obscure the interpretation of differences across
metrics.””’ For example if an individual exhibited a greater number of low magnitude
connections between regions of interest simply due to individual differences in network topology
but expressed the same high magnitude connections representing underlying functional network
structure, a difference in clustering may be due to the low magnitude connections in the network
and not represent meaningful differences in network coherence. Therefore, global matrices were
thresholded based on cost (k; the number of actual connections in the network) at the minimum
cost value across all participants, k~=0.49. We chose this value because it standardized sparsity
across participants while still allowing the greatest number of potential connections of interest to
be represented in our analyses. Additionally, individual standardized thresholds have not yet
been identified that provide meaningful cut-offs within this network approach. We limited our
threshold to a single value to control for potential Type 1 error within our analyses. Relevant
subnetwork graph metrics were also generated for lateralized dIMPFC and MTL subnetworks to
determine if lateralization or domain-specific differences existed across groups and drug
conditions. Unthresholded weighted matrices were used to calculate graph metrics at the DMN
subnetwork level because we were assessing small networks with a priori structure, which did
not exhibit enough connections for graph metric calculations when thresholded. Clustering
coefficients and characteristic path lengths were not examined because these metrics would be
largely redundant with measures of global and local efficiency at this level.

STATISTICAL ANALYSES

One ASD participant was unable to complete the study due to an adverse reaction to the

imaging environment and one additional ASD participant was removed following motion
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correction. These subjects’ matched controls were subsequently removed and statistical analyses
were conducted on 13 individuals with ASD and 13 matched controls. Analyses mainly consisted
of a (multivariate) analysis of variance (M)ANOV A approach with an additional y? (chi-squared)
for categorical variables. Analyses included 1) a one-way ANOVA between groups for
continuous demographic variables (age, 1Q, and years of education) and a x? (chi-squared) for
categorical demographic variables (gender, ethnicity, handedness, and family income), 2) a 2 X 3
repeated measures MANOVA between diagnostic groups and within drug conditions for
difference from baseline to peak effect and ending time points for cardiovascular and anxiety
measures (heart rate, blood pressure (systolic and diastolic), and BAI), 3) a set of two (one for
the whole brain and one for the bilateral DMN) 2 X 3 repeated measures MANOV As between
groups and within drug conditions for global level graph metrics (C, L, Eglobal, Elocal, FC), and
4) a set of four (the right and left lateralized dMPFC and MTL subnetworks) 2 X 3 repeated
measures MANOV As between groups and within drug conditions for DMN level graph metrics
(Eglobal, Elocal, FC). One-sample t-tests were also utilized to assess if the change in
cardiovascular measures from baseline to peak effect were significant within each drug condition.

Analyses were carried out with IBM SPSS Statistics Software.”" Due to the small sample
size and pilot nature of this investigation, correction for multiple comparisons was only
completed across drug conditions, which may increase Type I error but will allow hypothesis
generation for future investigations. Follow-up paired samples t-tests or independent samples t-
tests were conducted when significance was indicated at the univariate level, and correction for
multiple comparisons was completed across drug conditions by controlling for the false

231

discovery rate (FDR).”" Significance following FDR correction is indicated (*).
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Table 2 Demographic and diagnostic information for participants undergoing
beta-adrenergic antagonism. Data represents average scores +/- standard
deviation or number of subjects within each categorical group. Categorical groups
include males and females (M/F), white, black, Hispanic and other (W/B/H/0), right
and left (R/L), and most frequently reported income bracket (mode).

ASD CTRL Statistics p
Demographics (n=13) (n=13)

Age (years) 22.21+/-4.16 22.86 +/-2.68 F(1,24)=0.23 0.64
Gender (M/F) 11/2 11/2 x**23=0.00 1.00
Race (W/B/H/0) 10/1/1/1 10/1/0/2 x%(3)=1.33 0.74
Handedness (R/L) 10/3 11/2 x*2=0.25 0.62
Education (years) 13.46 +/- 2.85 15.23 +/- 2.45 F(1,24)=2.88 0.10
Family Income (mode)  $25,000-$34,999 $50,000-$74,999 x*(5)=7.52 0.19
Intelligence Quotients

VIiQ 105.31 +/-13.71 114.08 +/- 8.50 F(1,24)=3.84 0.06

PIQ 103.77 +/-15.71  105.69 +/-12.20 F(1,24)=0.13 0.73

FSIQ 105.46 +/-14.30 111.08 +/-10.00 F(1,24)=1.35 0.26

Diagnostics (cutoff)

ADI Social **® 19.85 +/- 4.39 -
ADI Communication (8) 12.76 +/- 3.92 -
ADI Non-verbal (7) 7.33 +/-2.90 -
ADI Abnormality 22 2.92 +/-0.86 -
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Results

PARTICIPANTS

The ASD and control groups did not significantly differ in age, IQ, or years of education,
p>0.05, nor gender, ethnicity, handedness or family income, p>0.05, Table 2. VIQ approached
significance, p=0.06, which was primarily due to matching participants based on FSIQ. One
ASD participant’s 1Q was low average, which is difficult to match without introducing additional
confounds. This participant was matched to a control participant within the average 1Q range.

CARDIOVASCULAR AND ANXIETY MEASURES

Cardiovascular and anxiety measure difference scores significantly changed within-
subject across drug conditions, driven by heart rate changing from baseline to the peak drug
effect time point, F(2,48)=7.00, p=0.002. Heart rate significantly decreased during placebo (M=-
7.85 BPM), t(25)=4.447, p<0.001*, nadolol (M=-16.8 BPM), t(25)=7.191, p<0.001*, and
propranolol administration (M=-12.54 BPM), t(25)=5.724, p<0.001, but decreased significantly
more during nadolol compared to placebo, t(25)=3.70, p=0.001*, and exhibited a trend towards a
greater reduction during propranolol compared to placebo, t(25)=1.866, p=0.074. Decreased
heart rate during placebo was most likely due to the period of quiet rest used to control for wait
time effects and the greater reduction following beta-adrenergic antagonism indicated a
significant drug effect on the PNS across participants, Figure 2. Self-reported anxiety did not
differ across drug conditions or diagnostic groups, p>0.05. The absence of drug-related changes
in anxiety measures may be due to insufficient self-report sensitivity within the time domain of
assessment, general lack of agreement between physiological and self-report measures of

anxiety,”” and difficulty individuals with ASD exhibit with emotional introspection.””
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Figure 2 Beta-adrenergic antagonism effects on heart rate. Difference scores of heart
rate in beats per minute (BPM) from baseline to peak drug effects are displayed for placebo
(light grey), propranolol (striped), and nadolol (dark grey). Error bars represent standard
error and significant differences are indicated (*).
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GRAPH METRICS

Whole-brain and bilateral DMN graph metrics did not significantly differ based on
diagnostic group or drug condition nor was there a group by drug interaction observed, p>0.05.

dMPFC Subnetwork

For the left IMPFC, DMN graph metrics displayed a significant within-subject effect of
drug at the omnibus level, F(8,92)=2.252, p=0.030, driven by Eglobal significantly changing
within drug conditions, F(2,48)=3.503, p=0.038, Figure 3. During propranolol administration,

Eglobal (M=0.158) significantly decreased compared to nadolol (M=0.194), t(25)=2.203,
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p=0.037, and placebo (M=0.197), t(25)=2.297, p=0.030, but there was no change between
placebo and nadolol, p>0.05. There was also a trend towards a difference in mean FC across

Figure 3 Beta-adrenergic antagonism effects on the DMN during resting state.

Average functional connectivity and global efficiency of the dorsal medial prefrontal cortex
(dMPFC) and medial temporal lobe (MTL) subnetworks are displayed for the left (dark
grey) and right (light grey) hemisphere across placebo, propranolol, and nadolol conditions.
Error bars represent standard error and significant differences are indicated with (**) and
without (*) correction for multiple comparisons.
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drug conditions, F(2,48)=3.005, p=0.059, Figure 3, with a significant decrease in FC during
propranolol administration (M=0.213) compared to placebo (M=0.259), t(25)=2.499, p=0.019,
but no difference compared to nadolol nor placebo compared to nadolol, p<0.05. Drug effects on

network coherence in the AIMPFC subnetwork did not significantly differ at the group-level
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based on ASD diagnosis; however more individuals with ASD appeared to exhibit a change in
network coherence following beta-adrenergic antagonism compared to controls with a subset of
these individuals expressing higher connectivity at baseline exhibiting a greater response to drug,
Figure 4. There were no significant changes in DMN graph metrics for the right AIMPFC
subnetwork across drug conditions or diagnostic groups, p>0.05, which appeared to be due to
greater variability in network coherence in right hemisphere regions.

Figure 4 Effects of propranolol on the DMN dMPFC subnetwork during resting

state. Functional connectivity is displayed across the (A) ASD and (B) control

groups following the administration of placebo (dark grey) and propranolol (light

grey). Colored lines indicate individual participants FC across drug conditions. Error
bars represent standard error.
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Figure 5 Effects of propranolol on the DMN MTL subnetwork during resting
state. Functional connectivity is displayed across the (A) ASD and (B) control
groups following the administration of placebo (dark grey) and propranolol (light
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grey). Colored lines indicate individual participants FC across drug conditions. Error
bars represent standard error.
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MTL Subnetwork

For the left MTL, there were no significant differences at the omnibus level, p>0.05;
however there was a significant change in Eglobal across drug conditions at the univariate level,
F(2,48)=3.251, p=0.047, Figure 3. During propranolol administration, Eglobal (M=0.260)
significantly increased compared to placebo (M=0.212), t(25)=2.696, p=0.012*, but not nadolol
(M=0.237), p>0.05, nor placebo compared to nadolol, p<0.05. There was also a trend towards a
drug effect on FC, F(2,48)=2.604, p=0.084, with a significant increase in FC during propranolol
administration (M=0.308) compared to placebo (M=0.255), t(25)=2.561, p=0.017, but not
nadolol (M=0.282), p>0.05, nor placebo compared to nadolol, p<0.05 , Figure 3. Drug effects on
network coherence in the MTL subnetwork did not significantly differ based ASD diagnosis with
rather homogenous effects across groups, Figure 5. There were no significant changes in DMN
graph metrics for the right MTL subnetwork across drug conditions or diagnostic groups, p>0.05.

Discussion

Beta-adrenergic antagonism effects on network coherence in ASD were previously
examined during an associative processing task and propranolol administration increased
functional connectivity in networks underlying this cognitive processing domain. 124 The
purpose of this study was to extend the investigation of befa-adrenergic antagonism effects on
network coherence in individuals with ASD to additional networks implicated in the disorder
during resting-state fMRI and assess whether these alterations in network coherence were
specific to ASD. Our focus was on the DMN because it is more active during rest and exhibits

altered functional connectivity in individuals with ASD*®!%0-#34233

that is related to symptom
resentation.'? Utilizing a data-driven graph theory approach to assess network coherence, we
p g grap ry app

found that beta-adrenergic antagonism altered FC and network efficiency of the DMN across all
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participants regardless of diagnostic group. Relative to placebo, propranolol, a lipophilic beta-
adrenergic antagonist, led to decreased connectivity and global efficiency in the AIMPFC
subnetwork and increased connectivity and global efficiency in the MTL subnetwork. Network
coherence during nadolol administration, a hydrophilic beta-adrenergic antagonist that cannot
pass through the blood-brain barrier, did not significantly differ from placebo, suggesting the
propranolol-mediated changes in network coherence were not exclusively due to PNS effects on
the BOLD signal. Furthermore, the general lack of differences between propranolol and nadolol
suggest alterations of network coherence in the DMN may not be exclusively due to CNS effects,
as previously reported. Rather, beta-adrenergic agents that cross the blood-brain barrier may
generally modulate intrinsic functional connectivity and network coherence in the brain as a
result of combined CNS and PNS mechanisms. Overall, beta-adrenergic antagonism modulated
DMN network coherence within all individuals, but may influence inherent ASD-related
disturbances in DMN organization and activation.”®'?"****% This is especially relevant in the

study of ASD because the DMN is involved with prospective thought, introspective thought and

207 206,236,237
d,

theory of min which are affected in the disorder.
Relevant to this, we hypothesized that individuals with ASD would exhibit
hypoconnectivity within the DMN’*'?'% byt potentially hyperconnectivity within the MTL
subnetwork'*® compared to unaffected individuals. Within our sample, we found no significant
baseline differences in connectivity between DMN subnetworks, which may be due to the
utilization of large anatomically-defined regions of interest. The use of anatomically-defined
regions, in contrast to functionally-defined ROlIs, allows standardized segmentation of the brain

but these regions may be comprised of multiple functional subunits,”*’ diluting the ability to

assess domain-specific functional clusters. Although there were no baseline differences in
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network coherence of the DMN, beta-adrenergic effects on network coherence in individuals
with ASD were supported.

The LC-NE has efferent projections throughout the brain and is the sole source of
norepinephrine in the prefrontal cortex and medial temporal lobe.'”* Beta-adrenergic antagonism
altered network coherence in the dMPFC and MTL subnetworks of the DMN, which contain
multiple prefrontal and medial temporal lobe regions, suggesting pharmacological modulation of
LC-NE influences on network coherence. We hypothesized a general increase in functional
network coherence following propranolol administration because altered LC-NE output
modulates networks underlying cognitive processing tasks in favor of networks that prompt

. . 1941
environmental adaptation,'**"*°

and increased connectivity with cognitive processing networks
was previously reported following propranolol administration in individuals with ASD. Beta-
adrenergic antagonism decreased network coherence in the AIMPFC subnetwork of the DMN but
increased network coherence in the MTL subnetwork. Beta-adrenergic receptor binding in the

central nervous system typically hyperpolarizes cells!12

modulating networks dynamics;
therefore some reductions in network coherence following beta-adrenergic antagonism would
not be unexpected. Selective network effects of beta-adrenergic antagonism are also relevant for
individuals with ASD considering reports of decreased integration within networks and
segregation between networks in ASD.>*

The most robust effects of beta-adrenergic antagonism altering network coherence in the
brain were found in the left AIMPFC subnetwork of the DMN. Functional connectivity and global
efficiency were significantly lower during propranolol administration compared to placebo, and

global efficiency was also lower compared to nadolol, suggesting this alteration in network

coherence was not solely due to general cardiovascular changes in response to drug. Network



46

coherence was also altered in the MTL subnetwork in response to propranolol, however these
effects did not significantly differ from nadolol, suggesting potential contributions from
cardiovascular influences. Changes in MTL network coherence were also more general across
participants whereas a greater proportion of individuals with ASD exhibited propranolol-

mediated effects in the AIMPFC compared to unaffected individuals. Individuals with ASD are

1170—172 173,174

more prone to heightened sympathetic nervous system arousa and stress reactivity
compared to unaffected individuals, which is associated with upregulation of the locus
coeruleus-norepinephrine system.'”>'’® Heightened baseline noradrenergic activity, at least in a
subset of individuals, may have contributed to a greater number of individuals with ASD
responding to beta-adrenergic antagonism. Furthermore, decreased connectivity in the dIMPFC
subnetwork appeared to be driven by a subset of individuals with higher connectivity at baseline
expressing larger changes in network coherence in response to propranolol, especially
individuals with ASD. Beta-adrenergic antagonism can modulate network coherence of the
DMN and these alterations are particularly robust in a subset of individuals with ASD exhibiting
higher levels of connectivity at baseline. Future investigations with larger more heterogeneous
samples of individuals with ASD will help further stratify these patients in order to identify
salient subgroups that may be more likely to respond to this type of treatment.

Beta-adrenergic antagonism was previously shown to benefit cognitive processing,
especially in verbal domains. We found that beta-adrenergic antagonism modulates network
coherence, and these alterations were localized primarily in the left hemisphere, which supports
potential benefits to language and communication domains. Communication deficits are core
symptoms of ASD, and previous reports have shown that language-related improvements

124

following propranolol administration are associated with increased FC. " Our findings suggest
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that the effect of propranolol on network coherence is more complex than increased functional
connectivity and that beta-adrenergic antagonism may be able to up- or down- regulate specific
subnetworks in the brain, such as the DMN and alter global network efficiency. Reduced DMN
network coherence could support cognitive benefits because the DMN dissociates from task-
related networks during task performance,”® which may allow greater network integration and
better segregation between networks during cognitive processing. Additionally, increased
network access to MTL regions such as the hippocampus may further support clinical benefits of
beta-adrenergic antagonism given the pervasive role of the hippocampus across cognitive
processing domains. Pharmacological modulation of network coherence allowing more efficient
information processing may underlie the aforementioned propranolol-mediated benefits to
cognitive processing; however assessment of network coherence during cognitive processing
tasks will be necessary to further elucidate the effects of befa-adrenergic mediated changes in
network coherence on symptom outcomes in ASD.

LIMITATIONS

Due to the pilot nature of our investigation, correction for multiple comparisons was only
applied across drug conditions and the potential for increased Type I error should be considered
regarding interpretation of this work. The general lack of diagnostic group differences in baseline
comparisons of the DMN in our sample may have been due to the utilization of anatomically
defined regions of interest. Future investigations of network coherence following propranolol
administration in ASD should examine functionally-defined regions of interest in order to better
localize domain-specific neuronal clusters. The functional roles of the MTL subnetwork during
self-referential prospective thought and the dMPFC during mental state inference suggests that

differential effects of beta-adrenergic antagonism across subnetworks may modulate these
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domains but we did not assess participant mentation during passive rest. Evaluation of DMN
network coherence during directed internal mentation will be necessary to elucidate the effects of
beta-adrenergic antagonism on specific domains. Following assessment of functional
connectivity, graph theory analysis was applied to further examine the effects of beta-adrenergic
antagonism on network coherence. Sparsity within these networks was not controlled and
potentially contributed to the aforementioned differences in network efficiency. Altered
functional connectivity following propranolol administration was still supported regardless of
these consideration. Furthermore, our analysis of resting-state data supports the ability of beta-
adrenergic antagonism to alter network coherence, which is associated with improved cognitive
processing, but does not directly assess changes in network coherence related to cognitive
benefits. Further research is necessary to assess the effects of propranolol on network coherence
in task-related networks during cognitive processing in order to more directly examine the
influence of pharmacologically mediated changes in network coherence on clinical outcomes in

ASD.
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ASSOCIATIVE PROCESSING DURING TASK-BASED fMRI

Beta-adrenergic antagonism, such as the use of propranolol, provides cognitive and
behavioral benefits to individuals with ASD. An initial open-trial in older adults with ASD found
that patients initially displayed diminished aggressiveness followed by some improvements in
speech and socialization,”® supporting the potential to pharmacologically treat both the
secondary and core symptoms of the disorder. Single dose trials have reported additional benefits
in verbal problem solving,'** semantic fluency,'® working memory,'*® and social reciprocity.'™’
Individuals without neurodevelopmental diagnoses also benefit from the use of propranolol
during cognitive processing but these benefits are primarily during difficult tasks that the
individual is struggling to complete, whereas propranolol can hinder performance on simpler
tasks in these same individuals.”' Individuals with ASD appear to benefit from propranolol even

on simple tasks,'**

and these additional benefits may be due to inherent differences in network
coherence of functional networks affecting cognitive processing.

Individuals with ASD exhibit altered functional network topology and utilization in the
brain. Generally, functional networks exhibit hypoconnectivity of more distant network regions
and perhaps hyperconnectivity of anatomically neighboring regions.”* Conceptualized into a
neural systems framework, these patterns suggest reduced functional network integration and
less network segregation'?' causing abnormal functional utilization of networks underlying
specific cognitive and behavioral processing domains associated with the disorder. Beta-
adrenergic antagonism can alter network coherence of functional networks underlying cognitive
processing by modulating the effects of the locus coeruleus-norepinephrine (LC-NE) system on

its targets in the cerebral cortex. The LC-NE initiates and maintains neuronal states appropriate

for the acquisition of sensory information'’> and increased LC-NE output diminishes attentional
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. . . . . . 194.1
control in favor of re-orientation to environmental stimuli,'**'*>

which alters activity patterns
within networks underlying cognitive processing.'*® Beta-adrenergic antagonism can
modulate the LC-NE shifting of network access. In our previous investigation, propranolol
significantly altered network coherence of the default mode network (DMN) in individuals with
and without an ASD diagnosis during passive rest. These findings support the ability of beta-
adrenergic antagonism to modulate functional network coherence in the brain, but did so in the
absence of an overt cognitive processing task. Beta-adrenergic antagonism can also increase
coherence within networks underlying specific cognitive domains in individuals with ASD,
124 syggesting a link between the previously outlined behavioral benefits of propranolol in
individuals with ASD and coherence of networks underlying cognitive processing; however
this investigation did not examine performance during cognitive processing, and did not
include a control group comparison. Examining network coherence across additional networks
relevant for cognitive processing between individuals with and without ASD during performance
trials with and without the administration of beta-adrenergic agents will allow a better
understanding of the effects of propranolol on performance in individuals with ASD and allow
an assessment of how these effects are mediated by alterations in functional network coherence.
In this investigation, we examine a semantic fluency task in order to assess the effects of
beta-adrenergic antagonism underlying verbal processing in individuals with ASD. During
verbal processing, regions comprising the primary language network are preferentially activated;
however functional networks in the brain must also work in concert to shift network access and
optimize performance. The default mode network (DMN) subserves internally directed
cognition, e.g. internal mentation during passive rest, whereas the dorsal attention network

(DAN) subserves attention orienting during externally directed cognition, e.g. stimulus based
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cognitive processing.”****' Additionally, the frontoparietal control network (FPC) dynamically
couples with either the DMN or DAN during internally vs. externally directed cognition,
respectively, integrating information between systems and processes>*>. During presentation of a
verbal processing task, the DMN is primarily activated during rest blocks interspersed between
stimulus presentation and task performance. Upon the presentation of a verbal stimulus, the FPC
shifts network access from the DMN to the DAN to allow orientation to the stimulus and the
language network then processes the information necessary to complete the task. Once the
stimulus is removed the FPC shifts network access back to the DMN until the next stimulus
presentation. Cortical and subcortical regions comprising the language network’''?, DAN,**
DMN,’® and FPC**** exhibit disrupted connectivity in ASD, suggesting diminished network
integration. Individuals with ASD typically exhibit reduced connectivity within these networks
compared to unaffected individuals, and network disruptions are thought to underlie the language
deficits associated with ASD.'"!'*% Given that network integration during cognitive
processing typically optimizes performance, coherence of networks involved with language
processing are affected in ASD, and beta-adrenergic antagonism affects network coherence, we
propose that beta-adrenergic antagonism may modulate network coherence of language,
attention, and control networks during verbal processing in individuals with ASD and these
alterations in network coherence will be associated with performance.

The purpose of this study was to assess the effects of beta-adrenergic antagonism on
network coherence in ASD during cognitive processing. Individuals with ASD and matched
controls were administered propranolol, a CNS and PNS beta-adrenergic antagonist, nadolol, a
PNS only beta-adrenergic antagonist, and placebo across three separate within-subject sessions.

Nadolol served as a control for the PNS effects of beta-adrenergic antagonism because it does



52

not cross the blood-brain barrier yet yields identical peripheral physiological effects to
propranolol. To assess the PNS effects of beta-adrenergic antagonism, heart rate and blood
pressure were measured, and to assess the CNS effects of beta-adrenergic antagonism, task-
based fMRI data during an associative processing task were acquired. Network coherence of
language, DMN, DAN, and FPC networks were assessed within drug conditions and between
ASD and control groups.

Based on previous reports of semantic fluency performance benefits selectivity in
individuals with ASD,'** we hypothesized that individuals with ASD would exhibit a greater
increase in semantic fluency performance compared to controls. Additionally, hypoconnectivity
of language networks has also been reported in individuals with ASD during cognitive
processing'”’ and beta-adrenergic antagonism significantly increased connectivity of language
regions in a separate sample.'** Therefore, we hypothesized that individuals with ASD would
exhibit significantly lower functional connectivity in language regions at baseline compared to
unaffected individuals and exhibit a larger increase in network coherence following propranolol
administration. We also examined the aforementioned networks that may be affected by beta-
adrenergic antagonism and are preferentially activated or deactivated during cognitive processing.
We proposed that minimal differences would be found in the DMN due to down regulation of the
DMN during cognitive processing.”*' Attentional and control networks were examined because
the previously noted changes in network coherence following beta-adrenergic antagonism could
have been due to alterations related to these aspects of cognitive processing. We hypothesized
that additional baseline differences would be found in the DAN and FPC with potentially lower
network coherence in individuals with ASD, as previously reported.>***** Furthermore, beta-

adrenergic antagonism may increase functional connectivity in the FPC allowing better



53

integration within networks involved in cognitive processing demands due to reduced LC-NE
effects downregulating the DAN and allowing the FPC to modulate internetwork communication
between other cognitive processing regions.”*’ LC-NE activation modulates network access and
beta-adrenergic antagonism may mitigate these effects in individuals with ASD and allow
greater functional network integration. We hypothesized that individuals with the lowest
functional connectivity estimates at baseline would exhibit the largest performance benefits

following propranolol administration due to greater network access.

Methods

PARTICIPANTS, ENROLLMENT CRITERIA, AND DRUG ADMINISTRATION

Participants, Table 2, enrollment criteria, and drug administration and effects, Figure 2,
were previously described in the resting-state fMRI portion of this manuscript.

MRI ACQUISITION

Following the acquisition of previously described structural and resting-state data,
functional T2*-weighted images were acquired for BOLD activation (TR=2200 ms, TE=30 ms,
Flip Angle=90 degrees, 35 ACPC-aligned slices at 4 mm3) during the completion of a semantic
associative processing task.

VERBAL PROCESSING TASKS

Verbal processing was assessed utilizing a fluency task. While in the MR scanner,
each participant completed two independent versions of a semantic fluency task during
each session. Semantic fluency stimuli consisted of the presentation of a verbal cue for 33
seconds (15 TRs). In response to the semantic cue, each participant was instructed to
verbally name as many items as possible that belonged to the cue category, for example

ANIMALS. An independent rater that was blind to diagnostic group and drug condition
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recorded each verbal response. Each cue and response block was preceded by 11 seconds
(5 TRs) of passive rest in which a cross-hair fixation point was displayed. Fluency cue
response was utilized as a means of assessing performance based on the quantity of words
produced per cue.

MRI PREPROCESSING

Preprocessing procedures were previously outlined. Additional considerations for task-
based data were also applied. Initial analyses were conducted on timeseries with an additional
regression of stimulus design in order to account for activation magnitude differences between
groups and drug conditions and to focus the analyses on residual fluctuations in the BOLD
response. Due to methodological concerns regarding preprocessing methods in task-based
functional connectivity analyses in ASD,'** we also examined the BOLD response only during
task blocks. A combination of task regression analysis and analysis of only stimulus blocks
should allow us to identify the most robust diagnostic group and drug condition differences in
network coherence.

220,221 .
0.221 and inverse

Structural T1-weighted images were registered to the MNI atlas
matrices were generated for each subject for each session. 5 mm spherical standard space regions
of interest from were determined a priori for a language-based network that is preferentially
activated during semantic fluency, hereafter referred to as the semantic association network
(SAN),**® and the DMN, DAN, and FPC as described in Spreng et al,(2013),*” which were
previously defined by significant and reliable task-based activation during multiple cognitive
processing tasks across multiple independent samples, Figure 6. ROIs were converted to each

participant’s native space and timeseries were averaged from all voxels within each ROI. The

SAN included the left anterior cingulate cortex (aCC),
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Figure 6 DMN, DAN, FP(C, and SAN functional networks. Left hemisphere lateral
and medial surfaces for task-based localization of regions comprising the (A) default
mode, (B) dorsal attention, and (C) frontoparietal control networks. (D) ROIs from
the default (dark blue), dorsal attention (red) and frontoparietal control 23 networks.
(E) Task-based localization of regions comprising the semantic association network.
Images reproduced from Spreng et al. 2013 and Wagner et al. 2014.
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the left inferior frontal gyrus BA45 (IFG45), the left superior/middle frontal gyrus (SMFQG), the
left orbitofrontal cortex (OFC), the left inferior frontal gyrus BA47 (IFG47), and the superior
parietal cortex (SPC). The DMN included the left anterior medial prefrontal cortex (amPFC),
right and left anterior temporal lobe (aTL), left dorsal medial prefrontal cortex (dmPFC), right
and left hippocampal formation (HF), right and left inferior frontal gyrus (IFQG), left posterior
cingulate cortex (pCC), right and left posterior inferior parietal lobule (pIPL), right and left
superior frontal gyrus (SFG), right and left superior temporal sulcus (STS), and left ventral
medial prefrontal cortex (vmPFC). The DAN included the right and left frontal eye fields (FEF),
the right and left inferior precentral sulcus (iPCS), the right and left middle temporal motion
complex (MT), the right and left superior occipital gyrus (SOQG), the left and right superior
parietal lobule (SPL), the left and right dorsolateral prefrontal cortex (dIPFC), and the right
dorsal anterior cingulate cortex (daCC). The FPC included the right and left anterior inferior
parietal lobule (alPL), the right and left anterior insula (aINS), the left medial superior prefrontal
cortex (msPFC), the right and left middle frontal gyrus BA6 (MFGBAG®), the right and left
middle frontal gyrus BA9 (MFGBAY), and the right and left rostrolateral prefrontal cortex
(rIPFC). All regions included in this analysis were non-overlapping. To account for covariance
and allow for assessment of unique functional connectivity, partial correlation matrices
containing all possible ROI pairs within each network were generated for each participant.
Fischer’s r-to-z transformations were then applied to standardize the data, and self- and negative
correlations were set to zero.

NETWORK COHERENCE ANALYSIS

Network coherence analyses were conducted utilizing graph theory techniques to assess

properties within each network and were previously described in the resting-state portion of this
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manuscript. Standardized partial correlation matrices were analyzed across all possible ROI pairs
within the SAN, DMN, DAN, and FPC networks separately. Before graph metrics were
calculated the matrices were thresholded to control for sparsity of the network, number of
connections, because graph theory techniques are most applicable to sparse graphs and
differences in sparsity between groups and drug conditions may obscure the interpretation of
differences across metrics,”*’ as has been previously described. Therefore, matrices were
thresholded based on cost (k). To account for native topology within our dataset, the matrices
were thresholded at the minimum cost value across all participants, k=0.45. Thresholded
weighted matrices were used to calculate weighted graph metrics. Metrics of interest included:
(1) mean functional connectivity (FC), (2) mean clustering coefficient (C), (3) characteristic path
length (L), (4) global efficiency (Eglobal), and (5) mean local efficiency (Elocal), which were
previously described, Table 1. Due to the small number of ROIs within the SAN, there was
insufficient sparsity to calculate some graph metrics at the 0.45 cost level and graph metrics were
analyzed with unthresholded matrices for examination of network properties. Functional
connectivity was still evaluated at k=0.45 threshold for comparison of the most robust
connections across networks of interest. Differences in sparsity will affect graph metric
calculations and this confound should be taken into account with interpretation of graph metrics
of the SAN.

STATISTICAL ANALYSES

One ASD participant was unable to complete the study due to an adverse reaction to the
imaging environment and one additional ASD participant was removed following motion
correction. These subjects’ matched controls were subsequently removed and statistical analyses

were conducted on 13 individuals with ASD and 13 matched controls. Analyses consisted of a
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(multivariate) analysis of variance (M)ANOVA approach. Analyses included: 1) a2 X 3
repeated measures MANOVA between diagnostic groups and within drug conditions for
maximum number of words produced between the two assessments of fluency and 2) a2 X 3
repeated measures MANOVA between groups and within drug conditions separately for graph
metrics from the SAN, DMN, DAN, and FPC networks (C, L, Eglobal, Elocal, FC). Graph
metric analyses were also assessed controlling for the effects of task performance to determine
whether changes in network coherence were related to performance differences across drug
conditions.

Analyses were carried out with IBM SPSS Statistics Software.”" Due to the small sample
size and pilot nature of this investigation, correction for multiple comparisons was only
completed across drug conditions, which may increase Type I error but will allow hypothesis
generation for future investigations. The additional analyses assessing differences related to
performance and focusing only on tasks blocks should further allow us to identify the most
robust diagnostic group and drug-related changes. Follow-up paired samples t-tests or
independent samples t-tests were conducted when significance was indicated at the univariate
level and corrected for multiple comparisons across drug conditions by controlling for the false

231

discovery rate (FDR).”" Significance following FDR correction is indicated (*).

Results

SEMANTIC FLUENCY

There was a significant diagnostic group difference in the maximum number of words
participants were able to produce across trials, F(1,24)=25.667, p<0.001. The control group
produced significantly more words (M=44.30, SD=14.17) compared to the ASD group (M=28.00,

SD=10.50), during placebo t(24)=4.32, p<0.001*, propranolol t(24)=5.026, p<0.001*, and
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nadolol conditions t(24)=4.58,p<0.001*. Semantic fluency scores also exhibited a trend across

drug conditions, F(2,48)=2.99, p=0.059. The number of words generated during semantic

fluency was significantly higher during propranolol administration (M=37.35, SD=13.18)

compared to placebo (M=34.50, SD=10.90), t(25)=2.155, p=0.042, but not compared to nadolol

(M=36.62, SD=11.5), t(25)=0.617, p>0.05, nor nadolol compared to placebo, t(25)=1.822,

p=0.081, Figure 7. There was no significant drug by group interaction, F(2,48)=1.81, p=0.175.
Figure 7 Beta-adrenergic antagonism effects on semantic fluency performance.
Number of words produced during the semantic fluency task are displayed across
(A) ASD (dark grey) and control (light grey) groups, and (B) drug conditions

including propranolol (light grey), nadolol (dark grey), and placebo (white). Error
bars represent standard error and significant differences are indicated (*).
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Although no drug by group interaction was found, we examined group differences in
drug-related changes within diagnostic groups based on our a priori hypothesis of individuals
with ASD exhibiting a performance response to beta-adrenergic antagonism. At the group level,
the effect of propranolol on semantic fluency appeared to be primarily due to control individuals
exhibiting more responses during propranolol (M=46.77, SD=9.41) compared to placebo
(M=41.69, SD=10.50), t(12)=2.839, p=0.015*, and not individuals with ASD (M=27.92,
SD=9.71, M=27.31, SD=5.86), p>0.05, Figure 8.

Figure 8 Beta-adrenergic antagonism effects on semantic fluency performance

across diagnostic groups. The number of words produced during the semantic

fluency task are displayed across the (A) ASD and (B) control groups following the
administration of placebo (dark grey) and propranolol (light grey). Colored lines

indicate individual participants responses across drug conditions. Error bars
represent standard error and significant differences at the group level are indicated
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Controls exhibited a general trend such that individuals exhibited either an increase in the
number of words produced or very minimal change across sessions; whereas individuals with
ASD exhibited a general trend towards either an increase in the number of words produced or a
decrease in the number of words produced. To test these potential response differences, we
performed a median split on the data based on behavioral response to propranolol and compared
performance effects across individuals within each diagnostic group, hereafter referred to as
responders and non-responders. The ASD non-responder group (M=-5.50, SD=2.43, 95% CI [-
8.05, -2.95]) generated significantly less words during propranolol relative to placebo compared
to the control non-responder group (M=-1.00, SD=1.67, 95% CI [-2.76, 0.76]), t***=3.737,
p=0.004*, which most likely contributed to the non-significant group level drug effect within
individuals with ASD. Cardiovascular response to drug, as assessed by change in heart rate, did
not appear to underlie performance differences between responders (M=-13.36, SD=8.86) and
non-responders (M=-11.58, SD=13.74), t(24)=0.397, p>0.05, nor between non-responders with
ASD (M=-10.67, SD=14.92) and controls (M=-12.50, SD=13.81), t(10)=0.221, p>0.05. Thus,
differences in performance effects may have been related to more central mechanisms such as
network coherence. Responders and non-responders were also compared within diagnostic
groups in our analysis of network coherence to investigate these effects.

GRAPH METRICS

One ASD participant and one control participant exhibited average functional
connectivity estimates across all possible ROI pairs that were greater than 3 standard deviations
from the group mean and thus classified as outliers. These participants were removed from
subsequent analyses of network coherence and all additional comparisons were completed on

groups of 12 ASD participants and 12 controls. Metrics of interest included: (1) mean functional
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connectivity (FC), (2) mean clustering coefficient (C), (3) characteristic path length (L), (4)
global efficiency (Eglobal), and (5) mean local efficiency (Elocal), Table 1. Clustering
coefficient is a measure of the likelihood of connections between regions connected to a common
region, and local efficiency is a measure of the average efficiency of information exchange of
clusters within the network. Clustering and local efficiency represent the local processing level.
Characteristic path length is a measure of the average shortest number of connections
between regions and global efficiency is a measure of the efficiency of information exchange
across the network. Path length and global efficiency represent the global processing level.

Initial analyses were completed on whole session timeseries regressing out stimulus
design. These effects were then examined controlling for performance. If between groups or
within drug conditions differences that were indicated that were not accounted for by
performance, these effects were then examined focusing only on the BOLD response during task
blocks. A combination of task regression analysis and analysis of only stimulus blocks should
allow us to identify the most robust diagnostic group and drug condition differences in network
coherence, and examining these differences in a hierarchical manner will help reduce the
potential Type I error rate within our analyses.

Semantic Association Network

There was a significant diagnostic group difference in local efficiency, F(1,22)=6.166,
p=0.021, which exhibited a trend when controlling for task performance, F(1,21)=3.450, p=0.077.
Baseline diagnostic groups differences in the SAN were not based on performance effects.
Elocal was significantly higher in the ASD group (M=0.152, SD=0.053) compared to the control
group (M=0.095, SD=0.049) at baseline, t(22)=2.780, p=0.011%*, Figure 9, which exhibited a

trend when only examining task blocks, t(22)=1.966, p=0.062. Baseline diagnostic group
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Figure 9 Baseline differences in the SAN during task-based fMRI. Local
efficiency at baseline is displayed between individuals with ASD (dark grey) and
controls, CTRL, (light grey) for the semantic association network. Error bars
represent standard error and significant differences are indicated (*) as well if these
differences were supported when only examining task blocks (**).
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differences in the SAN were not solely due to activation magnitude effects. There was no
difference between groups following propranolol administration (M=0.172, SD=0.054, M=0.152,
SD=0.043) or nadolol administration (M=0.133, SD=0.057, M=0.116, SD=0.071). Individuals
with ASD exhibited a greater reliance on local processing in the SAN during associative
processing.

There was a significant effect of drug on Elocal, F(2,44)=3.717, p=0.032, and C,
F(2,44)=3.673, p=0.033, but no drug by group interaction, p>0.05; however, drug effects on the
SAN were no longer significant when controlling for task performance, p>0.05. Due to our a
priori hypothesis regarding beta-adrenergic effects on network coherence in the SAN and the

aforementioned performance effects during the semantic fluency task, we also examined drug
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effects on network coherence in responders and non-responders. Examining responders and non-
responders regardless of diagnostic group, there were no group by responder interactions for
local efficiency or clustering, p>0.05. There were also no significant differences comparing only
individuals with ASD who were responders and non-responders, p>0.05. There were no drug
effects on baseline differences in local processing in the SAN during semantic fluency.
Figure 10 Baseline functional connectivity of the SAN in individuals with ASD.
Baseline functional connectivity of the SAN is displayed for individuals with ASD in

relation to number of responses during propranolol administration compared to
placebo.
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In the SAN, baseline FC regardless of diagnostic group exhibited no association with
change in performance in response to propranolol; however the ASD group exhibited a moderate
negative association, r=-0.481, p=0.113, Figure 10, whereas the control group exhibited a weak
positive association, r=0.181, p=0.574. Examining only timepoints from stimulus blocks, there
was a trend towards a negative association between baseline FC and change in performance in
response to propranolol regardless of diagnostic group, r=-0.362, p=0.083, which was due to
negative associations in both the ASD, r=-0.383, p=0.197, and control group, =-0.270, p=0.422.
There is a trend towards an association between baseline FC in the SAN and performance
response to propranolol, which appears to be more robust in individuals with ASD; however this
relationship appears to be due to a relatively small number of subjects.

Individuals with ASD exhibited greater reliance on local processing in the SAN at
baseline, but there were no direct effects of beta-adrenergic antagonism on network coherence in
the SAN. Individuals with ASD who benefited from propranolol administration during task
performance exhibited moderately lower FC at baseline compared to those who did not benefit
from propranolol; however these effects were heterogeneous across responders and
nonresponders. A larger sample size will be necessary to determine the ability of baseline FC in
language and association regions to predict performance response.

Frontoparietal Control Network

There was a significant diagnostic group difference in functional connectivity,
F(1,22)=4.318, p=0.019, due to higher FC in the ASD group (M=0.42, SD=0.05) compared to
the control group (M=0.34, SD=0.03), at baseline, t(22)=4.515, p<0.001*, and a significant
diagnostic group difference in global efficiency, F(1,22)=3.962, p=0.026, due to higher Eglobal

in the ASD group (M=0.31, SD=0.04) compared to the control group (M=0.25, SD=0.02),
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t(22)=4.749, p<0.001*, at baseline, Figure 11. Baseline differences between groups remained
significant when controlling for performance and when only examining task blocks. Individuals
with ASD exhibited altered network coherence at baseline compared to controls such that there
was greater global processing within the FPC.
Figure 11 Beta-adrenergic antagonism effects on the FPC during task-based
fMRI. (A) Functional connectivity and (B) global efficiency between ASD (dark grey)
and control (light grey) groups across propranolol, nadolol and placebo are
displayed. Error bars represent standard error and significant differences are

indicated (*) as well if these differences were supported when only examining task
blocks (**).
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There was a significant drug by group interaction for functional connectivity,
F(2,44)=4.318, p=0.019, and global efficiency, F(2,44)=3.962, p=0.026, which remained
significant controlling for performance. Individuals with ASD exhibited a significant reduction
in FC during propranolol (M=0.36, SD=0.05) compared to placebo (M=0.42, SD=0.05),
t(11)=2.490, p=0.030, which exhibited a trend when only examining task blocks, p=0.086;
whereas controls exhibited significantly higher FC during nadolol (M=0.38, SD=0.05) compared
to placebo (M=0.34, SD=0.03), t(11)=2.480, p=0.031, which also exhibited a trend when only
examining task blocks, p=0.069. Individuals with ASD also exhibited a significant reduction in
Eglobal during propranolol (M=0.27, SD=0.04) compared to placebo (M=0.31, SD=0.04),
t(11)=2.406, p=0.035; however propranolol effects on global efficiency in individuals with ASD
were no longer significant when only examining task blocks. Controls exhibited significantly
higher Eglobal during nadolol (M=0.28, SD=0.03) compared to placebo (M=0.25, SD=0.02),
t(11)=2.675, p=0.022, which exhibited a trend when only examining task blocks, p=0.067,
Figure 11. Propranolol significantly reduced functional connectivity in individuals with ASD
whereas nadolol increased functional connectivity and global efficiency in controls. These
effects were not related to performance or activation effects.

Examining responders and non-responders regardless of diagnostic group, there were no
group by responder interactions for FC or Eglobal, p>0.05. Due to our a priori hypothesis of
beta-adrenergic effects on control networks in individuals with ASD, we also assessed if the
aforementioned drug-related changes in functional connectivity and global efficiency were
different in individuals with ASD between responder groups. There were no baseline differences

in FC or Eglobal between responder groups, p>0.05. There were no significant effects of drug in
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the non-responder group, p>0.05; however, individuals with ASD who exhibited a performance
benefit from propranolol displayed a significant reduction in FC during propranolol (M=0.34,
SD=0.03) compared to placebo (M=0.42, SD=0.03), t(5)=4.129, p=0.009%*, 95% CI [-0.14, -0.03]
and a trend towards lower FC during propranolol compared to nadolol (0.42, SD=0.09),
t(5)=2.246, p=0.075, 95% CI [-0.17, 0.01], but not propranolol compared to placebo, p>0.05.
Individuals with ASD who exhibited a performance benefit from propranolol also exhibited
lower Eglobal during propranolol (M=0.25, SD=0.02) compared to placebo (0.31, SD=0.02),
t(5)=-4.566, p=0.006*, 95% CI [-0.10, -0.03] and a trend towards lower Eglobal during
propranolol compared to nadolol (M=0.31, SD=0.07), t(5)=2.058, p=0.095, 95% CI [-0.13, 0.02],
but not propranolol compared to placebo, p>0.05. The effects of propranolol compared to
placebo remained significant for functional connectivity, p=0.05, and global efficiency, p=0.04,
when only examining task blocks. The aforementioned effects of propranolol on functional
connectivity and global efficiency in individuals with ASD were due to individuals who
exhibited a performance benefit from propranolol on the semantic fluency task.

In the FPC, baseline functional connectivity across all timepoints was not associated with
change in performance in response to propranolol, and there were no associations in the ASD or
control groups, p>0.05. Individuals with ASD exhibited significantly higher functional
connectivity and global efficiency in the FPC at baseline compared to controls and propranolol
administration significantly reduced connectivity and global efficiency in individuals with ASD
who exhibited a performance benefit from propranolol administration. Individuals with ASD
who benefited from propranolol also exhibited a trend towards reduced functional connectivity

and global efficiency compared to nadolol in; however these effects were related to activation
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differences across conditions. Baseline functional connectivity of the FPC was not generally

associated with behavioral benefit from propranolol.

Dorsal Attention Network

Characteristic path length exhibited a significant difference between ASD and control
groups, F(1,22)=4.07, p=0.056, which was due to a significantly shorter path length in the ASD
group (M=4.07, SD=0.54) at baseline, t(22)=2.79, p=0.011%*, compared to the control group
(M=4.84, SD=0.80); however L was no longer different between groups controlling for
performance.. There was a trend towards an effect of drug for FC, F(2,44)=3.162, p=0.052, and a
significant drug effect for Eglobal, F(2,44)=3.899, p=0.028, and L, F(2,44)=3.661, p=0.034;
however these effects were also not significant when controlling for performance. Global
processing differences between diagnostic groups at baseline and drug-related alterations in
network coherence were related to performance effects on the DAN.

Examining responders and non-responders regardless of diagnostic group, there were no
group by responder interactions for FC, global efficiency, or path length, p>0.05. Due to our a
priori hypothesis of beta-adrenergic effects on attention networks in individuals with ASD, we
also assessed if drug-related changes in FC, global efficiency, and path length were different in
individuals with ASD between responder groups. There were no significant differences in FC,
Eglobal, or L at baseline between responder groups, p>0.05, and no significant effects of drug in
the non-responder group of individuals with ASD, p>0.05. Individuals with ASD who exhibited
a performance benefit from propranolol displayed higher FC during nadolol (M=0.37, SD=0.07)
compared to propranolol (M=0.32, SD=0.03), t(5)=3.050, p=0.028, 95% CI [-0.09, -0.008] and a
trend towards higher Eglobal during nadolol (M=0.30, SD=0.05) compared to propranolol

(M=0.27, SD=0.02), t(5)=2.483, p=0.056, 95% CI [-0.097, 0.022]; however there effects were no
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longer significant when only examining task blocks, p>0.05. There were no differences between
responder and nonresponder groups that are not accounted for by activation effects.

In the DAN, baseline functional connectivity exhibited a weak association with change in
performance in response to propranolol, r=0.209, which was due to a weak association in the
ASD group, r=0.180, but a moderate correlation in the control group, r=0.508, p=0.092, Figure
12. When examining only timepoints from stimulus blocks, this association was highly
significant, r=0.787, p=0.002. Baseline FC of the DAN is associated with performance benefits
in individuals unaffected by ASD such that individuals with higher baseline FC typically exhibit
a larger performance benefit from propranolol.

Figure 12 Baseline functional connectivity of the DAN in controls. Baseline

functional connectivity of the DAN is displayed for control individuals in relation to
number of responses during propranolol administration compared to placebo.

16
14
12

10

0 0.05 0.1 0.15 0.2 € 0.25 03¢ 035 0.4 0.45
2 <
<



71

Individuals with ASD exhibited a significantly shorter path length in the DAN at baseline
controlling for activation effects, suggesting potentially more global processing in the DAN;
however these differences were related to performance. There were no significant effects of beta-
adrenergic antagonism on network coherence in the DAN that was associated with performance
or activation differences. Baseline FC in the DAN was not generally associated with behavioral
benefits from propranolol in individuals with ASD but in controls higher baseline FC DAN was
associated with a larger behavioral benefit from propranolol, potentially suggesting a benefit for
individuals who required greater re-orientation to task at baseline.

Default Mode Network

There was a trend towards a drug by group interaction for clustering coefficient,
F(2,44)=2.690, p=0.079, which also exhibited a trend when controlling for performance,
F(2,42)=3.094, p=0.056. There was also a significant drug by group interaction for local
efficiency, F(2,44)=3.635, p=0.035, which remained significant when controlling for task
performance, F(2,42)=3.397, p=0.043. Diagnostic group by drug condition interactions on local
processing in the DMN were not due to performance effects. The control group did not exhibit
any significant drug-related changes in C or Elocal. C was significantly lower in the ASD group
during propranolol (M=0.013, SD=0.008) compared to placebo (M=0.028, SD=0.019),
t(11)=2.726, p=0.020, and there was a trend towards lower C during propranolol compared to
nadolol (M=0.023, SD=0.012), t(11)=1.942, p=0.078. Elocal was also significantly lower in the
ASD group during propranolol (M=0.016, SD=0.008) compared to placebo (M=0.039,
SD=0.029), t(11)=2.887, p=0.015%*, and significantly lower during propranolol compared to
nadolol (M=0.029, SD=0.015), t(11)=2.283, p=0.043, Figure 13. Beta-adrenergic antagonism did

not affect network coherence in the DMN when only focusing on task blocks, p>0.05; however
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the DMN is downregulated during cognitive processing and therefore alterations in network
coherence would primarily be expected during rest blocks interspersed between task. There were
no significant associations between baseline FC in the DMN and performance response to
propranolol.
Figure 13 Beta-adrenergic antagonism effects on the DMN during task-based
fMRI. Local efficiency is displayed across the ASD (dark grey) and a control, CTRL,

(light grey) groups when comparing propranolol, nadolol, and placebo. Error bars
represent standard error and significant differences are indicated (*).
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Beta-adrenergic antagonism selectively affected network coherence of the DMN in
individuals with ASD, and these alterations remained significant after controlling for

performance. Propranolol decreased local processing within the DMN during rest blocks.
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Baseline FC of the DMN was not associated with behavioral benefits from propranolol on verbal

fluency.
Discussion

The purpose of this study was to assess the effects of beta-adrenergic antagonism on
semantic fluency performance and intrinsic network coherence during cognitive processing and
compare these effects between individuals with ASD and unaffected individuals. Semantic
fluency was examined because language and communication abilities are affected in ASD and
beta-adrenergic antagonism was previously shown to benefit semantic fluency performance.'®
Individuals with ASD produced significantly less semantically associated words during a fluency
task across all conditions compared to unaffected individuals, including baseline. Following
propranolol administration, a lipophilic beta-adrenergic antagonist, there was a main effect of
drug such that participants produced significantly more semantically associated words compared
to placebo. The number of words produced during propranolol administration was not
significantly different than during nadolol, a hydrophilic beta-adrenergic antagonist, or between
nadolol and placebo, suggesting the beneficial effects of beta-adrenergic agents on performance
may be the result of combined CNS and PNS mechanisms. Previous research suggested an ASD
specific effect of propranolol on semantic fluency compared to unaffected individuals'™’;
however the testing environment may have contributed to the difference between these
investigations. Semantic fluency assessment was conducted while the participant was in the MR
scanner, which can be a somewhat stressful environment. Controls may have exhibited a
performance benefit in the imaging environment due to a heightened stress reaction at baseline in
the imaging environment but a reduced stress response following propranolol administration

allowing better performance. A lower proportion of individuals with ASD exhibiting a
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performance benefit in the imaging environment compared to a quiet testing room may have also
been related to a heighten stress response causing greater competition for noradrenergic binding
sites, which is especially relevant considering heightened stress reactivity in some individuals
with ASD.'"*!'™ Overall, semantic processing is affected in ASD and beta-adrenergic can
improve verbal fluency, at least in a subset of individuals, when centrally-acting beta-adrenergic
agents are utilized. Beta-adrenergic antagonism was previously shown to alter network
coherence in the brain'** and we further illustrated that pharmacologically-mediated alterations
in network coherence are associated with verbal processing improvements in individuals with
ASD.

The default mode network (DMN) was previously examined during resting-state and we
expanded on this investigation by assessing the DMN during cognitive processing. Beta-
adrenergic antagonism altered resting state network coherence of the DMN across all participants
regardless of diagnostic group; however during task-based fMRI of verbal processing there
appeared to be an ASD specific effect of beta-adrenergic antagonism. Following propranolol
administration, local processing was decreased in individuals with ASD compared to baseline
whereas controls exhibited no significant alterations in network coherence. This ASD specific
effect may be due inherent differences in DMN network coherence in ASD.”*'%*#*%3% Previous

100,2 . ., 23524 .
90233 and hyper- connectivity”>* between regions

reports have suggested both hypo-
comprising the DMN. Although we did not find a baseline difference in the DMN, estimates of
local processing in individuals with ASD following propranolol administration were more

similar to controls at baseline. Reduced local processing is also especially relevant considering

the DMN is typically down-regulated during cognitive processing tasks.
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The frontoparietal control network (FPC) dynamically couples with the DMN during
internally directed cognition and is important for allowing efficient network utilization®**.
Regions comprising the FPC are generally consistent with regions of the executive control and
salience networks™’; however these regions shift network affiliation depending on cognitive
demand allowing the FPC to mediate interactions between large-scale brain networks. We
hypothesized baseline hypoconnectivity in individuals with ASD due to previous reports of
hypoconnectivty between the frontal and parietal lobes®' as well as other regions comprising the
FPC, such as the anterior insula®?; however we found that individuals with ASD exhibited
hyperconnectivity and greater global efficiency within the FPC compared to unaffected
individuals. Examinations of the salience network, which include the anterior insula, in
individuals with ASD have also reported hyperconnectivity compared to unaffected individuals
and these patterns of connectivity discriminated individuals with ASD from controls.**’ The
anterior insula serves as a hub mediating interactions between the FPC and other regions in the
brain.”>* Hyperconnectivity of the anterior insula with other regions comprising the FPC at
baseline may limit the ability of the insula to dynamically interact with other large-scale brain
networks during different aspects of cognition processing. Propranolol significantly reduced
connectivity and global processing in the FPC in individuals with ASD to levels comparable to
unaffected individuals, which could increase the ability of regions within the FPC to couple with
other networks and improve information processing. These pharmacologically-mediated effects
were primarily due to individuals with ASD who exhibited a performance benefit from
propranolol, even after accounting for performance and activation effects. Furthermore,
individuals with ASD who did not behaviorally benefit from propranolol did not exhibit any

significant alterations in network coherence following propranolol administration, further



76

supporting a link between altered network coherence and behavioral benefits in individuals with
ASD. Hyperconnectivty of the salience network has been associated with reduced maturation of

functional neuronal networks in individuals with ASD,**

and beta-adrenergic antagonism of the
CNS may mitigate some aspects of hyperconnectivity of the FPC in a subset of individuals with
ASD. Reduced connectivity within the FPC may potentially allow better dynamic integration of
other networks underlying cognitive processing, such as attention and language networks.

The dorsal attention network (DAN) is implicated across multiple cognitive domains and

is associated with attention orienting during externally-directed cognition.*****!

Primary
language and associative processing regions are also preferentially activated during the
processing of semantic associations between items, such as during verbal fluency tasks.*** DAN
and language regions typically exhibit disrupted connectivity in individuals with ASD, such as
hypo-connectivity during attention orienting®* and verbal fluency.'” Global network integration
of the DAN was significantly higher at baseline in the ASD group compared to unaffected
individuals, but these differences in network coherence were related to performance effects
across diagnostic groups. Beta-adrenergic modulation of network coherence in the DAN
appeared to be primarily due to performance and activation differences between comparisons
with no indications of significant beta-adrenergic effects on attention networks in individuals
with ASD. Language regions were previously shown to exhibit significantly higher functional
connectivity following beta-adrenergic antagonism in individuals with ASD during verbal
processing. '** Individuals with ASD in the current investigation exhibited significantly higher
local efficiency in language regions at baseline, suggesting potentially greater reliance on local

processing. Propranolol increased local efficiency and clustering relative to placebo in this

investigation but these alterations appeared to be due to task performance effects on activation.
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Previous analyses utilized larger ROIs localized to different regions associated with language
processing and did not account for activation effects, which may explain these differences.
Beta-adrenergic antagonism did not significantly affect network coherence in the DAN or
language networks; however the assessment of these networks may provide valuable information
regarding prediction of treatment response. Baseline connectivity of the DAN in controls was
associated with performance response to propranolol such that individuals exhibiting the highest
connectivity at baseline in the DAN exhibited the largest performance benefit from propranolol.

240,241 -
0241 and this

The DAN is primarily activated during attention re-orienting to external stimuli,
association suggests individuals typically requiring the most re-orienting during cognitive
processing benefit the most from befa-adrenergic antagonism due to better attention to the task.
Baseline connectivity of the associative language network was related to performance response
in individuals with ASD such that individuals with the lowest baseline connectivity exhibited the
largest behavioral benefit from propranolol. Although no group level differences were found in
language regions during task performance, this association suggests that effects on language
regions are involved with performance benefits of beta-adrenergic antagonism in individuals
with ASD and those with the lowest network coherence of the language network may benefit
most from this type of intervention.

Beta-adrenergic antagonism was previously shown to benefit cognitive processing,
especially in verbal domains. We found that beta-adrenergic antagonism improved semantic
associative processing in individuals with ASD and controls; however this was only the case
when lipophilic agents were administered, suggesting these improvements were not due to

peripheral hemodynamic mechanisms. The most robust effects of beta-adrenergic antagonism

on network coherence in individuals with ASD were in the frontoparietal control network.
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Individuals with ASD exhibited hyperconnectivity at baseline that was mitigated following
propranolol administration. Individuals with ASD who exhibited altered network coherence in
the FPC following beta-adrenergic antagonism also expressed verbal processing benefits. Beta-
adrenergic modulation of network coherence in ASD has been posited to benefit associative
processing by increasing access to lexical, semantic, and associative networks during a search
of semantic associations.'®” The frontoparietal control network, including the anterior insula,
acts a central hub allowing dynamic integration of large-scale neuronal networks and may
therefore be ideally situated to augment a network search. Pharmacological modulation of
network coherence allowing more efficient information processing may underlie the
aforementioned propranolol-mediated benefits to cognitive processing and this is especially
relevant regarding individuals with ASD due to the potential to alter inherent disturbances in
network integration and optimize network coherence in these individuals.

In addition to the aforementioned effects of propranolol on network coherence in the
central nervous system, propranolol also has anxiolytic effects and helps maintain homeostasis
in the sympathetic nervous system. This is especially relevant for individuals with ASD because
of prevalent comorbid diagnoses such as anxiety'*' and secondary manifestations such as
heightened sympathetic nervous system arousal' "> and greater stress reactivity compared to

. .. 1 174
unaffected individuals.'”"”

Propranolol may be able to benefit some core symptoms and

secondary manifestations in individuals with ASD. Cumulatively, these findings support the

potential efficacy of beta-adrenergic antagonists for some patients with ASD.
LIMITATIONS

Due to the pilot nature of our investigation, correction for multiple comparisons was

minimally applied and the potential for increased Type I error should be considered regarding
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interpretation of this work. Additionally, to more accurately assess the effects of propranolol on
network coherence in ASD, a larger more representative sample including younger individuals
with higher variability of disorder severity should be examined. Improved control matching
including considerations for IQ subscales and additional cognitive domains would help account
for additional variability between groups. Additional considerations should also be given to the
potential stress-related effects of MR acquisition. Finally, due to the differences in time to peak
effects between drugs, we were unable to fully blind all research staff. To alleviate as many
confounds as possible, testing following drug administration was either conducted by a lab
member blind to diagnostic group and drug condition or consisted of automated computer
responses and questionnaires. Serial dose studies assessing the long-term effects of beta-
adrenergic antagonism or double-blind placebo controlled studies with the additional
administration of a placebo one hour after initial drug administration would address these

concerns.
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CHAPTER 3:
CEREBELLAR INFLUENCES ON NETWORK COHERENCE

The Cerebellum and ASD

The cerebellum is an evolutionarily older part of the mammalian brain maturing before
more frontal neocortical regions and is interconnected to the neocortex, exerting some regulatory
control of cortical and subcortical neuronal circuits. Cerebellar circuits are important for
providing regulatory feedback to other regions of the brain, and although traditionally thought to
be exclusively involved with motor control, imaging and lesion studies have implicated higher-
order cognitive domains as well. Patients with cerebellar lesions or atrophy exhibit deficits in
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attention,'*® executive function,'*”'?**** language, working memory, =’ associative
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learning, visuospatial processing, and affective and sensory

processing.'*'*'*® Neuroimaging studies also report that the cerebellum is active during tasks
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within these processing domains, e

supporting evidence from lesion studies that the
cerebellum is involved in cognitive processing. Such deficits have been conceptualized into a
cerebellar cognitive affective syndrome that is characterized by disturbances in executive
function, impaired spatial cognition, personality change such as blunted affect, and linguistic
difficulty.'”’ Patients with cognitive affect syndrome often present impairments in planning and
abstract reasoning, increased distractibility and perseveration, decreased working memory and
associative processing, and changes in personality. The cerebellum appears to have an important
role in complex cognitive functions such as attention, language, working memory, and sensory
integration, in addition to motor control.

The cerebellum is divided into two hemispheres separated by a midline vermis, and was

originally discovered to have a ubiquitous role in motor control and coordination. Lesion studies
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indicated a potential zonal organization of the cerebellum such that medial zones, including the
vermis, regulate tone, posture and locomotion whereas more lateral zones, such as the posterior
hemispheres, regulate coordination of skilled movements.””* With the advent of neuroimaging
studies of the cerebellum, somatotopic organization has been localized to specific neuronal
clusters with certain body representations found throughout the anterior and posterior

27% The extensive role of the cerebellum in motor control and

hemispheres as well as the vermis.
coordination, especially due to prominent ataxic outcomes following lesions, originally obscured
the identification of cerebellar involvement in cognition. Considering the aforementioned
involvement of the cerebellum in cognitive processing, additional domains have been attributed
to subfields within the cerebellum. The anterior cerebellar lobes are primarily involved with
conventional aspects of cerebellar function such as sensorimotor processing.”’> "’ In addition to
the motor and coordination aspects of the cerebellum, the posterior cerebellar lobes are also

126,127,2 .. . .
6.127.277 and the vermis is involved with affective

involved with cognitive processing,
processing.'?”?”?" The cerebellum has a prominent role in motor control and coordination with
somatotopic organization of cerebellar subfields contributing to different regions of the body and
different aspects of tone, posture, and coordination of movement. More recently, topographical
organization of the cerebellum has been found to exert modulatory effects on cognitive
processing domains in addition to motor control.

Cerebellar neurons receive excitatory afferent inputs from the contralateral inferior olive,
projecting to Purkinje cell dendrites, and from the pontine, tegmentum, medullar oblongata, and
reticular formation, projecting to granule cell dendrites. Primary efferent cerebellar output is

from Purkinje cells projections to the deep cerebellar nuclei, which in turn send contralateral

transthalamaic projections to the neocortex, including the primary and pre-motor cortices,
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prefrontal cortex, and medial temporal and parietal lobes.**® Perturbations of specific cerebellar
subfields are associated with distinct cognitive and behavioral profiles. In addition to affects on
motor control,”” disturbances in modulatory output from the posterior cerebellar hemispheres
affects prefrontal/posterior parietal circuits and generally causes cognitive impairments, and
disturbances in modulatory output from the vermis affects limbic circuits and generally causes
affective dysfunction.””’ The universal cerebellar transform hypothesis conceptualizes these
findings into a framework by which cerebellar modulation serves as an oscillation dampener to
maintain a homeostatic baseline in neuronal processing. Alterations of these modulatory effects
in domain specific subfields lead to dysmetria, which can result in what has been referred to as
dysmetria of thought when the posterior cerebellar hemispheres or vermis is affected.” Overall,
the cerebellum has been implicated in modulation of higher-order cognitive and behavioral
domains in addition to motor control with specific topographical organization of modulatory
effects on neocortical circuits.

Cerebellar modulation of cortical and subcortical circuits is of particular interest
regarding the study of ASD because one of the most consistent postmortem findings associated
with ASD are decreased Purkinje cells in the cerebellar hemispheres.******* Some studies also

283,284
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report a bimodal distribution of hypo- or hyper- plasia in the cerebellar vermis,
other studies found no difference compared to controls.**** Nevertheless, cerebellar
perturbations may underlie some aspects of ASD symptomatology, such as repetitive behaviors,
stereotypy, and social-communication impairments, due to the aforementioned modulatory
effects of these circuits on cortical and subcortical regions associated with cognitive processing

domains associated with these symptoms. Only a single study has investigated the influence of

functional connectivity between the cerebellum and cognitive networks in individuals with
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ASD.”™ Individuals with ASD exhibited significant cerebrocerebellar hypo-connectivity with
supramodal networks and increased cross network connectivity between the cerebellum and
neocortex, suggesting altered segregation of cerebrocerebellar circuits in ASD. Further support
for cerebellar involvement can be seen from studies examining patient groups at high risk for
ASD. Approximately 30 percent of patients with fragile X syndrome (FXS) exhibit ASD-related
behaviors and meet diagnostic criteria,”*® and FXS patients with ASD express vermal

abnormalities whereas FXS patients without ASD do not.”**

As many as 36% of patients with
Joubert syndrome, characterized by the absence or underdevelopment of the vemis, also exhibit
ASD-related behaviors and meet diagnostic criteria.”®” In tuberous sclerosis (TS), a rare
syndromic disorder characterized by hamartomas in the brain and other organs, approximately

40% of patients are diagnosed with ASD,*®

and TS patients with cerebellar lesions have more
severe ASD symptoms compared to those without lesions.”™® ASD patients may also have an
increased genetic susceptibility to cerebellar malformations. For example, ASD implicated genes
such as EN2,”° GABRB3,”" and MET*** are all involved with cerebellar development. Loss of
EN2 in mice causes cerebellar malformations accompanied by deficits in motor and social
behaviors.”” Loss of GABRB3 in mice causes cerebellar vermal hypoplasia and deficits in social
and exploratory behaviors,”* and loss of MET in zebrafish causes cerebellar hypoplasia and
reductions in granule cell numbers.*® The cerebellum may be critically involved with the
presentation of the ASD phenotype.

Decreased Purkinje cell output from the cerebellum in individuals with ASD***%2%2
suggests that altered neuronal network dynamics in ASD may be due to an altered balance of

excitation to inhibition disrupting network coherence.'**'** Purkinje cells are a class of

inhibitory neurons that provide the primary cerebellar output to the neocortex via connections
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through the deep cerebellar nuclei. Decreased inhibitory output from Purkinje cells could
therefore perturb the balance of excitation to inhibition in neocortical networks during cognitive
processing. Glutamate and y-aminobutyric acid (GABA) define the excitatory to inhibitory (E/T)
balance within and between neuronal networks, which may affect coordinated functional
utilization of distinct neuronal clusters important for carrying out different aspects of information
processing. Determining the relationship between E/I balance and functional integrity of
cerebrocerebellar connections will help elucidate the potential role of altered modulatory effects
of the cerebellum in ASD. Glutamate is the primary excitatory neurotransmitter,”® typically
resulting in depolarization of the cell, and y-aminobutyric acid (GABA) is the primary inhibitory
neurotransmitter in the mature nervous system,”’ typically resulting in hyperpolarization.
GABAergic interneurons provide functional architecture to neuronal circuits via feedback and
feedforward inhibitory control of neuronal glutamatergic excitability. Neuronal binding of
glutamate and GABA shapes the spatiotemporal patterns of electrical signaling in the brain,**®
and the balance between neuronal excitability and inhibitory (E/I) control is crucial to neuronal
circuit patterning. The balance between glutamate and GABA signaling shaping the balance
between excitation and inhibition in the brain is important for neurodevelopment, cognitive
processing, and shaping functional connectivity patterns within neuronal networks.

GABA4 and GABAg receptor densities are reduced in ASD in the frontal, limbic and
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cerebellar cortices and glutamatergic receptor density may also be affected in ASD.*"!

Glutamic acid decarboxylases (GAD 65 and 67), enzymes that convert glutamate to GABA,***

305396 are also reduced in

3%% and reelin, a protein expressed in glutamatergic/GABAergic neurons,
individuals with ASD. These findings implicate the regulation of glutamatergic/GABAergic

signaling and the affect on E/I balance as a potential mechanism within ASD. Investigations of
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mouse models of ASD have reported that altered E/I in the cerebellum as well as in the
prefrontal cortex affects cellular processing and causes impairments in social interactions and
communication; whereas intervention reversing these alterations in E/I ameliorates behavioral
impairment.**”*° Post mortem studies have implicated altered E/I balance in individuals with
ASD and mouse models link these disturbances to behavioral outcomes associated with the ASD
phenotype. Defining the contributions of E/I effects in ASD patients with behavioral outcomes
will help elucidate if alterations in E/I balance are common across patients with ASD.

Magnetic resonance spectroscopy (MRS) provides a means of quantifying certain
molecules of interest utilizing non-invasive magnetic resonance imaging techniques. *** "H-MRS,
based on the magnetic properties of hydrogen ions in tissue, quantifies metabolites including
GABA, glutamine/glutamate, and N-acetylaspartate,’'® a marker of neuronal density/activity.
Studies utilizing MRS to measure metabolite levels in ASD have revealed some discordant
findings. Some report decreased NAA*''~?! whereas others report increased NAA 2% still
others find no difference’®>>2%, Aoki et al (2012)**° conducted a meta-analysis of MRS studies
focusing on ASD and found that NAA levels in the frontal, parietal, and temporal lobes were
significantly reduced in children with ASD, but not adults, suggesting a developmental trajectory
of altered neuronal density in individuals with ASD. Consistent patterns of GABA and glutamate
in ASD were not revealed with these meta-analytic techniques due to the heterogeneity across
studies and current limitations regarding assessment of these molecules in the brain. Increased
glutamate levels have been reported in the amygdala-hippocampus®*® and anterior cingulate
cortex””' of individuals with ASD but decreased levels have also been found in the frontal
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lobes,*** anterior cingulate cortex,*>> basal ganglia,”** and cerebellum.’'' These findings suggest

that the relationship between glutamate and ASD is more complex than just increased
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transmission, which was originally theorized in earlier studies. Reduced GABA levels have been
reported in the frontal lobes of ASD patients utilizing standard MRS sequences®**; however
measurement of GABA levels in vivo has proven difficult due to the spectral overlap of GABA
resonances (1.9ppm and 3.0ppm) with other metabolites, effectively masking the signal. Spectral
editing procedures, such as MEGA-PRESS,>* allow for GABA signals to be separated from
other metabolites and studies utilizing J-coupled editing procedures have corroborated reduced
GABA levels in the frontal lobes in ASD** and additionally suggested reductions in the superior
temporal>****” and pre-central®’ gyri. Thus, altered neuronal density, regionally specific
increases/decreases in glutamatergic signaling and reductions in GABAergic signaling are
implicated in ASD; however the cerebellum has not been as extensively evaluated as the
cerebrum in individuals with ASD. To our knowledge, only two studies have evaluated the
cerebellum utilizing MRS techniques, which reported reduced NAA and glutamate+glutamine
levels in individuals with ASD compared to unaffected individuals.*''~?° These findings suggest
reduced neuronal density and potentially altered E/I, but GABA levels would need to be
quantified. Overall, MRS techniques have generally corroborated post mortem and animal model
studies suggesting that E/I balance in the brain and neuronal density in the cerebellum is
associated with the ASD phenotype; however the relationship between GABA and glutamate
levels within the cerebellum has not yet been investigated.

Altered E/I balance in the brain in individuals with ASD is a prominent theory regarding
outcomes of perturbations in circuit structure and network dynamics in the brain, especially
regarding cerebellar pathology. Cerebellar abnormalities in ASD may perturb modulatory control
inputs to neocortical circuits, such as efferent projections to the frontal, temporal, and parietal

cortices and affect functional cerebrocerebellar connectivity. Functional connectivity between
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cerebellar and neocortical circuits appears to be altered in ASD with general patterns of hyper-
connectivity with motor regions but hypo-connectivity with supramodal regions,” which may
affect cognitive processing; however, cognitive measures were limited to symptom severity
ratings in the only study that has assessed cerebrocerebellar connectivity in ASD. Determining
the relationship between cerebrocerebellar connectivity and E/I balance and their effects on
cognitive and behavioral outcomes in individuals with ASD will help elucidate the role of
neuropathological alterations in cerebellum on symptoms outcomes. Compared to the cerebrum,
the cerebellum has not been as extensively researched in ASD even though it is consistently
implicated in the disorder. Further research to understand cerebrocerebellar connectivity in
individuals with ASD and how the balance between excitation and inhibition in distinct neuronal
clusters affects these alterations and symptom outcomes is warranted.

Aim 1: Utilize resting-state fMRI to assess functional connectivity between the
cerebellum and neocortex in individuals with and without ASD. This investigation will
allow us to determine whether relationships exist between cerebrocerebellar connectivity
and symptom outcomes in ASD.

Aim 2: Utilize magnetic resonance spectroscopy techniques to assess metabolites of
glutamate and GABA in the cerebellum and determine whether differences are associated
with cerebrocerebellar connectivity. This investigation will allow us to examine how

network coherence alterations in ASD are associated with alterations in E/I balance.
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RESTING STATE fMRI & MR SPECTROSCOPY

One of the most consistent postmortem findings associated with ASD are decreased
Purkinje cells in the cerebellar hemispheres.******? Some studies also report a bimodal

distribution of hypo- or hyper- plasia in the cerebellar vermis>*>***

and a potential reduction in
the number of Purkinje cells;*® however vermal abnormalities are not as consistently reported as
cerebellar hemisphere neuropathology.**® Although cerebellar perturbations are implicated in
ASD, the majority of imaging studies in ASD assessing functional network coherence do not
account for the potential influence of cerebellar modulation on neocortical networks. A task-
based functional connectivity study reported that cerebrocerebellar networks exhibit significant
hypo-connectivity during finger tapping®” in individuals with ASD; however, the influence of
cerebellar connections on cognitive neocortical circuits have only recently been investigated. To
date only a single study has specifically investigated the influence of cerebellar connectivity on
cognitive networks in individuals with ASD.?® This study reported that individuals with ASD
exhibited significant cerebrocerebellar hypo-connectivity with supramodal networks and
increased cross network connectivity between the cerebellum and neocortex, suggesting altered
segregation of cerebrocerebellar circuits in ASD. Cerebrocerebellar connectivity appears to be
affected in ASD, with potentially diminished cerebellar modulation of non-motor systems.
Further research into the mechanisms underlying perturbed cerebrocerebellar circuits in ASD is
warranted.

Altered neuronal network dynamics associated with ASD may be due to an altered
balance of excitation to inhibition disrupting network coherence.'**'** Glutamate and y-
aminobutyric acid (GABA) define the excitatory to inhibitory (E/I) balance within and between

neuronal networks, which may affect cerebellar modulation of distinct neuronal clusters
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important for carrying out different aspects of information processing. GABA and glutamate

1
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receptor densities are reduced in the cerebellar cortices of individuals with AS as well as

enzymes that convert glutamate to GABA?**>%

and proteins expressed in
glutamatergic/GABAergic neurons.’’~* These findings implicate the regulation of
glutamatergic/GABAergic signaling and E/I balance as a potential mechanism underlying altered
cerebrocerebellar connectivity in individuals with ASD; however to date, no investigations have
examined the influence of E/I on cerebrocerebellar connectivity in individuals with ASD.
Determining the relationship between functional integrity of cerebrocerebellar connections and
E/I balance in individuals with ASD will help elucidate the role of altered modulatory effects of
the cerebellum on network coherence in ASD and provide critical insight into specific
mechanisms that may underlie these perturbations.

The purpose of this study was to examine functional cerebrocerebellar connectivity in
individuals with ASD and assess whether alterations in network coherence are related to E/I
balance within the cerebellum. ASD and matched controls were administered measures of
symptom severity and social and language competence. Following behavioral testing, resting-
state fMRI and magnetic resonance spectroscopy data were acquired. Glutamate, GABA, and N-
acetylaspartate’'’, a marker of neuronal density/activity, were assessed in the right
postereolateral cerebellar hemisphere, the cerebellar vermis, and the left dorsolateral prefrontal
cortex, due to contralateral projections between the cerebellar hemispheres and neocortex and
greater activation of the right cerebellum and left prefrontal cortex during language and social
processing.”’"** The right cerebellar hemisphere junction of crus I and crus IT was chosen

because this area is active during the processing of language and other higher order cognitive

domains®® and is functional connected with the left dorsolateral prefrontal cortex.**' Due to the
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potential vermal hyper- or hypo- plasia in individuals with ASD, we also examined the anterior

- 283,284
lobe of the vermis.?***8

Cerebrocerebellar connectivity and metabolite levels were quantified
and associations between these measures with cognitive and behavioral outcomes were assessed
across diagnostic groups.

We hypothesized that individuals with ASD would exhibit hypo- cerebrocerebellar
connectivity between the right cerebellar hemisphere and left dorsolateral prefrontal cortex
compared to unaffected controls, as previously reported,”™ and that cerebrocerebellar connection
strength would be related to social and language competency. We also hypothesized that GABA
concentrations in the cerebellum, especially in the right cerebellar hemisphere, of individuals
with ASD would be reduced compared to typically developing controls with concurrent
alterations in the balance between excitatory/inhibitory neurotransmitter metabolites. We
propose that individuals with the lowest cerebrocerebellar connectivity, especially in individuals
with ASD, will exhibit the largest reductions in GABA and alterations in E/I.

Methods

PARTICIPANTS

Fifteen individuals with ASD, confirmed from clinical report and the Autism Diagnostic
Interview-Revised (ADI-R)** or Autism Diagnostic Observation Schedule (ADOS),*** aged
between 15 and 35 years were recruited from the University of Missouri Thompson Center for
Autism and Neurodevelopmental Disorders. Fifteen gender, age, FSIQ and handedness matched
controls without any previous major medical or psychiatric diagnoses were recruited from the
surrounding community. IQ was estimated with the Wechsler Abbreviated Scale of Intelligence

21 . . . . .. . . .
% and demographic information, including ethnicity, years of education, and socio-economic
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status, were collected with questionnaires. All participants were consented in accordance with
the University of Missouri Health Sciences Institutional Review Board.

ENROLLMENT CRITERIA

Following initial participant screening, all subjects were interviewed by a physician to
ensure enrollment criteria. Inclusion criteria included: 1) an ASD diagnosis confirmed from
clinical report and the ADI or ADOS and no previous major medical or psychiatric diagnoses,
and 2) between 15 and 35 years old. Exclusion criteria included: 1) schizophrenia, 2) major
depression, 3) bipolar disorder, 4) non-ASD related learning disability, 5) previous major head
trauma, or 6) pregnancy. Participant medications were also screened. Control participants were
not enrolled if currently or regularly taking any psychoactive medications. ASD participants
were not enrolled if currently or regularly taking any medications directly affecting the
GABAergic or glutamatergic systems.

BEHAVIORAL ASSESSMENT

Questionnaires were directly administered or mailed to each participant’s parent or
caregiver to quantitatively assess ASD-related symptom presentation. The Social Responsiveness
Scale (SRS) is a standardized form for assessing symptom severity over a 6 months period across
communication skills, social functioning, and stereotyped behaviors and restricted interests.’*’
The Aberrant Behavior Checklist (ABC) is a standardized form for assessing maladaptive
behaviors in clinical populations.*** Additional behavioral testing was conducted with each
participant prior to MR scanning to assess current social and language competency in the
experimental setting. Social competency was assessed with the General Social Outcomes
Measures (GSOM),*** which is a progress-monitoring tool developed to assess social skills in

individuals with a PDD and provides measures of additional social domains not assessed with the
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SRS. Language competency was assessed with the Test of Language Competence (TLC),**°

which is an assessment tool developed to measure higher-level language function for
communication and that has previously been shown to distinguish meta-linguistic abilities in
individuals with ASD.**’ Two independent raters that were blind to diagnostic group scored each
measure.

MRI ACQUISITION

Magnetic resonance imaging was carried out at the Brain Imaging Center of the
University of Missouri Department of Psychological Sciences utilizing a MAGNETOM Trio A
Tim System package (Siemens, Malvern, PA). Structural T1-weighted images were acquired for
anatomical localization (TR=1920 ms, TE=2.9 ms, Flip Angle=9 degrees, 176 sagittal slices at 1
mm”) and functional T2*-weighted images were acquired for BOLD activation (TR=2200 ms,
TE=30 ms, Flip Angle=90 degrees, 35 ACPC-aligned slices at 4 mm"®) during 5 minutes of
passive rest in which the participant viewed a blank screen with a cross-hair fixation point.
Single-voxel (20 mm?®) point-resolved spectroscopy spin-echo®*® sequences were used to detect
metabolites of interest (TR = 2000 ms, TE = 80 ms, flip angle = 90°, 128 averages, weak water
suppression at bandwidth = 50 Hz, delta frequency = -2.3 ppm, bandwidth = 1200 Hz) and were
repeated without water suppression to allow absolute quantification of metabolites. **° Single-
voxel (20mm®) MEGA-PRESS (TR = 2000 ms, TE= 68 ms, flip angle = 90°, water saturation
bandwidth = 35 Hz, delta frequency = -1.7 ppm, bandwidth = 2000 Hz) sequences were used to
detect GABA and were repeated without water suppression. Voxels were independently
localized in each participant in the right postereolateral cerebellar hemisphere junction of crus I
and crus II, the anterior lobe of the cerebellar vermis, and the left dorsolateral prefrontal cortex,

220,221

with reference to the standardized MNI atlas, Figure 14.
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Figure 14 Representative MRS voxel locations. Voxel locations are displayed
from a representative participant for the left dorsolateral prefrontal cortex 23, the
anterior lobe of the vermis (dark blue), and the right postereolateral cerebellum
hemisphere (red).

MRI PREPROCESSING

Preprocessing of fMRI data consisted of slice timing correction, rigid body realignment,
intensity normalization, brain extraction and registration to the structural T1-weighted image
with the FMRIB Software Library (FSL).?'**'* To account for spurious fluctuations in the BOLD

1, *'* translation and rotation parameters (x, v, z, pitch, roll, and yaw) from realignment

signa
were combined with average BOLD signals from the ventricles and white matter and their

temporal derivatives and regressed out of the timeseries data with the REST toolkit.*'°. Global
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signal regression was not included within these preprocessing procedures due to the small
number of regions of interest being investigated and potential to create anticorrelations between
cerebrocerebellar circuits. Although global signal regression removes noise associated with
whole brain signal, spurious anticorrelations may also be introduced,”' which may confound
the interpretation of cerebrocerebellar network coherence. Temporal band-pass filtering (0.01 < f
< 0.08 Hz) was applied with the REST toolkit to reduce the effects of low-frequency drift and
high-frequency noise and focus on intrinsic signal fluctuations.”'” fMRI data were then motion
corrected as motion can substantially influence functional connectivity analyses. *>**>* BOLD
acquisitions were scrubbed for excess motion and signal intensity using in-house MATLAB
programs (The Mathworks, Inc., Natick, MA). Any acquisitions that exceeded 2 standard
deviations from the within-subject within-run mean for any translation, rotation, or intensity
parameter or exceeded motion of more than 2 mm in any direction were removed. Midpoint
voxel coordinates from MRS acquisition in the right postereolateral cerebellum (R Cere Hemi),
vermis, and left dorsolateral prefrontal cortex (L DLPFC) were used to construct 20 mm® ROIs.
ROIs used for MRS and functional connectivity analyses were completely overlapping to allow
an assessment of the correspondence between metabolite levels and functional connectivity
between regions. To account for covariance and allow assessment of unique functional
connectivity, partial correlation matrices containing all possible ROI pairs were generated for
each participant. Fischer’s r-to-z transformations were then applied to standardize the data.
Metabolite levels were quantified with LCModel.*** Metabolite concentrations for
glutamate®, y-aminobutyric acid (GABA), N-acetylaspartate (NAA), and creatine plus
phosphocreatine (Cr+PCr) were computed within each individual. Concentrations are presented

in institutional units, which provide a comparison between diagnostic groups and approximates
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millimoles (mM) per liter but may vary by an unknown percentage from absolute mM. The
balance between excitation and inhibition (E/I) was also computed by generating the ratio of
glutamate to GABA within each ROI; however these metabolites were assessed across different
acquisition protocols and thus only provided a relative comparison between groups, not an
absolute ratio of mM concentrations between metabolites. E/I comparisons were log transformed
to account for skewed distributions based on ratio comparisons; however the reported group
averages and standard deviations reflect untransformed ratios. The FSL toolbox FAST was also
used to segment anatomical brain tissue into gray matter, white matter, and cerebrospinal fluid
(CSF) within the regions of interest, because differing gray/white matter proportions can affect
spectra concentration.” Tissue composition was accounted for in all analyses involving
metabolite concentrations.

STATISTICAL ANALYSES

One ASD participant was unable to complete the study due to an adverse reaction to the
imaging environment and this subject’s matched control was subsequently removed. Two ASD
participants’ IQ estimates were more than 2 standard deviations below the average and these
subjects were not matched to typically developing controls. Statistical analyses were conducted
on 14 individuals with ASD and 12 controls and 12 individuals with ASD and 12 matched
controls to compare matching and sample size effects. Analyses consisted of an analysis of
variance analysis of variance, ANOVA, approach with an additional §? (chi-squared) for
categorical variables.

Analyses included a set of one-way ANOV As between groups to assess 1) continuous
demographic variables (age, 1Q, and years of education) and a y* (chi-squared) for categorical

demographic variables (gender, ethnicity, handedness, and family income), 2) measures of
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social-communication symptom severity (Total SRS and subscales including social awareness,
social cognition, social communication, and social motivation) and restricted interests/repetitive
behaviors (SRS subscale autistic mannerisms and Total ABC including subscales irritability,
lethargy, stereotypy, hyperactivity and inappropriate speech), 3) measures of social competence
(Total GSOM and subscales including conversational reciprocity, facial expressions, social
problem solving and emotional perspective taking) and language competence (Total TLC and
subscales including ambiguous sentences, listening comprehension, oral expression, and
figurative language), 4) functional connectivity estimates between ROI pairs (R Cere Hemi,
vermis, and L DLPFC), and 5) a set of three ANCOV As (one per MRS ROI) controlling for
proportion of grey matter within each region of interest.

Signal to noise ratio of PRESS and MEGA PRESS sequences were used to determine the
validity of metabolite concentrations from each participant. Functional connectivity estimates
from resting-state were also regressed across log transformed E/I ratios, controlling for tissue
composition and signal to noise, to determine if any significant relationships exist between
excitatory/inhibitory balance and cerebrocerebellar connectivity. The associations between
symptom severity and behavioral outcomes with cerebrocerebellar connectivity were also
examined to determine if cerebellar modulatory influences are associated with cognitive and
behavioral outcomes in individuals with ASD.

Analyses were carried out with IBM SPSS Statistics Software.”" Due to the small sample
size and pilot nature of this investigation, correction for multiple comparisons was only
completed across regions of interest, which may increase Type I error but will allow hypothesis

generation for future investigations. Correction for multiple comparisons was completed by
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231

controlling for the false discovery rate (FDR).”" Significance following FDR correction is

indicated (*).

Table 3 Demographic and diagnostic information undergoing magnetic
resonance spectroscopy. Data represents average scores +/- standard deviation or
number of subjects within each categorical group for matched subjects. Categorical

groups include males and females (M/F), white, black, Hispanic and other
(W/B/H/0), right and left (R/L), and most frequently reported income bracket

(mode).
ASD CTRL Statistics p
Demographics (n=12) (n=12)

Age (years) 22.17 +/-4.59 23.18 +/-3.04 F(1,22)=0.40 0.536
Gender (M/F) 10/2 10/2 x**23=0.00 1.000
Race (W/B/H/0) 10/0/0/2 12 x(2)=2.18 0.336
Handedness (R/L) 11/1 11/1 x**%3=0.00 1.000
Education (years) 14.83 +/- 4.39 15.92 +/- 1.62 F(1,22)=0.64 0.431
Family Income (mode)  Don’t know $100,000/more  x*(7)=12.12 0.097
Intelligence Quotients

ViQ 100.00 +/-23.11 112.42 +/-5.66 F(1,22)=3.27 0.084

PIQ 105.75 +/-21.14  106.50 +/-11.67 F(1,22)=0.01 0.915

FSIQ 103.33 +/-19.08 110.67 +/-8.21 F(1,22)=1.49 0.235

Diagnostics (cutoff)

ADI Social **® 20.00 +/- 5.10 -
ADI Communication (8) 15.00 +/- 4.77 -
ADI Repetitive (3) 7.66 +/-2.18 -
ADI Abnormality 22 3.89 +/- 0.93 -
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Results

PARTICIPANTS

Control participants provided an adequate comparison group without significant
contributions from confounding demographic influences. Comparing only matched participants,
there were no significant group differences in age, verbal IQ (VIQ), performance IQ (PIQ), full
scale 1Q (FSIQ), or years of education, p>0.05, nor gender, ethnicity, handedness or family
income, p>0.05, Table 3. VIQ approached significance, p=0.084, which was primarily due to
matching participants based on FSIQ. Comparing all participants, FSIQ exhibited a trend
towards a difference between groups, F(1,24)=3.244, p=0.084, with higher FSIQ in the control
group, (M=110.67, SD=8.22) compared to individuals with ASD (M=98.64, SD=21.78) and
verbal 1Q was significantly higher, F(1,24)=5.258, p=0.031, in the control group (M=112.42,
SD=5.66) compared to individuals with ASD. (M=96.21, SD=23.84) Considering that language
abilities in individuals with ASD are often affected, moderate differences in verbal IQ would not
be unexpected.

BEHAVIORAL ASSESSMENT

Behavioral assessment of individuals with ASD indicated the anticipated pattern of
cognitive and behavioral symptoms regarding the typical presentation of the ASD phenotype.
Individuals with ASD displayed significantly diminished social cognition and more prevalent
presentations of aberrant behaviors compared to unaffected individuals. Social and language
competency were also affected such that individuals with ASD displayed less naturalistic
conversational skills and impaired listening comprehension. Consistent with the heterogeneity of
symptom presentation across the autism spectrum, individuals with ASD displayed greater

variability of skills in social and language domains compared to controls.
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Social Responsiveness Scale

Individuals with ASD exhibited more ASD-related symptoms compared to controls, with
all SRS subscales in the mild to moderate range of severity. Average SRS scores from controls
were within the normal range for individuals in the general population unaffected by ASD.
Individuals with ASD exhibited higher SRS scores compared to control participants in the total
SRS (M=72.54, SD=14.25; M=46.33, SD=14.4), F(1,23)=20.872, p<0.001, and social awareness
(M=62.46, SD=14.63; M=46.58, 14.29), F(1,23)=7.516, p=0.012, social cognition (M=70.23,
SD=3.07; M=46.33, SD=10.22), F(1,23)=25.621, p<0.001, social communication (M=69.07,
SD=12.62; M=46.92, M=15.17), F(1,23)=15.867, p=0.001, social motivation (M=70.00,
SD=15.13; M=46.42, SD=9.93), F(1,23)=20.825, p<0.001, and autistic mannerisms (M=74.92,
SD=16.65, M=48.00, SD=16.58), F(1,23)=16.380, p=0.001, subscales, which remained
significant when only comparing matched participants, Figure 15. One ASD participant’s
caregiver elected not to complete the SRS.

Aberrant Behavior Checklist

Individuals with ASD presented more aberrant behaviors compared to controls with more
behaviors suggestive of lethargy, stereotypy, and inappropriate speech, which would be expected
for individuals with a neurodevelopmental disorder. Controls displayed generally low
occurrences of aberrant behaviors indicating minimal presentation of clinically relevant
symptoms. Individuals with ASD exhibited higher ABC scores compared to control participants
in the total ABC (M=22.36, SD=14.80;, M=4.83, 7.83), F(1,24)=13.518, p=0.001, and lethargy
(M=10.86, SD=7.38; M=0.67, SD=1.78), F(1,24)=21.692, p<0.001, stereotypy (M=2.86,
SD=2.74; M=0.25, SD=0.87), F(1,24)=9.948, p=0.004, and inappropriate speech (M=2.21,

SD=2.11; M=0.17, SD=0.039). F(1,24)=10.832, p=0.003, subscales, which remained significant
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when only examining matched participants, Figure 15. There were no differences in irritability or
hyperactivity, p>0.05, and all individuals generally presented few behavioral symptoms within
these domains across diagnostic groups.
Figure 15 Measures of symptom severity. The (A) Social Responsiveness Scale
and (B) Aberrant Behavior Checklist (ABC) and subscales of interest between ASD

(dark grey) and control, CTRL, (light grey) groups are displayed. Error bars
represent standard error and significant differences are indicated (*).
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General Social Qutcomes Measure

Individuals with ASD also expressed less general social competency compared to
unaffected individuals, especially in a conversational setting. Individuals with ASD exhibited
significantly lower GSOM scores compared to control participants for the total GSOM (M=70.79,
SD=9.92; M=80.42, SD=4.91), F(1,24)=9.321, p=0.005, and conversational reciprocity subscale
(M=22.35, SD=3.80; M=26.75, SD=2.18), F(1,24)=12.497, p=0.002, which remained significant
when only comparing matched participants, Figure 16. There were no differences in
interpretation of facial expressions, social problem solving, or emotional perspective taking,
p>0.05, between individuals with ASD and controls. The GSOM was primarily designed for use
with younger individuals, 10-15 years of age, and has not been systematically evaluated in older
populations. Age-group effects should be considered with the interpretation of these comparisons.

Test of Language Competence

Individuals with ASD exhibited lower general language competency compared to
unaffected individuals, especially in listening comprehension. Individuals with ASD exhibited
significantly lower TLC scores compared to controls for the total TLC (M=143.36, SD=35.35;
M=172.50, SD=11.50), F(1,24)=7.439, p=0.012, and ambiguous sentences (M=28.83, SD=9.21;
M=33.67, SD=5.00), F(1,24)=4.468, p=0.045, listening comprehension (M=27.67, SD=6.61;
M=33.08, SD=3.45), F(1,24)=6.538, p=0.017, oral expression (M=63.25, SD=18.15; M=74.00,
SD=3.8), F(1,24)=4.329, p=0.048, and figurative language (M=26.17, SD=11.28; M=31.75,
SD=5.66), F(1,24)=3.267, p=0.083, subscales. Comparing only matched participants, total TLC
and listening comprehension remained significantly lower in individuals with ASD compared to
controls and oral expression exhibited a trend, p=0.057, Figure 16; whereas ambiguous sentences

and figurative language interpretation were no longer different between groups, p>0.05. Due to
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the advanced age of participants within this sample compared to available standardized scores of
TLC, raw scores were utilized in these analyses. These effects were also examined with
standardized data based on the nearest age group and were consistent across analyses.
Figure 16 Measures of social and language competency. (A) General social
outcomes measure (GSOM) and (B) the Test of Learning Competence (TLC) total
scores and subscales of interest are displayed between ASD (dark grey) and control,

CTRL, (light grey) groups. Error bars represent standard error and significant
differences are indicated (*).
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Figure 17 Cerebro-cerebellar functional connectivity. (A) Functional
connectivity between the right postereolateral cerebellar hemisphere (R Cere Hemi),
left dorsolateral prefrontal cortex (L DLPFC), and vermis are displayed across the
ASD (dark grey) and control, CTRL, (light grey) groups. (B) Functional connectivity
between the right postereolateral cerebellar hemisphere and left dorsolateral
prefrontal cortex is displayed for the low FC and high FC ASD groups compared to
controls (C) as well as individual participant Error bars represent standard error
and significant differences are indicated (*).
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FUNCTIONAL CONNECTIVITY

There were no significant differences in cerebrocerebellar functional connectivity
between individuals with ASD and controls when comparing diagnostic groups, p>0.05, which
remained non-significant when examining only matched participants, Figure 17. There was a
single outlier identified in the control group when examining connectivity between the right
cerebellar hemisphere and vermis, which exhibited an FC estimate greater than 3 SD from the
within group mean. Analyses were examined excluding this outlier and group level connectivity
estimates remained non-significant between groups, p>0.05. FC between the R Cere Hemi was
significantly associated with listening comprehension. Across all participants regardless of
diagnostic group, listening comprehension was significantly associated with cerebrocerebellar
connectivity, r=0.436, p=0.026; however this association appeared to be driven by individuals
with ASD, r=0.588, p=0.027, Figure 18, as controls showed no association, r=0.086, p=0.790.
Individuals with ASD exhibited significantly reduced performance on the listening
comprehension task compared to unaffected individuals and this performance effect was related
to functional connectivity between the cerebellar hemisphere and prefrontal cortex. Symptom
severity and social competency were not generally associated with cerebrocerebellar connectivity.

Although there were no group level differences in cerebrocerebellar FC between
individuals with ASD and controls, there was a statistically significant subset of individuals with
ASD, as described below, whom exhibited significantly lower, anticorrelated, cerebrocerebellar
connectivity, Figure 17. Functional connectivity estimates generally displayed a normal
distribution across individuals; however connectivity between the R Cere Hemi and L DLPFC
exhibited a bimodal distribution in individuals with ASD. Potential bimodality of this

distribution was assessed with the Dip test, which quantitatively assesses a unimodal distribution
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for significant flat steps in the distribution function indicating violations of unimodality.’*® The
ASD and control group distributions were examined and the Dip test indicated a significant
unimodal distribution in controls, D=0.076, p=0.84, but a significant non-unimodal distribution
in individuals with ASD, D=0.148, p=0.004. Bimodal normal distributions were fitted in R*’ to
identify a relevant breakpoint, which was indicated between -0.307 and 0.057. This breakpoint
segregated 5 individuals with ASD into the low FC group and 9 individuals into the high FC
group. Groups were separated and compared to controls with a one-way ANOVA. There was a
significant difference in cerebrocerebellar connectivity across groups, F(2,25)=11.93, p<0.001,
due to lower cerebrocerebellar connectivity in the low FC ASD group (M=-0.34, SD=0.04)
compared to the high FC ASD group (M=0.37, SD=0.16), t(12)=9.368, p<0.001*, and compared
to the control group (M=0.22, SD=0.35), t(15)=3.410, p=0.004*. There were no differences in
cerebrocerebellar FC between the high FC ASD and control groups, p>0.05, suggesting a subset
of individuals with ASD that exhibit significant anticorrelated cerebrocerebellar connectivity.
The low FC ASD group and high FC ASD groups were then compared across diagnostic
and behavioral measures utilizing one-way ANOVAs and a chi-squared to determine if
differences in demographics or symptom severity segregates with anticorrelated
cerebrocerebellar connectivity. There were no differences in age, 1Q, or years of education nor
gender, ethnicity, handedness, or family income between, p>0.05. Symptom severity, as assessed
with the SRS and ABC, did not significantly differ between low FC ASD and high FC ASD
groups, p>0.05. There were also no differences in social competency, as assessed with the
GSOM, and generally no differences in language competency, as assessed with the TLC;

however listening comprehension was significantly lower in the low FC ASD group (M=23.00,
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SD=7.14) compared to the high FC ASD group (M=30.33, SD=4.69), F(1,13)=5.459, p=0.038,

which is especially interesting considering the role of the R Cere Hemi in language processing.
Figure 18 Cerebrocerebellar connectivity and listening comprehension.
Functional connectivity between the left dorsolateral prefrontal cortex and right

postereolateral cerebellum hemisphere is associated with scores on the listening
comprehension subscale of the test of language competence in individuals with ASD.
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METABOLITE LEVELS

Comparing individuals with ASD and controls, there were generally no differences in
metabolite levels. One ASD participant was removed from analysis of L DLPFC metabolite
levels due to an insufficient signal to noise ratio. L DLPFC metabolite levels and E/I did not
significantly differ between ASD and control participants, F(14,9)=0.613, p>0.05. One ASD
participant and two control participants were removed from analysis of vermis metabolite levels
due to an insufficient signal to noise ratio. Vermis metabolite levels and E/I did not significantly
differ between ASD and control participants, F(14,7)=0.872, p>0.05. Two ASD participants

were removed from analysis of R Cere Hemi metabolite levels due to an insufficient signal to
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noise ratio. R Cere Hemi metabolite levels and E/I did not significantly differ between ASD and
control participants, F(13,9)=1.153, p>0.05. Metabolite levels are displayed in Figure 19 and E/I
ratios are displayed in Figure 20.
Figure 19 Metabolite concentrations. Metabolite concentrations for glutamate 32,
GABA, n-acetyl aspartate (NAA), and creatine+phosphocreatine (Cr+PCr) are
displayed for the (A) left dorsolateral prefrontal cortex (DLPFC), (B) right
postereolateral cerebellum hemisphere (R Cere Hemi), and (C) vermis separately

for the ASD (dark grey) and control, CTRL, (light grey) groups. Error bars represent
standard error and significant differences are indicated (*).
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Figure 20 Excitatory to inhibitory ratios. Excitatory to inhibitory,
glutamate/GABA, ratios are displayed for left the dorsolateral prefrontal cortex
(DLPFC), right postereolateral cerebellum hemisphere (R Cere Hemi), and vermis
separately for the ASD (dark grey) and control, CTRL, (light grey) groups. Error bars
represent standard error and significant differences are indicated (*).

4 B ASD
OCTRL

L DLPFC R Cere Hemi Vermis

Individuals with ASD that expressed significantly lower, anticorrelated, FC also
displayed significantly lower glutamate levels, with concurrent reductions in E/I balance,
compared to higher FC individuals with ASD. Due to the bimodal distribution of cerebro-
cerebellar functional connectivity in individuals with ASD, metabolite levels of the L DLPFC
and R Cere Hemi were compared between low and high FC ASD groups to determine if
metabolite levels segregate with FC differences in individuals with ASD. L DLPFC
concentrations of GABA, Glu, NAA, and Cr+PCr did not significantly differ across low and high

FC ASD participants, F(5,6)=0.633, p>0.05; however glutamate levels were significantly lower
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in the low FC ASD group (M=6.46, SD=1.94) compared to the high FC ASD group (M=9.43,

SD=1.71) in the R Cere Hemi, F(1,12)=5.180, p=0.049, and E/I ratios were also significantly

lower in the low FC ASD group (M=1.80, SD=0.35) compared to the high FC ASD group

(M=3.09, SD=0.18), F(1,12)=7.091, p=0.026, Figure 21. Altered glutamate levels in the R Cere

Hemi in these individuals suggest potentially less cerebellar modulatory influence on prefrontal

circuits during cognitive processing.

Figure 21 Glutamate and E/I in ASD. (A) Metabolite concentrations of glutamate
and (B) excitatory/inhibitory (E/I) balance of glutamate/GABA in the right
postereolateral cerebellum hemisphere are displayed for individuals with ASD
expressing low (dark grey) and high (light grey) cerebro-cerebellar functional
connectivity. Individual participant data is also displayed. Error bars represent

standard error and significant differences are indicated (*).
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Metabolite Levels and Functional Connectivity

Across all individuals regardless of diagnostic group, cerebrocerebellar connectivity
between the R Cere Hemi and L DLPFC was significantly associated with E/I in right
postereolateral cerebellar hemisphere, r=0.603, p=0.003. Individuals with ASD, r=0.677,
p=0.031, and controls, r=0.606, p=0.084, contributed to these effects, Figure 22. However,
cerebrocerebellar connectivity between the R Cere Hemi and L DLPFC was not significantly
associated with E/I of the L DLPFC, r=0.082, p=0.711, with non-significant effects in both the
ASD and control groups, p>0.05.

Figure 22 Cerebrocerebellar connectivity and E/I in the cerebellum. Functional

connectivity between the right postereolateral cerebellum hemisphere (R Cere

Hemi) and left dorsolateral prefrontal cortex is associated with the balance between

glutamate and GABA (E/I) in the R Cere Hemi in both individuals with ASD (dark
grey triangle) and controls, CTRL, (light grey squares).
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Discussion

The purpose of this study was to examine functional cerebrocerebellar connectivity in
individuals with ASD and assess if alterations in network coherence were related to the balance
between excitation and inhibition in the cerebellum. A subset of individuals with ASD exhibited
anticorrelated cerebrocerebellar connectivity between the right postereolateral cerebellar
hemisphere and left dorsolateral prefrontal cortex, implicating reduced modulatory influences of
the cerebellum on neural circuit dynamics. Cerebellar modulation is theorized to serves as an
oscillation dampener to maintain a homeostatic baseline in neuronal processing such that
disturbances in cerebellum modulation can have deleterious on cognitive processing and
behavior.”' Individuals with ASD that exhibited anticorrelated cerebrocerebellar connectivity
also displayed diminished listening comprehension skills and deficits in the ability to make
inferences from verbal information, which is especially relevant considering the role of the
posterior cerebellum hemispheres in language processing. Altered cerebrocerebellar connectivity
was also associated with a reduced balance between excitation and inhibition in the cerebellum
due to reduced concentrations of glutamate, indicating a potential mechanism underlying
downregulation of cerebrocerebellar connectivity in these individuals. Neuropathological
alterations in the cerebellum have been noted for decades in individuals with ASD****2*? but
have only recently been incorporated into neuroimaging studies of functional connectivity in
ASD.”™® The cerebellum is implicated in an array of higher-order cognitive domains,””’ such as
language processing, and neuropathological perturbations of the cerebellum may be associated
with the presentation of symptoms related to the ASD phenotype. Although our pilot study only
implicates a subset of individuals with ASD, this is the first investigation to suggest a

relationship between potential neurochemical alterations in the cerebellum with effects on
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cerebrocerebellar connectivity and behavioral outcomes in individuals with ASD, which
warrants further investigation.

The cerebellum exhibits altered patterns of functional activation individuals with ASD
depending on task demands. The cerebellum appears to be hyper-active during motor processing
but hypo-active during attention orientating in individuals with ASD,** suggesting potential
differing functional outcomes of the previously reported cerebellar abnormalities depending on
neural system targets and processing demands. To date, only a single study has specifically
investigated functional network coherence between cerebellar subfields and neocortical networks
in individuals with ASD.”™ These researchers discovered that individuals with ASD exhibited
global cerebrocerebellar hyper-connectivity driven by hyper-connectivity to sensorimotor
networks but hypo-connectivity to supramodal networks, including the prefrontal cortex. The
functional relationships between the cerebellum and neocortical circuits involved with cognitive
processing appear to be affected in ASD and these alterations warrant further investigation. We
found that a subset of individuals with ASD exhibited anticorrelated functional connectivity
between the right cerebellar hemisphere and left dorsolateral prefrontal cortex, which may have
contributed to the previous report of hypo- cerebrocerebellar connectivity of supramodal
networks.”®* The prefrontal cortex has been theorized to maintain patterns of activity in the
neocortex by guiding activity patterns in other brain structures to support optimized cognitive
processing based on task demands.”*” Feedforward control from the cerebellum modulates
neuronal circuit dynamics in the neocortex,*® and disturbances in modulatory output from the
posterior cerebellar hemispheres affects prefrontal circuits and generally results in cognitive
impairments.”’” Altered cerebellar modulation may therefore perturb neocortical circuit

dynamics and lead to some aspects of the ASD phenotype. The right posterolateral hemispheres
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of the cerebellum typically exhibit functional connections with the dorsolateral prefrontal cortex,
a region within the default mode network (DMN), during passive rest and internal mentation.>’
The DMN is typically upregulated during passive rest but downregulated during over cognitive
processing.”*” We found a similar profile of cerebrocerebellar connectivity between these
regions in controls and most individuals with ASD in the current sample, but an additional subset
of individuals with ASD with a markedly different pattern of cerebrocerebellar connectivity.
Heterogeneity across the autism spectrum suggests etiological subgroups most likely exist and
our findings support a subgroup of individuals with ASD in which some aspects of the ASD
phenotype are associated with altered functional integration between cerebellar and cerebral
circuits. Additionally within the previous report of hypo-connectivity in the cerebellum during
attention orienting, there appeared to be a subset of individuals with ASD that exhibited
deactivation within the cerebellum, suggesting potential downregulation of the cerebellum in
these individuals and supporting our finding of an anticorrelation between cerebrocerebellar
circuits.

Individuals with ASD exhibiting anticorrelated cerebrocerebellar connectivity displayed
concurrent deficits in language comprehension and inference abilities. High functioning verbal
individuals with ASD have relatively intact basic language skills but diminished interpretive
linguistic abilities.>*” We found that these interpretive linguistic abilities were decreased in
individuals with ASD exhibiting perturbed cerebrocerebellar connectivity. The role of the
cerebellum in these abilities is further supported by reports that the cerebellum is activated

. : 131,132,262,263
during language processing, =~~~

and patients with cerebellar lesions exhibit language
<o 127,128,255,256 sl : : . e o, .
deficits. Additionally, patients with cerebellar lesions also exhibit deficits in the same

domains and with the same assessment measure as utilized in this investigation.*** Thus,
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weakened functional coherence between cerebellar and prefrontal regions may affect network
coherence during cognitive processing of verbally-mediated demands and alter the capacity to
infer meaning. This is especially relevant regarding individuals with ASD because language
comprehension and inference abilities are theorized to mediate the capacity to take into account
the mental state of other individuals.’*® Mental state inference deficits in individuals with ASD
have been conceptualized into a prominent theory of mind hypothesis suggesting individuals
with ASD are impaired in their ability to impute the beliefs of others,’®® which can have
profound effects on social communication.

Cerebrocerebellar connectivity appears to be associated with language processing'' in
individuals with ASD; however the mechanisms underlying these connectivity differences
remain in question. Glutamate and GABA define the excitatory to inhibitory (E/I) balance within
and between neuronal networks, and neuronal network dynamics in ASD may be affected by
altered E/I balance disrupting network coherence.'**'*> Glutamate and GABA levels in the
postereolateral cerebellum and dorsolateral prefrontal cortex were assessed with MRS to
determine whether alterations in E/I within these regions are associated with altered connectivity.
Individuals with ASD that displayed anticorrelated cerebrocerebellar connectivity also exhibited
reduced glutamate concentrations in the postereolateral cerebellum with a concurrent reduction
in E/I balance but no associated neurochemical alterations in the prefrontal cortex. Increased
glutamatergic signaling has been previously suggested to underlie some aspects of the ASD
phenotype'**23%243%%, however reduced glutamatergic signaling capabilities are also supported
by previous MRS reports of reduced glutamate and glutamine in the cerebellum of individuals

with ASD?!! and neuropathological alterations including reduced glutamate receptor

300,301 305,306

densities and lower levels of proteins expressed in glutamatergic neurons.
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Glutamatergic neurons in the cerebellar hemispheres include granule cells and unipolar brush
cells as well as afferent mossy and climbing fiber projections. Reductions in glutamatergic
signaling capabilities in the cerebellar hemispheres may affect the ability of these interneurons
and projections to provide excitatory input to Purkinje cells and thus affect afferent projections to
the deep cerebellar nuclei and resulting contralateral projections to the neocortex. For example,
Lurcher mutant mice exhibit postnatal degeneration of cerebellar Purkinje and granule cells®®
and display some behaviors associated with the ASD phenotype such as repetitive behaviors and
hyperactivity.*®’ The degeneration of these cerebellar neurons causes a significant reduction in
glutamate release of efferent cerebellar projections that ultimately modulate PFC activity.*®®
Thus, altered signaling capabilities within the cerebellar hemispheres implicate a mechanism by
which functional cerebrocerebellar connectivity may be affected in these individuals with ASD.
Altered glutamate levels in the cerebellum are associated with cerebrocerebellar
connectivity and some aspects of the ASD phenotype. This is the first investigation to provide a
link between neurochemical alterations in the cerebellum, functional cerebrocerebellar
connectivity and behavioral outcomes in individuals with ASD. These findings suggest a
potential neural systems outcome of the previously reported neuropathological alterations in the
cerebellum of individuals with ASD and that neuroimaging investigations of ASD should also
examine the influence of cerebellar modulatory effects on neocortical networks. Furthermore, the
identification of a subset of individuals with ASD exhibiting altered glutamate levels suggests
that the failure of clinical trials of glutamatergic agents in individuals with ASD may be due to

the heterogeneity of these perturbations within the ASD population. Research into stratification

markers to identify these individuals, such as standardized MRS assessment, is warranted.
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LIMITATIONS

We hypothesized a reduction in GABA in the cerebellum due to previous reports of
consistent reductions in Purkinje cells in the cerebellum of individuals with ASD.****?%2 The
spectral overlap of GABA resonances with other metabolites and relatively low signal-to- noise
ratio in our MRS assessments may have limited our ability to accurately assess GABA
concentrations within this participant sample. Future investigations should address this issue by
increasing the number of averages during acquisition when examining cerebellar regions.
Additionally, the main implications from these analyses were within a subset of individuals with
ASD, suggesting a heterogeneous subgroup compared to the overall population of individuals
with ASD. A larger more representative sample including younger individuals with higher
variability of disorder severity should be examined to further elucidate the consistency of these
effects within the ASD population. Finally due to the pilot nature of our investigation, correction
for multiple comparisons was minimally applied and the potential for increased Type I error

should be considered regarding interpretation of this work.
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CHAPTER 4:

IMPLICATIONS

Autism spectrum disorder is a behaviorally defined neurodevelopmental disorder that
affects approximately 1 in every 68 children in the United States."” Individuals with ASD exhibit
deficits in social communication and the presentation of stereotyped interests and repetitive
behaviors. ASD is extremely heterogeneous with differences in symptom severity and effects on
quality of life within the patient population. Genetic susceptibility appears to play a major role in
the development of ASD-related symptoms and the majority of these genetic contributions
involve genes associated with neuronal development and signaling mechanisms.”> ASD is
associated with microstructural abnormalities in neuronal circuit structure,”’ and these altered
circuits in the brain may affect functional utilization of neuronal clusters during cognitive
processing causing cognitive and behavioral outcomes associated with ASD. Structural and
functional connectivity within networks in the brain of individuals with ASD exhibit hyper-
connectivity between adjacent neuronal clusters and hypo-connectivity between more remote
neuronal clusters,”* as well as general patterns of reduced network integration and less network

segregation during neuronal network development'?'

These findings are suggestive of underlying
disturbances in neuronal structure and function in individuals with ASD, but the identification of
ASD-specific neuropathology or biomarkers has proven difficult and is only beginning to be
elucidated, which makes mechanistically-directed intervention extremely difficult.

The only currently FDA approved pharmacological interventions for ASD are
antipsychotics, risperidone and aripiprazole; however, antipsychotics do not treat the core

symptoms of the disorder and can have moderate to severe side effects. Pharmacological agents

affecting distinct mechanistic pathways have been investigated in the treatment of ASD but there
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are currently no pharmacological interventions for the core symptoms of the disorder. There are
some mechanisms of action that exhibit promise in initial trials in individuals with ASD and
warrant further investigation. Beta-adrenergic antagonism can benefit individuals with ASD
by reducing aggressiveness and providing some improvements in speech, language,
associative processing, and working memory abilities. 239 Large-scale clinical trials have not
yet been conducted and will be necessary to determine the clinical efficacy of this type of
intervention across the ASD population; however beta-adrenergic antagonism is especially
relevant for the treatment of ASD because it may be able to affect network coherence in the
brain, which is one of the most prominent neural correlates identified in the disorder.
Previous reports have shown that propranolol administration, a lipophilic beta-adrenergic
antagonist with effects on noradrenergic receptors in the brain, is associated with altered
functional connectivity within language networks during verbal processing.'** Our first
experiment expanded on this work by examining the effects of propranolol on functional
connectivity and network coherence during passive rest to explore the effects of propranolol
administration in both individuals with ASD and unaffected controls. We found that the effect of
propranolol on network coherence is more complex than just increased functional connectivity
and that beta-adrenergic antagonism may be able to up- or down- regulate specific subnetworks
in the brain. We focused on the default mode network (DMN) because this is the primary
network active during passive rest and internal mentation’® and has been previously shown to
exhibit altered network coherence in individuals with ASD.’® During internal mentation,
propranolol exhibited general effects across individuals with ASD and controls. Propranolol
decreased functional connectivity and global processing in the DMN in the dorsal medial

prefrontal cortex (dAMPFC) subnetwork and increased functional connectivity and global
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processing within the medial temporal lobe (MTL) subnetwork of the DMN. Reduced network
coherence in the IMPFC could potentially support cognitive benefits because the DMN
dissociates from task-related networks during task performance, which may allow greater
network integration and better segregation between networks during cognitive processing.
Increased network access to MTL regions, such as the hippocampus, may also support cognitive
benefits due to the role of the hippocampus across different cognitive processing domain, such as
memory and affective processing. Although we did not find any baseline differences in network
coherence of the DMN between individuals with ASD and unaffected individuals, these findings
support the potential of beta-adrenergic antagonism to alter inherent disturbances in network
coherence in individuals with ASD during cognitive processing, which may be relevant for
treating some of the core symptoms of the disorder. Additionally, the different effects across
subnetworks of the DMN suggests that heta-adrenergic antagonism may be able to alter both
hyper- and hypo- connectivity states in individuals with ASD, which could improve integration
within and segregation between networks. Altered network coherence may be related to the
aforementioned behavioral benefits of beta-adrenergic antagonism; however the effects of on
propranolol performance have not yet been examined during a cognitive processing task.
Beta-adrenergic antagonism during cognitive processing was examined in experiment 2
to assess the effects of propranolol on network coherence and determine whether alterations in
network coherence are related to performance benefits. Previous research reported altered
functional connectivity in individuals with ASD during the processing of verbal information but
did not include a measure of performance.'** Additionally, this investigation only examined
regions associated with the processing of verbal information. Networks in the brain must work in

concert to carry out different aspects of information processing. Language regions are directly
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involved with processing verbal information; however attention and control networks are also
important for orienting to the external stimulus and allowing efficient shifting between networks
during different aspects of cognitive processing.”*’ Internal mentation is also important for
allowing reflection during periods of rest between overt cognitive demands. Therefore in
experiment 2, we examined the effects of beta-adrenergic antagonism on multiple networks
involved with different aspects of cognitive processing to identify whether propranolol
selectively influences language networks or has general modulatory effects that are applicable to
multiple domains associated with cognition.

Following propranolol administration, participants completed a semantic fluency task.
Individuals with ASD have previously been shown to exhibit a behavioral benefit from
propranolol during semantic fluency and this task involves cognitive processing across multiple
domains including language and associative processing.'® We found that beta-adrenergic
antagonism improved semantic associative processing in a subset of individuals with ASD and
controls. Functional connectivity and network coherence was also affected individuals with ASD
who exhibited a performance benefit. The most robust effects on network coherence in
individuals with ASD were in the frontoparietal control (FPC) network. The FPC mediates the
shifting of access to different networks involved with cognitive processing, especially between
the DMN and attention networks.>*” At baseline, individuals with ASD exhibited
hyperconnectivity in the FPC compared to controls. Following propranolol administration, this
hyperconnectivity was reduced in the individuals with ASD who performed better on the
semantic fluency task following beta-adrenergic antagonism. Therefore, we found a baseline

difference in network coherence in individuals with ASD that was mitigated with propranolol,
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which improved a cognitive processing domain that is associated with the core symptoms of the
disorder.

Beta-adrenergic modulation of network coherence in ASD has been posited to benefit
associative processing by increasing access to lexical, semantic, and associative networks during
a search of semantic associations.'” Our findings support this theory by showing that a network
involved with shifting network access during cognitive processing is affected by beta-adrenergic
antagonism and that altered network coherence is associated with improved performance. The
beneficial performance effects of altered network coherence in the FPC may be specifically
involved with the role of the anterior insula within this network. The anterior insula acts a central
hub allowing dynamic integration of large-scale neuronal networks and is ideally situated to
augment a network search.”> Altered integration and segregation of functional connectivity of
the insula with other regions of the brain has been theorized to be centrally involved with

multiple domains affected in ASD . *#%2

In addition to beta-adrenergic effects on the FPC,
network coherence of the DMN was also affected in individuals with ASD during cognitive
processing. The DMN is typically downregulated during cognitive processing due to the FPC
shifting of network access away from the DMN. ****’ Individuals with ASD exhibited increased
local processing in the DMN during periods of internal mentation, which were interspersed
between verbal processing demands. Propranolol reduced this reliance on local processing,
which may have supported improved performance by allowing more efficient shifting from the
DMN to networks involved with more overt cognitive processing demands. Overall, individuals
with ASD exhibit inherent disturbances in functional network utilization in the brain and beta-

adrenergic antagonism may be able to mitigate some of these effects and allow greater access to

domain-relevant networks during cognitive processing, at least in a subset of individuals.
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Propranolol is a generic beta-adrenergic antagonist that is generally well tolerated and
has less severe side effects than any of the currently approved pharmacological interventions for
ASD. In addition to the aforementioned effects of propranolol on network coherence in the
central nervous system, propranolol also has anxiolytic effects and helps maintain homeostasis in
the sympathetic nervous system. This is especially relevant for individuals with ASD because of
common comorbid diagnoses such as anxiety and secondary manifestations such as heightened
sympathetic nervous system arousal and greater stress reactivity compared to unaffected
individuals. We examined beta-adrenergic effects on anxiety within our ASD and control
samples; however we did not find any group or drug-related differences. The absence of drug-
related changes in anxiety measures may be due to insufficient self-report sensitivity within the
time domain of assessment, and difficulty individuals with ASD exhibit with emotional
introspection.”* Therefore, propranolol may also be able to benefit secondary manifestations in
individuals with ASD. Cumulatively, these findings support the potential utility of trials of beta-
adrenergic antagonists for some patients with ASD.

Our findings also support the potential clinical utility of neuroimaging assessment of
functional connectivity in individuals with ASD. Unfortunately, current functional imaging
techniques are not reliable as diagnostic markers for ASD due to the high cost, differences in
acquisition across sites, methodological differences in analysis, and lack of consistent
diagnostic targets. However, these techniques may be applicable as patient stratification and
treatment markers. Clinical trials of pharmacological agents in individuals with ASD have
typically failed to pass Phase II trials due to inconsistent results within the population. These
failures are most likely related to the heterogeneity of individuals across the autism spectrum.

Functional neuroimaging may provide a means of identifying individuals with ASD expressing
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abnormal function within specific networks that may specifically benefit from certain types of
treatment. For example, we found that individuals with ASD expressed baseline differences in
network coherence of the FPC but only a subset of these individuals exhibited altered network
coherence in response to drug. A single dose administration followed by fMRI and functional
connectivity analysis may aid in identification of subjects most likely to benefit from
propranolol and allow stratification of individuals who could then be enrolled in a double-
blinded controlled trial of the long terms effects of this type of intervention. Additionally,
functional neuroimaging to identify subgroups exhibiting alterations in network coherence in
response to drug may help with stratification research such that more clinically feasible markers
could potentially be identified following identification. Functional neuroimaging may also be
used to track treatment-related changes in the brain and allow researchers to identify target
networks exhibiting the most robust alterations in response to pharmacological intervention.
Functional neuroimaging acquisition and analysis techniques would need to be more
standardized but may allow patient stratification and better progress monitoring in individuals
with ASD.

The first two experiments outlined in this manuscript assessed disturbances in functional
utilization of cerebral circuits in individuals with ASD and a pharmacological intervention that
can augment these disturbances. There are other relevant considerations regarding network
coherence and functional utilization of neuronal clusters in the brain in individuals with ASD.
Abnormalities in cerebellar circuits in individuals with ASD are one of the most consistently
reported neuropathological perturbations.**>° Cerebellar circuits are important for providing
regulatory feedback to other regions of the brain, and although traditionally thought to be

exclusively involved with motor control, imaging and lesion studies have implicated higher-
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order cognitive domains as well.'?>"213924237 The cerebellum is involved with complex
cognitive processing such as attention, language, working memory, and sensory integration, in
addition to motor control. The cerebellum interacts with neuronal circuits in the cerebrum
through contralateral transthalamaic projections, including the primary and pre-motor cortices,
prefrontal cortex, and medial temporal and parietal lobes.”*® Additionally, perturbations of
specific cerebellar subfields are associated with distinct cognitive and behavioral outcomes,
which suggest topographical organization of cerebellar circuit output to cortical and subcortical
neuronal clusters. The universal cerebellar transform hypothesis conceptualizes these findings
into a framework by which cerebellar modulation serves as an oscillation dampener to maintain a
homeostatic baseline in neuronal processing.”®' Due to the prevalent associations of cerebellar
disturbances in individuals with ASD and role of the cerebellum in modulating baseline
coherence in neuronal processing, we also examined functional connectivity between the
cerebrum and cerebellum in individuals with ASD to determine whether cognitive and
behavioral outcomes are associated with cerebrocerebellar network coherence. To date, only a
single investigation has examined cerebrocerebellar connectivity in individuals with ASD.**
Hyperconnectivity was reported between cerebrocerebellar motor regions but hypoconnectivity
between cerebrocerebellar supramodal regions, including areas involved with cognitive
processing such as the prefrontal cortex and superior parietal lobes,*®* Functional connectivity
between the cerebellum and cerebrum seems to be affected in individuals with ASD.

In experiment 3, cerebrocerebellar connectivity was assessed between the postereolateral
cerebellar hemisphere, the region of the cerebellum most implicated in cognitive processing, and
the dorsolateral prefrontal cortex, a region in the cerebrum with transthalamic connections from

the cerebellum that is involved with an array cognitive processing domains such as executive
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control, working memory, and cognitive flexibility.*®’ We found that a subset of individuals with
ASD exhibited anticorrelated cerebrocerebellar connectivity between the right postereolateral
cerebellar hemisphere and left dorsolateral prefrontal cortex; whereas unaffected controls and the
remaining individuals with ASD displayed positive connectivity between these regions, with

similar connectivity strength to previous reports.*®’

The large amount of heterogeneity across the
autism spectrum suggests that etiological subgroups most likely exist and our findings indicate
that at least a subgroup of individuals with ASD exhibit altered cerebrocerebellar connectivity.
These findings also support a potential functional network outcome from the aforementioned
neuropathological alterations in neuronal circuit structure in the cerebellum of individuals with
ASD. However, this experiment does not provide a direct link between underlying mechanisms
in the cerebellum and effects on cerebrocerbellar connectivity. Therefore, in experiment 4 we
examined specific mechanisms that may be affected in the cerebellum, such as levels of
glutamate and GABA.

Glutamate is the primary excitatory neurotransmitter and y-aminobutyric acid (GABA) is
the primary inhibitory neurotransmitter in the mature nervous system. Neuronal binding of
glutamate and GABA shapes the spatiotemporal patterns of electrical signaling in the brain®®,
and the balance between neuronal excitability and inhibitory (E/I) control is crucial to neuronal
circuit patterning. E/I balance in the brain is important for neurodevelopment, cognitive
processing, and shaping functional connectivity patterns within neuronal networks. E/l may be
affected in ASD and underlie some of the aforementioned disturbances in network coherence.'*’
For example, Purkinje cells are GABAergic and the primary output from the cerebellar
hemispheres. Purkinje cells are consistently reduced in the cerebellum of individuals with

ASD.*® GABAergic and glutamatergic receptor densities are also reduced in cerebellum of
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individuals with ASD,*’>% as well as enzymes that convert glutamate to GAB
proteins expressed in glutamatergic/GABAergic neurons.’”~*® Overall, converging evidence
suggests that altered neuronal network dynamics in ASD may be due to an altered balance of
excitation to inhibition disrupting network coherence.'**'** This is especially relevant regarding
cerebrocerebellar connectivity due to the multiple GABAergic and glutamatergic pathways that
are affected in the cerebellum of individuals with ASD. Examining the relationship between
glutamate and GABA, E/I balance, and functional integrity of cerebrocerebellar connections will
help elucidate the potential role of altered network coherence of the cerebellum in ASD and
provide an assessment of potential mechanisms underlying the previously reported disturbances
in cerebrocerebellar connectivity.

In experiment 4, GABA and glutamate concentrations were assessed between the
postereolateral cerebellar hemisphere and the dorsolateral prefrontal cortex. We found that
individuals with ASD who exhibited altered cerebrocerebellar connectivity also displayed
reduced glutamate concentrations and E/I balance in the cerebellum relative to individuals with
ASD who did not exhibit altered cerebrocerebellar connectivity, implicating a neurochemical
mechanism by which cerebrocerebellar connectivity may be affected. We anticipated a reduction
in GABA in the cerebellum due to previous reports of Purkinje cells loss*’02%; 4049282 ) gwever
the spectral overlap of GABA resonances with other metabolites and relatively low signal-to-
noise ratio in our MRS assessments may have limited our ability to accurately assess GABA
concentrations within this participant sample. Nevertheless, this is the first investigation to
provide a link between neurochemical alterations in the cerebellum and functional

cerebrocerebellar connectivity in individuals with ASD.
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ASD is a behaviorally defined disorder and therefore the impact of these alterations on
symptom presentation is paramount to the salience of these findings. In experiment 3 and 4, we
also assessed symptom severity and cognitive and behavioral outcomes in individuals with ASD.
Our patient population was primarily higher functioning individuals with ASD and all
participants within this study were verbal. Language and communication in individuals with
ASD is often affected; however high functioning verbal individuals with ASD have relatively
intact basic language skills. Therefore we examined higher-level meta-linguistic abilities because
these domains are affected in high functioning individuals with ASD**’ as well as individuals
with cerebellar lesions,*®* suggesting a potential cognitive domain that is affected in individuals
with ASD exhibiting altered cerebrocerebellar connectivity. We found that individuals with ASD
who exhibited altered cerebrocerebellar connectivity and lower levels of glutamate in the
cerebellum also expressed reduced language comprehension, which was suggestive of reduced
inference abilities. This is especially relevant in individuals with ASD, in which a core feature is
social and communication impairments, because inference abilities are thought to mediate the

capacity to infer the mental state of other individuals®®

Mental state inference impairment have
been conceptualized into a prominent theory of mind hypothesis suggesting that core deficits in
ASD are due to the inability to impute the beliefs of others.’® Therefore, our findings support a
link between reduced potential for excitation within the cerebellum, perturbed cerebrocerebellar
connectivity between the cerebellar hemispheres and prefrontal cortex, and cognitive outcomes
in individuals with ASD that may be associated with core deficits of the disorder.

The identification of a subgroup of individuals with ASD who exhibit specific alterations

in glutamate is also potentially beneficial to clinical trials in individuals with ASD. As

previously mentioned, large scale clinical trials have largely failed due to heterogeneity across
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the autism spectrum. Glutamatergic agents that have been investigated in individuals with ASD
such as memantine, mostly exert antagonist effects.'®” The primary mechanism of action of these
drugs is to reduce glutamatergic binding in the CNS. We identified a subset of individuals with
ASD exhibiting reduced glutamate levels that would most likely not benefit from agents further
reducing the effects of glutamate. Standardized MRS assessment of metabolites such as
glutamate and NAA has relatively robust signal-to-noise, which could benefit clinicians and
researchers by identifying individuals who would be most likely benefit from this type of
intervention. MRS protocols for the assessment of GABA do not currently exhibit enough
external validity to be utilized in clinical populations; however additional research into methods
for optimizing these techniques is warranted.

Our main goal with this investigation was to examine functional connectivity and
network coherence in individuals with ASD. We identified cerebrocerebellar circuits that exhibit
perturbed network coherence in some individuals with ASD and found evidence suggesting a
connection between altered cerebrocerebellar connectivity and underlying neurochemical
mechanisms. We also identified alterations in network coherence that are associated with
behavioral improvements and provided evidence for a potential pharmacological intervention for
ASD that can influence inherent disturbances in functional connectivity. Additionally, we
provide some support for the clinical assessment of network coherence and neurochemical
profiles in individuals with ASD that may provide relevant information to aid in stratification of
individuals with ASD for clinical trials. These findings support the utility of the assessment of
network coherence in the brain of individuals with ASD to provide clinically relevant

information.
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