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Introduction: Previous studies have suggested that cerebral projections of the norepinephr-
ine (NE) and dopamine (DA) systems have important etiology and treatment implications for
autism spectrum disorder (ASD).

Methods: We used functional magnetic resonance imaging to evaluate spontaneous resting
state functional connectivity in boys aged 7—15 years with ASD (n=86) and age-, intelligence
quotient-matched typically developing boys (TD, n=118). Specifically, we investigated
functional connectivity of the locus coeruleus (LC) and ventral tegmental area (VTA), the
main source projection of neurotransmitters NE and DA, respectively.

Results: 1) Both the LC and VTA showed reduced connectivity with the postcentral gyrus
(PoCGQG) in boys with ASD, reflecting the potential roles of NE and DA in modulating the
function of the somatosensory cortex in boys with ASD. 2) The VTA had increased
connectivity with bilateral thalamus in ASD; this alteration was correlated with repetitive
and restrictive features. 3) Altered functional connectivity of both the LC and VTA with
brain regions such as the angular gyrus (AG), middle temporal gyrus visual area (MT/V5),
and occipital face area (OFA) in ASD group.

Discussion: Our findings implicate the role of LC-NE and VTA-DA systems from the
perspective of functional neuroimaging and may shed light on pharmacological studies
targeting NE and DA for the treatment of autism in the future.
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Introduction

Autism spectrum disorder (ASD) encompasses a set of neurodevelopmental dis-
orders characterized by repetitive and restrictive behavioral phenotypes and deficits
in social and cognitive functions.' Recently, there has been a surge in the recogni-
tion and diagnosis of ASD, and the prevalence rates are estimated at 1% to 2%.’
Currently, pharmacological treatment for ASD is still challenging.

The noradrenergic system, with widely distributed axons throughout the central
nervous system (CNS), is critical for maintaining the waking and vigilant state
among other functions. Within the waking state, this system also enhances the
collection and processing of salient sensory information via actions on sensory,

memory, attentional, and motor processes.” The locus coeruleus is the principal site
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for brain synthesis of NE.* Previous literature has regarded
the locus coeruleus-norepinephrine (LC-NE) system as
a pacemaker of attentional function.”® Bast et al recently
proposed that aberrant attentional function through atypi-
cal LC-NE activity in ASD may be associated with
reduced social attention and interactions.’

The dopaminergic system accounts for less than 1% of
axons throughout the CNS, yet the system has a profound
function in the brain. DA was proven to be related to
motor control, reward, motivation, and cognition.gf10 The
dopaminergic system in the ventral tegmental area (VTA)
is a key region involved in reward processing.'' Abrams
and colleagues reported underconnectivity between the
voice-selective area and several distributed nodes of the
reward pathway in children with ASD.'> The authors
suggested that ASD subjects may experience a less plea-
surable response to human voice processing, thus impact-
ing language and social skills. Supekar and his team found
that deficits in the mesolimbic reward pathways may be
linked with the impaired social skills of children with
autism.'?

Studies suggest that these two structures can be both
independent and complementary.'*'> Sometimes DA and
NE signaling may be involved in functionally opposing
processes. For instance, an aversive stimulus may activate
noradrenergic signaling but inhibit dopaminergic signal-
ing, whereas a rewarding stimulus may inhibit norepi-
nephrine while stimulating dopamine release.'® On the
other hand, the NE and DA systems also interact function-
ally. NE transmission is essential for DA release,'’ ' and
both the LC-NE and VTA-DA systems extensively inner-
vate the prefrontal cortex and are influential in regulating
prefrontal cortex (PFC)-dependent functions® as well as
the attention-related default mode network (DMN).>' 2

Over the past few decades, numerous studies have
attempted to identify the specific neurometabolic disorders
in children with ASD.** Evidence of the relationship
between norepinephrine (NE), dopamine (DA), and ASD
was gathered from studies reporting decreased dopamine
B hydroxylase activity and increased serum NE levels in
children with ASD and their parents.>> The important role
of brain NE and DA in autism spectrum disorder has
recently been proposed.”®*’ It is worth noting that the
most conventional and atypical antipsychotics currently
approved for ASD target the DA system, and blocking
the NE system has been shown to benefit social and
language functions in single-dose psychopharmacological

trials with propranolol in individuals with ASD.?*?

Effects of beta-blockers in reducing autism-related emo-
tional and behavioral dysregulation were also reported in
a series of case studies.’*>' Additionally, there are studies

exploring the effects
32,33

of propranolol on functional
connectivity.

To date, few studies have aimed to elucidate the inter-
active function of the LC and VTA in ASD populations
from the perspective of brain neuroimaging. The current
study therefore characterized resting-state functional net-
works of LC and VTA in boys with ASD compared to
a typically developing (TD) group using a seed-based
approach. To confirm potential relationships between func-
tional networks and behavior, we also explored the asso-
ciation between the available behavioral outcome
measures and imaging findings. We hypothesized that
ASD is associated with altered functional connectivity of
the LC and VTA and that this alteration may be associated
with behavioral deficits in social interactions of children

with ASD.

Materials and Methods
Subjects

Datasets were extracted from the Autism Brain Imaging
Data Exchange II (ABIDE II, http:/fcon 1000.projects.
nitrc.org/indi/abide/abide IL.html). To study the connectiv-
ity-behavior correlation, we chose sites that shared beha-

vioral measurements to the greatest extent. All subjects
used in this manuscript were obtained from five institutions
[Georgetown University (GU), Kennedy Krieger Institute
(KKI), New York University (NYU), San Diego State
University (SDSU), and Trinity Center for Health Sciences
(TCD)]. All procedures from these five selected sites were
approved by their local Institutional Review Boards.

Inclusion criteria were: i) boys aged 7 to 15 years old
to minimize potential developmental effects;***° ii) full-
scale IQ (F-IQ) score >80; iii) right-handedness; iv)
scanned in a 3T MRI scanner to increase between-site
reliability; v) diagnosis of ASD based on DSM-IV-TR
and assessed with the Autism Diagnostic Observation
Schedule (ADOS), the Autism Diagnostic Interview-
Revised (ADI-R), or both. All individuals with ASD com-
pleted the Social Response Scale (SRS), a 65-item rating
scale that quantifies severity of ASD.*

fMRI Imaging Acquisition
Each of the participants received resting-state fMRI and
anatomical scans acquired on 3T scanners: Siemens Trio
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3T scanner, GU; Philips 3T scanners, KKI; Siemens
Allegra, NYU; GE 3T MR750 scanner, SDSU; Philips
Intera Achieva 3T MR system, TCD. The detailed scan
procedures and parameters are described on the ABIDE
website (http://fcon 1000.projects.nitrc.org/indi/abide/).

fMRI Data Analysis

In this study, we want to investigate the role of norepinephr-
ine (NE) and dopamine (DA) systems in ASD, we thus
have decided to choose a hypothesis-driven method (a seed-
based approach using LC and VTA as seed). Functional
MRI data was preprocessed and analyzed using the CONN
toolbox v.18.a,%% a Matlab/SPM-based cross-platform soft-
ware (https://www.nitrc.org/projects/conn). fMRI data were

preprocessed using the default pipeline in CONN. The
preprocessing steps included slice time correction, realign-
ment, segmentation of structural data, spatial and functional
normalization into standard stereotactic = Montreal
Neurosciences Institute (MNI) space, spatial smoothing
(Gaussian kernel of 6mm FWHM) and resliced to 2 x 2 X
2 mm voxels. Subjects whose head motion exceeded the
group mean (mean relative root mean square [RMS] dis-
placement) + 2 x group standard deviation (SD) (mean
relative RMS displacement) were excluded.”’*

To further eliminate correlations caused by head motion
and artifacts, we identified outlier time points in the motion
parameters and global signal intensity using ART imple-

mented in CONN toolbox (https://www.nitrc.org/projects/

artifact detect/). For each subject, we treated images as
outliers if composite movement from a preceding image
exceeded 0.5 mm, or if the global mean intensity was >3
SDs from the mean image intensity for the entire resting
scan. The outliers were used for subsequent scrubbing
regression. The structural images were segmented and
used to create gray matter, white matter (WM), and cerebral
spinal fluid (CSF) masks of each subject. Then, linear
regression using WM & CSF signals, linear trend, subject
motion (6 rotation/translation motion parameters and 6 first-
order temporal derivatives), and outliers (scrubbing) was
conducted to remove confounding factors. After that, the
residual BOLD time series was band-pass filtered with
a frequency window of 0.008-0.9 Hz.

The LC complex was defined based on the previous
work of Tona et al.** We extracted the overlay from the
four test-retest masks they published (https://www.nitrc.org/

projects/prob Ic 3t) and combined the extracted left and

right masks into a bilateral LC seed using xjView toolbox

(http://www.alivelearn.net/xjview). Based on previous

studies,**™* the VTA was defined as a bilateral 4 mm radius

sphere centered at left (—4, —15, —9) and right (5, —14, —8)
regions of interest (ROI) in MNI space using WFU-Pick
Atlas software (http:/fmri.wfubmce.edu/software/pickatlas).

First-level correlation maps were produced by extract-

ing the average Blood-Oxygen-Level-Dependent (BOLD)
time courses from each LC complex and VTA seed and by
computing Pearson’s correlation coefficients between that
time course and the time courses of all other voxels in the
brain. Correlation coefficients were Fisher transformed
into “Z” scores, which increased normality and allowed
for improved second-level general linear model analyses.

We first applied one sample #-tests to explore the positive
and negative functional connectivity within each group using
a voxel-wise threshold of p <0.005 with p <0.05 cluster level
False Discovery Rate (FDR)-corrected. Then, a voxel-wise
threshold of p < 0.005 with p < 0.05 cluster level FDR-
corrected was applied for between group comparisons. Age,
FIQ, data site, and mean relative RMS were included in the
analysis as covariates of non-interest.

We also extracted parameter estimates for all brain
regions that showed significant between-group (ASD vs
TD) differences and investigated the correlation between
extracted cluster parameter estimates and scores for the
Social Responsiveness Scale (SRS) and the Autism
Diagnostic Interview-Revised (ADI-R) in the ASD group
using a partial correlation. We did not include ADOS for
the correlation analysis as some sites used original ADOS-
G while others used the updated ADOS-2. Age, F-1Q, data
site, and mean relative RMS were also included as covari-
ates of non-interest. Bonferroni correction was used to

correct for multiple comparisons.

Results

Demographic and Clinical Characteristics
Two hundred and sixteen male subjects were included in the
study. Based on the head motion criteria, 12 subjects were
excluded. In total, 204 male subjects (ASD group: n = 86; TD
group: n = 118) were included in the functional connectivity
analysis. There were no significant differences between the
two groups in terms of age (p = 0.12), F-IQ (p = 0.71), and
mean relative RMS (p = 0.21). Interaction effects between site
and group were not significant in age [F(4,194)=0.599;
p=0.664], F-IQ [F(4,194)=2.395; p=0.052] or mean relative
RMS [F(4,194)=0.542; p=0.705]. Detailed demographic and
clinical characteristics for all participants included in the
study are shown in Table 1.
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Table | Participant Demographics and Clinical Characteristics

Characteristic ASD (n = 86) TD (n=118) P value
Age 11.0 £1.9 10.6 £1.6 0.12
Full-scale IQ 112.5 £13.2 113.1 £10.0 0.71
Head motion 0.15 + 0.08 0.13 £ 0.09 0.21
ADI-R
Social interaction 187 £ 5.6
Verbal communication 147 £ 4.6
1tNon-verbal communication 7.8+34
RRB 56+24
SRS
Total 76.1 £ 11.6 43.1 £ 5.7 < 0.001
Awareness 69.7 £ 11.3 443 £ 8.6 < 0.001
Cognition 713 £ 12.1 42.6 £ 54 < 0.001
Communication 74.6 £ 12.5 434 £ 6.0 < 0.001
Motivation 704 £ 13.0 46.0 £ 7.1 < 0.001
Mannerism 76.6 £ 14.5 445 £ 53 < 0.001

Note: fIndicates 15 missing data.

Abbreviations: ADI-R, Autism Diagnostic Interview; SRS, Social Responsiveness Scale; RRB, restrictive and repetitive behavior; mannerism, restricted interests, and

repetitive behavior.

Seed-to-Voxel Functional Connectivity

Results

Functional Connectivity with LC Complex as Seed
In the TD group, we found that the LC had positive resting-
state functional connectivity (rsFC) with the bilateral pons,
midbrain, cerebellum (anterior/superior posterior lobe), tha-
lamus (lateral nuclei), parahippocampal gyrus (PHG), amyg-
dala, hippocampus, insula, anterior cingulate cortex (ACC),
cuneus, precuneus, fusiform gyrus, and lingual gyrus, and
negatively correlated with the bilateral middle frontal gyrus,
cerebellum, inferior temporal gyrus (ITG), middle temporal
gyrus (MTGQG), left precentral gyrus (PreCG), supramarginal
gyrus (SMGQG), right postcentral gyrus (PoCG), and medial
orbital gyrus (see Figure S1 and Table S1 in supplementary

materials). Similar results were observed in the ASD group
(see Figure S2 and Table S1 in supplementary materials).

Statistical comparisons between the TD and ASD
groups showed that boys with ASD had decreased LC
connectivity with the right lingual gyrus and angular
gyrus (AG), left postcentral gyrus (PoCG), and cerebel-
lum, and increased LC connectivity with the bilateral
posterior middle temporal visual area (MT/V5) compared
to the TD group (Table 2; Figure 1).

There is no significant correlation found between LC
connectivity and ADI-R and SRS behavior parameters in
boys with ASD after Bonferroni correction.

Functional Connectivity with VTA as Seed

In the TD group, we found that the VTA showed a positive
rsFC with the bilateral midbrain, pons, thalamus (lateral
nuclei), ACC, medial prefrontal cortex (mPFC), PHG, hip-
pocampus, cuneus, lingual gyrus, operculum, IFG, insula,
PoCG, PreCG, SMA, putamen, and amygdala, and showed
a negative rsFC with the bilateral cerebellum and precuneus
(see Figure S3 and Table S1 in supplementary materials).

Similar findings were detected in the ASD group (see Figure
S4 and Table S1 in supplementary materials).

Statistical comparisons between the TD and ASD groups
showed that boys with ASD had decreased VTA functional
connectivity with the right occipital face area (OFA) and left
gyrus  (PoCG/SMG),
increased VTA functional connectivity with the bilateral

postcentral/supramarginal and
thalamus compared to TD group (Table 2; Figure 1).

In boys with ASD, rsFC between the VTA and bilateral
thalamus was found to positively correlate with the SRS
repetitive and restrictive behaviors subscore (r=0.3,
p=0.004, Figure 2), significantly after Bonferroni correc-
tion (p= 0.05/10=0.005).

Discussion

In this study, we explored the resting-state functional
connectivity of the LC and VTA, two main sources of
NE and DA, in boys with ASD and TD groups. We
found that: 1) both the LC and VTA had a reduced
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Table 2 Comparison of rsFC in the LC and VTA Seeds Between TD and ASD Groups
Seed Condition Region (BA) Cluster Size MNI Coordinates Peak z value
X Y z
LC TD > ASD Right lingual gyrus (BAI17) 226 12 —68 0 3.89
Left PoCG (BAI) 187 -30 -18 34 4.42
Right Angular gyrus (BA39) 131 48 —58 32 3.44
Left cerebellum (anterior) 133 -20 -26 -26 3.97
ASD > TD Left MT/V5 (BAI9/BA2I) 236 56 —68 —6 4.48
Right MT/V5 (BAI19/BA21) 320 60 58 4 4.28
VTA TD > ASD Left PoCG/SMG (BA1/BA40) 289 —62 -20 24 4.16
Right OFA (BAI8) 465 46 -78 -8 3.77
ASD > TD Bilateral thalamus (pulvinar) 357 8 -30 6 4.04
-6 —28 6 3.40
Right thalamus (ventral anterior) 150 8 —4 6 4.7

Abbreviations: rsFC, resting-state functional connectivity; TD, typical developing; ASD, autism spectrum disorders; BA, Brodmann area; LC, locus coeruleus; VTA, ventral
tegmental area; MNI, Montreal Neurosciences Institute; PoCG, postcentral gyrus; MT/V5, middle temporal visual area; SMG, supramarginal gyrus; OFA, occipital face area

(inferior occipital gyrus).

connectivity with postcentral gyrus in the ASD group,
reflecting the potential roles of NE and DA in modulat-
ing the function of the somatosensory cortex in boys
with ASD. 2) the VTA had increased connectivity with
bilateral thalamus in ASD, this alteration was correlated

(D) TD > ASD

PoCG/SMG

with repetitive and restrictive features. 3) altered func-
tional connectivity of both the LC and VTA with brain
regions such as the angular gyrus (AG), middle temporal
gyrus visual area (MT/VS5), and occipital face area
(OFA) in ASD group.

N\

Thalamus

Figure | Between-group resting-state functional connectivity results of the LC and VTA as seed. (A) LC seed region; (B) middle and right panel: brain regions that showed
decreased and increased functional connectivity to the LC in ASD boys compared to typically developing (TD); the color bar indicates the range of t value; (C) VTA seed
region; (D) middle and right panel: brain regions that showed decreased and increased functional connectivity to the VTA in ASD boys compared to typically developing

(TD); the color bar indicates the range of t value.
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Figure 2 Left panel: demonstrating increased connectivity between VTA and bilateral thalamus in boys with ASD; middle panel: boxplot of SRS restrictive and repetitive
behaviors subscore between ASD and TD group; right panel: scatterplot of VTA-thalamus connectivity with significant correlation to SRS restricted and repetitive behavior
subscore (ASD: r=0.3, p=0.004, N=86; TD: r=0.1, p=0.439, N=118, adjusted for covariates).

Shared LC and VTA Functional
Connectivity Alternation in Boys with
ASD

Resting-state functional MRI is increasingly applied to
study the organization of core processing systems of
the brain. The rationale behind these studies is that the
brain is always active and shows spontaneous neuronal
activity even during rest.***> Brain regions that show
synchronous neural activity are considered to be func-
tionally connected, thereby constituting a functional
network.*®

We found reduced functional connectivity of both the
LC and VTA in the PoCG in boys with ASD. The PoCG is
the location of the primary somatosensory cortex, the brain
that
sensations.*” Tactile information provides feedback from

region primarily processes tactile and other
the surrounding world and allows for the refinement of
motor skills, visual coordination, postural responses, social
behaviors and  communications  through  early
childhood.*®" Atypical sensory processing in ASD may
contribute to social, communication, and repetitive beha-
vior deficits,’> which are core features of autism.
A structural brain imaging study found that the age-
related change in cortical thickness of postcentral gyrus
was different in ASD individuals compared to TD.>* In the
current study, the altered connectivity between LC-PoCG
and VTA-PoCG may reflect the potential roles of NE and
DA in modulating the function of the somatosensory cor-

tex in autism individuals.

Different LC and VTA Functional
Connectivity Alterations in Boys with
ASD

Our results also showed an increased connectivity between
the LC and MT/VS5 in boys with ASD compared to the TD
group. A primate study revealed that the MT/V5 may play
a major role in biological motion perception, integrating
local motion signals to global concepts and guiding eye
movements to biological agents.>*>® Atypical biological
motion perceptual processing has been widely documented
in individuals with ASD.>” Nevertheless, the performance
of motion processing in autism has been controversial.
Some studies have suggested widespread impairments
reflected in both coherent and biological motion percep-
tion in individuals with ASD.>%>° However, other studies
have suggested that individuals with ASD demonstrated
hypersensitivity to motion perception and enhanced inte-
gration of motion information.®>°' These results indicated
that the LC may also play a role in atypical biological
motion perception and processing patterns in autistic indi-
viduals. Future task-based functional imaging studies are
needed to validate the role of the LC in atypical motion
perception in autism.

Our results also showed that boys with ASD had
decreased LC connectivity with the right AG. The AG
functions as an important connector hub for multiple
systems.>> Accumulating evidence from functional ima-
ging studies indicates that the AG plays a critical role in
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various aspects of social networks such as the theory-of-
mind, default mode network, and attention networks.*
The right AG is especially involved in attention shifts,
functioning as a “circuit breaker” for engaged attention

and enabling an efficient joint attention in social

interactions.’”>¢

Analysis of the VTA seed revealed increased con-
nectivity with the bilateral thalamus in boys with ASD
compared to the TD group. Seated in the dorsal part of
the diencephalon, the thalamus functions as a pivotal
hub for the

information.®>®® It also has significant roles in motor

relay and integration of sensory
activity, emotion, memory, arousal, and other sensori-
motor association function.®*® In a previous study
investigating thalamus connectivity in ASD during
mildly aversive sensory input (white noise and scratchy
texture), Green and colleagues®’ found that individuals
with ASD displayed aberrant modulation of connectiv-
ity between the pulvinar nucleus of the thalamus and
sensory-motor regions compared to their TD peers.
Deficits in modulation of thalamocortical connectivity
in youth with ASD may reflect reduced thalamo-
cortical inhibitions in response to sensory stimulation,
which could lead to difficulty filtering out and/or inte-
grating sensory information. As DA innervation is
especially prominent in brain areas such as limbic
and motor thalamic nuclei,®® increased DA innervation
in the thalamus may be a possible explanation for the
atypical motor behaviors observed in individuals with
ASD, such as restricted and repetitive behaviors. This
interpretation is further supported by the connectivity-
behavior results showing that the increased VTA-
thalamus connections were highly associated with the
impaired restrictive and repetitive behaviors in ASD
group.

We also found decreased VTA connectivity with the
right OFA. The OFA has long been reported to play an
important role in face perception and recognition with
a right hemisphere advantage, and has consistently
shown to have altered activation in both resting and task-
based fMRI studies on individuals with ASD.*>" This
result is consistent with a previous imaging study, which
suggested that the mesolimbic reward pathway linking the
VTA and nucleus accumbens during face processing rela-
tive to scenes processing was disrupted in children with
ASD."”

One limitation of this study is that the heterogeneity
of ASD is not fully represented. For instance, this cohort

consisted of male participants only. Thus, it is not repre-
sentative of the entire ASD population (male: female =
3:1).”! Future studies with larger samples examining the
heterogeneity might be helpful in guiding treatment
approaches targeting NE and DA. Furthermore, we did
not incorporate participants’ medication usage’” into
data analysis due to incomplete reports. Although stimu-
lant medications were discontinued 24 hours prior to the
MRI scan, future studies controlling for potential medi-
cation effects on functional connectivity need to be con-
ducted. Another limitation of the study is the inevitable
variability of scan procedure and parameters in different
institutions. We have included the data sites and head
motion measurements as covariates to adjust for these
potential confounding factors in data analysis. Finally,
task-based approaches such as incorporating medicine

3273 or data-driven meth-

administration (eg, propranolol)
ods (such as independent component analysis, ICA) are
desired to further understand the role of NE and DA
systems in autism beyond the limited information from
the seed-based resting-state functional connectivity
study.

In conclusion, our results endorse the important role of
the LC and VTA in the pathophysiology of ASD, which
may shed light on future pharmacological studies targeting

NE and DA for the treatment of autism.
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